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Satio Hayakawa and dawn of high-energy astrophysics in Japan 
 
Jun Nishimura 
ISAS/JAXA, Sagamihara, Kanagawa, Japan 
 
 (Abstract) Gamma ray astrophysics is now one of the most exciting fields in the space physics, in which the Fermi satellite has been 
playing an important role in exploring new phenomena and findings. Needless to say, great strides were also made recently in higher 
energy region by the ground based IACT (Imaging Air Cherenkov Telescopes) of Veritas, HESS and Magic. The closely related 
fields of the gamma-ray astrophysics, X-ray astrophysics as well as the direct observations of Cosmic-ray particles have given us 
exciting information on the violent phenomena occurring in the stars, our Galaxy, and other galaxies as well as Intergalactic space. 
I am most pleased to talk in this 5th Fermi symposium at Nagoya University, where Hayakawa spent his most active time as a 
pioneer and an outstanding leader, promoting and organizing the young physicists in a wide range of physics topics, particularly in 
the field of high-energy astrophysics including Infrared astrophysics in the space.  

 
1.  
    As in the case of other countries, in our country, 
cosmic-ray physicists first promoted high-energy 
astrophysics. Hayakawa started cosmic-ray studies 
under S.Tomonaga, in the field of the high-energy 
particle physics. Soon after, around 1950s, his interests 
move to the cosmic–ray studies as an approach to high-
energy astrophysics. He anticipated that it would 
become a central topic in near future when not so many 
scientists had paid attentions to this field yet.  
   As early as 1948, Feinberg and Primakoff [1] 
discussed the energy loss of cosmic-ray electrons by the 
Inverse Compton process between cosmic-ray electrons 
and star lights.	 Some of the photons boosted by high-
energy cosmic-ray electrons in this process are emitted 
as gamma rays in the space. However, the flux of 
gamma rays was estimated to be very small, and 
detecting them was thought to be difficult. This may be 
the first prediction of gamma rays from space, outside 
of gamma rays from the Sun.  
    Four years later, in 1952, Hayakawa pointed out the 
significance of the gamma-ray astrophysics  predicting 
galactic diffuse gamma rays from the decay of  πo 
produced in the collisions of cosmic rays with 
interstellar matters [2].  Since his flux estimate was also 
small, most cosmic-ray physicists were reluctant to 
attempt experiments, because it would be extremely 
difficult to detect the gamma rays under the strong 
background of cosmic rays. In the same year, 
Hutchinson also estimated the relative intensity of 
bremsstrahlung gamma rays by the collisions of high-
energy cosmic-ray electrons and interstellar matter [3]. 
    Six years after Hayakawa’s prediction, P. Morrison 
advocated the importance of the gamma rays in the 
high-energy astrophysics, and predicted the most 
optimistic estimates so far of gamma-ray flux from the 
space [4]. 
    This prediction encouraged the cosmic-ray physicists, 
since it might be easier to detect the gamma rays with 
rather simple detectors. His prediction was so optimistic, 
and in some cases it was several orders of magnitude 
higher than what we observe in recent measurements. 
    Several balloon experiments tries to detect gamma 
rays from the space, but with a disappointing lack of 
success until the gamma-ray satellite OSO-3 first 
succeeded in observing significant indication of gamma 

from the Galactic disc [5].  The results of OSO-3 almost 
agreed with predictions by Hayakawa.               
    After OSO-3, Gamma-ray Satellites SAS-2, COS-B, 
CGRO (Compton Gamma ray Observatory), and 
Integral were launched, and today the Fermi Gamma-
ray Satellite has been in operation since 2008. Now 
gamma-ray astrophysics is one of the most important 
ways to explore the violent phenomena in the Universe.   
    The prediction of fluxes in X-ray astrophysics came 
almost ten years after that of Gamma-ray astrophysics, 
but X-ray stars were successfully detected in 1962, 
almost five years before the first significant detection of 
gamma rays by OSO-3. X-ray astrophysics is closely 
related to gamma-ray astrophysics, and our 
understanding of the high-energy phenomena in the 
space are naturally performed in connection with the 
results of gamma-ray astrophysics. 
    Hayakawa also presented several important 
arguments in high energy astrophysics including: 
● Super Nova origin of Cosmic rays 
● Long lived Radio Isotope Be10 as a spallation  
    fragment from primary cosmic rays in Galactic Space 
● High Energy primary Electron,  and others 
Some details of these topics are in the following 
sections. 
 
2. Birth of Cosmic-ray Studies in our 
country  
 
   Around 1930, several laboratories had started cosmic-
ray research in our country. Among those the Nishina 
laboratory in Riken, was the largest scale efforts, and 
conducted most comprehensive researches in this field. 
    Y.Nishina returned to Japan in 1928, after spending 
several years studying the modern physics in Europe. 
Nishina is known as one of the authors of the paper of 
presenting the Klein-Nishina formula of Compton 
scattering.  This work was performed in Bohr Institute 
before he left Copenhagen for Japan. He believed it was 
the most important to extend the Modern Physics in our 
country, and he asked to Riken to invite the 
distinguished scientists to introduce Modern Physics to 
Japan. Heisenberg and Dirac were invited in 1929, and 
they gave a series of lectures at the University of Tokyo. 
Nishina himself also lectured on the Modern Physics in 
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a few universities. Yukawa and Tomonaga were 
graduate students in those days, and they were greatly 
stimulated to study this field by the lectures.  
    Nishina laboratory was founded in Riken in 1931.  
He created four groups in his laboratory; 	 i.e., 
● Theory 
● Cosmic rays 
● Nuclear Physics by constructing Cyclotron on the 
    same scale as the largest one in Berkley, US. 
●Radio biology. 
    One of the achievements of cosmic ray research in 
this laboratory was the identification of mesons in 
cosmic rays, by constructing magnetic cloud chamber of 
40 cm dia. with magnetic field of 1.7 T.  In 1937, 
Y.Nishina, M.Takeuchi and T.Ichimiya succeeded to 
observed the Muon track in their chamber [6], at almost 
simultaneously with similar works by Neddermeyer–
Anderson [7] and Street-Stevens [8].   
    Nishina-Takeuchi-Ichimiya identified the mass of a 
meson from the track in their magnetic Cloud Chamber 
as 223 ± 36me. This was the most accurate 
measurements in those days, and was within a range of 
the most recent values of 206.768…me.  When they 
found this Muon track, Nishina immediately contacted 
Yukawa, informing him that the track is most likely the 
meson Yukawa has predicted. The arguments that who 
found the Muons first are presented in reference [9]. 
    Parallel to the research of this magnetic Cloud 
Chamber, the Nishina laboratory observed the cosmic-
ray intensity deep underground at 1400m.w.e. to 
3000m.w.e. during 1939-1944 at Shimizu Tunnel, 
which is, locates almost 150km North-Northwest from 
Tokyo [10]. The observed intensity at 3000m.w.e. was 
the deepest point data before the observation by 
Bollinger in US was established in 1951 [11]. 
    Plans were made for continuous observations of 
cosmic-ray flux at five different latitudes of Sakhalin, 
Hokkaido, Tokyo, Taiwan and Palau, and construction 
of five stable ionization chambers named as Nishina-
Type was set in motion in 1935. However all of those 
chambers were kept in Tokyo because of the War II, but 
successful to observe the first Forbush increase from the 
Solar flare in 1942 [12]. Latitude effect surveys and 
balloon observations were also performed. 
    During the World War II, the experimental works 
were suppressed, however, significant progress were 
continued in the theoretical physics, with semi-regular 
meeting held relating to meson theory. It is to be noted 
that the two meson theory was proposed by Sakata, 
Inoue, Tanikawa already in 1942, in advance to 
Marshak and Bethe (1947) to resolved the conflicts 
between lifetime and interaction cross-sections observed 
in cosmic rays and those of theoretical prediction. In 
relation to this two-meson theory Taketani also 
proposed that the gamma rays from the decay of the 
neutral mesons are the main source of the soft 
components of cosmic rays in the atmosphere in 1942. 
Some details of those of the works in the Nishina 
laboratory are found in the reference [9].    

 
 
Figure 1:  Tomonaga with his Colleagues and Students   
Hayakawa is right behind Tomonaga. Around1950.  
Left to right: Front: S.Sakata, S.Tomonaga, M.Taketani. 
Middle: K.Baba, S. Hayakawa, T. Miyajima. 
Back: O.Minakawa, T. Kinoista   J. Koba. 
(From: Tomonaga Memorial Room, University of  Tsukuba) 
   
After the War-II, Hayakawa studies cosmic rays under 
S.Tomonaga in relating to the works of the Nishina 
laboratory, as the field of the high-energy physics. He 
provided the analysis of depth and intensity relation 
observed deep underground in Shimizu Tunnel. He 
showed that the intensity depth curve bending from the 
power spectrum can be well explained as the effect of π-
µ	 decay life time including energy losses by the 
processes of Radiation, Photo-nuclear reaction and 
Direct pair creations by muons in 1949 [13]. K. Greisen 
published the same concept on the effect of the π-µ 
decay to the depth intensity curve independently in US 
at almost the same time  [14]. 
 
3.  Gamma-Ray Astrophysics 
 
3.1. Gamma-ray Astrophysics predicted by 
Hayakawa  
 
    Hayakawa first concentrated his effort on cosmic rays 
as an approach to the field of particle physics, but 
around the 1950s, his interests also extended to cosmic-
ray research as high energy astrophysics. He found also 
it may be favourable given the situation in our country, 
since cosmic-ray research in high energy astrophysics 
does not quite require the most recent accelerator results 
as does cosmic-ray research as the particle physics. 
Our country is remote from where the work in high-
energy accelerator physics was centered.  
    He made significant contributions himself, and 
stimulated the young scientists to work in this field. 
In his paper on: 
 
   “Propagation of the Cosmic Radiation through  
    Interstellar Space,  
     S. Hayakawa, 1952, Prog. Theor. Phys.8, p571”, 
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Figure 2:  S. Hayakawa 
He performed comprehensive works on Cosmic rays and high- 
energy Astrophysics,  and predicted the importance of  
Gamma-ray astrophysics through πo decay in 1952. 
 
he discussed how much interstellar matter is traversed 
by cosmic rays during he transport from the sources to 
the Earth, referring to the observed data on heavy 
primaries in cosmic rays by two groups of the Bradt – 
Peters (1950), and Dainton-Fowler-Kent. (1951). 
   In his paper, he also mentioned that gamma-ray 
emission from the πo mesons produced in collisions of 
cosmic rays and the interstellar medium during the 
propagation of cosmic rays, is such that: 
 
 “ In this passage through this thickness secondary     
particles are scarcely produced except photons which 
are due to the decay of neutral pions. The intensity of 
the secondary photons are estimated as about 0.1% of 
the total intensity at the geomagnetic latitude 55°, but 
as nearly 1.5% at the equator”. 
 
This means, Hayakawa predicted the gamma ray flux of  

~2x10-4/cm2s.sr. 
which almost agree with recently accepted data. 
     The concept was accepted that it is important for 
gamma rays from space to be observed, since the 
gamma-ray flux is proportional to the amount of matter 
in the line of sight that is, 
      (Cosmic rays density) times (Density of Interstellar 
        medium).  
    Thus observation of the gamma ray flux bring us 
important information on the density of Cosmic rays 
and Interstellar medium in space, which would be 
difficult to obtain in otherwise. 
   However the flux was so faint, almost all cosmic ray 
scientists were reluctant to attempt experiments with the 
detector technologies of the time, since they thought 
that the extraction of the gamma ray flux is very 
difficult given the strong background of cosmic rays. 

 
3.2. Gamma-ray Flux Predicted  
by  P.Morrison [4] 
 
    Six year after the perdition by Hayakawa, P 
Morrison advocated the importance of Gamma ray 
astrophysics in 1958. His main argument is that the 
astrophysics was developed in the past by observing 
visible light and radio wave, but those photons were 
descendants of the gamma rays produced from the high-
energy phenomena in the stars and Galaxies. In this 
respect, it is important to observe directly the gamma 
rays from the source to understand what are happening 
in the space.	  Instead of diffuse gamma rays estimated 
by Hayakawa, he focused to the point sources of gamma 
rays of the Active stars  and Galaxies.  
  He first discussed on the processes of gamma-ray 
production: 
Synchrotron, Bremsstrahlung, Nuclear gamma rays,  πo-
decay, Matter and Antimatter annihilations. 
    In the case of the Radio luminous colliding galaxies 
of Cyg-A, he estimated the gamma ray flux by 
assuming the energy source of galaxy is due to the 
matter – antimatter annihilation. His estimated flux of 
Gamma rays of Cyg-A was  
                            0.1-1.0/cm2s 
in the range of a few MeV to a few hundred MeV. This 
is several orders higher than Hayakawa’s estimate for 
the flux of diffuse gamma rays. 
    Then Morrison proposed we could observe the 
gamma rays rather easily, if we point the detectors to 
the source. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3 :  P. Morrison  
He advocated the importance of the Gamma–ray Astrophysics 
particularly on the point sources in 1958. 
 
   In his paper [4]: 

“On Gamma-ray Astrophysics  
      P. Morrison 
      1958, IL. Nuovo Cimento VII, No.6, 858”, 
 
he mentioned  that  : 
“Flights of several hr.’s duration are adequate, and the 
altitude required are  not extreme. Telemetering of data, 

4



4 5th Fermi Symposium : Nagoya, Japan : 20-24 Oct, 2014  
 

eConf C141020.1 

or even recovery of the apparatus with stored data. 
Reasonable angular discrimination can perhaps be  
obtained in the low energy region at least using lead 
collimation, should balloon loads permit. Otherwise, the 
use of scintillation counters, possibly taking advantage 
of coincidences with Compton scattered photons to help 
define angles, seems capable of adequate energy and 
angular discrimination below 1 or 2 MeV. The 
dominance of pair-production makes counting 
techniques even more satisfactory, and angular 
discrimination easier, in the energy range from 10MeV 
to a few hundred MeV. Here emulsion might be of 
value.” 
   This statement encouraged many scientists to carry 
the balloon observations, but they were unsuccessful till 
the significant observation was made by OSO-3 [5] in 
late 1960s, almost ten years after the prediction by  
Morrison. 
    The importance of Gamma-ray astrophysics, however, 
has been well recognized by those papers of Hayakawa 
[2], Morrison [4], together with the as-yet unsuccessful 
experiments to detect the gamma rays. 
     In fact, I remember his speech at the dinner party of 
ICRR (International Conference of Cosmic-ray 
Conference), in Kyoto in 1961, C. F. Powell, the Nobel 
Laureate in 1950, said : 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4.  C.F. Powell 
Nobel Laureate for identifying Pions and Muons using 
Nuclear Emulsions.  He served as a Chairman of 
Cosmic Ray commission of  IUPAP. 
 

“In the near future, we cosmic ray physicists shall tell  
    to the Astronomers ! 
How much interstellar matter there is, and how it is 
distributed in our Galaxy !” 
 

3.3. Short Summary 
 
    Explore-XI was the first gamma-ray satellite and 
detected 31 gamma rays during 7month, but later they 
found it was suffered by heavily backgrounds [15]. The 
same group improved the detectors and put then on 
board the OSO-3. OSO-3 detected high-energy gamma 
rays (>50MeV) from the Galactic plane for the first time 
in 1967-68 fifteen years after Hayakawa’s prediction [5]. 

    
Next Generation  

                                                       Gamma-ray Satellites  
Anti Counter 
 
                                                     

                      SAS-II (1975) 
                COS-B (1979) 
                                                                  EGRET (1991) 
                          Integral (2002) 
             Fermi   (2008) 
            
                      
  
 
\ 
 
 
 
 
                                      OSO-3: Kraushaar, Clark et al.:  
                                                ApJ. 177(1972) 341 
 
Figure 5: Gamma-ray satellite OSO-3 [5], and next 
generation satellites. 
 
  They equipped CsI and NaI scintillators arranged as a 
“phoswich” detector, combining Cerenkov counters 
inside shielding counters made of plastic scintillators. A 
total number of 621 gamma rays were observed by this 
satellite during 16 month in approximate   agreement 
with Hayakawa’s prediction. 
   Following to OSO-3, Satellite SAS-2 COS-B, EGRET, 
Integral were launched, and the Fermi Satellite are now 
in work since 2008.  SAS-2, Cos-B and EGRET 
equipped the spark chamber as the imaging detectors to 
identify the pair electrons from gamma rays without 
ambiguity from the background tracks. These satellites 
with spark chambers may be called the second 
generation of the gamma ray satellites. Integral and 
Fermi are considered as the third generation of the 
gamma ray satellites equipped with sophisticated solid 
state detectors and electronics instead of spark chamber, 
and thus can analyse the large amounts of data with 
high statistical accuracy. In particular Fermi satellite 
can observe gamma rays of energy range extended up to 
several hundred GeV with high accuracies. Then the 
gamma-ray astrophysics developed to one of the most 
significant field to explore the violent phenomena in the 
Galaxy, and in the Active Galaxies.  
  When we recall the beginning of the gamma-ray 
astrophysics, we found: 
Hayakawa’s prediction was relatively accurate, 
predicting so faint flux. Then, cosmic-ray physicists 
reluctant to attempt the experiments.  
On the other hand, Morrison’s Prediction was optimistic, 
and encouraged the physicists to carry out gamma–ray 
detection experiment.  His optimistic estimation surely 
opens the door of the gamma ray astrophysics.  
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We found the Irony what happed in this history that: 
 
“ Accurate expectations do not always help to open the  
   door of new field, 
    but 
  Optimistic and even somewhat erroneous expectation 
  promoted to start the Gamma–ray Astrophysics. “ 
 
4. X-ray Astrophysics 
 
    In contrast to gamma-ray Astronomy, X-rays from 
space got little  attention in the 1950s.  
    B. Rossi at MIT, had discussions to see the possible 
observation of X rays from Celestial bodies except to 
the Sun early in 1960. Hayakawa also joined the 
meeting. No promising objects for X–ray emission 
sources were proposed, since the role of compact stars 
and the extremely high magnetic field of the neutron 
stars were not yet well understood at the time. The only 
possibility discussed was faint fluorescent X rays from 
the lunar surface produced by solar x-rays or cosmic 
rays.  
However, Rossi commented:  
   “The Nature is more imaginative in many case than  
      we suspect!! ,”  
and requested a sounding rocket mission with three 
Geiger counters on board, an excellent decision. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 6 :              B. Rossi 
Rossi is a pioneer of on Cosmic ray research since early 1930s, 
and also the originator of X-ray astrophysics with his MIT 
colleagues in 1962 [16]. 
 
    He and his colleague found an extremely strong X-
ray flux from the direction of Scorpio X-1 [16].   This is 
the beginning of X-ray astrophysics. 
    It is interesting to note that the prediction of X-ray 
astrophysics came 10 years later than Gamma-ray 
astrophysics, but the first successful observation was 
almost 5 years earlier than that of gamma rays. 
    As  to the start of X-ray astrophysics in our country, 
it was important that M.Oda was asked to join to the 
MIT group by Rossi, for the early  development of the 
X-ray astrophysics. The reason he was asked to join was 
that Oda was temporarily in the laboratory of Rossi 
early 1950’s to work on the Extensive Air Showers. 

      Oda invented the modulation collimator (Fig. 7) 
during his stay at MIT, and successfully located the 
position of the optical counterpart of SCOX-1. 
   In 1965, when the Institute of Space and Aeronautical 
Science, the Collaborative Institute of Space Science in 
our country, was founded in the University of Tokyo, he 
came back to the Institute and spent much effort to 
develop the X-rays astronomy in our country. 
 
 
 
 
 
 
 
 
 
 
 
 
        Detector                Detector               Detector 
X-rays:  on                         off                         on 
 
Figure 7 :  Modulation Collimator invented  by  Oda . 
By observing the time modulation of the point source, he  
could locate the  X-ray sources  with wide field view of 
detectors.  
 
	 M. Oda and S. Miyamoto, staff of Oda’s laboratory, S. 
Hayakawa himself and Y. Tanaka, staff of his 
laboratory had push forward this field in our country. 
   Unlike Gamma-ray astrophysics, X-rays were 
detectable by simple detectors, because of their high 
intensity. In this respect, X-ray astrophysics has been 
attractive to scientists in our country, where our space 
facilities had only small-payload launching capability 
until recently.  One of the achievements with 
modulation collimators in early days by balloon 
observations are shown Fig. 8 and 9, which was to 
locate the precise position of CygX-1 [17].   
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 8. Balloon Borne Detector to locate the CygX-1 
                 with Modulation Collimator. 
The Right hand side in Figure 8 is the detector with 
Modulation collimators to observe the location of CygX-1.  
Optical Telescope on the left hand side observes the location 
of the known stars to identify the absolute direction of this 
detectors [17]. 
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Figure 9:  Location of CygX-1 observed by Uhuru 
Satellite in US and Balloon observations in Japan with 
the detector shown in Fig. 8. 
   The location predicted by each group agrees within an error    
box of each group of several arc min. Soon after Westerberg   
Radio Telescope find a radio source in these area and Pin-
pointed the location. 
 
   At almost the same time, similar work with Uhuru, the 
first scientific satellite for X-rays, was performed in the 
US [18], and the results agree with each other as shown 
in Fig.9.  The X-ray source location was examined by 
the radio telescope at Westerbork, and a variable radio  
source was found.  Then the optical   counterpart    was   
identified, and it was found that the source is associated    
with a heavy non-visible star of almost 15 times of 
mass of   the sun. Thus, CygX-1 was presumed to be 
the first candidate of Black hole.  
    The first Japanese X-ray satellite, Hakucho, was 
launched in 1979, and next X-ray satellites followed at 
intervals of a few years.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 10:    Suzaku 
High sensitivity, Soft X-ray Imaging Spectroscopy and 
Wideband of soft to hard  X-ray Spectroscopy. 
 About 1.7 tons weight, in orbit since 2005. 
 
    Although Japanese satellites were small compared to 
the satellites of other countries in those days, we 
provided the important advantage of quick response to 
new findings, to successfully develop X-ray 
astrophysics in our country. In recent years, however, 
observations are required more precise, and the satellite  

  
Figure 11.  Astro-H 
High Resolution Soft X-ray Spectroscopy, and High-
sensitivity hard X-ray imaging spectroscopy.  
About 2.7 tons weight to be launched in 2015 to early 2016. 
 
required becomes heavy. We now have Suzaku satellite 
in operation, and Astro-H is to be launched within a few 
years. The on board instruments are getting more 
sophisticated as shown in Fig. 10 and 11. 
 
4. Cosmic rays 
 
    Origin of Cosmic rays, transportations from source to 
the Earth and the composition of Cosmic rays are 
closely related to the high-energy phenomena occurring 
in the Galaxy. In this respect, Hayakawa made several 
significant contributions. Some of those are: 
 
4.1 Supernova Origin of Cosmic Rays 
(1956) 
 
  W. Baade and F. Zwickey first proposed the model of  
“Super Nova Origin of Cosmic rays” based on the large 
energy release of Super Nova explosion (1934) [19]. 
Later I.S. Shcklovsky and V.L. Ginzburg extended this 
concept on the bases of the strong radio wave and 
visible lights from Crab nebula are assumed as the 
synchrotron radiation by the high energy electrons 
accelerated in the supernova, and predicted the light 
should be polarized in 1950s [20], [21]. This model was 
supported by the observations of polarized of light by 
J.H. Oort and T.H. Walraven in 1956 [22]. 
	 Hayakawa approached the problems in a different 
way by focusing the relative abundance of the 
composition of cosmic rays at the source after 
correcting the fragmentations of heavy elements during 
the transportation. He presented the model of  “Supper-
Nova Origin of Cosmic rays” based on the relative 
overabundance of heavy nuclei in cosmic rays. A super 
nova is the last stage in the evolution of a massive star, 
when the relative abundance of heavy elements is large. 
This argument was accepted to support the model of 
super nova origin of comic rays when it was published. 
[23]. 
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Stimulated by his work, more detailed arguments have 
been developed later and discussions are now still 
continued to identify the sources taking account of the 
compositions of cosmic rays and the possible sources. 
 
4.1. Be10 as to the measure of confinement 
time of Cosmic rays  
 
    During the transportation of cosmic rays from the 
source to the Earth in the Galaxy, he mentioned the 
importance of the long lived radioactive nuclei such as 
Be10 (τ~1.5*106yr）spallation products of the collisions 
between cosmic rays and interstellar gas. The fraction of 
survived Be10 gives us the information how long cosmic 
rays were confined in our Galaxy. Thus the fraction of  
Survived Be10 constrains the amount of cosmic rays  
required to be produced per unit time in our Galaxy [24]. 
i.e., the acceleration efficiency of cosmic rays.   

 
 
Figure 12: Be10 / Be9 , From [26] of  ISOMAX. (2004). 
Most recent data published by Pamela group (2013) [27] 
around 1GeV/Nucleon are not included here, which are 
consistent with that of ISOMAX [26] 
 
    The small flux of Be10 is difficult to detect, and was 
first observed around 0.1GeV/nucleon by Garcia Munos 
et al. using the IMP 7 and 8 satellites, in 1977 [25]. 
Around 1GeV, ISOMAX and Pamela with magnet 
spectrometer succeeded in observing the Be10 [26], [27]. 
Those results are shown in Fig. 12, which indicate the 
confinement time of the cosmic rays is about 107years 
around 1GeV. More detailed observations will be made 
in the near future, which may allow a more precise 
estimate of the confinement time of cosmic rays in our 
Galaxy. 
 
4.2.  Cosmic-ray Electrons 
 
    Unlike other cosmic-ray components, primary 
cosmic-ray electrons loss their energy primarily by 
Synchrotron and Inverse Compton processes during 
transport from the source to the earth. Since these 
energy losses are approximately proportional to the 
square of the electron energy, the spectrum of the 
electrons adds an interesting feature, particularly at 
higher energies. Positrons in cosmic rays are naturally 

produced by the decay of muons produced in collisions 
between cosmic rays and interstellar medium, and in 
fact the observed positron intensity below 10GeV, is 
approximately consistent with the expectation values 
being entirely secondary. If additional sources other 
than secondary positrons existed, there is the attractive 
problem of the production and accelerations of cosmic 
rays. Ginzburg [28] and Hayakawa et al. first pointed 
out the importance of measuring the fraction of the flux 
of Positrons to Electrons in 1958 [28], [24]. 
	 The flux of electron is small, under 1% of the overall 
cosmic ray flux beyond a few GeV, and for precise 
measurements we need to identify the electrons by 
rejecting the much more abundant hadronic showers 
seen in detectors. That is the reason why the first 
measurements of primary electrons were delayed until 
1961, compared to other components of cosmic rays.  
    The first successful observation was made by 
P.Meyer and  R.Vogt (1961) with scintillation counters 
and by J. Earl (1961) with an imaging detector, a 
balloon borne cloud chamber. Many experiments were 
performed since the discovery of electrons in 1960s.  
Among the many works on the observation of electrons, 
I show an example of the observations made by Japan 
and US collaborations around 1980 [29]. 
   The detector is the emulsion chamber, which is a 
sandwich of lead plates and nuclear emulsions coated 
on both sides of a thin plastic plate as shown in Fig. 13. 
Electrons are identified by tracing showers back to the 
primary electron track using a microscope. Electron 
showers begin with an associated electron pair created 
by the primary electrons within a top layer of a few 
radiation lengths of the detector. The rejection power to 
proton is estimated as 104-105. The detailed will be 
found in the original paper [29]. The energies of 
electrons are identified by counting the number of 
shower tracks within the 100mirons from then shower 
axis. As illustrated in the Fig.14, we see, no particular 
structure on the electron spectrum was observed beyond 
the statistical errors.   
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
  Figure 13：  Emulsion chamber configuration as a 
Detector of cosmic-ray electrons in 1976 flight [29].	  
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	                                                         E(GeV)→ 
 Figure 14. Observed Cosmic-Ray electron Spectrum  
                           around 1980 [28]  
 
A large total exposure factor was accumulated by a 
series of balloon observations, by 2000 almost seven 
times of those of [28] of 1980 (finally ~8.2m2sr day 
beyond 1TeV), and electrons  up to a few TeV region 
were observed in these detectors [29].	  
4.2.1. Effects of nearby sources of Electrons 
    The theoretical argument on the possible deviation of 
the smooth power law of electron spectrum was first 
mentioned by C.S.Shen [30] based on the Pulsar and 
Supernova origin of cosmic rays in 1970.  
    The electrons lose energy almost proportional to the 
square of their energies, by the Synchrotron and Inverse 
Compton processes. Then if electrons of energy of E are 
observed at the Earth, they must be emitted from a 
source within the past T years, where T is inversely 
proportional to the energy of E. The value of T also 
depends on the energy densities of ambient photons and 
magnetic field. As an illustration, using the proper 
energy density of ambient photon and magnetic field, 
we estimate that for electrons with E>1TeV must have 
been produced within T<105 years.   
During this lifetime of T, 1TeV electron can travel 
about 1kpc depending on the values of diffusion 
parameter. If the energy is smaller than 1TeV, the 
lifetime T is longer, and the travel distance increases. 
This means if we look the higher energy spectrum of 
electrons they must have been produced more recently 
than those of low energy electrons. Accordingly, the 
distance of their sources must be nearer. As the energy 
of electrons become higher, the location of the source 
must be nearer, and the number of available sources 
(SNR and Pulsars) is limited. In the higher energy 
region, we expect only a few sources for electrons, and 
we would expect large non-statistical fluctuations of the 
electron spectrum and anisotropy for nearby sources.  
    Each individual source might create a feature in the 
spectrum. We would therefore expect to observe humps 

and the anisotropies in the spectrum, corresponding to 
the identifiable sources.  
    These describe the concept by Shen, and more details 
will be found in his paper [31]. When Shen proposed 
this concept, he assumed sources were the observed 
SNR and pulsars, but the parameters of those objects 
were not clear at the time. Later, several authors, 
Cowsik-Lee (1979), Nishimura et al. (1979), Aharonian 
et al. (1995), Atoyan et al. (1995), Pohl-Espoid (1998), 
Erykin–Wolendale (1998) and Kobayashi et al. (2004), 
discussed these features more details using the most 
recent data of those objects  [32], [33].  I presented 
some of the results in early days to the international 
Conference of Cosmic rays in Kyoto, 1979.  
 
 E3
×Flux ( electrons /m2.s.sr. GeV-2) 

 
 
 
 
 
 
 
 
 
 
 
 
                                                     Electron Energy (GeV) 
Figure 15: An example of the effect to Cosmic-ray 
electron spectrum by nearby sources  [33]  
 
However, the rapporteur of my friend, did not refer at 
all this work. He explained that such event might occur 
at extremely high-energy region where the flux is few, 
then it could not be observed and the argument is not 
realistic and he said to me why he discarded my report.  
    Such response is some times occur when the new 
concept were proposed. After 30 years from this episode, 
the hump of electron spectrum becomes one of the 
important phenomena relating to the origin of cosmic 
rays and even to the existence of the Dark Matters, 
which are now to be discussed in this meeting. 
4.2.2. Observed hump in the Electron Spectrum 
    The hump of electron spectrum was first reported in 
the series of the observations of large balloon-borne 
ATIC detector program.  
 
 
 
 
 
 
 
 
 

Electron Energy ( GeV)→  
Figure 16:  Observed hump in the electron spectrum  
between 300-800GeV by ATIC group [34]. 
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    J. Chang et al. of ATIC group claimed the excess of 
cosmic-ray electrons at energies of 300GeV – 800 GeV. 
which could be interpreted as due to the nearby source 
of electrons or due to the pair electrons from the 
annihilation of dark maters of mass of around 600GeV 
[33].  Their data are shown in Fig. 16. 
    Several observations followed to provide more details 
of the electron and positron spectrum relating to these 
indications. 
    HESS presented the spectrum of primary electrons 
observed through Cherenkov radiation from the 
extensive air showers of the primary electrons [35]. This 
indicates the decline of the spectrum beyond 1 TeV. 
4.2.3. Positron Excess  
     The Pamela Satellite, a magnet spectrometer detector   
which was launched in 2006, found a definite increase 
of the positron fraction from 10 to 100GeV, which 
indicated the existence of positron sources other than 
secondary positrons from muon decay  [36].   
   The Fermi satellite observed the primary electron 
spectrum and also estimate the positron fraction by 
exploiting the East and West Asymmetry of the electron 
components [37].  Most recent data are due to AMS 
(Alpha Magnet Spectrometer), which has almost ten 
times larger acceptance area of Magnetic spectrometer 
than Pamela. AMS was launched and installed on 
International Station in 2011, and observed more 
significant data than Pamela on the positron fraction as 
well as electron spectrums [38].   
  A summary of the data on Cosmic-ray electrons from 
these recent observations is shown in Fig. 19. The hump 
at several hundred GeV exists, but looks to be smeared 
in shape by combining those data compared to the hump 
seen by ATIC. The fraction of positron is definitely 
increased up to 500GeV, indicating the existence of 
sources other than secondary production from the decay 
of muons, but increasing rate ceases beyond 200GeV as 
shown in Figure 20 
    Then the problems are what are the sources of high-
energy electrons and particularly the positrons.   
 
 	 	      PAMELA  
Payload for Antimatter Exploration and Light Nuclei Astrophysics 
                                                 SΩ~21.5cm2.sr 
 
 
               
 
                      	 B~ 0.43Tesla 

	 	 	 	  
	 	 MDM~1TV 

                       	 	 	 1000mm      
                       
                
 
 
 
Figure 17: Configuration of Pamela, 
Margent spectrometer for cosmic rays. In orbit 2008 [36]. 

             AMS (Alpha Magnet Spectrometer): 
                                                SΩ~300cm2.sr 
                  . 
 
 
          
        
B~0.15T            
MDM~3TV                                              3000mm 
 

       
                  
 
 
 
Figure.18: AMS (Alpha magnet Spectrometer) 
Large size spectrometer to observe High	 Energy Cosmic  
Rays, installed on International station in 2011. [38] 
 

 
   Electron Energy E (GeV) 
 
Figure. 19:    Electron Spectrum; from [36] 
Most recent data of AMS [38] are not included, but the AMS 
data is limited to ~500GeV. Below a few hundred GeV the 
data of AMS are consistent with those of Pamela [36]. 
. 
 
 
 
 
 
 
 
 
 
 
 
  
 
            	 	 	                     Energy (GeV) 
Figure.20:  Positron Excess  
The fraction of positron is definitely increasing with positron 
energy. This indicates the existence of sources other than 
secondary product of muon decays, but increasing rate ceases 
beyond 200GeV [38]. The fraction of the secondary positrons 
from muons is estimated under 0.02 beyond 100GeV [36]. 
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	 	 	 	 ECC→CALET (2015) 
 
Figure 21:  Calet detector layout 
 (Calorimetric Electron Telescope) [39] 
Inside bracket shows the expected launching yr. 
	 	 	  	 	 	                    
                                   1200mm 
            SΩ~0.3 m2s.sr  
 
  
 
 
 
 
 
BGO 33r.l. 
 
 
 
 
	 	 	   ATIC →DAMPE (2005-2006) 
                           
Figure 22:  DAMP detector layout [40] 
         (Dark Matter Particle Explore) 
Inside bracket shows the expected launching yr. 
 
    Possibilities are discussed of nearby sources by 
pulsars and/or SNR surrounded by	 gas material and 
/or dark matter. In case of Dark matter annihilation, 
positron fractions increase with positron energies, but 
should drop abruptly beyond the rest energy of Dark 
matter. Similar but not so sharp feature would also be 
seen in case of nearby source. These ideas are to be 
discussed in this meeting. To obtain a more precise 
spectrum of electrons from the GeV to TeV region, 
several new programs are planned to be in operation 
within a few years. Those are shown in Fig. 21, 22, 23 
and 24.  The detectors have essentially large detection 
area with deep depth of calorimeter or to detect the 
Geo-Synchrotron X-rays together with the detection of 
the arrival direction of incoming particles to see the 
possible anisotropies of the particles. These are enable 
us to detect small flux of electrons and gamma rays with 
high rejection power against to the hadronic 
components. These experiments will bring us new 
findings relating the sources of high-energy electrons 
and /or related dark matter in near future. 
 

Synchrotron Radiation by Geomagnetic field 
                                     X rays are emitted 
  
 
 
 
 
 
 
                                 Detection area ~6.4m2 

CREST (Long Duration Balloon Flights ) 
 
Figure 23: CREST detector Layout 
(Cosmic-ray Electron Synchrotron Telescope) [41] 
 
 
                                      1000mm 
                S~ 0.25cm2 
                                     

 

Anti Counter 
 
      ToF 
                                        Si strip:2r.l. 
  
  Calorimeter    CsI: 23 r.l                  
                                . 
 
 
    Electronics 
 
             
                         Gamma 400 (2020)  
 
Figure 25:  Gamma 400 detector layout [42] 
Inside bracket shows the expected launching yr. 
 
 
 
5. Summary and Acknowledgements 
 
    In describing the “Dawn of high energy Astrophysics 
Japan”, I found we owe very much to Hayakawa for his 
tremendous efforts to develop this field with his 
pioneering works and stimulation in our country. We 
deeply appreciate him for his outstanding leadership for 
many years from his young days in early 1950. I hope 
the success of this symposium in Nagoya through good 
discussions, explorations and new findings.  
   In closing my talk, I would like to acknowledge to the 
organizing committee for inviting me to talk this subject. 
I also wish to thank to my colleagues for their useful 
comments in preparation of this manuscript.  
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Detection of VHE Bridge emission from the Crab pulsar
with the MAGIC Telescopes

T. Saito
Kyoto University, Kyoto, 606-8052 Japan
S. Bonnefoy
Universidad Complutense, Madrid, E-28040 Spain
K. Hirotani
Academia Sinica, Institute of Astronomy and Astrophysics (ASIAA), Taipei, P.O. Box: 23-141 Taiwan
R. Zanin on behalf of the MAGIC Collaboration
Universitat de Barcelona, ICC, IEEC-UB, Barcelona, E-08028 Spain

The Crab pulsar is the only astronomical pulsed source detected above 100 GeV. The emission mechanism of
very high energy gamma-ray pulsation is not yet fully understood, although several theoretical models have
been proposed. In order to test the new models, we measured the light curve and the spectra of the Crab pulsar
with high precision by means of deep observations. We analyzed 135 hours of selected MAGIC data taken
between 2009 and 2013 in stereoscopic mode. In order to discuss the spectral shape in connection with lower
energies, 4.6 years of Fermi-LAT data were also analyzed. The known two pulses per period were detected with
a significance of 8.0 σ and 12.6 σ. In addition, significant bridge emission was found between the two pulses
with 6.2 σ. This emission can not be explained with the existing theories. These data can be used for testing
new theoretical models.

1. Introduction

The Crab pulsar and the surrounding Crab nebula
are the remnant of the supernova of AD 1054. Both
the pulsar and the nebula are well studied in a very
wide energy range starting from radio (10−5 eV) to
VHE energies ( up to tens of TeV). It is one of the
youngest pulsars known and its spin down luminos-
ity (4.6 × 1038 erg/s) is the highest among Galactic
neutron stars. To date, this pulsar is the only one for
which pulsed emission has been detected above 100
GeV.

Gamma-ray pulsation from the Crab pulsar up
to ∼ 10 GeV had been known since the 1990s
[Nolan et al. 1993]. In 2008, pulsations were de-
tected by the MAGIC telescope at energies above
25 GeV [Aliu et al. 2008]. This result suggested
that the emission originates in the outer magneto-
sphere. The simplest curvature radiation scenario
in the outer magnetosphere predicts an exponen-
tial cutoff in the energy spectrum at GeV energies
[e.g., Muslimov and Harding 2004, Takata et al. 2006,
Tang et al. 2008]. Fermi-LAT observations from 100
MeV to a few tens of GeV, which started in Au-
gust 2008, showed a clear break in the spectrum at
∼ 6 GeV [Abdo et al. 2010] supporting this scenario.
A few years later, however, MAGIC and VERITAS
[Aleksić et al. 2011, 2012a, Aliu et al. 2011] found
that the energy spectrum of the Crab pulsar extends
up to 400 GeV following a power law. The emission
above 100 GeV is difficult to explain only with the cur-
vature radiation, and additional or different emission
mechanisms are required. Several new models were re-
cently proposed to explain the energy spectrum of the
Crab pulsar [e.g., Aleksić et al. 2011, Aharonian et al.

2012].
Here we present new results from the continuing

monitoring of the Crab pulsar with the MAGIC tele-
scopes that will help to constrain any model for the
emission. In order to discuss the Crab pulsar spec-
tra at energies lower than those accessible to MAGIC,
Fermi-LAT data were also analyzed.

2. Instruments, data sets, and analysis
methods

2.1. The MAGIC Telescopes

The MAGIC telescopes are two Imaging Atmo-
spheric Cherenkov Telescopes located on the island
of La Palma (Spain) at 2200 m above sea level. Both
telescopes consist of a 17 m diameter reflector and a
fast imaging camera with a field of view of 3.5◦. The
trigger threshold for regular observations at zenith an-
gles below 35◦ is around 50 GeV and the sensitivity
above 290 GeV (in 50 h) is 0.8% of the Crab neb-
ula flux with an angular resolution better than 0.07◦

[Aleksić et al. 2012b].
For this study we used 135 hours of data taken at

zenith angles below 35◦ during optimal technical and
weather conditions between September 2009 and April
2013. Standard MAGIC analysis, as described in
Moralejo et al. [2009] and Aleksić et al. [2012b], was
applied to the data. The conversion from event arrival
times to pulsar rotational phases used Tempo2 soft-
ware [Hobbs et al. 2006] and a dedicated package in-
side MARS [López 2006]. The spin parameters of the
Crab pulsar were taken from the monthly reports of
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the Jodrell Bank Radio telescope1 [Lyne et al. 1993].

2.2. Fermi-LAT

The Large Area Telescope (LAT) is a pair conver-
sion gamma-ray detector on board the Fermi satel-
lite [Atwood et al. 2009]. It can detect high-energy
gamma rays from 20 MeV to more than 300 GeV. It
has been operational since August 2008 and all the
collected data are publicly available. In this work, we
have used 5.5 years of Pass 7 reprocessed data2 from
2008 August 4 to 2014 January 31. The region of in-
terest was chosen to be 30◦ around the Crab pulsar.

Along with the public data, the LAT team pro-
vides the corresponding analysis software and instru-
ment response functions (IRF) designed for the anal-
ysis of that particular dataset. We have used the ver-
sion v9r32p5 of the Fermi-LAT ScienceTools3 and the
P7REP SOURCE V15 IRF. From the downloaded
data we have discarded events taken at zenith an-
gles above 100◦ to reduce the contamination of albedo
gamma rays coming from the Earth’s limb. To com-
pute the pulse phase, we used the same spin parame-
ters as for the MAGIC analysis. The obtained fluxes
were computed by maximizing the likelihood of a
given source model using the gtlike tools. The binned
likelihood method was adopted and a 40◦ square area
with 0.2◦ bin width was used for the likelihood max-
imization. Apart from the Galactic (gal iem v05.fits)
and extragalactic (iso source v05.txt) diffuse emis-
sion, we considered as background sources for the like-
lihood fits all sources listed in the second LAT source
catalogue [Nolan et al. 2012]. The data taken during
the periods when the Crab nebula was flaring were
not excluded from the analysis. These flares should
not have any impact on the pulsed emission results
because it is known that the pulsation component did
not change during the flares [Buehler et al. 2012], and
the average nebula flux including flare periods was
subtracted when the pulsar signal was determined.
Regarding the reported Fermi-LAT spectrum from the
Crab nebula, the six Crab flares that lasted a few days
might be responsible for a few percent of the photons
below 1 GeV in the overall 5.5 year dataset. Given
that the effect is expected to be small, and that this
paper focusses on the emission from the pulsar, we did
not correct for this effect.

1http://www.jb.man.ac.uk/˜pulsar/crab.html
2http://fermi.gsfc.nasa.gov/ssc/data/analysis/

documentation/Pass7REP usage.html
3http://fermi.gsfc.nasa.gov/ssc/data/analysis/scitools/

overview.html

3. Results

3.1. Light curve above 50 GeV

Figure 1 shows the light curves of the Crab pulsar
measured by MAGIC. Two peaks are clearly visible.
Following our previous study [Aleksić et al. 2012a], we
define phase ranges for the two peaks as P1M (phase
−0.017 to 0.026) and P2M (0.377 to 0.422). The back-
ground level (hadrons and continuum gamma rays) is
estimated using the phase range between 0.52 and 0.87
and it is then subtracted from the histograms4. The
number of excess events in P1M between 50 GeV and
400 GeV is 930±120 (8.0 σ) and in P2M is 1510±120
(12.6 σ).
In addition to the two main peaks, significant emis-

sion between them is also visible. The region between
the peaks is generally called the Bridge. Defining
the Bridge region as the gap between P1M and P2M,
namely, between 0.026 and 0.377 (hereafter BridgeM),
we obtain an excess of 2720 ± 440 (6.2 σ) events in
this region. Adopting the definition used at lower en-
ergies for the Bridge as the region 0.14 − 0.25 from
Fierro et al. [1998] (hereafter BridgeE), then the num-
ber of excess events is 880± 200 (4.4 σ). This excess
increases to 1940 ± 370 (5.2 σ) if we extend BridgeE
with the so-called trailing wing of P1 and the lead-
ing wing of P2, namely to the interval of 0.04 − 0.32
[see Fierro et al. 1998]. It should be noted that this
detection confirms the hint of bridge emission already
reported in [Aleksić et al. 2012a].

3.2. Comparison with lower energies

Figure 2 shows the light curves at optical, X-ray,
and gamma-ray energies obtained with various instru-
ments, together with the 50−400 GeV light curve from
the bottom panel of Fig. 1. The background was sub-
tracted in the same way as the MAGIC light curves
(see Sect. 3.1). The intensity and morphology of the
bridge emission varies considerably with energy. It is
very weak at optical wavelengths and in the 100−300
MeV range, while there is an appreciable difference at
X-rays and soft gamma rays. At the energies covered
by MAGIC, the peaks become much sharper and a
prominent bridge emission appears.
It is known that the flux ratio between the two

peaks strongly depends on energy, as does the ra-
tio between the first peak and the bridge [see, e.g.,
Kuiper et al. 2001]. Fig. 3 shows the flux ratio be-
tween P2M and P1M and that between BridgeE and
P1M as a function of energy from optical (∼ 2 eV)

4 An estimation of the background using the off-peak interval
from the LAT Second Pulsar Catalog, namely the phase range
between 0.61 and 0.89, lead to very similar results.
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Figure 1: Light curves of the Crab pulsar obtained by MAGIC from 50 GeV to 100 GeV (top), from 100 GeV to
400 GeV (middle), and for the full analyzed energy range (bottom). The bin widths around the peaks are 4 times
smaller (0.005) than the rest (0.02) in order to highlight the sharpness of the peaks.

to 400 GeV. Steady emission was subtracted before
the ratios were computed. The ratios P2M/P1M and
BridgeE/P1M behave similarly. These ratios increase
with energy up to 1 MeV, decrease up to 100 MeV,
and increase again from that energy on. At 50 − 400
GeV, the ratios basically follow the trend seen at lower
energies.

3.3. Spectral energy distribution

The spectral energy distributions (SEDs) of the
P1M, P2M, BridgeM, and BridgeE between 100 MeV
and 400 GeV are shown in Fig. 4, together with the
Crab nebula SED obtained with a subset of the data
used for the pulsar analysis. The SEDs were calcu-
lated using Fermi-LAT data below 50 GeV (below
200 GeV for the nebula), and MAGIC data above 50
GeV. The nebula SED is connected smoothly between
the two instruments. The Fermi-LAT data were fit
with a power law with an exponential cutoff, while the
MAGIC data were fit with a simple power-law func-
tion. The obtained fit parameters are summarized in
Table I. The power-law indices between 50 GeV and
400 GeV are about 3 and no significant difference is
seen between different pulse phases. The uncertainty
in the absolute energy scale is estimated as 17%,

whereas the systematic error of the flux normalization
is estimated to be 18%. We estimate the overall sys-
tematic uncertainty uncertainty on the spectral slope
to be 0.3.

4. Discussion

In summary, the Crab pulsar above 50 GeV ex-
hibits a light curve with a significant bridge emission
between two sharp peaks (Fig. 1). The flux ratios
P2M/P1M and BridgeE/P1M increase with increasing
photon energy between 100 MeV and 400 GeV (Figs. 2
and 3). Between 30 GeV and 400 GeV, the fluence in
the bridge phase is comparable to that in the P1 phase
(Fig. 4). The SEDs in the 50− 400 GeV range could
be fit with power-law functions for the three phases.
There are several models which can ex-

plain the VHE emission of the Crab pulsar,
such as Aleksić et al. [2011], Aharonian et al.
[2012], Bednarek [2012], Arka and Dubus [2013],
Chkheidze et al. [2013]. However, none of them
can explain the VHE pulse profile and the spetrum
consistently. Further theoreticaly studies and deeper
observations of the Crab and other gamma-ray
pulsars are needed to understand the VHE emission
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Table I Spectral Parameters

phase F1
a

[10−11MeV−1cm−2s−1] Γ1
a

Ec

a
[GeV] F100

b
[10−11TeV−1cm−2s−1] Γ2

b

P1M 8.87± 0.14 1.88 ± 0.01 3.74 ± 0.15 4.18 ± 0.59 3.25 ± 0.39

P2M 3.14± 0.07 1.97 ± 0.01 7.24 ± 0.64 8.48 ± 0.62 3.27 ± 0.23

BridgeM 7.70± 0.11 1.74 ± 0.01 7.19 ± 0.39 12.2 ± 3.3 3.35 ± 0.79

BridgeE 0.95± 0.04 1.44 ± 0.04 6.94 ± 0.90 3.7± 1.1 3.51 ± 0.97

aParameters obtained by fitting a function
F (E) = F1(E/1GeV)−Γ1 exp(E/Ec) to Fermi-LAT data
between 100 MeV and 300 GeV
bParameters obtained by fitting a function

F (E) = F100(E/100GeV)−Γ2 to MAGIC data between
50 GeV and 400 GeV
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Figure 2: Light curve of the Crab pulsar at optical
wavelength, 2.4− 10 keV X-rays, 0.75 − 10 MeV, and
100− 300 MeV gamma rays (from top to bottom). The
light curve at 50− 400 GeV is overlaid on each plot for
comparison. The optical light curve was obtained with
the MAGIC telescope using the central pixel of the
camera [Lucarelli et al. 2008]. The keV and MeV light
curves are from Kuiper et al. [2001]. The 100− 300 MeV
light curve was produced using the Fermi-LAT data. All
light curves are zero-suppressed by estimating the
background using the events in the phase range from 0.52
to 0.87.

mechanism of pulsars.
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M. López, Ph.D. thesis, Univer-
sidad Complutense de Madrid,
https://magicold.mpp.mpg.de/publications/theses/MLopezMoya.pdf
(2006).

A. G. Lyne, R. S. Pritchard, and F. Graham-Smith,
MNRAS 265, 1003 (1993).

W. B. Atwood, A. A. Abdo, M. Ackermann, W. Alt-
house, B. Anderson, M. Axelsson, L. Baldini, J. Bal-
let, D. L. Band, G. Barbiellini, et al., ApJ 697, 1071
(2009), 0902.1089.

P. L. Nolan, A. A. Abdo, M. Ackermann, M. Ajello,
A. Allafort, E. Antolini, W. B. Atwood, M. Ax-
elsson, L. Baldini, J. Ballet, et al., ApJS 199, 31
(2012), 1108.1435.

R. Buehler, J. D. Scargle, R. D. Blandford, L. Baldini,
M. G. Baring, A. Belfiore, E. Charles, J. Chiang,
F. D’Ammando, C. D. Dermer, et al., ApJ 749, 26
(2012), 1112.1979.

J. M. Fierro, P. F. Michelson, P. L. Nolan, and
D. J. Thompson, ApJ 494, 734 (1998), arXiv:astro-
ph/9709123.

F. Lucarelli, J. A. Barrio, P. Antoranz, M. Asen-
sio, M. Camara, J. L. Contreras, M. V. Fonseca,
M. Lopez, J. M. Miranda, I. Oya, et al., Nuclear
Instruments and Methods in Physics Research A
589, 415 (2008).

L. Kuiper, W. Hermsen, G. Cusumano, R. Diehl,
V. Schönfelder, A. Strong, K. Bennett, and M. L.
McConnell, A&A 378, 918 (2001), arXiv:astro-
ph/0109200.

W. Bednarek, MNRAS 424, 2079 (2012), 1205.4855.
I. Arka and G. Dubus, A&A 550, A101 (2013),
1208.2819.

N. Chkheidze, G. Machabeli, and Z. Osmanov, ApJ
773, 143 (2013).

eConf C141020.1

17



5th Fermi Symposium : Nagoya, Japan : 20-24 Oct, 2014 1

Fermi/LAT Study of the Cygnus Loop Supernova Remnant: Discovery
of a Point-like Source and of Spectral Differences in its gamma-ray
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The Cygnus Loop is a nearby supernova remnant (SNR) observed across the electromagnetic spectrum. With
the analysis of 6 years of Fermi/LAT data we find that, what previous studies had considered a single source,
consists of an extended source plus a point-like source south-east of the SNR. The extended gamma-ray emission
is well correlated with the thermal X-ray emission of the SNR, and the energy spectrum displays a pronounced
maximum at ∼ 0.6 GeV. However, in a region where the radio emission is strongly and distinctly polarized, the
gamma-ray spectrum shows no sign of a break. Therefore, the spatially resolved gamma-ray emission permits
the study of different interaction conditions of the SNR and the surrounding medium.

1. INTRODUCTION

The Cygnus Loop is the remnant of a core-collapse
supernova explosion that occurred about 14000 year
ago [Levenson et al. 1998] at a distance of 540+100

−80 pc
[Blair et al. 2005]. The Cygnus Loop is among the
closest supernova remnants (SNRs) to Earth, which
implies that it could act as a local accelerator. Due
to its proximity, the Cygnus Loop is seen on the sky
with an angular size of about 3 degrees. In general,
the blast wave of the SNR is not breaking out of a
dense cloud, but running into a wall of atomic gas re-
lated to the cavity in which the supernova occurred.
The wall slows down the shock, which becomes bright
in optical emission lines. The reflected shock prop-
agates through the hot interior, which enhances the
X-ray emission in correlation with the optical emis-
sion [Graham et al. 1995, Levenson et al. 1996]. How-
ever, some portions of the shock proceed unimpeded
through low-density inter-cloud medium.

X-ray emission from reflection-shocked gas is partic-
ularly bright in the east. In contrast, the south of the
SNR (the so-called breakout) is very dim in X-rays.
This is often regarded as caused by the expansion of
the blast wave into a low-density medium. However,
Uyanıker et al. [2002] found that the polarization of
the 2695 MHz emission was much higher there with
respect to the north of the shell. A possible interpre-
tation of this feature is that a second SNR is present
in that region, and interacts with the Cygnus Loop.

No compact object is firmly associated with the col-

∗now at INFN Padova, Italy (ignasi.reichardt@pd.infn.it).

lapsed progenitor of the Cygnus Loop. A few candi-
dates lie within the breakout, where the ASCA survey
revealed a point-like source, but it is not firmly estab-
lished as a neutron star [Miyata et al. 2001]. There is
yet another compact object with a candidate pulsar
wind nebula nearby, revealed by Suzaku and XMM-
Newton observations [Katsuda et al. 2012]. No pul-
sations have been detected from any of these objects.
In addition, a very high transverse proper motion of
∼ 1300 km s−1 is needed if it is assumed that one of
these candidate neutron stars departed from the ge-
ometric center of the Cygnus Loop some 14000 years
ago. Such a supersonic movement would produce a
cometary shape in the X-ray emission that has not
been observed so far. However, this could be explained
if the neutron star was related to the second SNR sug-
gested by Uyanıker et al. [2002].

The detection of GeV gamma-ray emission from the
Cygnus Loop was published in Katagiri et al. [2011],
who analyzed two years of Fermi/LAT data com-
prised between August 2008 and August 2010. In this
analysis, the shape of the Cygnus Loop was modeled
as a ring, somewhat more extended than the shell
seen at other wavelengths. The spectrum is curved
(modeled as a log-parabola), and the fit to a one-zone
hadronic model returns plausible values for the pa-
rameters.

In this work we analyze six years of Fermi/LAT
data using the latest software. The factor 3 increase in
statistics with respect to the previous study provides
unprecedented sensitivity to study both spatial and
spectral features of the gamma-ray emission from the
Cygnus Loop.
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2. DATA ANALYSIS

We analyzed Fermi/LAT Pass 7 Reprocessed data
corresponding to the period between August 4th 2008
(start of science operations) and September 7th 2014.
We defined the ROI as a circle of 10◦ radius centered
at the position (RA, DEC) = (20h58m11s, 29◦23′56′′),
J2000, which is 2◦ displaced towards negative Galac-
tic latitudes with respect to the catalog position of
the Cygnus Loop. This is done in order to be less af-
fected by the diffuse emission from the Galactic plane.
Data were processed with the version v9r32p5 of the
ScienceTools. We selected class 3 events in the en-
ergy range between 58.5 MeV and 300 GeV, with the
recommended quality cuts (including the requirement
for the spacecraft to be in normal operation mode,
LAT CONFIG=1, data to be flagged as good quality,
DATA QUAL=1, and a cut on the rocking angle of the
spacecraft, ABS(ROCK ANGLE)< 52◦). In addition,
we applied a zenith angle cut of 100◦ in order to pre-
vent event contamination from the Earth limb. Data
were binned in sky coordinates with the gtbin tool,
using square bins of 0.125◦ side. This tool produces
a counts map, with the number of events recorded by
the detector.

We performed a binned likelihood analysis with a
model containing the standard Galactic and extra-
galactic diffuse emission models provided in the Sci-
enceTools, plus the sources in the 2FGL catalog ly-
ing up to 15◦ away of the ROI center. We call the
model with the point-like sources plus the Galac-
tic and extra-galactic backgrounds the null hypothe-
sis, which has a maximum likelihood L0. Then, we
generate alternative models by adding spatial tem-
plates and by changing the functions describing spec-
tral shape. By varying the parameters of each mod-
els, we compute the corresponding maximum likeli-
hood Lmodel. We choose the best representation of the
Cygnus Loop as the model which obtains the highest
value of the likelihood ratio LR=2 log(L0/Lmodel).

For any of the tested models, we can use the tool
gtmodel to produce an expected counts map given the
exposure associated to the data set. For visualization
purposes, we produce what we call the S/N map by
subtracting the expected counts map from the actual
counts maps, and then dividing by the square root of
the expected counts map.

Complementary to the Fermi/LAT data analysis,
we have re-analyzed the 11 cm radio emission observed
by the 100 m Effelsberg telescope. Uyanıker et al.
[2002] proposed the Cygnus Loop be divided in two
regions for the two-SNR interpretation. Based on our
re-analysis, which considers the presence of extended
Stokes I radio emission in addition to the distinct and
intensely polarized radio emission, we have re-defined
the regions to be more equal in size and both hav-
ing a circular shape. We consider that the southwest
(SW) feature is the circular region of 1.07◦ radius cen-

tered at (RA, DEC) = (20h49m, 29◦47′) as shown in
Figure 1.

3. RESULTS

3.1. Morphology

The S/N maps at different energy ranges, produced
with the null hypothesis are shown in Figure 1. While
an extended source is clearly seen at energies below
10 GeV, in the last panel only residual, localized emis-
sion is present south of the SNR.

As a first step we reproduced the analysis from
Katagiri et al. [2011]. For this purpose we modeled the
Cygnus Loop as a ring of 1.6/0.7 degree outer/inner
diameter, centered at (RA, DEC) = (20h51m, 30◦50′).
The ring is divided in four quadrants, and the spec-
tral parameters of all of them are varied simultane-
ously. We note that the hard spot remaining above
10 GeV is included in the southeast (SE) quadrant
of the ring used in Katagiri et al. [2011]. By sub-
stituting the SE quadrant by a point-like source, we
find that LR improves by 124. The position of this
point-like source optimized by the tool gtfindsrc is
(RA, DEC) = (20h53m55s, 29◦24′45′′) with an uncer-
tainty of 0.02◦. We call this source J2053.9+2924.
Its position is coincident with the X-ray and ra-
dio source 2E 2051.7+2911, which is likely an AGN
[Brinkmann et al. 1997]. Therefore, we consider that
J2053.9+2924 is a source in the background of the
Cygnus Loop, and should not intervene in the model-
ing of the diffuse emission1.

Having included J2053.9+2924 in the list of point-
like sources, we maximize the likelihood of a template
generated from the X-ray counts map observed by
ROSAT [Aschenbach and Leahy 1999], re-binned to
match the pixel size of maps of the present analysis.
The likelihood ratios for the spatial models mentioned
above are shown in Table I. It is clear that the thermal
X-ray emission correlates very well with the observed
gamma-ray emission, and requires less degrees of free-
dom than the ring to describe it.

The X-ray emission is very faint in the region of
highly polarized radio emission, but we divide the spa-
tial template in order to study this particular region.
The templates for the main (NE) emission is cropped
to avoid having pixels accounted for twice in the over-
lapping region (Figure 2). We verify that both regions

1The point-like source found in this analysis is called
3FGL J2053.9+2922 in the recently published Third
Fermi/LAT Source Catalog [The Fermi-LAT Collabora-
tion 2015]. We note that the source overlaps with the template
for the Cygnus Loop, which in 3FGL is still modeled as the
ring defined in Katagiri et al. [2011].
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Figure 1: S/N maps of the null hypothesis in different energy ranges. From left to right, the panels include: the two
regions discussed in section 3.2; the ring used for modeling in Katagiri et al. [2011]; the radio intensity contours from
Uyanıker et al. [2002]; and the X-ray contours from Aschenbach and Leahy [1999].

Table I Likelihood ratio (LR) of the tested templates,
with the number of degrees of freedom (d.o.f) added to
the null hypothesis after selecting the best spectral model
(Section 3.2). Three of the additional d.o.f. always
correspond to the spectral parameters of J2053.9+2924,
except for (1), where original template by Katagiri et al.
[2011] is tested.

Model LR d.o.f

0) Null hypothesis 0 0

1) Ring 2069 12

Divided in four quadrants

2) 3/4 Ring 2193 12

SE quadrant substituted by J2053.9+2924

3) ROSAT template 2204 6

4) ROSAT template 2238 8

Divided in NE and SW

contribute significantly to the overall emission. Next,
we proceed to test different the spectral models.

3.2. Spectrum

The energy spectrum of the source is shown in Fig-
ure 3. The global emission, as well as the emission of
the NE region are well described by a log-parabolic
shape. To infer the spectral shape of the SW re-
gion, we test a power-law shape, a log-parabolic shape,
and a power law with exponential cutoff. Because of
the proximity of J2053+2923 to this region, we also
test all three possible models for the point-like source.
Then, we evaluate the likelihood ratio of each combi-

Table II Spectral parameters of the Cygnus Loop and its
NE and SW regions under the assumption of a
log-parabolic spectral shape,
dN/dE = N0(E/1 GeV)−α−β log(E/1GeV). The photon
flux at energies above 58.5 MeV is shown in the last
column.

Region α β Flux

10−8ph cm−2s−1

Cygnus Loop 2.26 ± 0.03 0.25 ± 0.03 13.5 ± 0.9

NE 2.24 ± 0.04 0.32 ± 0.04 9.0 ± 0.9

SW 2.27 ± 0.06 0 7.2 ± 1.1

nation with respect to the initial assumption of both
components having power-law shaped spectrum. We
observe that models where J2053+2923 has an addi-
tional degree of freedom in the spectrum have a like-
lihood ratio with respect to the power-law/power-law
hypothesis of ∼ 10, whereas models where the addi-
tional degree of freedom is added to the SW region
only improve the likelihood ratio by ∼ 1. Therefore,
we conclude that there is ∼ 3σ evidence that the spec-
trum of J2053+2923 is curved, whereas the spectrum
of the SW region is compatible with being a simple
power law. The best fit spectral parameters of the
global emission and the studied regions are shown in
Table II.

3.3. The point-like source J2053+2923

The point-like source South of the Cygnus Loop is
detected with high significance (TS=214). As men-
tioned in Section 3.2, the spectrum is described ei-
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Figure 2: Sketch of the templates used in the Fermi/LAT analysis. From left to right: the total emission, the NE
region, and the SW region. Color code matches that from Figure 3. Green contours are the same X-ray contours as in
Figure 1 [Aschenbach and Leahy 1999].

Figure 3: Energy spectrum of the Cygnus Loop (blue).
The emission from the NE region is shown in green, while
the SW region is represented in red. The statistical
uncertainty range of the best model is shown as a shaded
area. Spectral points include statistical uncertainties
(solid bars) and systematic uncertainties (shaded bars).

ther by a power law with exponential cutoff or by a
log-parabolic shape, but the power law with exponen-
tial cutoff hypothesis is slightly preferred. The cutoff
energy is (22 ± 10stat) GeV, while the spectral index
below the cutoff is 1.46 ± 0.18stat. The source is not
significantly detected at low energies. Using the same
spectral binning as for the Cygnus Loop, the flux is
measurable (TSbin > 10) between 1 GeV and 72 GeV,
making this source a candidate very-high-energy emit-
ter. We also performed an unbinned likelihood analy-
sis in time intervals of 60 days. The source is detected
with TS2month > 10 in 13 out of 37 such intervals.
This hint of variability supports the association with
the background AGN, 2E 2051.7+2911.

4. CONCLUSIONS

Due to its proximity and angular size, the Cygnus
Loop permits spatially resolved studies of different
parts of the SNR, that interact with different com-
ponents of surrounding medium. Particularly, it is
known that the NE of the shell interacts with rela-
tively dense medium and is thus bright in X-rays and
optical emission lines compared to other parts of the
shell. These inhomogeneities are likely to happen in
other remnants from core-collapse supernovae, while
remaining unnoticed due to lack of resolution of the
instruments. Understanding the physical mechanisms
that power the gamma-ray emission of the Cygnus
Loop, and the differences between different regions of
the shell, may help understand the variety of spectral
shapes that SNRs display at gamma-ray energies.

The fact that most of the gamma-ray emission from
the Cygnus Loop follows closely the thermal X-ray
emission from shocked matter supports the idea that
most of its gamma-ray emission is emitted by interac-
tions of accelerated hadrons with the dense medium.
In this case, a low-energy break is expected in the
spectrum due to the production threshold of neutral
pions [Ackermann et al. 2013].This is the case for the
energy spectrum measured in this analysis, which has
a maximum around 0.6 GeV. However, the SW por-
tion of shell (which is brighter in radio and fainter in
X-rays), has a different gamma-ray spectrum without
indication of a spectral break. The explanation for
the different gamma-ray properties, and the related
radiative processes of the two regions, including the
two-SNR scenario, is under investigation.
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The apparent discontinuity in the periodicity of the GeV emission from
LS I +61◦303

F. Jaron, M. Massi
Max-Planck-Institute for Radio Astronomie, Auf dem Hügel 69, D-53121 Bonn, Germany

The γ-ray binary LS I +61◦303 shows a discontinuity of the periodicity in its GeV emission. In this paper, we
show that during the epochs when the timing analysis fails to determine the orbital periodicity, the periodicity
is in fact present in the two orbital phase intervals Φ = 0.0 − 0.5 and Φ = 0.5 − 1.0. That is, there are two
periodic signals, one towards periastron (i.e., Φ = 0.0 − 0.5) and another one towards apastron (Φ = 0.5 − 1.0).
The apastron peak shows the same orbital shift as the radio outburst and, in addition, reveals the same two
periods P1 and P2 that are present in the radio data. The γ-ray emission of the apastron peak normally just
broadens the emission of the peak around periastron. Only when it appears at Φ = 0.8 − 1.0 because of the
orbital shift, it is detached enough from the first peak to become recognizable as a second orbital peak, which
is the reason why the timing analysis fails. Two γ-ray peaks along the orbit are predicted by the two-peak
accretion model for an eccentric orbit that was proposed by several authors for LS I +61◦303.

1. Introduction

The stellar system LS I +61◦303 is a member of
the small class of γ-ray binaries, which are defined
as binary stars with a peak in the spectral energy
distribution above 1 MeV [1]. A sketch of the system
is shown in Fig. 1. LS I +61◦303 consists of a Be star
and a compact object in an eccentric orbit, e = 0.72±
0.15 [5], with orbital period P1 = 26.4960 ± 0.0028 d
[6]. The Be star is rapidly rotating and losing mass
in form of an equatorial disk [5]. The nature of the
compact object could not yet be established, because
the masses are poorly constrained due to the large
uncertainty in the inclination angle [5]. The orbital
phase of the binary system is defined as

Φ =
t− t0
P1

− int

(
t− t0
P1

)
, (1)

where t0 = MJD 43366.275 [6]. Periastron occurs at
orbital phase Φ = 0.23 [5].

Radio outbursts are observed at orbital phases Φ =
0.5 − 0.9, i.e., around apastron. Their peak flux den-
sities are modulated in amplitude and orbital phase
occurrence by a long-term period Plong = 1667 ± 8 d
[6]. The long-term phase Θ is defined analogous to
the orbital phase Φ by replacing P1 by Plong.

The source LS I +61◦303 is highly variable and peri-
odic all over the electromagnetic spectrum from radio
to very high energy γ-rays [2, 5, 6, 7]. The GeV γ-ray
light curve, as obtained using Fermi LAT data, has so
far been reported to peak at orbital phases around pe-
riastron [2, 9] (see Fig. 1). Timing analysis shows that
the orbital period is present in the Fermi LAT light
curve from this source, however not with equal power
all of the time [9, 10]. There are times (Θ-phases)
when the period is outstanding and there are times
when the period is completely absent from the power
spectrum, as shown well in Fig. 4 of [10]. Moreover,
Fig. 3 of [10] shows that GeV data also show the long-
term periodical variation affecting the radio data, but
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Figure 1: Sketch of LS I +61◦303. The periodic GeV
outburst at periastron was first reported by [2]. In
Sect. 3 a newly discovered periodic apastron GeV peak is
discussed [3]. The radio outburst occurs only at
apastron, whereas at periastron, only a low level of
emission is present [see Fig. 1-Right in 4].

only at a specific orbital phase interval, Φ = 0.5−1.0,
that is around apoastron.

We are aimed here to investigate the discontinuity
in the periodicity of the GeV γ-ray emission at peri-
astron, the possible relationship of its disappearance
with the variation of the emission around apastron,
and finally the possible relationship between GeV and
radio emission.

2. Data analysis

For the present analysis [3] we use Fermi LAT
data from LS I +61◦303 spanning the time range
August 5, 2008 (MJD 54683) until June 30, 2014
with an energy range of 100 MeV to 300 GeV.
For the computation of the light curves we used
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the script like lc.pl written by Robin Corbet. 1

Only source-event-class photons were selected for
the analysis. Photons with a zenith angle greater
than 100◦ were excluded to reduce contamination
from the Earth’s limb. For the diffuse emission we
used the model gll iem v05 rev1.fit and the template
iso source v05 rev1.txt. We used the instrument re-
sponse function (IRF) P7REP/background rev1, and
the model file was generated from the 2FGL catalogue
[11], all sources within 10◦ of LS I +61◦303 were in-
cluded in the model. LS I +61◦303 was fitted with a
log-parabola spectral shape and with all parameters
left free for the fit, performing an unbinned maximum
likelihood analysis. The other sources were fixed to
their catalogue values. We produced light curves with
a time bin size of one day and of five days.

We investigated [for details see 3] the temporal
evolution of the orbital periodicity by means of a
wavelet analysis [12] and Lomb-Scargle timing anal-
ysis [13, 14].

3. Results: A periodic signal around
apastron

3.1. Wavelet analysis

Our results are shown Fig. 2. The first plot of Fig. 2
presents the examined data set. The wavelet analy-
sis was applied to the γ-ray data vs time, however,
for a straightforward comparison with radio data, we
express in the other plots of Fig. 2 the x-axis as the
long-term phase Θ. The second plot of Fig. 2 shows
the wavelet plot for the whole data set, i.e., the whole
orbital period Φ = 0.0−1.0. The absence of the orbital
period around Θ ≈ 7.2 is consistent with the previous
finding shown in Fig. 4 of [10]. When wavelet analy-
sis is performed only on data from the orbital phase
intervals Φ = 0.0 − 0.5 (middle) and Φ = 0.5 − 1.0
(bottom), it is revealed that there is always a periodic
signal at Φ = 0.0−0.5 (periastron). Moreover, there is
a periodic signal at Φ = 0.5− 1.0 (apastron). The lat-
ter becomes particularly strong during the time when
the orbital period is absent from the power spectra of
Φ = 0.0 − 1.0 [3].

3.2. Lomb-Scargle timing analysis

Figure 3 shows Lomb-Scargle periodograms of the
γ-ray flux from LS I +61◦303. The data have been
selected from orbit phase intervals like in the previ-
ous section. In the periodogram for the entire orbit
(Fig. 3 a) the strongest feature is a peak which agrees

1http://fermi.gsfc.nasa.gov/ssc/data/analysis/user/

well with the orbital period P1 found by [17]. Fig-
ures 3 d, e, and f, refer to only data from Φ = 0.5−1.0.
In this orbital phase interval the peak at Plong is a very
strong feature, in agreement with the findings of [10].
Moreover, the zoom of Fig. 3 d, i.e., Fig. 3 e, shows a
second peak, P2 = 26.99 ± 0.08 d. This second peak
becomes stronger and is almost as strong as the peak
at P1 = 26.48 ± 0.08 d in the 5 day integrated data
in Fig. 3 f. The periods P1, P2 (see Fig. 4), and Plong

here present are typical periodicities in radio data as
shown in [15].

3.3. Folded Fermi LAT data: The
apastron GeV peak and its orbital shift

Figure 5 a and b show Fermi LAT data from the
time (Θ ≈ 7.2) of the disappearance of the orbital
period from the power spectra folded with the orbital
period. A second peak is evident at orbital phases
Φ = 0.8 − 1.0. Figure 5 c shows Fermi LAT data for
another Θ. It is now interesting to compare these plots
with radio data. Because of the long-term periodicity
we can compare γ-ray and radio data having the same
fractional part of Θ. Figure 5 d shows GBI radio data
at 8 GHz [for details see 3].

4. Conclusions

During the intervals where the orbital periodicity is
absent from the power spectra, wavelet and the folded
light curves show two periodic signals, one at perias-
tron and a second at apastron. The presence of the
second periodic outburst disturbs the timing analysis
and prevents it from finding the orbital periodicity.
Comparison with the folded radio data (Fig. 4 d) sug-
gests that the apastron GeV peak follows the same or-
bital shift as the radio outbursts [3]. It is well-known
the phenomenon of the orbital shift of the radio out-
burst in LS I +61◦303: The largest outbursts occur at
orbital phase 0.6, afterwards, with the long-term pe-
riodicity, the orbital phase of the peak of the outburst
changes, as analysed by [16] in terms of orbital phase
shift, by [17] in terms of timing residuals, and repro-
duced recently by the precessing jet model in [18], here
shown in Fig. 5.

Our result of two GeV peaks along the orbit corrob-
orates the two-peak accretion model for LS I +61◦303.
The hypothesis that a compact object that accretes
material along an eccentric orbit undergoes two ac-
cretion peaks along the orbit was suggested and devel-
oped by several authors for the system LS I +61◦303
[19, 20, 21, 22]. The first accretion peak is predicted
to occur close to the Be star and to give rise to a ma-
jor high-energy outburst. The second accretion peak
is predicted to occur much farther away from the Be
star, where the radio outburst occurs, and a minor
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high-energy outburst is predicted there [21]. The pre-
dicted periastron event corresponds well to the ob-
served GeV peak towards periastron, the second pre-
dicted high-energy outburst, corresponds well to the
here discussed apoastron peak.
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Figure 2: Wavelet analysis of Fermi-LAT data. The strength of periodicity is colour coded as indicated in the bottom
bar. (a) Fermi-LAT data with a time bin of 1 d. (b) Wavelet analysis for the whole orbital interval 0.0 − 1.0 (b–d use a
time bin of one day). (c) Wavelet analysis for the orbital interval Φ = 0.5 − 1.0, i.e., around apoastron. (d) Wavelet for
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Figure 3: Lomb-Scargle periodogram of the Fermi LAT data (with a time bin of one day). Figure 3 in [3]. (a) Data in
the orbital phase Φ = 0.0 − 1.0. (b) Zoom of Fig. 3 a. (c) Same as 3 b for data with a time bin of 5 d. (d) Data in the
orbital phase Φ = 0.5 − 1.0. The periods P2 and Plong here present are typical periodicities in radio data [15]. (e) Zoom
of Fig. 3 d. (f) Same as 3 e for data with a time bin of 5 d. (g) Data in the orbital phase Φ = 0.0 − 0.5. (h) Zoom of
Fig. 3 g. (i) Same as 3 h for data with a time bin of 5 d.

eConf C141020.1

27



6 5th Fermi Symposium : Nagoya, Japan : 20-24 Oct, 2014

=
6
8��0
'
8�00 =
6
8�00
'
8��0
-�. -$.

-�.� -!.=
6

��87
L
��70

Figure 4: (a)-(c) Folded Fermi LAT γ-ray data (100 MeV – 300 GeV). The blue curve in (c) is that of [9]. (d) Folded
GBI 8 GHz radio data. The here discovered periodic apastron GeV peak follows the same timing characteristic (i.e., P1

and P2 are both present) as the periodic radio peak, which also occurs around apastron. During the time when the
orbital period disappears from the power spectra of the γ-ray light curve (see Fig. 2 b, Θ ≈ 7.2) the apastron GeV peak
becomes well visible in the folded light curve, because it is more displaced from the periastron peak (see [3] and here
Sect. 4).
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Pbeat = 1/(ν1 − ν2) = 1667 ± 393 d resulting from the beating between the two close periodicities P1 and P2 [15]. Right:
Orbital shift of the radio outburst of LS I +61◦303 in the precessing jet model of [18]. At Θ = 0.86 the outbursts peak
at Φ ≈ 0.6. At Θ = 0.265 the outbursts peak at Φ ≈ 0.85.

eConf C141020.1

28



ar
X

iv
:1

50
2.

03
25

1v
2 

 [
as

tr
o-

ph
.H

E
] 

 2
5 

Fe
b 

20
15

5th Fermi Symposium : Nagoya, Japan : 20-24 Oct, 2014 1

New pulsars detected in gamma-rays with the Fermi-LAT
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The Fermi Large Area Telescope (LAT) is a powerful pulsar detector, as demonstrated by the over one hundred
objects in its second catalog of pulsars. Pass 8 is a new reconstruction and event selection strategy developed
by the Fermi-LAT collaboration. Due to the increased acceptance at low energy, Pass 8 improves the pulsation
detection sensitivity. Ten new pulsars rise above the 5 sigma threshold and are presented in this work, as well
as one previously seen with the former Pass 7 reconstruction.
More than 60% of the known pulsars with spin-down power (Ė) greater than 1036 erg/s show pulsations in
gamma-rays, as seen with the Fermi Large Area Telescope. Many non-detections of these energetic pulsars
are thought to be a consequence of a high background level, or a large distance leading to a flux below the
sensitivity limit of the instrument. The gamma-ray beams of the others probably miss the Earth. The new
Pass 8 data now allows the detection of gamma ray pulsations from three of these high spin-down pulsars, PSRs
J1828−1101, J1831−0952 and J1837−0604, as well as three others with Ė ≥ 1035 erg/s. We report on their
properties and we discuss the reasons for their detection with Pass 8.

1. Introduction

Since its launch in June 2008, the Fermi satellite
has accumulated thousands of hours of observations
of the sky. Events recorded by the LAT have very ac-
curate (≤ 1µs) timestamps derived from GPS clocks
onboard the satellite. This precise timing associated
with the well-known position of the spacecraft allowed
the detection of 132 pulsars listed in the second pul-
sar catalog (2PC) of gamma-ray pulsars [1]. These
objects can be classified in different categories, allow-
ing population studies, as shown in Section 2.
Pass 8 is a new reconstruction and event selection

strategy developed by the Fermi-LAT collaboration.
It allows better acceptance and sensitivity at low en-
ergies compared to Pass 7 data (P7REP), as described
in Section 3. Most pulsars have spectra that cut off
around a few GeV and therefore have most of their
flux at these low energies. As a consequence, we ex-
pect more pulsar detections in the future thanks to
the new Pass 8 reconstruction. Of the eleven new
pulsars presented in Section 3 (see Figs. 1, 2 and
Table I), ten were not seen with Pass 7. These new
detections bring the total number of gamma-ray pul-
sars known at present to 163 (see Fig. 4). If we also
count radio millisecond pulsars discovered at the posi-
tion of unidentified gamma-ray sources but for which
an ephemeris reliable enough to phase-fold the LAT
data is not yet available, over 200 gamma-ray pulsars
are now known.
The fraction of pulsars detected in gamma-rays in-

creases with spin-down power (Ė), as shown in Fig.
3. However, different factors such as distance or low
signal-to-background ratio can complicate their detec-
tion. This is the case for the six energetic pulsars

(Ė ≥ 1035 erg s−1) presented here, which are located
in the central regions of our Galaxy. We focus on these
high spin-down power pulsars in Section 4.

2. General properties of gamma-ray
pulsars

Gamma-ray pulsars can be divided in two main cat-
egories. “Young” ones are produced after a supernova
explosion of a massive star and “recycled” ones are
old pulsars re-accelerated after the accretion of mat-
ter from a binary companion. The latter objects ro-
tate much faster than the young ones with a period
of the order of 1 to 30 ms, and are called “millisecond
pulsars” (MSPs). The two main categories are well

separated in the P − Ṗ diagram represented in Fig. 4.
The fraction of MSPs among the Fermi-LAT pulsars
currently amounts to 43% while the fraction of MSPs
among the total number of known pulsars is only of
the order of 10%.
When a pulsar is already known from radio or X-ray

observations, the corresponding ephemeris is used to
search for pulsations in the LAT data. This technique
allowed the detection of more than a hundred of young
and recycled pulsars.
“Blind period searches” of unidentified LAT

sources, in LAT data and with radiotelescopes, led
to dozens of new pulsars. Deep radio follow-ups of
the gamma-ray pulsars discovered in the LAT blind
searches determined that nearly all are “radio-quiet”
(S1400 ≤ 30 µJy, see Fig. 3 in [1]).
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Figure 1: Gamma-ray (red) and radio (black) phase-folded light-curve of each new millisecond pulsar. The x-axis is the
phase rotation of the pulsar and the y-axis corresponds to the weighted gamma-ray counts as obtained with the
probability-weighting method described in the text. The radio data come from the Nançay radiotelescope [4] but PSR
J0931−1902 was first detected with the Green Bank Telescope [5].

Geometry determines the radio and gamma-ray
beam shapes. It depends on the angles of the mag-
netic and rotation axes relative to each other and to
the line-of-sight from the Earth. It also depends on
how the “light cylinder” (radius r = cP/2π, where
an object in co-rotation with a neutron star turning
with period P would reach the speed of light) crosses
the not-quite-dipole shaped magnetic field. Therefore,
beam shapes are observables that can constrain emis-
sion models. Fermi-LAT’s 40 radio-quiet pulsars are
precious in this regard: nearly all other known pulsars
are seen with radio telescopes (“radio-loud”), mean-
ing that they all have geometries such that the ra-
dio beam sweeps the Earth. The radio-quiet pulsars
have the radio beams tilted elsewhere. The gamma-
ray beams are very narrow in neutron star longitude
(due to concentration of the gamma-radiating elec-
trons and positrons along “caustically” focussed mag-
netic field lines), but are very broad in latitude, being
brightest near the neutron star equator, and fading to-
wards the poles. Romani & Watters [2, 11] use these
arguments to generate an “Atlas” of gamma-ray beam
profiles, including tallies of the numbers of radio-loud
versus quiet pulsars. The Fermi-LAT pulsars also dif-
fer from those often chosen for geometry studies by
their large spin-down powers indicative of strong mag-
netic fields and relatively short periods, resulting in
different magnetospheric configurations.

3. New detections with Pass 8

In the beginning of the mission, event reconstruc-
tion was based on pre-launch instrument simulations.
This reconstruction was close to reality but after
analysing the first data, the Fermi-LAT collaboration
realized that due to residual signals induced by back-
ground cosmic-rays the selection efficiency was not op-
timal, in particular at lower energies. Therefore the
simulations were improved in order to take into ac-
count this effect and to better characterize the instru-
ment performance. A completely new reconstruction
was developed to limit the loss of data due to parasite
signals. The event selection is now optimized and the
systematic errors are significantly reduced. Together
with this new reconstruction called “Pass 8” [3], the
collaboration produced corresponding diffuse models
to describe the extragalactic diffuse emission as well
as gamma-ray emission due to cosmic-ray interaction
with the Earth’s atmosphere. The Galactic diffuse
model from the previous reconstruction P7REP was
scaled to take into account the enhancement of the
emission expected from Pass 8 acceptance improve-
ment. This new reconstruction shows a gain in ef-
fective area of 30% above 1 GeV and a factor 2 at
100 MeV compared to the previous reconstruction
P7REP. The angular resolution is also improved, lead-
ing to a sensitivity gain of 40% for point-like sources.
So far ten new pulsars have indeed been detected
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Figure 2: Gamma-ray (red) and radio (black) phase-folded light-curve of the newly detected young pulsars. The radio
data come from the Parkes telescope [6] for PSRs J1224−6407, J1739−3023, J1828−1101, J1831−0952 and
J1837−0604 and from Jodrell Bank Observatory [7] for PSRs J1856+0113 and J1857+0143.

exclusively with Pass 8. We also analysed one more
pulsar, PSR J1856+0113, that was already seen with
P7REP data (just above the 5σ threshold) but for
which Pass 8 improved the pulsation detection to over
8σ. Hence we present here 11 new pulsars analysed
with the Pass 8. Their gamma-ray and radio light-
curves are presented in Fig. 1 (MSPs) and Fig. 2
(young) and their properties are listed in Table I.

To detect pulsations, regions of 3◦ around the ra-
dio position of the pulsars were selected. The data
were phase-folded using radio ephemerides from differ-
ent radiotelescopes: Nançay [4], Parkes [6] and Jodrell
Bank [7]. A probability-based event selection was then
applied, using the shape of the point-spread function
to estimate the events’ probability of originating from
the pulsar. The lowest H-test value obtained for this
sample of pulsars is ∼40 for PSR J1828−1101.

The spectral analysis was performed using the
Fermi ScienceTools and after selecting a region of

15◦ around each pulsar. We restricted to the energy
range between 100 MeV and 300 GeV and we used the
Source class events. Sources from the third Fermi-
LAT catalog (3FGL) [8] were included in the model
of the regions and a point-like source with a power-law
spectral shape was added at the center of each ROI,
corresponding to the position of each pulsar. PSRs
J0742+6620, J0931−1902 and J1837−0604 were coin-
cident with unidentified 3FGL sources, which we as-
sumed to stem from the pulsars, therefore the position
of the corresponding source was shifted to the radio
position of the pulsar. When performing the fit of the
region with gtlike, the spectral parameters of sources
within a radius of 5◦ were let free as well as the ones
within 10◦ and with a TS value above 1000 (taken ar-
bitrarily) in the 3FGL. No phase selection was applied
to the data for this analysis.

Although all pulsars presented here are significantly
detected with their pulsations in gamma-rays, their
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spectral analysis was not successful in many cases.
For all but two of the pulsars (J1730−2304 and
J1857+0143), the light-curves show very narrow peaks
(see Figs. 1 and 2) easily detected by phase-folding.
However when considering the full phase-band for the
spectral analysis, the faint signal fades behind the
background level and the source is not detected, as
can be seen by the TS value column in Table I. An
analysis selecting only the on-phase intervals for each
pulsar will be made for future publication.
Among the 11 new objects, 4 are MSPs and two of

them have a period of ∼ 8 ms. These two new detec-
tions start to fill the bridge between MSPs and young
populations in Fig. 4. All the new MSPs but one
(J1730−2304) are located far from dense background
regions (with a latitude |b| > 20◦) where we can de-
tect very faint objects such as J0931−1902 which is
the pulsar with the lowest energy flux measured with
the LAT at present (see Table I as well as [1, 12]).

4. Focus on high spin-down power
pulsars

More than 60% of pulsars with Ė ≥ 1036erg/s
are detected in gamma-rays, and more than 50% for
Ė ≥ 1035erg/s, as can be seen in Fig. 3. Six of the
new gamma-ray pulsars presented here belong to the
energetic pulsar category, Ė ≥ 1035erg/s.
The pulsar timing campaign for Fermi [9] focused

on pulsars with Ė ≥ 1034 erg/s. In Figure 3 (top)

nearly 90% of the young high Ė pulsars have indeed
been monitored. The lower rate for MSPs is due to
those discovered after the campaign list was estab-
lished. The fraction is lower for low Ė pulsars, but
they are abundant, resulting in a large sample never-
theless. The choice of which low Ė pulsars are mon-
itored by radio telescopes could conceivably lead to
bias in the fraction of gamma-detected pulsars shown
here. Pass 8 makes the LAT more efficient at finding
pulsars and thus reduces the biases in determining
these fractions.
A very large fraction of high Ė MSPs are gamma-

ray pulsars: the small light-cylinder leads to very
broad beams. See [10] for a discussion of those not
seen in gamma-rays. The gamma-ray deathline is at
lower Ė for MSPs compared to slower pulsars. For
the young pulsars, the fraction increases with Ė, pass-
ing the 50% mark around 1035 erg/s. Luminosity in-

creases with Ė, but sensitivity and background levels
account for only part of the undetected pulsars. Beam
geometry is surely the dominant factor: the “Atlas”
of gamma-ray profiles provided by [11], and similar
studies since then, show that models do indeed predict
roughly that fraction of pulsars where the gamma-ray
beam either misses the Earth, or is so broad as to
give unpulsed detection. Hou et al. [12] discuss this
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Figure 3: For each decade in spin-down power (top) or in
heuristic gamma-ray flux (bottom, see text), the solid
green line shows the fraction of known “young” pulsars
(P0 ≥ 30 ms) for which we have rotation ephemerides,
and the dashed red line shows the same for MSPs (P0 ≤

30 ms). We consider only pulsars outside of globular
clusters. We have gamma-ray phase-folded all pulsars for
which we have ephemerides. The green dots (red
triangles) show the fraction of these gamma-ray
phase-folded young (millisecond) pulsars for which the
LAT sees pulsations. The error bars are the 68%
confidence level statistical uncertainties on the fraction,
using the Bayesian calculation of [15].

is more detail.

The “heuristic” gamma-ray flux,
√

Ė/d2 (see 2PC
equation 18 ) uses the idea that gamma-ray luminos-

ity Lγ scales with the open field line voltage ∝
√

Ė,
loosely born out by the correlation between Lγ and

Ė seen in 2PC Figure 9. The solid line in Figure 3,
bottom, differs from that in the top frame because of
the radio-quiet pulsars for which we have no distance
estimate. Figure 3 shows (as does 2PC Figure 15)

eConf C141020.1

32



5th Fermi Symposium : Nagoya, Japan : 20-24 Oct, 2014 5

Table I : Temporal and spectral properties of the new pulsars detected with Pass 8. The first four lines are the new
MSPs. The period and spin-down power are taken from [13]. The distance in Column 4 is estimated from the
dispersion measurement using the NE2001 model [14], and the uncertainties come from re-running NE2001 for ±20% of
the DM. Column 5 corresponds to the test statistic value obtained after the spectral analysis described in the text (⋆),
or after a study with the pointlike tool(†). G100 is the integrated energy flux between 0.1 and 300 GeV assuming a
power-law spectrum with the corresponding index value −Γ. Columns 8 and 9 give the total gamma-ray luminosity in
the 0.1 to 300 GeV energy band and the gamma-ray conversion efficiency η = Lγ/Ė. The first uncertainty in Lγ and η
comes from the statistical uncertainties in the spectral fit while the second is due to the distance uncertainty. When
the pulsar is too weak or lying in background-contaminated regions, we could not derive a spectrum, therefore we do
not give any spectral information.

PSR Name Period Ė Distance TS Γ G100 Lγ Efficiency

(ms) (erg s−1) (kpc) (10−11 erg cm−2 s−1) (1033 erg s−1) (%)

J0742+6620 2.89 2.0×1034 0.68 ±0.10 143⋆ 2.4±0.1 0.49± 0.06 0.27 ± 0.03± 0.07 1.3 ± 0.2 ± 0.4

J0931−1902 4.64 1.4×1033 1.88 ±0.51 23⋆ 2.0±0.2 0.22± 0.06 0.9± 0.2+0.6

−0.4 65± 18+40

−30

J1455−3330 7.99 1.9×1033 0.53±0.07 0.5† - - - -

J1730−2304 8.12 1.5×1033 0.53±0.05 65⋆ 2.6±0.05 1.16± 0.09 0.39 ± 0.03± 0.07 26± 2± 5

J1224−6407 216.50 1.9×1034 3.15 ± 0.41 0.04† - - - -

J1739−3023 114.37 3.0×1035 2.91 ±0.38 29⋆ 2.33±0.005 1.61± 0.02 16.2± 0.2± 4 5.27 ± 0.07 ± 1

J1828−1101 72.05 1.6×1036 6.63±1.05 73⋆ 2.5±0.1 2.7± 0.4 140± 20± 40 9± 1± 3

J1831−0952 67.27 1.1×1036 4.05±0.37 2.3† - - - -

J1837−0604 96.29 2.0×1036 6.41±0.67 439⋆ 2.50±0.05 7.6± 0.5 370± 30± 80 19± 1± 4

J1856+0113 267.44 4.3×1035 3.07±0.32 0.4† - - - -

J1857+0143 139.76 4.5×1035 5.75±0.44 0.0† - - - -

that for
√

Ė/d2 below 1015
√

erg s−1 kpc−2 the num-
ber of detected pulsars falls to zero. This is due both
to the LAT’s flux sensitivity and to the Ė deathline
near 1033erg s−1 seen in both Figure 4 and the top of
Fig. 3.
We note that all of the newly detected energetic

pulsars lie in very crowded regions close to the galac-
tic center and are therefore subject to a high diffuse
emission level. Three of them are also quite far away
with a distance estimate above 5 kpc. Pass 8 demon-
strates here its ability to detect faint sources above
the background, with its sensitivity gain of 40% for
point-like sources.
Finally, an important factor for pulsation detection

is also the quality and completeness of the radio tim-
ing which can be achieved thanks to the precious col-
laboration of radiotelescopes teams.

Conclusion

We presented 4 new MSPs and 7 new young pulsars
detected in gamma-rays with the Fermi-LAT. Two
of the MSPs are among the faintest gamma-ray pul-
sars detected at present with an energy flux below
5× 10−12 erg cm−2 s−1. Six of the new young pulsars
are very energetic objects, with Ė > 1035 erg s−1, and
located in the central regions of the Galaxy. Among
the undetected energetic pulsars, different limitations
prevent the detection such as a large distance induc-
ing a flux below the sensitivity limit of the instru-

ment; a high background level leading to a low signal-
to-noise ratio; or intrinsic pulsar features (low cutoff,
wide peaks, beam sampling...). There is no hope to
detect pulsars whose gamma-ray beam do not sweep
Earth, but the other limitations can be overtaken with
the increased acceptance of Pass 8 data which will
certainly help detecting more new objects, as it was
demonstrated in this work.
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R. López-Coto
IFAE, Campus UAB, E-08193 Bellaterra, Spain

E. de Oña Wilhelmi for the MAGIC Collaboration
Institute of Space Sciences, E-08193 Barcelona, Spain

R. Desiante
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In the last few years the Fermi-LAT instrument has detected GeV gamma-ray emission from a few
novae. Such GeV emission can be interpreted in terms of an inverse Compton process of electrons
accelerated in a shock. It is expected that hadrons can be accelerated in the same conditions, but
reaching much higher energies. They can produce a second component in the gamma-ray spectrum at
TeV energies. We performed follow-up observations of selected novae and dwarf novae in a search of
the second component in the gamma-ray spectrum. This can shed light on the acceleration process
of leptons and hadrons in nova explosions. We have performed observations with the MAGIC
telescopes of 3 sources, a symbiotic nova YY Her, a dwarf nova ASASSN-13ax and a classical nova
V339 Del shortly after their outbursts.

I. INTRODUCTION

A classical nova is a thermonuclear runaway leading
to the explosive ejection of the envelope accreted onto
a white dwarf (WD) in a binary system in which the
companion is either filling or nearly filling its Roche
surface [1–3]. They are a type of cataclysmic variables,
i.e. optically variable binary systems with a mass
transfer from a companion star to WD. Novae are
typically detected first in optical observations when
the brightness of the object increases by 7-16 magni-
tudes. The energy spectra of novae often contain a
thermal X-ray continuum. The symbiotic novae, like
the classical novae, are also initiated by a thermonu-
clear explosion on the surface of the WD. However
in the case of symbiotic novae, the WD is deep im-
mersed in the wind of a late-type companion star (see
e.g. [4, 5]).

The diffusive shock acceleration at the blast wave
of symbiotic novae was expected to accelerate parti-
cles up to energies of a few TeVs [6]. In 2010 the
first GeV gamma-ray emission was detected by the
Fermi-LAT from the symbiotic nova V407 Cyg [7].

Such gamma-ray emission can be explained in terms
of either leptonic or hadronic models [7, 8]. In the
former case, the local radiation fields create a target
for the inverse Compton (IC) scattering of the elec-
trons. On the other hand, protons accelerated in the
same conditions can interact with the matter produc-
ing gamma-rays via proton-proton interactions. Sev-
eral models have been put forward to explain the GeV
radiation. For instance, the GeV gamma-ray emission
can be attributed to the IC process on the strong ra-
diation field of the red giant [9]. The same model
predicts a second component in the TeV range due to
proton-proton interactions with the wind of the red
giant. Also [10] consider acceleration of leptons and
hadrons in the nova shock. In that model the magnetic
field, which determines the acceleration efficiency, is
obtained assuming an equipartition with the thermal
energy density upstream of the shock. The GeV γ-ray
emission is then a product of IC scattering of the nova
light by the electrons.

In the last few years the Fermi-LAT has discov-
ered GeV gamma-ray emission from a few more no-
vae: V1324 Sco, V959 Mon, V339 Del, and V1369

eConf C141020.1

35



2 5th Fermi Symposium : Nagoya, Japan : 20-24 Oct, 2014

Cen [8, 11]. Most of these sources are classical novae.
Contrary to the symbiotic ones, they do not exhibit a
strong wind of the companion star. Interestingly, sym-
biotic and classical novae all exhibit similar spectral
properties of the GeV emission. In classical novae the
particles acceleration can occur e.g. on a bow shock
between the nova ejecta and the interstellar medium
or in weaker internal shocks due to inhomogenuity of
the nova ejecta [8]. In particular orbital motion of the
system can lead to shaping the nova ejecta into a com-
bination of a faster polar wind of the WD ejecta, and
a denser material drifted along the equatorial plane
[12].
So far no very-high-energy (VHE; E>100 GeV)

gamma-ray emission has been detected from any nova
event. VERITAS observations of V407 Cyg which
started 10 days after the nova explosion yielded a
differential upper limit on the flux at 1.6 TeV of
2.3× 10−12 erg cm−2 s−1[13]
Beginning in Fall 2012 the MAGIC telescopes con-

ducted a nova follow-up program in order to detect a
possible VHE gamma-ray component. The program
was first aimed on symbiotic novae. After the reports
of detection of GeV emission from classical novae by
the Fermi-LAT, the program was extended also to
bright classical novae and opened up to additional out-
bursts from cataclysmic variables.
In here we report on MAGIC and Fermi-LAT

(see Section II for description of the used instru-
ments and analysis methods) observations of the 3
sources observed within this program: a symbiotic
nova YY Her (Section III A), a dwarf nova ASASSN-
13ax (Section III B) and a classical nova V339 Del
(Section III C).

II. INSTRUMENTS

The three sources were first detected and observed
by optical instruments. The results of the MAGIC
observations were supported by the analysis of quasi-
simultaneous Fermi-LAT observations.

A. MAGIC telescopes

The VHE gamma-ray observations were performed
with the MAGIC telescopes. MAGIC is a system of
two 17m Cherenkov telescopes located on the Canary
Island of La Palma at a height of 2200 m a.s.l. The
telescopes can perform observations of gamma rays
with energies as low as ∼50GeV and up to tens of
TeV. During Summer 2011 and 2012 MAGIC under-
went a major upgrade [14]. After the upgrade the
sensitivity of the MAGIC telescopes in the best en-
ergy range (>∼ 300GeV) is ∼ 0.6% of Crab Nebula
flux in 50 h of observations [15]. All the data used
for this paper were taken after the upgrade. The

data were analyzed using the standard analysis chain
[15, 16]. The significance of a gamma-ray excess was
computed according to Eq. 17 of [17]. The upper lim-
its on the flux were calculated following the approach
of [18] using 95% C.L. and accounting for a possible
30% systematic uncertainty on the effective area of
the instrument.

B. Fermi -LAT

The Fermi-LAT, launched in 2008, is a pair-
conversion telescope that detects photons with en-
ergies from 20MeV to > 300GeV [19]. Thanks
to a large field of view (∼ 2.4 sr), the Fermi-
LAT observatory, operated in scanning mode, pro-
vides coverage of the full sky every three hours en-
abling searches for transient sources and overlap with
ground-based observatories. We analyzed the LAT
data in the energy range 100 MeV − 300 GeV us-
ing an unbinned maximum likelihood method [20]
as implemented in the Fermi Science Tools v9r32p5,
the P7REP SOURCE V15 LAT Instrument Response
Functions (IRFs), and associated standard Galactic
and isotropic diffuse emission models[27]. We selected
events within a region of interest (ROI) of 15◦ cen-
tered on the LAT best position (following [8]) for V339
Del and required a maximum zenith angle of 100◦ in
order to avoid contamination from Earth limb pho-
tons. Additionally, we applied a gtmktime filter (no.3)
recommended for combined survey and pointed mode
observations[28], selecting good quality data at times
when either the rocking angle was less than 52◦ or the
edge of the analysis region did not exceed the max-
imum zenith angle at 100◦. Sources from the 2FGL
catalogue [21] located within the ROI were included
in the model used to perform the fitting procedure.

III. SOURCES OBSERVED

We report here results of the MAGIC and Fermi-
LAT observations of YY Her, ASASSN-13ax and V339
Del.

A. YY Her

YY Her is a symbiotic nova system that undergoes
a recurrent pattern of outbursts. MAGIC observa-
tions of YY Her occurred on the night of 2013 Apr
22nd/23rd, 7 days after the optical maximum. No sig-
nificant VHE gamma-ray emission was detected. We
computed flux upper limits at 95% confidence level ob-
taining < 5.0×10−12ph cm−2 s−1 above 300 GeV. Also
in Fermi-LAT no emission was detected over a longer
interval 2013 Apr 10th to Apr 30th (MJD 56392.5 to
56412.5). Upper limits at 95% confidence level were
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FIG. 1: Differential upper limits on the flux from YY
Her as measured by the Fermi-LAT (empty squares) and
MAGIC (full circles). See text for details of the time
ranges covered by the points. For comparison a spectrum
of Crab Nebula is shown with a gray curve.

set as 2.8 × 10−8ph cm−2 s−1 above 100MeV. Differ-
ential upper limits obtained from the Fermi-LAT and
MAGIC observations of YY Her are shown in Fig. 1.

B. ASASSN-13ax

ASASSN-13ax is a member of a different class of
cataclysmic variables, the dwarf novae, which are
known for significantly weaker optical outbursts (2-6
magnitudes) than classical novae. Instead of under-
going a thermonuclear explosion on the surface of the
WD, these outbursts are caused by the gravitational
energy release from a partial collapse of the accre-
tion disk surrounding the WD. The MAGIC observa-
tions were performed on two consecutive nights start-
ing on 2013 Jul 4th, soon after the optical outburst
seen on 2013 Jul 1st. In the absence of detectable
VHE emission, upper limits at 95% confidence level
were set as < 1.5× 10−12ph cm−2 s−1 above 300 GeV.
Emission was not detected in the LAT over the in-
terval 2013 Jun 25th to Jul 15th (MJD 56468.5 to
56488.5). Upper limits at 95% confidence level were
set as 1.6 × 10−8ph cm−2 s−1 above 100MeV. Differ-
ential upper limits obtained from the Fermi-LAT and
MAGIC observations of ASASSN-13ax are shown in
Fig. 2

C. V339 Del

V339 Del was a fast, classical nova detected by op-
tical observations on 2013 Aug 16th (CBET #3628).
The nova was exceptionally bright reaching a magni-
tude of V∼ 5mag (see top panel of Fig. 3), and it
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FIG. 2: Differential upper limits on the flux from
ASASSN-13ax as measured by the Fermi-LAT (empty
squares) and MAGIC (full circles). See text for details
of the time ranges covered by the points. For comparison
a spectrum of Crab Nebula is shown with a gray curve.

triggered follow-up observations at frequencies rang-
ing from radio to VHE gamma-rays. Photometric
measurements suggest a distance for V339 Del of
4.5±0.6kpc [22]. The spectroscopic observations per-
formed on MJD 56522.1 revealed emission wings ex-
tending to about ±2000 km/s and a Balmer absorp-
tion component at a velocity of 600 ± 50 km/s [23].
The pre-outburst optical images revealed the progen-
itor of nova V339 Del to be a blue star [24].
Originally MAGIC observations of V339 Del were

motivated by its extreme optical outburst. Soon af-
ter MAGIC started observations they were addition-
ally supported by the detection of GeV emission by
the Fermi-LAT from the direction of V339 Del. The
MAGIC observations started already on the night of
2013 Aug 16/17th, however they were marred by bad
weather conditions. The good quality data used for
most of the analysis spanned 8 nights between 2013
Aug 25th and Sep 4th. The total effective time was
11.6 h. In addition to the nightly upper limits we per-
formed a dedicated analysis of the poor quality (af-
fected by calima, a dust layer originating from Sa-
hara) night of 2013 Aug 16/17th. We applied an es-
timated energy and collection area corrections based
on LIDAR measurements [25]. No VHE gamma-ray
signal was found from the direction of V339 Del. We
computed a night by night integral upper limit above
300GeV (see bottom panel of Fig. 3. The differen-
tial upper limits for the whole good quality data set
computed in bins of energy are shown in Fig. 4.
Nova V339 Del was the subject of a Fermi Tar-

get of Opportunity (ToO) observation [26] triggered
by the optical discovery (CBET #3628); the ToO
started on 2013 Aug 16th and lasted for six days. The
gamma-ray emission from V339 Del was first detected
by Fermi-LAT in 1-day bins on Aug 18th [8]. The

eConf C141020.1

37



4 5th Fermi Symposium : Nagoya, Japan : 20-24 Oct, 2014

MJD
56515 56520 56525 56530 56535 56540 56545 56550

M
ag

ni
tu

de
4

4.5

5

5.5

6

6.5

7

7.5

8

V339 Del, Optical

V

MJD
56515 56520 56525 56530 56535 56540 56545 56550

]
-1

 s
-2

F
lu

x 
>

 1
00

 M
eV

 [p
h 

cm

0

0.1

0.2

0.3

0.4

0.5

0.6

0.7
6−10× V339 Del, Fermi-LAT

1 day binning U.L.

3 day binning U.L.

Preliminary

MJD
56515 56520 56525 56530 56535 56540 56545 56550

]
-1

 s
-2

F
lu

x 
>

 3
00

 G
eV

 [p
h 

cm

12−10

11−10

V339 Del

MAGIC

Preliminary

FIG. 3: Multi-wavelength light curve of V339 Del during
the outburst in August 2013. Top panel: optical observa-
tions in the V band obtained from AAVSO-LCGa service.
Middle panel: the Fermi-LAT flux (filled symbols) and up-
per limits (empty symbols) above 100 MeV in 1-day (cir-
cles, thin lines) or 3-day (squares, thick lines). A 95% C.L.
flux upper limit is shown for time bins with TS<4. Bottom
panel: Upper limit on the flux above 300 GeV observed
with MAGIC telescopes. The gray band shows the obser-
vation nights with MAGIC. The dashed gray line shows a
MAGIC observation night affected by bad weather.

ahttp://www.aavso.org/lcg

emission peaked on Aug 22nd and entered a slow de-
cay phase afterwards (see middle panel in Fig. 3). For
the light-curves, the data were fit using a power law
spectral model initially leaving the photon index and
the normalization free to vary. We then fixed the pho-
ton index at the average value of 2.3 calculated over
the most significant detections (Test Statistic values
TS>9)[29]. The LAT Spectral Energy Distribution
(SED) of V339 Del shown in Fig. 4 was extracted
in five logarithmically spaced energy bins from 100
MeV to 100 GeV. Similarly to the light-curves, energy
binned data shown in Fig. 4 were fit using a simple
power law and showing a 95% C.L. upper limit for
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FIG. 4: Differential upper limits on the flux from V339
Del as measured by MAGIC (filled circles) and the flux
measured by Fermi-LAT (empty crosses) in the same time
period, 25th of August and 4th of September. For compari-
son a spectrum of Crab Nebula is shown with a gray curve.

bins with TS<9. In the period coincident with the
MAGIC observations (2013 Aug 25th to Sep 4th) the
Fermi-LAT spectrum can be described by an effec-
tive power law with an index of 2.37 ± 0.17 and flux
above 100 MeV of (0.15 ± 0.04) × 10−6ph cm−2 s−1.
The rather low statistical significance (TS=49) does
not constrain the value of an exponential cut-off of the
emission in this period. Note, however, that the most
energetic photon, with E = 5.9GeV was recorded
on Aug 30th, i.e. within the time period covered by
the MAGIC observations. The Fermi-LAT analysis
for a broader time range, 2013 Aug 22nd to Sep 12th

(MJD 56526-56547), covering the whole decay phase
of the Fermi-LAT light curve allowed us to obtain a
more significant signal with a TS of 121. Neverthe-
less we obtain a similar value of flux above 100 MeV,
(0.13± 0.03)× 10−6ph cm−2 s−1, for this broader pe-
riod. The spectrum in this case can be described, with
improved significance of 3.3σ with respect to the sim-
ple power law, by an exponentially cut-off power law
with an index of 1.44 ± 0.29 and a cut-off energy of
1.6± 0.8GeV.

IV. CONCLUSIONS

The MAGIC telescopes performed observations of 3
objects: the symbiotic nova YY Her, the dwarf nova
ASASSN-13ax and the classical nova V339 Del. No
significant VHE gamma-ray emission was found from
the direction of any of them. Out of these three ob-
jects, V339 Del is the only one detected at GeV ener-
gies. It has also extensive optical observations which
shed some light on both the companion star and the
photosphere of the nova. Therefore it has the highest
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potential for constraining the leptonic and hadronic
processes in novae. MAGIC will continue follow-up
observations of the promising novae candidates in the
following years.
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Pulsar Emission above the Spectral Break - A Stacked Approach
A. McCann
EFI & KICP at The University of Chicago, Chicago, IL, 60637, USA

NASA’s Fermi space telescope has provided us with a bountiful new population of gamma-ray sources following
its discovery of over 150 new gamma-ray pulsars. One common feature exhibited by all of these pulsars is the
form of their spectral energy distribution, which can be described by a power law followed by a spectral break
occurring between ∼1 and ∼8 GeV. The common wisdom is that the break is followed by an exponential cutoff
driven by radiation-reaction-limited curvature emission. The discovery of pulsed gamma rays from the Crab
pulsar, the only pulsar so far detected at very high energies (E>100 GeV), contradicts this “cutoff” picture.
Here we present a new stacked analysis with an average of 4.2 years of data on 115 pulsars published in the
2nd Fermi-LAT catalog of pulsars. This analysis is sensitive to low-level ∼100 GeV emission which cannot be
resolved in individual pulsars but can be detected from an ensemble.

1. Introduction

One common feature exhibited by all known
gamma-ray pulsars is the form of their spectral en-
ergy distribution (SED) which can be described by a
power-law followed by a spectral break occurring be-
tween 1 and 8 GeV [Abdo et al. 2013]. The unanim-
ity of the break energy across the entire Fermi-LAT
pulsar sample is suggestive that the sites of acceler-
ation and processes of gamma-ray emission are com-
mon across different pulsar types and that they are
not strongly dependent on the pulsar spin or ener-
getics. Further, it has been shown that across the
Fermi-LAT pulsar sample the spectral-break energy
is weakly correlated with the magnetic-field strength
at the light cylinder [Abdo et al. 2010b, 2013]. Such
behavior is expected in models where emission is pro-
duced by curvature radiation (CR) occurring at the
radiation-reaction limit in the outer magnetosphere
[Abdo et al. 2010b, Harding et al. 2008]. This has be-
come the most favored general description of gamma-
ray emission from pulsars in the Fermi-LAT era. In
these models one expects that the SED will fall off ex-
ponentially above the break energy. There is, however,
compelling evidence suggesting that CR occurring in
the outer magnetosphere is not a complete description
of pulsar emission at, and above, the GeV SED break:

1. The discovery of power-law-type emission from
the Crab pulsar at energies exceeding 100 GeV1

cannot be easily explained by curvature emis-
sion from the outer magnetosphere [Aliu et al.
2011, Lyutikov et al. 2012] unless the radius of
curvature of the magnetic field line is larger than
the radius of the light cylinder [Bednarek 2012].
Some recent models attribute the pulsed very-

1At this symposium the MAGIC collaboration presented ev-
idence indicating that the power-law spectrum of the Crab pul-
sar may extend to TeV energies. See http://fermi.gsfc.nasa.

gov/science/mtgs/symposia/2014/abstracts/185

high-energy (VHE; E >100 GeV) emission from
the Crab pulsar to inverse-Compton (IC) scat-
tering originating in the outer magnetosphere
[Du et al. 2012, Lyutikov et al. 2012, Lyutikov
2012] or to IC scattering from beyond the light
cylinder [Aharonian et al. 2012, Pétri 2012].

2. The radiation-reaction limit of CR occurs when
the acceleration gains achieved by an electron
are equaled by radiation losses. The photon en-
ergy at which this occurs in the outer magne-
tosphere can be expressed in terms of the pul-
sar period, the surface magnetic field strength,
the radius of curvature of the accelerated par-
ticle and an efficiency factor. Lyutikov et al.
[2012] has shown that the break-energy values
for several pulsars reported in the first Fermi-
LAT pulsar catalog are so high that they require
the efficiency factor and radius of curvature to
approach or even reach their maximal allowable
values2.

3. Recent studies of the Geminga pulsar with
Fermi-LAT and VERITAS (see Figure 1) show
that the SED above the GeV break is compatible
with a steep power law [Aliu et al. 2015, Lyu-
tikov 2012], but no emission has been seen above
100 GeV. Similar conclusions can be drawn from
an analysis of the Vela pulsar with Fermi-LAT
data from Leung et al. [2014], who show that
multi-zone or time-dependent emission models
are needed to fit the slower-than-exponential fall
of the SED above 10 GeV.

The question of whether the Crab pulsar is unique,
or whether non-exponentially-suppressed gamma-ray
spectra are common in gamma-ray pulsars is of great
importance. Beyond the modeling of pulsar emission,

2In more realistic models the acceleration efficiency is ex-
pected to be a few percent to a few tens of percent [Lyutikov
et al. 2012].
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Figure 1: SEDs data points and flux upper limits for the Geminga pulsar. Measurements of the Crab Nebula and
pulsar are plotted for comparison. It is clear, even in the phase-resolved analysis, that the SED falls slower than an
exponential and appears more consistent with a simple power-law. Figure taken from Aliu et al. [2015].

questions concerning the emission spectra of pulsars
have significant implications for galactic dark matter
searches, where unassociated gamma-ray excesses can
be interpreted as the remnants of dark matter annihi-
lation (e.g., Abazajian & Kaplinghat 2012). Since pul-
sars are likely the main background for these searches,
categorizing the shape of pulsar spectra is a critical
step towards validating any indirect dark matter sig-
nal in the gamma-ray domain. To search for non-
exponentially-suppressed emission above 50 GeV, we
have performed a stacked analysis of gamma-ray pul-
sars which is sensitive to emission which cannot be
resolved in the Fermi-LAT analysis of individual ob-
jects, but can be detected if aggregated from an en-
semble. A stacked analysis which yields evidence of
cumulative emission above 50 GeV would prove that
some population of gamma-ray pulsars clearly exhibits
non-exponentially-suppressed emission. This would
indicate that inverse-Compton or wind-zone emission
is common in gamma-ray pulsars and that pulsars con-
tribute to the sub-TeV diffuse emission of the galaxy.

2. Analysis

2.1. The Aperture Photometry Method

A maximum likelihood fitting procedure is typically
employed when performing spectral analysis of Fermi-
LAT data. The Fermi-LAT data can also be analyzed
with an Aperture Photometry (AP) method where the
raw event counts from a region of interest (ROI) are
combined with a measure of the instrument exposure
(cm2 s) to the region to determine the flux. This AP
method is less sensitive and less accurate than the
likelihood fitting procedure but it “provides a model
independent measure of the flux” and it “is less com-
putationally demanding”3. We demonstrate here that
the AP method can be used to produce accurate SEDs

3http://fermi.gsfc.nasa.gov/ssc/data/analysis/

scitools/aperture_photometry.html
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Figure 2: Aperture photometry analysis steps for the Crab pulsar. Panel (a) plots the phase distribution (light curve)
of the Crab pulsar from 5.2 years of Fermi-LAT observations. The Off phase range, [0.71 − 0.99], is defined in the 2nd
Fermi-LAT catalog of gamma-ray pulsars (2PC). Panel (b) plots the distribution of photon energies for events which
fell in the On and Off phase ranges. The Off events have been scaled by α which is the ratio of the On phase gate(s)
size to the Off gate(s) size . Panel (c) shows the energy distribution of the excess events and panel (d) shows the
significance of the excess in each energy bin. Panel (e) shows the Fermi-LAT exposure for the ROI used in each energy
bin determined from gtexposure. In panel (f) the Crab pulsar AP SED is plotted alongside the Crab pulsar SED
determined from a likelihood fit done in the 2PC. A broken power-law fit to Fermi-LAT and VERITAS data from Aliu
et al. [2011] is plotted, as well as the VERITAS >100 GeV bow-tie. Below the SED plotted in panel (f) is the ratio of
the AP flux to the 2PC flux in each bin, showing the level of agreement between the AP method and the likelihood
method. This figure is taken from McCann [2014].
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from multi-year pulsar data sets since an accurate de-
termination of the background rate can be measured
from the “Off -pulse” phase range. The analysis pre-
sented here proceeds as follows:

1. Over the 100 MeV to 1 TeV energy range,
logarithmically-spaced energy binning with 4
bins per decade is chosen.

2. An ROI is chosen around each pulsar with an
energy-dependent radius. The radius chosen
is three times the 68% point-spread-function
(PSF) containment radius determined from a
“front-conversion” Vela analysis by Ackermann
et al. [2013]. In order to maintain sufficient
statistics at high energies, the radius of the ROI
was fixed to 0.45◦ above 10 GeV.

3. The Fermi-LAT analysis tools gtselect,
gtmktime, gtbin and gtexposure are then run
over each pulsar ROI for all observations per-
formed within the period of validity of the pulsar
timing solution.

4. The photon event list is barycentered and phase-
folded using the Tempo2 package [Hobbs et al.
2006] with the Fermi Tempo2 plugin and the cor-
responding timing solution.

5. Within each energy bin, a cut on phase is ap-
plied and events which fall within the Off phase
region and those which fall outside this region
- the On phase region - are selected. The ratio
of the size of the On phase range to the size of
the Off phase range, defined as α, is then used
to scale the number of event counts in the Off
phase region (Noff) to the number in the On re-
gion (Non).

6. The number of excess pulsed events is then de-
fined as Nex=Non−αNoff and the flux is Nex di-
vided by the exposure (T ) calculated in step 3
using gtexposure. The significance of the ex-
cess is calculated using Equation 17 from Li &
Ma [1983].

Following this procedure one can derive the energy
distributions for the On and Off phase regions, and
the instrument exposure, for any pulsar. These dis-
tributions and the derived AP SED are shown for the
Crab pulsar in Figure 2.

2.2. Stacking The Pulsar Data Sets

Fermi-LAT has detected over 150 new gamma-ray
pulsars4 and the stacking performed in this work uses

4https://confluence.slac.stanford.edu/display/

GLAMCOG/Public+List+of+LAT-Detected+Gamma-Ray+Pulsars

115 pulsars listed in the Second Fermi-LAT Catalog
of Gamma-ray Pulsars [Abdo et al. 2013], which shall
be referred to as 2PC throughout5. The 115 pulsar
sample is composed of 39 millisecond pulsars and 76
“young” non-recycled pulsars with an average data set
spanning 4.2 yr6. The six AP analysis steps listed in
Section 2.1 were followed for each pulsar and using the
resulting values of Non, Noff and T , it is quite simple
to determine the total excess,

Exi
tot =

N∑
j=1

(Nj,i
on − αjNj,i

off) (1)

the total exposure,

T i
tot =

N∑
j=1

T j,i (2)

and thus, the average flux,

Fluxi
av =

Exi
tot

T i
tot

(3)

for N pulsars in a given energy bin, i. The significance
of the total excess is determined by the generalized
version of Equation 17 from Li & Ma [1983] (see Aha-
ronian et al. 2004). In cases where the significance
is less than 2σ, the method of Helene [1983] is used
to derive the 95% confidence-level upper limit on the
total excess, which is in turn used to compute a flux
upper limit.

3. Results

The stacking analysis results for the young pul-
sar and millisecond pulsar ensembles are shown in
Figure 3. No significant excesses are seen in these
analyses at energies above 50 GeV. Upper limits on
the average flux, determined at the 95% confidence-
level, are listed in Table I for three energy bins above
50 GeV. Limits are also presented in units of the
Crab pulsar where the broken power-law fit to the
Fermi-LAT and VERITAS data presented in Aliu
et al. [2011] defines a Crab pulsar unit. In addi-
tion to these analyses, we stacked sub-samples of the

5A total of 117 pulsars are listed in the 2PC, however, the
Crab pulsar was excluded from this analysis since we are inves-
tigating whether high-energy Crab-pulsar-like emission is seen
in other pulsars. Further, PSRJ2215+5135 was also excluded
from the study since no Off phase region was listed for this
source in the 2PC.

6The amount of data analyzed here depends entirely on the
availability and validity of pulsar spin-down timing solutions
used for phase-folding.
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Figure 3: Panel (a) shows the average flux (square markers) from 76 young pulsars determined by dividing the total
excess by the total exposure (see Equations 1−3). The dashed-line histogram shows one over the total exposure,
indicating the flux which would correspond to a single excess photon. This is the minimum possible flux which could be
measured given the total exposure. The gray cross shows the most constraining limit on emission from a single pulsar
in the 56.2−100 GeV range presented in the 2PC. The 2PC presented no limits at higher energies. The broken
power-law fit to the Crab pulsar data from Aliu et al. [2011] is plotted for scale. Panel (b) plots the same quantities for
the stacked analysis of 39 millisecond pulsars. This figure is adapted from figures presented in McCann [2014].

data where each sub-sample was composed of the 10
pulsars with the largest value of a given parameter.
Sub-sample selections based on gamma-ray luminos-
ity, spin-down power, spin-down power over distance
squared, gamma-ray photon flux and non-thermal X-
ray energy flux were investigated7. No significant ex-
cesses were observed above 50 GeV in any of these
sub-sample stacking analyses.

The shape of the average young pulsar and average
millisecond pulsar SEDs were categorized by fitting a
power law times a super-exponential cutoff function

E2 dF

dE
= A

(
E

1 GeV

)Γ

e−( E
Ecut

)
b

(4)

to the SED data. These fits are presented in Fig-
ure 4. Fixing b = 1 reduces Equation 4 to a power
law times an exponential cutoff function and, as ex-
pected, this functional form does not reproduce the
sub-exponential fall of the SED above the break. How-
ever it can be used to measure the average flux-
weighted value of the spectral index (Γ) and cutoff
(Ecut) parameters [Abdo et al. 2013]. It is clear from
Figure 4 that the average SEDs have qualitatively the
same shape, with the average flux from the 39 mil-
lisecond pulsars about an order of magnitude lower
than the average flux from the 76 young pulsars. The
spectral parameters derived from fitting the two en-

7The Crab pulsar was excluded from all of these sub-sample
stacking analyses. The parameter values listed in the 2PC cat-
alog were used in all cases.

sembles are remarkably similar and are presented in
the caption of Figure 4.

4. Discussion and Conclusion

Following a stacked analysis of 115 gamma-ray pul-
sars, with an average exposure of ∼4.2 yr per pul-
sar, we find no evidence of cumulative emission above
50 GeV. Stacked searches exclusive to the young pul-
sars, the millisecond pulsars, and several other promis-
ing sub-samples also return no significant excesses
above 50 GeV. Any average emission present in the
entire pulsar sample is limited to be below ∼7% of
the Crab pulsar in the 56-100 GeV band. The av-
erage flux limits presented in Table I are roughly 3
times lower than the best flux limits achieved in ded-
icated individual pulsar analyses done in the 2PC in
the 56-100 GeV band.

One should note that a limit on the average flux
from 115 pulsars at 7% of the Crab pulsar level is
consistent with, for example, a scenario in which all
115 pulsars emit at 7% of the Crab pulsar level. It
is also consistent with a scenario in which 8 pulsars
emit at 100% the level of the Crab pulsar and the
remaining 107 pulsars have zero emission. Therefore
this analysis does not exclude the possibility of finding
several pulsars which are as bright as the Crab pulsar
above 50 GeV, or several dozen which are ten times
dimmer. It does, however, constrain the average flux
from the ensemble, and therefore for every individ-
ual pulsar detected above this flux limit, the average
emission from the remaining pulsars is constrained to
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All Young Pulsars Millisecond Pulsars

Energy Range Flux Limit Flux Limit Flux Limit Flux Limit Flux Limit Flux Limit

[GeV] [×10−12 [Crab pulsar [×10−12 [Crab pulsar [×10−12 [Crab pulsar

cm−2s−1] units] cm−2s−1] units] cm−2s−1] units]

56.2 — 100 1.57 0.07 2.03 0.09 1.44 0.07

100 — 177 1.52 0.31 1.88 0.38 1.14 0.23

177 — 316 1.34 1.21 1.96 1.76 0.50 0.45

Table I Limits at the 95% confidence level on the average flux from stacked ensembles of gamma-ray pulsars. The limit
values presented in Crab pulsar units assume the broken power-law fit to the Crab pulsar data from Aliu et al. [2011] is
a Crab pulsar flux unit.
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Figure 4: The average SEDs derived from the stacking of
the 76 young pulsars and 39 millisecond pulsars. The
SEDs are each fit with a power law times a
super-exponential cutoff keeping b both fixed to unity
and allowing it to float. For the pure exponential cutoff
case (b = 1) the best fit Γ value is 0.54±0.05 for the
millisecond pulsars and 0.41±0.01 for the young pulsars
while the best fit Ecut values are 3.60±0.21 GeV and
3.54±0.04 GeV, respectively. Allowing b to float we find
that sub-exponential forms (b < 1) are preferred, with
the best-fit b value of 0.59±0.02 for the young pulsars
and 0.7±0.15 for the millisecond pulsars. The broken
power-law fit to the Crab pulsar data from Aliu et al.
[2011] is plotted for scale. Note that only statistical
uncertainties on the SED data points were used during
the fitting and thus the uncertainty on the best-fit
parameter values are likely underestimated. This figure is
taken from McCann [2014].

be further below the limit.

In the 100 MeV to ∼50 GeV energy range we find
that the average SEDs returned from the young pul-
sar and millisecond pulsar stacking analyses are very
similar in shape and are generally compatible with a
power law times a sub-exponential cutoff. Abdo et al.
[2010] and Celik & Johnson [2011] have shown that
a sub-exponential cutoff function approximates a su-
perposition of exponential cutoffs, thus the appear-
ance of a sub-exponential cutoff in the ensemble SED

is to be expected within a curvature radiation model.
We note, however, that the highest energy spectral
point is higher than the best fit sub-exponential cutoff
function at the ∼2.4σ level in both the young pulsar
and millisecond pulsar cases. This cannot be taken
as strong evidence for a non-exponentially-suppressed
pulsar emission component aggregating in the stacked
analysis, however, the available data cannot rule it out
beyond the level of the limits shown in Figure 3 and
Table I.

Beyond this work, improvements can be made using
the forthcoming Fermi-LAT pass-8 data release which
will improve the Fermi-LAT acceptance by ∼25% at
100 GeV [Atwood et al. 2013]. Improvements to this
stacking analysis can also be made by employing a
likelihood framework to stack the sources (see Acker-
mann et al. 2011 for example), rather than the sim-
ple On minus Off procedure described here. The flux
sensitivity of any stacking analysis will, however, ul-
timately be bounded by the exposure of the Fermi-
LAT. A future stacking analysis which doubles both
the number of pulsars and the duration of observa-
tion used will increase the exposure by a factor of 4,
indicating that future stacking analyses which do not
yield detections may improve on the limits presented
here by perhaps one or two orders of magnitude.

A more detailed account of the stacking analysis
methods and results of this study can be found in
McCann [2014].
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Discovery of TeV gamma-ray emission from the Pulsar Wind Nebula
3C 58 by MAGIC
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The Pulsar Wind Nebula (PWN) 3C 58 is energized by one of the highest spin-down power pulsars known (5%
of Crab pulsar) and it has been compared to the Crab Nebula due to their morphological similarities. This
object was detected by Fermi-LAT with a spectrum extending beyond 100 GeV. We analyzed 81 hours of 3C
58 data taken with the MAGIC telescopes and we detected VHE gamma-ray emission for the first time at TeV
energies with a significance of 5.7 sigma and an integral flux of 0.65% C.U. above 1 TeV. The differential energy
spectrum between 400 GeV and 10 TeV is well described by a power-law function dΦ/dE = fo(E/1TeV )−Γ

with fo = (2.0± 0.4stat± 0.6sys)10−13cm−2s−1TeV −1 and Γ = 2.4± 0.2sta± 0.2sys. This leads 3C 58 to be
the least luminous PWN ever detected at VHE and the one with the lowest flux at VHE to date. According
to time-dependent models in which electrons up-scatter photon fields, the best representation favors a distance
to the PWN of 2 kpc and FIR comparable to CMB photon fields. If we consider an unexpectedly high FIR
density, the data can also be reproduced by models assuming a 3.2 kpc distance. A low magnetic field, far from
equipartition, is required to explain the VHE data. Hadronic contribution from the hosting supernova remnant
(SNR) requires unrealistic energy budget given the density of the medium, disfavoring cosmic ray acceleration
in the SNR as origin of the VHE gamma-ray emission.

1. General description

The supernova remnant 3C 58 (SNR G130.7+3.1)
has a flat radio spectrum and is brightest near the cen-
ter, therefore it was classified as a pulsar wind nebula
[PWN; 1]. It is centered on PSR J0205+6449, a pul-
sar discovered in 2002 with the Chandra X-ray obser-
vatory [2]. It is widely assumed that 3C 58 is located
at a distance of 3.2 kpc [3], but recent H I measure-
ments suggest a distance of 2 kpc [4]. The age of the
system is estimated to be ∼ 2.5 kyr [5] from the PWN
evolution and energetics, however this is a matter of
debate. The pulsar has one of the highest spin-down
powers known (Ė = 2.7×1037erg s−1). The PWN
has a size of 9′×6′ in radio, infrared (IR), and X-rays
[6, 7, 8, 9]. Its luminosity is L 0.5 – 10 keV = 2.4× 1034

erg s−1 in the X-ray band, which is more than 3 or-
ders of magnitude lower than that of the Crab nebula
[10]. 3C 58 has been compared with the Crab because
the jet-torus structure is similar [8]. Because of these
morphological similarities with the Crab nebula and
its high spin-down power (5% of Crab), 3C 58 has his-
torically been considered one of the PWNe most likely
to emit γ rays.
The pulsar J0205+6449 has a period P=65.68 ms,

a spin-down rate Ṗ = 1.93 × 10−13s s−1, and a char-
acteristic age of 5.38 kyr [2]. It was discovered by the
Fermi-LAT in pulsed γ rays. The measured energy
flux is Fγ>0.1GeV=(5.4±0.2)×10−11 erg cm−2s−1 with
a luminosity of Lγ>0.1GeV=(2.4±0.1)×1034 erg s−1,
assuming a distance for the pulsar of 1.95 kpc [11].

The spectrum is well described by a power-law with an
exponential cutoff at Ecutoff=1.6 GeV [12]. No pulsed
emission was detected at energies above 10 GeV [13].
In the off-peak region, defined as the region between
the two γ-ray pulsed peaks (off-peak phase interval
φ=0.64–0.99), the Fermi Collaboration reported the
detection of emission from 3C 58 [12]. The reported
energy flux is (1.75±0.68)×10−11erg cm−2s−1 and the
differential energy spectrum between 100 MeV and
316 GeV is well described by a power-law with pho-
ton index γ = 1.61 ± 0.21. No hint of spatial exten-
sion was reported at those energies. The association
of the high-energy unpulsed steady emission with the
PWN is favored, although an hadronic origin related
to the associated SNR can not be ruled out. 3C 58
was tagged as a potential TeV γ-ray source by the
Fermi Collaboration [13].

The PWN 3C 58 was previously observed in the
VHE γ-ray range by several IACTs. The Whip-
ple telescope reported an integral flux upper limit
of 1.31×10−11 cm−2s−1

∼ 19 % C.U. at an energy
threshold of 500 GeV [14], and VERITAS established
upper limits at the level of 2.3 % C.U. above an en-
ergy of 300 GeV [15]. MAGIC-I observed the source
in 2005 and established integral upper limits above
110 GeV at the level of 7.7×10−12 cm−2s−1 (∼4 %
C.U.)[16]. The improved sensitivity of the MAGIC
telescopes with respect to previous observations and
the Fermi-LAT results motivated us to perform deep
VHE observations of the source.
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Figure 1: Distribution of squared angular distance, θ2, between the reconstructed arrival directions of gamma-ray
candidate events and the position of PSR J0205+6449 (red points).

2. MAGIC observations and results

MAGIC observed 3C 58 in the period between 4 Au-
gust 2013 to 5 January 2014 for 99 hours, and after
quality cuts, 81 hours of the data were used for the
analysis. The data were analyzed using the MARS
analysis framework [17]. The source was observed at
zenith angles between 36◦ and 52◦. The data were
taken in wobble-mode [18] pointing at four different
positions situated 0.4◦ away from the source to evalu-
ate the background simultaneously with 3C 58 obser-
vations.
The applied cuts yield an energy threshold of 420

GeV. The significance of the signal, calculated with
the LiMa formula, is 5.7σ, which establishes 3C 58 as
a γ-ray source. The θ2 distribution is shown in Figure
1. As the five OFF positions were taken for each of
the wobble positions, the OFF histograms were re-
weighted depending on the time taken on each wobble
position.
We show in Figure 2 the relative flux (ex-

cess/background) skymap, produced using the same
cuts as for the θ2 calculation. The TS significance,
which is the LiMa significance applied on a smoothed
and modeled background estimate, is higher than 6
at the position of the pulsar PSR J0205+6449. The
excess of the VHE skymap was fit with a Gaussian
function. The best-fit position is RA(J2000)=2h 05m
31(09)stat(11)syss ; DEC(J2000)=64◦ 51′(1)stat(1)sys.
This position is statistically deviant by 2σ from the

position of the pulsar, but is compatible with it at 1σ
if systematic errors are taken into account. In the bot-
tom left of the image we show the point spread func-
tion (PSF) of the smeared map at the corresponding
energies, which is the result of the sum in quadrature
of the instrumental angular resolution and the applied
smearing (4.7′ radius, at the analysis energy thresh-
old). The extension of the signal is compatible with
the instrument PSF. The VLA contours are coincident
with the detected γ-ray excess.

Figure 3 shows the energy spectrum for the MAGIC
data, together with published predictions for the
gamma-ray emission from several authors, and two
spectra obtained with three years of Fermi-LAT data,
which were retrieved from the Fermi-LAT second
pulsar-catalog [2PC, 12] and the Fermi high-energy
LAT catalog [1FHL, 13]. The 1FHL catalog used
events from the Pass 7 Clean class, which provides
a substantial reduction of residual cosmic-ray back-
ground above 10 GeV, at the expense of a slightly
smaller collection area, compared with the Pass 7

Source class that was adopted for 2PC [20]. The
two γ-ray spectra from 3C58 reported in the 2PC
and 1FHL catalogs agree within statistical uncer-
tainties. The differential energy spectrum of the
source is well fit by a single power-law function
dφ/dE=f0(E/1 TeV)−Γ with f0 = (2.0 ± 0.4stat ±
0.6sys)10

−13cm−2s−1TeV−1, Γ = 2.4± 0.2stat ± 0.2sys
and χ2=0.04/2. The systematic errors were estimated
from the MAGIC performance paper [21] including

eConf C141020.1

48



5th Fermi Symposium : Nagoya, Japan : 20-24 Oct, 2014 3

Figure 2: Relative flux (excess/background) map for MAGIC observations. The cyan circle indicates the position of
PSR J0205+6449 and the black cross shows the fitted centroid of the MAGIC image with its statistical uncertainty. In
green we plot the contour levels for the TS starting at 4 and increasing in steps of 1. The magenta contours represent
the VLA flux at 1.4 GHz [19], starting at 0.25 Jy and increasing in steps of 0.25 Jy.

the upgraded telescope performances. The integral
flux above 1 TeV is FE>1 TeV = 1.4× 10−13cm−2s−1.
Taking into account a distance of 2 kpc, the lumi-
nosity of the source above 1 TeV is Lγ,E>1 TeV =
(3.0 ± 1.1)×1032d22 erg s−1, where d2 is the distance
normalized to 2 kpc.

3. Discussion

Several models have been proposed that predict the
VHE γ-ray emission of PWN 3C 58.
[25] presented a one zone model of the spectral evo-

lution of PWNe and applied it to 3C 58 using a dis-
tance of 3.2 kpc. The VHE emission from this model
consists of IC scattering of CMB photons and optical-
to-IR photons, and also of pion decay. The flux of γ
rays above 400 GeV predicted by this model is about
an order of magnitude lower than the observation.
[22] proposed a time-dependent model in which

positrons gain energy in the process of resonant scat-
tering by heavy nuclei. The VHE emission is pro-
duced by IC scattering of leptons off CMB, IR, and
synchrotron photons and by the decay of pions due
to the interaction of nuclei with the matter of the
nebula. The age of 3C 58 is assumed to be 5 kyr,
using a distance of 3.2 kpc and an expansion ve-

locity of 1000 km s−1. According to this model,
the predicted integral flux above 400 GeV is ∼10−13

cm−2s−1, while the integral flux above 420 GeV mea-
sured here is 5×10−13cm−2s−1. Calculations by [26],
using the same model with an initial expansion veloc-
ity of 2000 km s−1 and considering IC scattering only
from the CMB, are consistent with the observed spec-
trum. However, the magnetic field derived in this case
is B ∼14µG and it underestimates the radio emission
of the nebula, although a more complex spectral shape
might account for the radio nebula emission.

[27] developed a time-dependent model of the spec-
tral evolution of PWN including synchrotron emis-
sion, synchrotron self-Compton, and IC. They evolved
the electron energy distribution using an advective dif-
ferential equation. To calculate the observability of 3C
58 at TeV energies they assumed a distance of 2 kpc
and two different ages: 2.5 kyr and 1 kyr [23]. For the
2.5 kyr age, they obtained a magnetic field B ∼17 µG,
while for an age of 1 kyr, the magnetic field obtained
is B=40 µG. The emission predicted by this model is
closer to the Fermi result for an age of 2.5 kyr.

[28] presented a different time-dependent leptonic
diffusion-loss equation model without approxima-
tions, including synchrotron emission, synchrotron
self-Compton, IC, and bremsstrahlung. They as-
sumed a distance of 3.2 kpc and an age of 2.5 kyr
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Figure 3: 3C 58 spectral energy distribution in the range between 0.1 GeV and 20 TeV. Red circles are the VHE points
reported in this work. The best-fit function is drawn in red and the systematic uncertainty is represented by the yellow
shaded area. Black squares and black arrows are taken from the Fermi-LAT second pulsar-catalog results [12]. Blue
squares are taken from the Fermi high-energy LAT catalog [13]. The magenta line is the SED prediction for 3C 58
taken from Figure 10 of [22]. The clear green dashed-dotted line is the SED predicted by [23], assuming an age of 1
kyr, and the dark green dotted line is the prediction from the same paper, assuming an age of 2.5 kyr. The blue dashed
line represents the SED predicted by [24] assuming that the Galactic FIR background is high enough to reach a flux
detectable by the MAGIC sensitivity in 50h.

to calculate the observability of 3C 58 at high ener-
gies [24]. The predicted emission, without considering
any additional photon source other than the CMB, is
more than an order of magnitude lower than the flux
reported here. It predicts VHE emission detectable
by MAGIC in 50 hours for an FIR-dominated photon
background with an energy density of 5 eV/cm3. This
would be more than one order of magnitude higher
than the local IR density in the Galactic background
radiation model used in GALPROP [∼0.2 eV cm−3;
29]. The magnetic field derived from this model is 35
µG. To reproduce the observations, a large FIR back-
ground or a revised distance to the PWN of 2 kpc are
required. In the first case, a nearby star or the SNR it-
self might provide the necessary FIR targets, although
no detection of an enhancement has been found in the
direction of the PWN. As we mentioned in Sec. 1, a
distance of 2 kpc has recently been proposed by [4]
based on the recent H I measurements of the Cana-
dian Galactic Plane Survey. At this distance, a lower
photon density is required to fit the VHE data.

We have shown different time-dependent models in
this section that predict the VHE emission of 3C 58.
The SED predicted by them are shown in Figure 3.

They use different assumptions for the evolution of
the PWN and its emission. [25] divided the evolution
of the SNR into phases and modeled the PWN evo-
lution inside it. In [22] model, nuclei play an impor-
tant role in accelerating particles inside the PWN. [24]
and [27] modeled the evolution of the particle distri-
bution by solving the diffusion-loss equation. [24] fully
solved the diffusion-loss equation, while [27] neglected
an escape term in the equation as an approximation.
Another difference between these latter two models is
that [27] took synchrotron emission, synchrotron self-
Compton and IC into account, while [24] also consider
the bremsstrahlung. The models that fit the γ-ray
data derived a low magnetic field, far from equiparti-
tion, very low for a young PWN, but comparable with
the value derived by [9] using other data.

4. Conclusions

We have for the first time detected VHE γ rays up
to TeV energies from the PWN 3C 58. Following the
assumptions in [30], it is highly unlikely that the mea-
sured flux comes from hadronic emission of the SNR.
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The measured luminosity and flux make 3C 58 into
an exceptional object. It is the weakest VHE PWN
detected to date, a fact that attests to the sensitiv-
ity of MAGIC. On the other hand, it is also the least
luminous VHE PWN, far less luminous than the orig-
inal expectations. Its ration LVHE/Ė ≃ 10−5 is the
lowest measured, similar to Crab, which makes into a
very inefficient γ-ray emitter. Only a closer distance
of 2 kpc or a high local FIR photon density can qual-
itatively reproduce the multiwavelength data of this
object in the published models. Since the high FIR
density is unexpected, the closer distance with FIR
photon density comparable with the averaged value
in the Galaxy is favored. The models that fit the γ-
ray data derived magnetic fields which are very far
from equipartition.
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Study of luminosity and spin-up relation in X-ray binary pul sars with
long-term monitoring by MAXI/GSC and Fermi/GBM
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We study the relation between luminosity and spin-period change in X-ray binary pulsars using long-term light
curve obtained by the MAXI/GSC all-sky survey and pulse period data from the Fermi/GBM pulsar project.
X-ray binaries, consisting of a highly magnetized neutron star and a stellar companion, originate X-ray emission
according to the energy of the accretion matter onto the neutron star. The accretion matter also transfers the
angular momentum at the Alfven radius, and then spin up the neutron star. Therefore, the X-ray luminosity
and the spin-up rate are supposed to be well correlated. We analyzed the luminosity and period-change relation
using the data taken by continuous monitoring of MAXI/GSC and Fermi/GBM for Be/X-ray binaries, GX
304−1, A 0535+26, GRO J1008−57, KS 1947+300, and 2S 1417−624, which occurred large outbursts in the
last four years. We discuss the results comparing the obtained observed relation with that of the theoretical
model by Ghosh & Lamb (1979).

1. Introduction

X-ray binary pulsars (XBPs) are systems consisting
of magnetized neutron stars and mass-donating stel-
lar companions. Since the neutron stars are strongly
magnetized, the matter flows from the companion are
dominated by the magnetic pressure inside the Alfven
radius, and then funneled onto the magnetic poles
along the magnetic field lines. The accretion mat-
ter also transfers its angular momentum at the Alfven
radius. Therefore, the pulsar spin-up rate and the
mass accretion rate, i.e. the X-ray luminosity, are
thought to be closely correlated (e.g. Ghosh & Lamb
1979, hereafter GL79 [1]). The issue is relevant to the
fundamental parameters of the neutron stars such as
mass, radius, and magnetic field, as well as the XBP
evolution scenarios.
Be XBPs, which include Be stars extending circum-

stellar disk around the equator, are one of the ma-
jor XBP subgroups [2]. They often exhibit large out-
bursts lasting for about a few weeks to a few months
mostly at around the orbital phase of the neutron-star
periastron passage. During these outbursts, simulta-
neous spin-up episodes are often observed (e.g. [3]).
This is naturally explained by an increase in the accre-
tion rate induced by the interaction with Be-star disk,
and the associated transfer of the angular momentum
to the neutron star via disc-magnetosphare coupling.
These events give us an opportunity to study the re-
lation between the luminosity and the spin-up rate
quantitatively.
In this paper, we present the study on the rela-

tion using the long-term light curve obtained by the
MAXI/GSC all-sky survey and the period change ob-
tained from the archived results of Fermi/GBM pulsar
project. These data, taken by the continuous moni-

tor for over four years, enable us to investigate their
time variations over the entire outburst activities in
Be XBPs. We describe the observation in § 2, the
analysis procedure in § 3, and then discuss about the
obtained results in § 4.

2. Observation Data

Since the MAXI (Monitor of All-sky X-ray Image;
[4]) experiment onboard the International Space Sta-
tion started in 2009 August, the GSC (Gas Slit Cam-
era; [5]), one of the two MAXI detectors, has been
scanning almost the whole sky every 92-minute or-
bital cycle in the 2–30 keV band. To obtain the long-
term luminosity variation of Be XBPs covering the
outbursts as well as the intermission/quiescence, we
use archived GSC light-curve data in 2–20 keV band,
which are processed with a standard procedure [6] by
the MAXI team and archived at MAXI web site[7].
The GBM (Gamma-ray Burst Monitor; [8]) on-

board the Fermi Gamma-Ray Space Telescope, is an
all-sky instrument sensitive to X-rays and gamma-rays
with energies between 8 keV and 40 MeV. The Fermi
GBM pulsar project [9, 10] provides results of tim-
ing analysis of a number of positively detected X-ray
pulsars, including their pulsation periods and pulsed
fluxes via the web site [11] since the in-orbit operation
started in 2008 July. We utilized the archived pulse
period data of Be XBPs.
We selected five Be XBPs, GX 304−1, A 0535+26,

GRO J1008−57, KS 1947+300 and 2S 1417−624 from
targets listed in the MAXI/GSC and the Fermi/GBM
archive for this study, because they exhibited large
outburst activities in the last four years and their sur-
face magnetic fields are well determined by the cyclo-
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ton resonance feature in the X-ray spectrum (execpt
for 2S 1417−624). Table I summarized characteristic
parameters of these Be XBPs and figure 1 shows the
time variation of the bolometric luminosity calculated
from MAXI/GSC 2–20 keV light curve data and that
of the pulse period obtained from the Fermi/GBM
pulsar data during outbursts for each source.

3. Analysis

Observed pulse-period variations of XBPs include
two distinct effects, the intrinsic pulsar spin-period
change and the orbital Doppler effect. In Be XBPs,
both of them are supposed to correlate with the orbital
phase. Therefore, it is not straightforward to resolve
each component from the observed data. Although
the pulse period data of XBPs in the Fermi/GBM
archive are corrected for the orbital Doppler effect if
their orbital elements are determined, the orbital ele-
ments have not been known in all of the Be XBPs with
our interests. Hence, we construct a semi-empirical
model implementing both these effects and then fit it
to the data, in an attempt to simultaneously deter-
mine the intrinsic pulse period change and the orbital
elements.

3.1. Modeling of period change in XBPs

We here employ the simple theoretical model of the
pulsar spin-up by the mass accretion via disk, pro-
posed by GL79 [1]. The model has been examined
with X-ray data, and its validity and limits are well
studied (e.g. [3, 13]). In this model, the pulsar spin-up

rate −Ṗspin (s yr−1) is given by

− Ṗspin = 5.0× 10−5µ
2/7
30 n(ωs)S1(M)P 2

spinL
6/7
37 (1)

S1(M) = R
6/7
6 (M/M⊙)

−3/7I−1
45

where µ30, RNS6, MNS⊙, I45, Pspin, L37 are the mag-
netic dipole moment of the neutron star in units of
1030 G cm3, radius in 106 cm, mass in M⊙, moment
of inertia in 1045 g cm2, spin perid in s, luminosity in
1037 erg s−1, n(ωs) is a dimensionless torque that de-
pends on the fastness parameter ωs and approximately
constant at ∼ 1.4 in slow rotating pulsars satisfying

(PspinL
3/7
37 ) ≫ 1.

The equation 1 implies that the spin-up rate −Ṗspin

follows the luminosity L as −Ṗspin ∝ L6/7. The

power-law index γ in a model of −Ṗspin ∝ Lγ ob-
tained from the fit to the observed data sometimes
disagreed with the theoretical value of 6/7 and favor
the rather higher value of ∼ 1.2 [3, 13]. Besides this,
the comparison of absolute spin-up rate with equa-
tion 1 has been hampered by a large uncertainty in

the bolometric luminosity correction, which is in turn
due to beaming effects (e.g. [3, 12]). We hence employ
the spin-up model expressed by

− Ṗspin = αLγ
37 (2)

in which the power-law index γ = 6/7 and a corre-

lation factor, α = 1.7 × 10−7µ
2/7
30 P 2

spin s d−1 (= α0)
reduced from the equation 1 and typical neutron-star
parameters of R6 = 1, M = 1.4M⊙, I45 = 1, are
treated as free parameters.
XBPs are also known to spin down during the qui-

escence due to the propeller effects. The rate is much
smaller than the spin-up during the outburst bright
phases, but may not be negligible. We accounted its
effect with a constant spin-down parameter, β, added
to Ṗspin as an offset.
By combining the spin-up and spin-down models

above, the intrinsic pulsar-spin period Pspin(t) is ex-
pressed by

Pspin(t) = P0 +

∫ t

τ0

Ṗspin(τ)dτ

= P0 +

∫ t

τ0

{−αLγ
37(τ) + β} dτ (3)

where we set the time basis τ0 at the first periastron
passage in the period under analysis and define the
pulsation period at the time τ0 as P0 = Pspin(τ0) .
The model equation 3 includes four free parameters,
P0, α, β, γ and requires the luminosity data L37(t)
as a function of time. We calculated the luminosity
from data of the MAXI/GSC 2–20 keV light curve in
1-d time bin assuming the source distance, the typical
energy spectrum of a cutoff power law from the past
results, and the source emission to be isotopic.
The period modulation due to the binary orbital

motion is calculated by using the binary elements,
which consists of orbital period PB, eccentricity e, pro-
jected semi-major axis ax sin i, epoch τ0 and argument
ω0 of the periastron. The pulsar orbital velocity vl(t)
along the line of sight is

vl(t) =
2πax sin i

PB

√
1− e2

{cos (ν(t) + ω0) + e cosω0} (4)

where ν(t) is a parameter called ’true anomaly’ de-
scribing the motion on the elliptical orbit and calcu-
lated from the Kepler’s equation. The observed pulse
period, Pobs(t), is then expressed by

Pobs(t) ≃ Pspin(t)

(

1 +
vl(t)

c

)

. (5)

3.2. Period-change model fit

We applied the spin-period-change model, Pspin(t)
in equation 3, to the Fermi/GBM archived period data
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Table I Characteristic parameters of selected Be X-ray binary pulsars and the best-fit parameters (α, β) used in the
period change model.

Target name Ppulse Porbit aX sin i e B D α/α0 β Ref.

( s ) ( d ) ( lt-s ) ( 1012 G ) ( kpc ) ( 10−9 s s−1 )

GX 304−1 275 132.19 500 0.5 4.7 2.0 0.28 2.0 [15, 16]

A 0535+26 103 111.10 267 0.47 4.3 2.4 1.3 3.6 [17, 18]

GRO J1008−57 93 249.48 530 0.68 6.6 5.8 0.49 2.5 [19, 20]

KS 1947+300 18 40.42 137 0.034 1.1 10 3.2 0.69 [21, 22]

2S 1417−624 17 42.18 188 0.44 –∗ 11 (6.8)∗ 0.0:fix [23, 24]

∗: The surface magnetic field B has not been measured. It is assumed to be 2× 1012 G.

for A 0535+26, KS 1947+300, and 2S 1417−624, in
which the binary orbital effects were corrected with
the known orbital elements. About GRO J1008−57,
the orbital effects are not corrected in the archived
data, but the orbital elements have been estimated by
[19]. We thus fit the data to the period model, Pobs(t)
in equation 5, which includes the orbital effect, em-
ploying the orbital elements given in [19]. About GX
304−1, its orbital elements have not been measured.
We fit the period data with the model Pobs(t) in which
the orbital elements are floated.
As results of many model-fit attempts, we found

that the model is able to reproduce the data approx-
imately with γ ∼ 1 in all of the five targets. We thus
fix the parameter γ at 6/7, predicted by GL79 [1], in
order to concentrate on the correlation factor α, here-
after. In figure 1 bottom panels, the obtained best-fit
models with γ = 6/7 are superposed on the period
data. The best-fit parameters are shown in table I,
where the values of α are given by the ratio to that
(= α0) predicted by GL79 [1].

4. Discussion

We fitted pulse period variation of five Be XBPs
observed with Fermi/GBM to the model implement-
ing the spin-up due to the mass accretion via disk,
expressed by Ṗspin = αL6/7 based on GL79 [1] and
the luminosity estimated from the MAXI/GSC light
curve. The results show that the model successfully
reproduce the data in all of the five samples. The ob-
tained best-fit parameters imply that the correlation
factor α from the luminosity L6/7 to the spin-up rate
Ṗ largely agree with α0 predicted by GL79 [1]. The
dispersion of the ratio, α/α0 ∼ 0.3 to 3, is naturally
expected from the uncertainty in the bolometric lumi-
nosity correction due to the beaming effect.
However, the values of α/α0 seems to have some

tendency against the pulse period, the orbital period,
and the eccentricity, which are suggested to have a re-

lation with Be-XBP subgroups [14]. This will become
clearer with increasing data in the near future.
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Figure 1: For each target of GX 304−1, A 0535+26, GRO J1008−57, KS 1947+300, and 2S 1417−624, time variation
of luminosity estimated from MAXI/GSC 2–20 keV light curve data in 1-d time bin (top) and and that of pulse period
during the outbursts obtained from Fermi/GBM pulsar data (bottom) are plotted. In the top panels, solid lines
represent the luminosity data L37(t) used for the period-change model fit. In the bottom panel, solid and dash lines
represent the best-fit period model and the inclusive orbital Doppler effects which have been corrected in A 0535+26,
KS 1947+300, and 2S 1417−624.
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Since August 2009, MAXI experiment on the ISS has been performing all-sky X-ray monitoring.
With MAXI, we detected flaring activities of some blazers, including Mrk 421, Mrk 501, and 3C
273. Recently, new X-ray flaring activities were detected from two blazers, MAXI J1930+093 =
2FGL J1931.1+0938 [7] and 2MAXI J0243-582 = BZB J0244-5819 [5]. The MAXI monitoring also
covers black hole binaries, including Cyg X–1 and Cyg X–3 which emit GeV gamma-rays. Their
gamma-ray emission was found to coincide with their X-ray state transitions. We present light
curves and outstanding events of these sources.

I. MAXI

We use the observations of Monitor of All sky X-
ray Image (MAXI) [3]. MAXI was launched in 2009
July and attached to the International Space Station
(ISS). The ISS with MAXI orbits the earth in 92 min-
utes, and MAXI scans the objects in the all sky once
in an orbit. MAXI has already reported more than
one hundred transients[14]. The observed results are
immediately released through the internet, promoting
rapid follow-up observations with telescopes around
the world. MAXI has two kinds of X-ray cameras:
the Gas Slit Camera (GSC: [4]) covering the energy
band of 2–20 keV. and the Solid-state Slit Camera
(SSC: [12, 13]) covering 0.7–7 keV. We can down-
loaded one-day bin and 90 min bin archival data for
making light curves from the MAXI home page[15].
The energy spectra, images and also light curves of
both the GSC and the SSC can be processed by the
MAXI on-demand data web page[16] [6].

II. OBSERVATION OF BLAZARS FOR 5

YEARS

MAXI is monitoring 21 BL Lacs and 3 quasars. We
show the light curves for 5 years by MAXI/GSC of

Mrk 421, Mrk 501 and 3C 273 in Figure 1. We re-
ported their X-ray flares and brightenings to the As-
tronomer’s Telegram (Atel, showed as grey lines in
Figure 1).

III. NEW DETECTION OF TWO BLAZARS

A. 2FGL J1931.1+0938

At 05:31:55 UT on March 2, 2014, MAXI nova
alert system detected a new faint X–ray source which
was ∼10 mCrab in Figure 2. We named it MAXI
J1930+093 and reported to the Atel#5943 [7]. After
that, Swift/XRT observed the error region of MAXI.
Swift found an X-ray source which was the same in-
tensity as MAXI observation, and identified it to the
BL Lac object 2FGL J1931.1+0938.

B. BZB J0244–5819

At 19:24:10 UT on March 24, 2014, MAXI nova
alert system detected transient object which was 6.6
mCrab in Figure 3. It had been identified as 2MAXI
J0243–582 in the MAXI/GSC 37-Month catalog [2].
We proposed a Swift ToO observation with 4-point
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FIG. 1: MAXI/GSC light curves of blazars, Mrk 421, Mrk 501 and 3C 273. Binning is 1 day for Mrk 421 and Mrk 501
and 10 days for 3C 273. The dates in the figure are MAXI notifications to Atel.

tiling to cover the MAXI error circle with the Swift
XRT. In the Swift XRT image, we find a bright point
source at (RA, Dec)= (2h 44m 40.10s, −58d 19m
54.8s) with an estimated error of 2.3 arcseconds ra-
dius (90% c.l.). This position lies 1.54 arc-seconds
from the NED position of the BL Lac object BZB
J0244–5819. We therefore suggest that the trigger
source is an X-ray flare of BZB J0244–5819 (=MAXI
J0243–582) (ATel#6012 [5]).

IV. BLACK HOLE BINARY CYG X-1

Cygnus X-1 (Cyg X–1) is one of the most famous
high mass X-ray binaries (HMXBs), and is composed
of a black hole (BH) and a massive giant companion
star. X–ray from Cyg X–1 is highly variable,the bi-
nary period is 5.6 d, and the distance is 1.86+0.12

−0.11 kpc
[9]. The galactic BH binaries have two spectral states,
a low/hard state that is dominated by a power-law

spectrum, corresponding to the radiatively inefficient
accretion flow (RIAF), and a high/soft state that is
dominated by a thermal emission from the standard
optically thick accretion disk [1, 10].

A. Light curve

MAXI obtained a long-term light curve for more
than 5 years of Cyg X–1 [11]. Cyg X–1 had been in
the low/hard state until June 2010, and after that it
stayed in the high/soft state for about ten months [8].
Figure 4 shows light curves with one-day bin of Cyg

X–1 obtained with GSC from 15 August 2009 (55058
MJD) to 9 November 2014 (56970 MJD), in three en-
ergy bands (2–4 keV, 4–10 keV and 10–20 keV). The
two kinds of hardness ratios, I(4–10 keV)/I(2–4 keV)
and I(10–20 keV)/I(4–10 keV), are also plotted. The
state of Cyg X–1 can be recognized by the values of
the hardness ratios.
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FIG. 2: The upper panel is a trigger image of 2FGL
J1931.1+0938 by MAXI/GSC in 4–10 keV band, shown
with a red arrow. The lower panel shows the light curve
in 2–10 keV energy band. 1 bin is 10 days.

The low/hard state continued for about ten months
since the start of the MAXI observation. A transition
to the high/soft state occurred around 55378MJD and
then continued for another ten-month. After several
state transitions, it has stayed in the high/soft state
since 56107 MJD.

B. Hardness-intensity diagram

The upper panel of Figure 5 shows a hardness-
intensity diagram. The vertical axis shows count rates
in the 2–10 keV band, and the horizontal axis indi-
cates the hardness ratios of the count rates in the 4–10
keV band to those in the 2–4 keV band. The lower
panel in Figure 5 shows a histogram of the number
of data points in certain bins of the hardness ratio.
We can see clear two peaks, which correspond to the
high/soft state and the low/hard state. To separate
the period into those two states, we fit the histogram
with two gaussian functions, and determined the mean
values and standard deviations of the gaussian func-
tions. Then we defined the state of each data point, by
checking whether the hardness ratio of the data point
is in ± 3σ of the distributions. Blue and red data
points in Figure 5 are thus defined the low/hard state
and the high/soft state, respectively. Black points are

FIG. 3: The upper panel is a trigger image of BZB J0244-
5819 by MAXI/GSC in 4–10 keV band, shown with a red
arrow. The lower panel shows the light curve in 2–10 keV
energy band. 1 bin is 30 days.

between then and considered as the transition. The
determined terms of the states are summarized in Ta-
ble I.

TABLE I: The terms of spectrum states

spectrum state start MJD end MJD

hard 55058 55376

soft 55378 55673

hard 55680 55788

soft 55789 55887

hard 55912 55941

soft 55943 56068

hard 56069 56076

soft 56078 56733

hard 56735 56741

soft 56742 56757

hard 56781 56824

soft 56854 ∼
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FIG. 4: One-day bin light curves and hardness ratios of Cyg X–1 obtained with MAXI/GSC. From top to bottom panel,
light curves in the energy bands: 2–4 keV, 4–10 keV and 10–20 keV, and the hardness ratios of I(4–10 keV)/I(2–4 keV)
and I(10–20 keV)/I(4–10 keV) are shown. The black and grey regions show the terms in the low/hard state, and in the
high/soft state, respectively.

FIG. 5: Upper: the hardness-intensity diagram of Cyg X–
1. Lower: the histogram of the hardness ratio distribution.
The hardness ratio is calculated by dividing 4–10 keV band
count rate by 2–4 keV one. The blue data points are in
the low/hard state and the red ones are in the high/soft
state. We treat the black ones to be during the transition.
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We consider the X-ray properties of the redback class of eclipsing millisecond pulsars. These are transitional
systems between accreting low-mass X-ray binaries and binary millisecond pulsars orbiting white dwarfs, and
hence their companions are non-degenerate and nearly Roche-lobe filling. The X-ray luminosity seems to scale
with the fraction of the pulsar sky subtended by the companion, suggesting the shock region is not much
larger than the companion, which is supported by modeling of the orbital light curves. The typical X-ray
photon spectral index is ∼ 1 and the typical 0.3-8 keV X-ray efficiency, assuming a shock size on the order
of the companion’s Roche lobe cross-section, is on the order of 10%. We present an overview of previous
investigations, and present new observations of two redbacks, a Chandra observation of PSR J1628−3205 and
a XMM-Newton observation of PSR J2129−0429. The latter shows a clearly double peaked orbital light curve
with variation of the non-thermal flux by a factor of ∼ 11, with peaks around orbital phases 0.6 and 0.9. We
suggest the magnetic field of the companion plays a significant role in the X-ray emission from intrabinary
shocks in redbacks.

1. The Redback Population

Millisecond pulsars are thought to be formed in bi-
nary systems where an old neutron star is spun-up
via long term accretion from an evolved companion.
In recent years, the MSP recycling scenario has been
dramatically confirmed through observations of so-
called “redback” millisecond pulsar systems [Roberts
2011] which have non-degenerate companions and in
some cases transition between states with no visible
radio pulsations but with optical and X-ray evidence
of an accretion disk, and a state where radio pulsa-
tions are observed that regularly eclipse near supe-
rior conjunction. The first of these transition objects,
PSR J1023+0038, showed optical evidence for an ac-
cretion disk in 2001 which had disappeared by 2004
[Thorstensen & Armstrong 2005] . In 2007, radio pul-
sations were discovered [Archibald et al. 2009], and in
2013 the MSP returned to an accreting state [Stappers
et al. 2014].

Millisecond pulsars in compact binary systems have
the potential of providing unique insights into pulsar
winds. The companion forces a shock to occur at a
distance ds only ∼ 104 times the light cylinder radius
of the pulsar Rlc = Psc/2π (where Ps is the spin pe-
riod, and c the speed of light), as compared to the
more typical ds ∼ 108 − 109Rlc of the termination
shock of pulsar wind nebulae around young, isolated
pulsars. This means that the shock probes the wind
in a region which might be significant in determining
how the magnetization parameter σ, the ratio of mag-
netic energy to kinetic energy, goes from a presumably

high value at the light cylinder to an apparently low
value at the termination shock in typical pulsar wind
nebulae [cf. Kennel & Coroniti 1984]. The basic shock
emission theory for such intrabinary shocks has gener-
ally followed the outline of Arons & Tavani [1993] first
developed for the original black widow system. In this
model, the pulsar wind shocks with material ablated
from the companion’s surface, which is presumably
swept back around the companion and ejected from
the system. In these models, it is generally assumed
that the only significant source of magnetic field is the
magnetization of the wind, and that the X-ray emis-
sion is synchrotron which can be somewhat beamed
either through a partially ordered magnetic field or
doppler boosting.

A Chandra observation of PSR J1023+0038 in its
radio pulsar state revealed significant orbital variabil-
ity over five consecutive orbits [Bogdanov et al. 2011],
with a pronounced dip in the X-ray flux at supe-
rior conjunction, when the companion is between the
pulsar and observer and the intrabinary shock pro-
duced through the interaction of stellar outflows is
obscured. The X-ray spectrum consists of a domi-
nant non-thermal component from the shock and at
least one thermal component, likely originating from
heated pulsar polar caps. The eclipse depth and du-
ration imply that the shock is localized near or at
the companion surface. However, the companion only
subtends ∼ 1% of the pulsar’s sky, so that if the wind
is isotropic, only ∼ 1% of the pulsar’s wind is inter-
cepted by the companion, and only ∼ 7% would be
intercepted if the wind is confined to an equatorial
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sheet. Bogdanov et al. [2011] inferred a high σ from
the estimated magnetic field of ∼ 40G required to ac-
count for the soft X-ray luminosity.

An observation with NuSTAR of PSR J1023+0038
just before it returned to the accreting state [Ten-
dulkar et al. 2014] showed that the spectrum of the
intrabinary shock is a very hard power law (photon in-
dex Γ = 1.17) with no apparent cutoff out to ∼ 50keV,
for a remarkable X-ray efficiency of ∼ 2% of the total
spin down power, or around all of the nominal spin
down power in the wind that would be intercepted by
the companion. Such a hard spectrum is not easily
obtained from a pulsar wind nebula shock, and such
efficiency is unprecedented. This might be an indi-
cation of a significant equatorial enhancement in the
wind or a significantly higher moment of inertia than
the canonical 1045gm cm2, but it is still a remarkably
high efficiency under any circumstances.

Systematic studies of X-ray emission from redbacks
show some commonalities. Linares [2014] examined
the Swift XRT data on redbacks and noted that, while
in the pulsar state, their 0.5-10 keV luminosities tend
to be in the range of Lx ∼ 1032erg s−1 divided into
relatively high luminosity (LX

>∼ 1032ergs s−1) and
relatively low (LX

<∼ 1032ergs s−1). Studies of indi-
vidual systems show that, on average, there is orbital
modulation with an overall increase of about a factor
of 2 centered around inferior conjunction, often with
a hint of a double peaked structure [Bogdanov et al.
2014,?, Gentile et al. 2014, Kong et al. 2012]. How-
ever, in most cases the overall count rate is too low to
clearly distinguish fine structure to the orbital light
curve. Black widows, on the other hand, show a much
greater variety in their orbital light curves, with some,
like the original black widow PSR B1957+20 [Huang
et al. 2012], having peaks centered around superior
conjunction and others around inferior conjunction
[Gentile et al. 2014]. On average, the redbacks are
more luminous than the black widows in X-rays.

The light curve modeling of Bogdanov et al. [2011]
suggests that the X-ray emission happens very close
to the surface of the companion, which suggests that
little of the wind that is not directly intercepted by
the companion takes part in the X-ray emitting shock.
The fraction of the pulsar’s sky subtended by the com-
panion, Ωc, can be calculated from knowledge of the
relative masses (requiring knowledge of the orbital in-
clination angle), the fraction of the Roche lobe the
companion fills, and the orbital separation. The in-
clination angle and Roche lobe filling fraction can be
estimated from optical photometric light curves (eg.
[Breton et al. 2013]), and when combined with opti-
cal radial velocity measurements and the pulsar orbit
solution can be used to estimate the masses of the in-
dividual components. In the table, we calculate Ωc

from our “best guess” estimates of neutron star mass,
Roche lobe filling factor, and inclination angle using
optical fits where available. On average, we estimate
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Figure 1: Comparison of the X-Ray luminosity from the
redback population to that of the black widow
population. We define the shock luminosity as ĖΩc

where Ωc is the fraction of the pulsar sky subtended by
the companion. We also plot the expected blackbody
luminosity for each pulsar, assuming the relationship of
Bognar et al. [2015] Lbb = 1021.28Ė0.25

Table I Redbacks

Pulsar log Ėa db Γ logLc
X Ωd

c refs

J1023+0038 34.7 1.3 1.00+0.05
−0.08 32.0 1.3% (1)

J1227−4859 35.0 1.4 1.16+0.07
−0.08 31.9 1.6% (2)

J1628−3205 34.2 1.2 1.2+0.8
−0.7 31.3 1.1%

J1723−2837 34.7 0.75 1.12+0.02
−0.02 32.1 2.0% (3)

J1816+4510 34.7 4.5 – 31.0 0.28% (4) (5)

J2129−0429 34.6 0.9 1.04+0.11
−0.12 31.3 1.2%

J2215+5135 34.7 3.0 1.2+0.4
−0.3 31.9 1.4% (6)

J2339−0533 34.4 0.4 1.09+0.40
−0.13 30.6 1.6% (7) (8)

a. erg/s b. kpc, from dispersion measure except for
J1023+0038 from parallax [Deller et al. 2012] and J1816+4510
from optical Kaplan et al. [2013] c. erg/s 0.3-8 keV d.
estimated percentage of pulsar sky subtended by companion,
(1) Bogdanov et al. [2011] (2) Bogdanov et al. [2014] (3)
Bogdanov et al. [2014] (4) Stovall et al. [2014] (5) Kaplan et
al. [2013] (6) [Gentile et al. 2014] (7) Romani & Shaw [2011]
(8) Ray et al. [2014]

Ωc ∼ 1.3% for redbacks and Ωc ∼ 0.3% for black wid-
ows, accounting for much of the relative brightness
of the shock emission of redbacks compared to black
widows.

We define a “shock luminosity” as ĖΩc and plot
that vs. the observed 0.3-8 keV X-ray luminosity
of redbacks and black widows (Fig.1). We also plot
the “expected” 0.3-8 keV blackbody emission from
each pulsar based on a correlation determined from
MSPs with good parallax measurements logLbb =
(0.25±0.16) log Ė+(21.28±5.36) [Bognar et al. 2015].
We see that the shock luminosity and X-ray luminos-
ity are correlated, with a typical soft X-ray efficiency
relative to the shock luminosity of ∼ 12%, albeit with
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large scatter. We make no estimate of errors in the
shock luminosity, being as they are dominated by the
very uncertain distances in most cases and a lack of
strong constraints from the optical data on inclination
and the masses from the optical data in many cases.
The redback with the smallest estimated Ωc and hence
has one of the lowest luminosities is PSR J1816+4510.
Optical studies of its companion suggest that it may
be a proto-white dwarf which is significantly under-
filling its Roche lobe [Kaplan et al. 2013].

Spectrally, the X-ray emission tends to have a con-
stant thermal component, presumably from heated
polar caps and consistent with the typical thermal
emission from MSPs, and an orbitally variable power-
law component. The fit power-law tends to be very
hard with photon spectral index Γ ∼ 1, harder than
the typical spectra of pulsar wind nebulae around iso-
lated young pulsars which have Γ ∼ 1.5 in their inner,
uncooled regions [Kargaltsev & Pavlov 2010]. Below
we report on new X-ray observations of two redbacks
discovered by the Green Bank Telescope.

2. PSR J1628−3205

Discovered in a survey of Fermi sources with the
GBT at 820 MHz (Sanpa-Arsa et al. in prep), PSR
J1628−3205 is a 3.21 ms pulsar in a 5.0 hr or-
bit around a companion with minimum mass Mc >
0.16M�(assuming Mns = 1.4M�) (Hessels et al. in
prep). The pulsar is eclipsed for about 20% of the
orbit. It is modestly energetic with a standard spin-
down energy of Ė = 1.8 × 1034 ergs and an esti-
mated distance from the pulse dispersion measure
d ∼ 1.2 kpc. Optical observations suggest it is Roche
lobe filling with minimal heating of the companion [Li
et al. 2014].

We observed PSR J1628−3205 for 20 ks (slightly
more than one orbit) on 05 May 2012 with the
Chandra ACIS-S and detected ∼ 180 counts. The
counts as a function of orbital phase and energy, plot-
ted in Figure 2, suggest that there may be a dip
in the above 2 keV flux near superior conjunction.
The spectrum seems to have a significant power law
component, with a purely blackbody spectrum not
giving an acceptable fit. Using the CSTAT statis-
tic of XSPEC (appropriate given the low number of
counts per bin) suggests a pure power law fit pro-
vides a somewhat reasonable fit (C-Statistic 24.97
with 22 degrees of freedom), with best fit absorption
nH = 1.3(0.2− 2.5)× 1021cm−2 and power-law index
Γ = 1.60(1.23 − 2.00). Using the KS test statistic to
determine goodness of fit results in 20% of realizations
having a lower test statistic, suggesting improvements
can be made. Since most MSPs have a significant
thermal component to their X-ray emission, we next
tried an absorbed blackbody plus power-law fit. This
resulted in a C-statistic of 21.08 with 20 degrees of

Figure 2: 20 ks Chandra ACIS-S observation of PSR
J1628−3205. Top: Individual photon energies and
average count rates as a function of orbital phase. The
pulsar superior conjunction is defined as phase 1.25. The
dashed lines show roughly the phase range of the radio
eclipse. Bottom: 0.3-8keV spectrum showing absorbed
power-law, blackbody, and blackbody+ power-law fits.

freedom, with less than 1% of KS realizations hav-
ing a smaller test statistic. The best fit values were
nH = 2.2 × 1021cm−2, kT = 0.20 keV and Γ = 1.14.
The covariance between the blackbody temperature
and the power-law index made it difficult to derive
reasonable error bars if all parameters were allowed to
vary freely, but by constraining the blackbody temper-
ature to vary only between kT = 0.1−0.25 keV, within
which range are the vast majority of MSPs, we find
90% confidence regions of nH = (0.3−8.4)×1021cm−2

and Γ = (0.5 − 2.0). The 0.3-8 keV model flux is
Fx = 8.8×10−14erg cm−2 s−1 with an unabsorbed flux
of Fx = 1.2×10−13erg cm−2 s−1, with roughly 70% in
the power law and 30% in the blackbody. The fit nH
is consistent with the Drimmel et al. [2003] Galactic
extinction model for a distance of 1.2 kpc.
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Figure 3: XMM −Newton 0.1-10 keV light curve of
PSR J2129−0429 as a function of orbital phase. The
pulsar superior conjunction is indicated by vertical blue
lines.

3. PSR J2129−0429

Discovered in a survey of Fermi sources using
the GBT at 350 MHz [Hessels et al. 2011], PSR
J2129−0429 is a 7.61 ms pulsar in a 15.2 hr orbit
around a Mc > 0.37M�companion which shows ex-
tensive radio eclipses, as much as half the orbit at low
frequencies (Hessels et al. in prep). The pulsar has a
very high magnetic field for a MSP (B ∼ 1.6×109 G),

and so still has a high spin down energy Ė ∼ 3.9×1034

despite its relatively long spin period. The dispersion
measure distance is d ∼ 0.9 kpc. A variable, bright
UV counterpart was evident in the Swift UVOT, as
was significant X-ray variability from the Swift XRT
data. Further optical observations suggest the com-
panion is minimally heated and mostly Roche lobe
filling and radial velocity measurements suggest a
pulsar mass Mns > 1.7M�and a companion mass
Mc ∼ 0.5M�[Bellm et al. 2013]. These system prop-
erties suggest that PSRJ2129−0429 is in a relatively
early stage in its evolution compared to other redbacks
which are more fully spun-up and have typical mag-
netic fields of a few 108 G. Very large orbital variations
are observed through radio timing, and pulsations are
dominant in the γ-ray emission.

We observed PSR J2129−0429 for 70 ks with
XMM − Newton. There were no background flares
during the observation, meaning we got continuous
coverage over slightly more than a complete orbit.
The X-ray light curve has very large amplitude vari-
ations, with two clear peaks centered on the pulsar’s
inferior conjunction (Fig.3). We first fit the spectrum
with an absorbed blackbody plus power-law, which
gave an adequate fit. The flux is dominated by the
power-law component, with an average 0.3-8 keV flux
Fx = 2.25 ± 0.05erg cm−2 s−1. There is very little
absorption (nH = 1.8(0 − 4.6) × 1020cm−2) and the
thermal component (kT = 0.21(0.16−0.26) keV) has a
0.3-8 keV flux Fbb ∼ 1.2×10−14erg cm−2 s−1, or about
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Figure 4: Unfolded XMM −Newton PN spectrum of
PSR J2129−0429 at two orbital phases, keeping the
blackbody component fixed.

1/4 of the flux near superior conjunction. The power-
law component is very hard (Γ = 1.04(0.92 − 1.15)),
similar to other redbacks. Presuming a constant ther-
mal component throughout the orbit, the difference
in the non-thermal flux between the peak at orbital
phases 0.575-0.65 and the minimum at phases 0.2-0.3
is about a factor of 11 (Fig. 4). There is no evidence
of significantly increased absorption. Complete spec-
tral results will be presented in an upcoming paper
(Roberts et al. in prep).

This very remarkable variability suggests that a
large fraction of the shock region is blocked by the
companion around superior conjunction, suggesting a
quite small emission region and a large inclination
angle. The two distinct peaks may be a result of
doppler boosting and/or relativistic beaming of the
synchrotron radiation. The latter would require a
strong, well ordered magnetic field. The orbital phases
of the peaks, ∼ 0.6 and ∼ 0.9, are quite curious. If
the shock was wrapped around the companion, then
you would expect there to be peaks between phases
0.0-0.5. The qualities may suggest a significant role
for the magnetic field of the companion. If the com-
panion is tidally locked, like one would expect, then
the orbital period of 15.2 hr is the spin period of the
companion, which is very rapid. Low mass, rapidly
spinning stars can have surface magnetic fields of sev-
eral hundred to a few thousand Gauss [Morin 2012].
Such potentially large companion fields should not be
ignored when investigating the shock emission from
redbacks.

In summary, X-ray emission from the intrabinary
shock in redbacks is orbitally dependent, with the in-
creased emission centered on inferior conjunction with
potentially a fairly ubiquitous double peaked struc-
ture. The emission seems to come from a region that
is not much larger than the companion, is very hard
and very efficient, which needs explanation. The pre-
viously ignored potential role of the companion’s mag-
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netic field in the shock dynamics needs to be consid-
ered.
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X-ray Emission from Middle-Aged Gamma-Ray Pulsars
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Institute of Particle and Nuclear Studies, KEK, Tsukuba, Ibaraki, 305-0801 Japan

S. J. Tanaka
Institute for Cosmic Ray Research, University of Tokyo, Kashiwa, Chiba, 277-8582 Japan

Electrons/positrons produced in a pulsar magnetosphere emit synchrotron radiation, which is
widely believed as the origin of the non-thermal X-ray emission detected from pulsars. Particles
are produced by curvature photons emitted from accelerated particles in the magnetosphere. These
curvature photons are detected as pulsed γ-ray emissions from pulsars with age <

∼
106 yr. Using

γ-ray observations and analytical model, we impose severe constraints on the synchrotron radiation
as a mechanism of the non-thermal X-ray emission. In most middle-aged pulsars (∼ 105 − 106

yr) which photon-photon pair production is less efficient in their magnetosphere, we find that the
synchrotron radiation model is difficult to explain the observed non-thermal X-ray emission.

I. INTRODUCTION

Pulsed non-thermal X-ray emissions are detected
from rotation-powered pulsars. Synchrotron radia-
tion is widely believed as the emission mechanism [20].
Electrons and/or positrons produced in the magneto-
sphere initially have non-zero value of the pitch angle,
so that they emit the synchrotron radiation. Thus, the
non-thermal X-ray emission is important to clarify the
particle production in the pulsar magnetosphere.
Observed non-thermal X-ray luminosity Lnth is typ-

ically ∼ 10−3−10−5 times smaller than the spin-down
luminosity [e.g., 8]. Non-thermal emission is detected
at νobs >∼ 1 keV. At soft X-ray band (<∼ 1 keV), ther-
mal component significantly contributes to the total
luminosity. The origin of this thermal luminosity is
considered as the bombardment of particles moving
to the polar cap surface [e.g., 6]. The luminosity
ratio between the non-thermal and the thermal com-
ponents is typically ξ ≡ Lnth/Lth ∼ 10−1 − 10 [e.g.,
12].
In the magnetosphere of older pulsars, the pair pro-

duction through the photon-photon collision is less
effective. As a pulsar gets old, the spin period P
increases as well as the radius of the light cylinder
Rlc = Pc/2π increases, where c is the speed of light.
For the pulsars with age >

∼ 105 yr, the luminosity of
the whole surface thermal emission significantly de-
creases [e.g., 23]. Then, the number density of the
X-ray photons at the outer magnetosphere of pulsars
with >

∼ 105 yr is too small to produce the significant
number of pairs through photon-photon collision [e.g.,
7, 19].
Magnetic pair production is considered as one of the

main pair-production process in the magnetosphere
[e.g., 18]. Some authors [e.g., 2, 4, 25] propose
that the synchrotron radiation from pairs produced
through the magnetic pair-production explains the
non-thermal X-ray emission from pulsars including
middle-aged one. These pairs are produced from cur-
vature photons emitted by accelerated particles with

inward direction.

Recently, Kisaka & Tanaka [10] argue that the
synchrotron radiation model with ingoing accelerated
particles and magnetic pair production does not ex-
plain the observed non-thermal emission for pulsars
with >

∼ 106 yr (Figure 4 in [10]). Middle-aged pulsars

locate the allowed region on P − Ṗ diagram in their
results.

In the analysis of Kisaka & Tanaka [10], one of the
most important parameter is the Lorentz factor of the
accelerated particles. Since there is no observational
constraint on the Lorentz factor in old pulsars, Kisaka
& Tanaka [10] adopt the maximum value (equation
2 in [10]). This value is much larger than the real-
istic one, which is determined by the force balance
between the electric field acceleration and the radi-
ation reaction force [e.g., 3]. In the model of [10],
smaller Lorentz factor of acceleration particles always
more stringent limits on synchrotron radiation model
for the non-thermal X-ray emission.

Fermi detects the pulsed γ-ray emission from more
than 100 pulsars including middle-aged ones [1]. The
cutoff energies of detected pulsars are typically ∼ 1
GeV. Observed γ-ray emission is considered as the
curvature radiation from accelerated particles. Then,
we can evaluate the Lorentz factor of the accelerated
particles from the characteristic energy of the curva-
ture radiation. Therefore, γ-ray observations could
impose more realistic and stringent constraints on the
synchrotron radiation model.

In this proceeding, we give the constraints on the
synchrotron radiation as the mechanism of the non-
thermal X-ray emission from middle-aged gamma-ray
pulsars. In particular, we impose the upper limit on
the Lorentz factor of accelerated particles from γ-ray
observations. In Sec. 2, we introduce some assump-
tions and two constraints for the location of the X-ray
emission region. Results and discussion are presented
in Sec. 3.
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II. CONSTRAINTS

We investigate the case that produced particles
in the magnetosphere emit synchrotron radiation in
X-ray band. We only focus on the magnetic pair-
production as the production mechanism of syn-
chrotron emitting particles. The magnetic pair-
production is efficient within<

∼ 3−5RNS for GeV γ-ray
photons, where RNS is the radius of the neutron star.
Since no attenuation feature due to the magnetic pair-
production is detected in the observed γ-ray spectra
[1] in γ-ray pulsars, the particle acceleration occurs at
the relatively outer magnetosphere (>∼ 10RNS) consid-
ered by such as outer gap model [e.g., 3]. Therefore,
we only consider that the accelerated particles move
to the direction of the neutron star. For the structure
of the magnetic field, we assume dipole field.
In our definitions, ”primary particles” means the

electrons and positrons that are accelerated and emit
curvature photons that can convert pairs. ”Secondary
particles” means those produced outside the accelera-
tion region of primary particles rpri, including the sec-
ond and higher generation particles. The production
and emission locations of second and higher genera-
tion particles rsec are almost the same, and then we
do not separately treat second and higher generation
particles.
The difference from previous model [10] is that an

observed characteristic energy of the γ-ray emission
Ecur imposes a constraint on the Lorentz factor of the
primary particles γp. The observed γ-ray emission at
∼ 1 GeV is considered as the curvature radiation from
the primary particles [e.g., 3, 5]. The characteristic
energy of curvature radiation is described by

Ecur = 0.29
3

4π

hγ3
pc

Rcur(rpri)
, (1)

where h is Planck constant. From the assumption of
the dipole magnetic field, we use the approximation
Rcur(rpri) ∼ (rpriRlc)

1/2 as a curvature radius of a
field line. Hereafter, we use Qx ≡ Q/10x in cgs units,
except for a frequency hνkeV ≡ hν/1keV and an en-
ergy Ecut,GeV ≡ Ecur/1 GeV.
Note that observed γ-ray photons are emitted from

outgoing particles. The Lorentz factor of the outgo-
ing particles tends to be larger than that of ingoing
one as following reason. Because the magnetic field
and ambient photon density is larger for smaller ra-
dial distance from a neutron star, the location of the
particle production is near the inner boundary of the
particle acceleration region [e.g., 7, 21, 22]. Then,
the outgoing particles obtain larger energy due to the
electric field acceleration [20]. Therefore, we consider
that the Lorentz factor estimated from equation (1) is
the upper limit on the ingoing accelerated particles.
The observed frequency of non-thermal component

νobs,keV >
∼ 1 keV and the luminosity ratio ξ ∼ 0.1−10

impose the lower and upper limits on the emission lo-
cation of synchrotron radiation [10]. Following Kisaka
& Tanaka [10] we consider two conditions, the char-
acteristic frequency (Sec. II A) and the luminosity of
synchrotron radiation (Sec. II B).

A. Characteristic frequency

To emit the synchrotron radiation, particle momen-
tum perpendicular to the magnetic field has to satisfy
the condition γ sinα ∼ γα > 1, where γ is the particle
Lorentz factor and α ≤ 1 is the pitch angle which is
typically much smaller than 1. This condition gives a
lower limit on the frequency of the synchrotron radi-
ation,

νobs >∼
eB(rsec)

2πmecα
, (2)

where e and me are the charge and the mass of a
electron. Using the assumption of a dipole magnetic
field, the strength of the magnetic field is B(rsec) ∼

Bs(rsec/RNS)
−3, where Bs is the magnetic field at the

surface. Then, the condition (2) gives the lower limit
for the emission location [e.g., 13, 16],

rct,6 ∼ 2.9α−1/3ν
−1/3
obs,keVB

1/3
s,12. (3)

B. Non-thermal luminosity

Observed luminosity of the non-thermal component
Lnth imposes the limit on the emission location. The
luminosity of the synchrotron radiation is described
as PsynNs, where Psyn is the power of the synchrotron
radiation emitted by a single electron and Ns is the
number of the secondary particles. In our model, sec-
ondary particles are produced by the curvature pho-
tons of the primary particles. Then, the number of
the secondary particles are described by Ns ∼ NγτNp,
where Nγ is the effective number of curvature photons
emitted by a single primary electron, τ is the optical
depth for the pair production and Np is the number of
the primary particles. Considering the higher gener-
ation pairs, the number of produced particles is max-
imally increased by a factor of γs,pair(rpri)/γs,lt(rsec),
where γs,pair is the Lorentz factor of the particle pro-
duced by a curvature photon and γlt is the lower
threshold value of the Lorentz factor for the magnetic
pair production. Therefore, the required condition to
explain the observed luminosity is described by

Psyn(rsec)Nγ(rpri, rsec)τNp(rsec)

×
γs,pair(rpri)

γs,lt(rsec)
> Lnth. (4)

We evaluate the number of the secondary particles
Ns ∼ NγτNp. The effective number of the curvature
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photons Nγ(rpri, rsec) is

Nγ(rpri, rsec) ∼ Ṅγ(rpri)tad(rsec)

∼
Pcur(rpri)

Ecur

tad(rsec), (5)

where Pcur(rpri) is the power of curvature radiation by
a single electron,

Pcur(rpri) =
2e2c

3R2
cur(rpri)

γ4
p. (6)

The Lorentz factor of the primary particle γp is ob-
tained by the observed energy Ecur (equation 1). In
the derivation of equation (5), we assume that the pri-
mary particles continuously emit the curvature radia-
tion during the advection timescale of the secondary
particles,

tad(rsec) ∼
rsec
c

. (7)

For the optical depth of magnetic pair production, we
use

τ ∼ 1 (8)

as long as the curvature photon energy exceeds
the pair-production threshold for the magnetic pair-
production [17]

Ecur

2mec2
B⊥(rsec)

Bq

>
1

15
, (9)

where Bq = m2
ec

3/eh̄ ∼ 4.4 × 1013G and B⊥(rsec) ∼
B(rsec)α. In our model, we consider the ingoing pri-
mary particles as the origin of pair cascade process.
The kinetic energy flux of them Ṅpγpmec

2 is con-
strained by the observed thermal luminosity Lth,

Ṅp =
Lth

γpmec2
. (10)

The number of the primary particles is described by

Np ∼ Ṅptcool, (11)

because the cooling timescale of the secondary particle
tcool is always shorter than the advection timescale
at the region where magnetic pair production occurs.
This cooling timescale is described by

tcool(rsec) ∼
γs,syn(rsec)αmec

2

Psyn(rsec)
, (12)

where the Lorentz factor of the secondary particles
γs,syn is determined by the observed frequency,

νobs = 0.29
3

4π
γ2
s,syn(rsec)

eB(rsec)α

mec
. (13)

The Lorentz factor γs,pair(rpri) of secondary particles
is

γs,pair(rpri) =
Ecur

2mec2
. (14)

From equation (9), we take the threshold th eLorentz
factor as

γs,lt(rsec) =
1

15

Bq

B⊥(rsec)
. (15)

The relation between two point rpri and rsec is geo-
metrically given by (Appendix in [10])

rpri,6 ∼ 27r
2/3
sec,6R

1/3
open,lcP

1/3
0 , (16)

where Ropen,lc ≡ Ropen/Rlc and Ropen(≥ Rlc) is the
maximum distance from the centre of the neutron star
to the top of the magnetic loop on a given field line .
Using equations (4), (5), (8), (11), (14) and (15),

we obtain the upper limit on the emission location,

rLBsyn,6 ∼ 2.5× 10−3α4/5ξ
−6/5
−1 ν

3/5
obs,keV

×R
−1/5
open,lcE

6/5
cut,GeVP

−4/5
0 B

3/5
s,12. (17)

III. RESULTS AND DISCUSSION

To explain the observed non-thermal X-ray emis-
sion, the emission location rsec has to satisfy the con-
dition,

rct < rsec < rLBsyn. (18)

Using the condition rct < rLBsyn, we obtain the death

lines for the synchrotron radiation on the P–Ṗ plane
as

Ṗ > 0.66α−16ξ9−1ν
−7
obs,keV

×R
3/2
open,lcE

−9
cur,GeVP

5
0 s s−1, (19)

where we use Bs,12 ∼ 6.4P
1/2
0 Ṗ

1/2
−14.

We show the results (equation 19) in figure 1. Large
symbols (squares and crosses) show the γ-ray pulsars
from Fermi 2nd pulsar catalog [1]. Red squares de-
note pulsars whose non-thermal X-ray emission is de-
tected. This figure show that even if the luminosity
ratio ξ = 0.1 and pitch angle α = 1, the character-
istic energy of the curvature radiation Ecur

>
∼ 5 GeV

is required to explain the observed non-thermal X-ray
emission in our model. However, observed character-
istic energy for most γ-ray pulsars typically Ecur

<
∼ 5

GeV [1]. Therefore, the proposed model of the syn-
chrotron emission [e.g., 2, 4, 25] is difficult to explain
the observed non-thermal component.
We briefly discuss other models. In the synchrotron

models with the photon-photon pair-production, the
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FIG. 1: Synchrotron radiation death lines on the P − Ṗ

diagram. Thick lines are obtained from inequality (19)
for the characteristic energy of the curvature radiation
Ecur = 3 GeV (solid line), 10 GeV (dashed line) and 30
GeV (dotted line). For other parameters, we set α = 1,
ξ = 0.1, Ropen = Rlc and hνobs = 1 keV. Thin solid line
denote the characteristic age 105 yr. Large points denote
the gamma-ray pulsars with non-thermal X-ray detected
(red squares) and non-detected (black crosses) from 2nd
Fermi Pulsar Catalog [1]. Small dots denote other pulsars
taken from ATNF Pulsar Catalog [11]. The characteris-
tic energies of the curvature radiation are <

∼
5 GeV for

middle-aged gamma-ray pulsars, so that the model does
not explain their non-thermal X-ray emissions.

number density of seed photons is too small to pro-
duce the number of pairs [10]. The model of the
synchrotron radiation with outgoing primary particles
and magnetic pair-production may be possible to ex-
plain the observed non-thermal X-ray emission (Fig-
ure 1 in [10]). In this case, γ-ray photons have to be
produced near the surface as the same as polar cap
model [5]. However, the observed γ-ray pulse profile
and spectral cutoff shape favor that γ-ray emission re-
gion is far from NS [e.g., 1, 15]. A possible idea to
resolve this inconsistency is that more than two par-
ticle acceleration regions exist in the magnetosphere
[e.g., 14, 24]. This model should be constrained by
geometrical analysis using observed pulse profiles at
both γ-ray and X-ray [e.g., 9]. Due to poor pho-
ton statistics, pulse profiles of non-thermal component
have been detected for only small number of middle-
aged pulsars. If pulse profiles will be detected for large
samples in future observations such as NuSTAR and
ASTRO-H, we can impose more significant constraint
on the particle production in the magnetosphere.
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2FHL: The second Catalog of hard Fermi-LAT sources
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The Fermi Large Area Telescope (LAT) has been routinely gathering science data since August 2008, surveying
the full sky every three hours. The first Fermi-LAT catalog of sources detected above 10 GeV (1FHL) relied on
three years of data to characterize the >10 GeV sky. The improved acceptance and point-spread function of the
new Pass 8 event reconstruction and classification together with six years of observations now available allow
the detection and characterization of sources directly above 50 GeV. This closes the gap between ground-based
Cherenkov telescopes, which have excellent sensitivity but small fields of view and short duty cycles, and all-sky
observations at GeV energies from orbit. In this contribution we present the second catalog of hard Fermi-LAT
sources detected at >50GeV.

1. Introduction

The Large Area Telescope (LAT) on board the
Fermi satellite has been efficiently surveying the GeV
sky detecting over 3000 sources in just four years of
exposure (see the 3FGL catalog, [1]). These sources
are detected in the 0.1–300GeV band and given
Fermi’s peak sensitivity at ∼1GeV are representative
of the GeV sky. On the other hand, Cherenkov tele-
scopes, with their good angular resolution and excel-
lent point-source sensitivity have been exploring, due
to their limited field of views, small patches of the
> 50GeV sky1. In the effort to fill the gap, the LAT-
collaboration released a catalog of sources detected,
in 3 years, at > 10GeV (so called 1FHL catalog, [2]).
Recently a new event reconstruction and character-

ization analysis (known as Pass 8, [3]) has been de-
veloped by the Fermi-LAT collaboration. Pass 8 sig-
nificantly improves the background rejection, point-
spread function (PSF), effective area of the LAT and
helps understanding its systematic uncertainties. All
these impressive improvements lead to a significant in-
crease of the LAT sensitivity (Atwood et al., 2013a,b).
Furthermore, these improvements are specially signif-
icant at E > 50 GeV with an increase in the accep-
tance of >

∼
25% and an improvement in the PSF by a

factor between 20% at 50GeV and 50% at 500GeV.
At these high energies, because of the almost lack of
background, the sensitivity of Fermi-LAT improves
almost linearly with time as it should in a photon-
limited regime (as opposed to a background-limited
regime where the sensitivity improves with the square
root of exposure time).

1VERITAS, H.E.S.S and MAGIC have successfully lowered,
in recent years, their low energy threshold and have started
exploring the sub-100GeV band.

Taking advantage of the improvements delivered by
Pass 8, we are preparing an all-sky catalog of sources
detected at E > 50 GeV in ∼6 years of data. These
sources will constitute the second catalog of hard
Fermi-LAT sources (2FHL). This proceeding shows
that the 2FHL catalog provides a view of the high-
energy sky that is complementary to that of the 3FGL
catalog and has the potential to allow for unprece-
dented broad band studies of the SED of old and
newly discovered sources and to increase the efficiency
of the searches of current Cherenkov telescopes.

2. The 2FHL Catalog

In about 6 years of exposure, Fermi-LAT has de-
tected approximately 55000 photons (belonging to the
P8 source class) all-sky at >50GeV. The preliminary
all-sky map in Fig. 1 shows that Fermi-LAT observes
large scale diffuse emission in the direction of our
Galaxy and coincident with the so-called Fermi bub-
bles [4, 5] as well as many point-like sources.
The analysis to detect sources is performed simi-

larly to the other Fermi-LAT catalogs. The first step
comprises the detection of source candidates (so called
seeds) as fluctuations above the background. The sky
is then divided into region of interests (ROIs), for
which a sky model is built including all point sources
in the ROI and also the Galactic and isotropic dif-
fuse models [6]. This model is fitted to the data via
a standard maximum-likelihood unbinned algorithm.
The fit is typically repeated twice and in between the
two fits the source position is optimized using stan-
dard Fermi tools2.

2In this case gtfindsrc was used, see
http://fermi.gsfc.nasa.gov/ssc/data/analysis/software.
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Figure 1: Adaptively smoothed count map, in Galactic coordinates, at >50GeV.

Once a best fit has been found for a given ROI, the
spectra of all sources are generated in three logarith-
mic energy bins from 50GeV to 2TeV.
The 2FHL catalog comprises (preliminarily) ∼350

sources detected and characterized exclusively at
>50GeV. For comparison, ∼145 are the known Very
High-energy (VHE) sources reported in the TeVCat3.
The 2FHL thus represents a leap forward for the study
and characterization of the VHE sky. It is interesting
to note that 2FHL sources are selected on the basis of
their average flux and thus the 2FHL catalog may be
considered an unbiased census of the VHE sky. A pre-
liminary association shows that ∼70 2FHL sources are
detected in TeVCat as well and that the 2FHL com-
prises ∼100 sources that were not detected in either
the 1FHL or TeVCat.
Of all sources detected in the 2FHL, blazars (or

blazar-like objects) represent ∼75%, while unassoci-
ated sources and Galactic sources make up the rest.

2.1. Angular and Position Resolution

Pass 8 improves the PSF of the LAT at all energies.
Above 50GeV the PSF has a 68% containment radius
of∼0.1◦ and remains constant with energy. Such PSF,
not dissimilar from the one of Cherenkov telescopes,
allows Fermi-LAT to localize sources with an average
precision of 4′ at 95% confidence. Fig. 2 shows that
Fermi-LAT can easily separate nearby sources like it
is the case for NGC 1275 and IC 310. However, such
resolution is most useful in the plane of the Galaxy,

3http://tevcat.uchicago.edu
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Figure 2: Adaptively smoothed count map of the region
around NGC 1275 and IC 310 separated by roughly
0.6 deg.

where it helps to solve crowded regions and resolve
extended sources.

2.2. Spectra

The 2FHL catalog will report, for every source,
3 energy-bin spectra in the energy range 50GeV –
2TeV. An example is reported, for Mrk 421, in Fig. 3.
High synchrotron peaked (HSP) blazars, like Mkn 421,
are detected by Fermi-LAT, typically, as power-law
sources with a photon index of ∼1.8 (when integrated
over the full energy range as in the 3FGL). It is clear
that above 50GeV (e.g. the 2FHL) Fermi-LAT sam-
ples already the descending part of the high-energy
peak of the spectral energy distribution (SED) of such
sources and that the data from the 3FGL, 1FHL and
2FHL catalogs allow us to characterize the emission at
the peak of such sources rather well. While Mkn 421
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Figure 4: Distribution of the power-law photon indices
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catalogs. Note the softening of the photon index when
moving from lower energies (3FGL) to higher energies
(1FHL and 2FHL).

represents probably the best example, Fig. 4 shows
that such conclusion holds, on statistical grounds, for
most BL Lacs detected by Fermi-LAT.
The 2FHL catalog comprises BL Lacs detected

up to redshift ∼1.5. The improved reconstruction
and increased acceptance allow Fermi-LAT to de-
tect photons up to ∼2TeV (see e.g. Fig. 3). Both
these aspects enable studies of the extragalactic back-
ground light (EBL) which can absorb high-energy
photons emitted from sources at cosmological dis-
tances (EBL,[7, 8, 9]). BL Lacs with substantial high-
energy emission at e.g. >100GeV are excellent probes
of the EBL and have already been used with success to
constrain the γ-ray opacity of the Universe [10, 11, 12].
We expect that the 2FHL, thanks to improved accep-
tance of high-energy photons yielded by Pass 8, will
enable accurate studies of the EBL.

3. Conclusions and Outlook

The 2FHL catalog of Fermi-LAT sources detected
at >50GeV represents an unbiased census of the VHE
sky. This work probes larger energies than any previ-
ous Fermi-LAT catalogs thanks to the improved Pass
8 dataset. The view of the γ-ray sky delivered by
the 2FHL is complementary and different than that
of the (e.g.) 3FGL catalog. Indeed, we find that most
extragalactic sources are softer in the 2FHL than in
the 3FGL, implying a peak of their spectral energy
distribution somewhere in the Fermi band.
The 2FHL catalog will comprise sources detected on

the basis on their average flux. Since 75% of the de-
tected sources are blazars, the 2FHL will yield impor-
tant information for the generation of the high-energy
part of the γ-ray background [13, 14]. It will also al-
low a first estimate of the source count distribution
of VHE sources acting as a pathfinder for the surveys
performed by the upcoming Cherenkov Telescope Ar-
ray [15].
Finally, the good angular resolution achieved,

thanks to Pass 8, by Fermi-LAT at >50GeV will
allow unprecedented studies of the Galaxy allowing
to resolve crowded regions as well as new extended
sources. We envision that this aspect of 2FHL will act
as a lower energy counterpart of the H.E.S.S. Galac-
tic plane survey [16] and the survey carried out by
HAWC [17].
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verse to High-Energy Photons. PRL, 16:252–254,
February 1966.

[8] G. G. Fazio and F. W. Stecker. Predicted High
Energy Break in the Isotropic Gamma Ray Spec-
trum: a Test of Cosmological Origin. Nature,
226:135–136, April 1970.

[9] F. W. Stecker, O. C. de Jager, and M. H. Sala-
mon. TeV gamma rays from 3C 279 - A possible
probe of origin and intergalactic infrared radia-
tion fields. ApJL, 390:L49–L52, May 1992.

[10] M. Ackermann, M. Ajello, A. Allafort, P. Schady,
L. Baldini, et al., The imprint of the extragalac-
tic background light in the gamma-ray spectra of
blazars. Science, 338:1190–1192, November 2012.

[11] A. Abramowski, F. Acero, F. Aharonian, A. G.
Akhperjanian, G. Anton, et al., Measurement
of the extragalactic background light imprint on
the spectra of the brightest blazars observed with
H.E.S.S. ArXiv:1212.3409, December 2012.

[12] A. Domı́nguez, J. D. Finke, F. Prada, J. R. Pri-
mack, F. S. Kitaura, B. Siana, and D. Paneque.
Detection of the Cosmic γ-Ray Horizon from
Multiwavelength Observations of Blazars. ApJ,
770:77, June 2013.

[13] M. Ackermann, M. Ajello, A. Albert, W. B. At-
wood, L. Baldini, et al., The spectrum of isotropic
diffuse gamma-ray emission between 100 MeV
and 820 GeV. arXiv:1410.3696, October 2014.

[14] M. Ajello, D. Gasparrini, M. Sánchez-Conde,
G. Zaharijas, M. Gustafsson, et al., The Ori-
gin of the Extragalactic Gamma-Ray Background
and Implications for Dark Matter Annihilation.
ApJL, 800:L27, February 2015.

[15] G. Dubus, J. L. Contreras, S. Funk, Y. Gallant,
T. Hassan, et al., Surveys with the Cherenkov
Telescope Array. Astroparticle Physics, 43:317–
330, March 2013.

[16] S. Carrigan, F. Brun, R. C. G. Chaves, C. Deil,
A. Donath, et al., and for the H. E. S. S. col-
laboration. The H.E.S.S. Galactic Plane Survey
- maps, source catalog and source population.
ArXiv:1307.4690, July 2013.

[17] S. Westerhoff. HAWC: A next-generation all-
sky gamma-ray telescope. Advances in Space Re-
search, 53:1492–1498, May 2014.

eConf C141020.1

75



5th Fermi Symposium : Nagoya, Japan : 20-24 Oct, 2014 1

TANAMI counterparts to IceCube high-energy neutrino events

F. Krauß1,2, B. Wang1,2,3, C. Baxter1,2,4, M. Kadler2, K. Mannheim2, R.
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Since the discovery of a neutrino flux in excess of the atmospheric background by the IceCube
Collaboration, searches for the astrophysical sources have been ongoing. Due to the steeply falling
background towards higher energies, the PeV events detected in three years of IceCube data are
the most likely ones to be of extraterrestrial origin. Even excluding the PeV events detected so
far, the neutrino flux is well above the atmospheric background, so it is likely that a number of
sub-PeV events originate from the same astrophysical sources that produce the PeV events. We
study the high-energy properties of AGN that are positionally coincident with the neutrino events
from three years of IceCube data and show the results for event number 4. IC 4 is a event with a low
angular error (7.◦1) and a large deposited energy of 165 TeV. We use multiwavelength data, including
Fermi-LAT and X-ray data, to construct broadband spectra and present parametrizations of the
broadband spectral energy distributions with logarithmic parabolas. Assuming the X-ray to γ-ray
emission in blazars originates in the photoproduction of pions by accelerated protons, their predicted
neutrino luminosity can be estimated. The measurements of the diffuse extragalactic background
by Fermi-LAT gives us an estimate of the flux contributions from faint unresolved blazars. Their
contribution increases the number of expected events by a factor of ∼2. We conclude that the
detection of the IceCube neutrinos IC4, IC14, and IC20 can be explained by the integral emission
of blazars, even though no individual source yields a sufficient energy output.

I. INTRODUCTION

The IceCube Collaboration’s announcement of the
discovery of a neutrino flux in excess of the atmo-
spheric background is an inflection point in multimes-
senger astronomy [11]. Due to the steeply falling at-
mospheric background spectrum, events at the highest
energies most likely have an extraterrestrial origin [1].

Neutrino emission from the jets of active galac-
tic nuclei (AGN) [17] and cores [23] has been pre-
dicted, but alternative possibilities are gamma-ray
bursts [25] and pevatrons in the Galactic center region
[5]. All IceCube events are consistent with an isotropic
distribution, and therefore extragalactic sources are
the prime candidates. Only the predicted flux of
∼ 10−8 GeV/cm2/s/sr at energies from 100 TeV to a
few PeV from AGN jets matches the observed excess
flux well [15].

AGN with jets that are observed at small angles to
the line of sight are called ‘blazars’. Their non-thermal
emission becomes relativistically boosted. The low en-
ergy emission is generally attributed to synchrotron
emission. Emission at higher energies can be ex-
plained by hadronic and leptonic models. In hadronic
models, protons (as well as electrons) are accelerated
in the jet. The protons interact with seed photons

at lower energies (e.g., from the accretion disk or ex-
ternal radiation fields) and produce pions [pion pho-
toproduction; 16]. Subsequent pion decays produce
neutrinos and γ-rays. Currently, the observed spec-
tral energy distributions (SEDs) of AGN can be de-
scribed equally well with hadronic and leptonic emis-
sion processes due to a large number of free parame-
ters [e.g, 7]. Unambiguous evidence of hadronic pro-
cesses could be provided by an association of neutrino
events with an individual blazar. In pion photopro-
duction, the neutrino flux can be directly calculated
from the observed flux of the high-energy bump in
the SED Fν = Fγ . This estimate has been confirmed
by Monte-Carlo simulations [19]. The neutrino flu-
ence can therefore be estimated directly from the in-
tegrated X-ray to γ-ray flux of the broadband SED.

Due to the large angular uncertainties, several pos-
sible candidate blazars can be identified for each of
the IceCube shower events. We have previously shown
[14] that the 2 events at PeV energies from the first
two years of IceCube (IC20, dubbed ‘Ernie’ and IC
14, ‘Bert’) can be explained calorimetrically by the six
candidate blazars from the TANAMI sample. Here,we
study the multiwavelength properties of AGN from
the TANAMI sample, as well as Fermi blazars that
are positionally coincident with the neutrino events
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FIG. 1: First-epoch TANAMI VLBI image of
2FGL J1103.9−5356 at 8.4 GHz. The color scale in-
dicates the flux density distribution, the white contours
are scaled logarithmically and increase by factors of 2,
with the lowest contour set to the 3σ-noise-level. The
gray ellipse in the lower left corner shows the beam with
(4.1 × 1) mas at 22◦. This blazar shows a bright radio
core with a brightness temperature of TB = 5.43 × 1010 K
(for Score ∼ 0.39 Jy) and a single-sided jet in southern
direction.

from three years IceCube data. We address the ques-
tion whether the sub-PeV neutrino events can be ex-
plained by blazars in the error field. In particular, we
calculate the expected neutrino fluence of the the four
blazars in the field of IceCube event 4 (IC4). IceCube
event number 4 has a lower median angular error of
7.◦1 compared to the PeV events with error radii of up
to 13◦ and a higher energy than most of the other IC
events (165 TeV), i.e., has a low probability of being
of atmospheric origin. Inside the IC4 error field, there
are four γ-ray bright AGN listed in the 2LAC catalog
[2]. We report on the multiwavelength properties of
these four sources below.

II. MULTIWAVELENGTH DATA

Tracking Active Galactic Nuclei with Austral Mil-
liarcsecond Interferometry (TANAMI)[27] [21] is a
multiwavelength program that monitors extragalactic
jets of the Southern Sky.

Figure 1 shows the first-epoch high-resolution im-
age of 2FGL J1103.9−5356 (PKS 1101−536) obtained
with Very Long Baseline Interferometry (VLBI) at
8.4 GHz. An 8.4 GHz VLBI image of PKS 1104−445
has been shown by [21]. Both sources show core-
dominated radio structures typical for blazars with
a single-sided jet, indicating relativistically beamed
emission. The two other IC 4 candidate sources have
not been observed in the TANAMI VLBI program as
of 2015.

X-ray data taken during the IceCube period are
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FIG. 2: X-ray to γ-ray SED of all four 2LAC sources in-
cluding a log parabola fit to the data. The gray area shows
the energy range used for the calculation of the neutrino
events

from the TANAMI program and the public archives
of Swift [8] and Chandra. Swift/XRT and Chan-
dra/ACIS data were reduced with standard methods,
using the most recent software packages (HEASOFT
6.15.1, CIAO 4.6) and calibration databases. Spec-
tra were grouped to a minimum signal-to-noise ratio
of 5 to ensure the validity of χ2 statistics. For a low
SNR, the spectra were grouped to a minimum signal-
to-noise ratio of 2 and the use of Cash statistics [9].
Spectral fitting was performed with ISIS 1.6.2 [10].
The X-ray data were deabsorbed using the Galactic
NH value [13], abundances from [26], and cross sec-
tions from [24]. We have used the γ-ray spectra from
the 2FGL catalog [20].

III. RESULTS

Electromagnetic cascades in pion photoproduction
emit at X-ray and γ-ray energies, and we approximate
the non-thermal photon flux Fγ by the integrated flux
between 1 keV and 5 GeV [14]. The broadband spec-
tra were fit with a logarithmic parabola [18] including
X-ray absorption.

The X-ray to γ-ray SEDs of all four sources are
shown in Fig. 2. As shown by [14], this allows us to
model the high-energy hump with logarithmic parabo-
las in order to estimate the integrated flux and the flu-
ence in the IceCube integration period. This fluence
can be used to directly estimate the number of neutri-
nos. Using the IceCube integration period of ∆t = 998
days, and an effective area of Aeff = 105 cm2 for con-
tained events, we obtain the values listed in Table I.
The numbers would be lower for a realistic spectrum of
the emitted neutrinos or if some fraction of the emis-
sion is produced in a leptonic, proton-synchrotron, or
Bethe-Heitler process. The steepness of the blazar γ-
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TABLE I: Integrated electromagnetic energy flux from 1
keV to 5 GeV and expected electron neutrino events in
998 days of IceCube data for the 4 candidate blazars of
IceCube event 4. Uncertainties are statistical only.

Source Assoc. source Fγ [10−11] events

2FGL [erg/s/cm2]

J1103.9−5356 PKS 1101−536 7.6+1.7
−1.4 0.22 ± 0.05

J1107.2−4448 PKS 1104−445 14.0+1.7
−1.8 0.40+0.05

−0.06

J1117.2−4844 PMN J1117−4838 8+6
−5 0.23+0.18

−0.15

J1118.1−4629 PKS 1116−46 11.3 ± 0.6 0.33 ± 0.02

Sum 1.18± 0.18

ray luminosity function [22] further implies that in a
large field, the neutrino fluence will have significant
contributions from the brightest sources in the field,
as well as from fainter, unresolved sources.

A. Contributions from unresolved blazars

At the sensitivity of current catalogs, a large num-
ber of faint blazars are not resolved into individual
point sources by Fermi-LAT, but do contribute to the
diffuse extragalactic gamma-ray background (EGB).
In order to calculate the number of expected neutri-
nos, one should also consider the substantial contri-
bution of this most numerous part of the blazar pop-
ulation. The fraction of blazars in the EGB has been
estimate to lie between 50% and 80% [12]. At 100
GeV, half of the EGB has been resolved into individ-
ual blazars (mainly BL Lac type objects) by Fermi-
LAT [4].

We compare the values of the EGB flux to the
total flux of resolved blazars, in order to estimate
the contributions from unresolved blazars, assuming
pion photoproduction. We find a total integrated
flux for all four 2LAC sources of F100 MeV−820 GeV =
1.71 × 10−7 ph/s/cm2, which corresponds to 3.54 ×
10−6 ph/s/cm2/sr for a 7.1◦ error field. The extra-
galactic background is F100 MeV−820 GeV = 7.2 ± 0.6 ×
10−6 ph/cm2/s/sr [4], a factor of ∼ 2 higher than the
value for the resolved blazars. This suggest that a
substantial fraction of the extragalactic neutrino flux
in this field originates from faint, unresolved blazars,
instead of the bright, low-redshift sources.

IV. CONCLUSION

Assuming that the high-energy emission originates
in pion photoproduction, the maximum expected

number of electron neutrino events from all four 2LAC
sources for IC4 is 1.18±0.18 for 998 days. This is close
to the number of detected events, but given the dif-
ferent factors that might reduce the neutrino output
below the rate predicted by our basic model (leptonic
contributions, neutrino spectra, etc.; see [14]) it seems
unlikely that any of the individual brightest blazars in
the field of IC4 can explain the observed neutrino flux.
This situation is similar to the fields of the two PeV
neutrinos IC14 and IC21 [14], where the predicted
neutrino flux of the six brightest blazars matched the
IceCube observed flux, but the individual sources fell
short of yielding sufficient fluence. The integral flux
of bright individual blazars and faint remote sources,
however, rises a factor of 2 above the observed flux in
this field, consistent with the hypothesis that the pop-
ulation of blazars as a whole can explain the IceCube
results.
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The GeV Excess Shining Through: Background Systematics for the
Inner Galaxy Analysis

F. Calore∗, C. Weniger
GRAPPA Institute, University of Amsterdam, Science Park 904, 1090 GL Amsterdam, The Netherlands
I. Cholis
Center for Particle Astrophysics, Fermi National Accelerator Laboratory, Batavia, IL, 60510, USA

Recently, a spatially extended excess of gamma rays collected by the Fermi-LAT from the inner region of the
Milky Way has been detected by different groups and with increasingly sophisticated techniques. Yet, any final
conclusion about the morphology and spectral properties of such an extended diffuse emission are subject to a
number of potentially critical uncertainties, related to the high density of cosmic rays, gas, magnetic fields and
abundance of point sources. We will present a thorough study of the systematic uncertainties related to the
modelling of diffuse background and to the propagation of cosmic rays in the inner part of our Galaxy. We will
test a large set of models for the Galactic diffuse emission, generated by varying the propagation parameters
within extreme conditions. By using those models in the fit of Fermi-LAT data as Galactic foreground, we
will show that the gamma-ray excess survives and we will quantify the uncertainties on the excess emission
morphology and energy spectrum.

1. Introduction

One of the most challenging results for indi-
rect dark matter searches in recent years is the
discovery of an excess emission in the gamma-
ray flux from the center of our Galaxy. The
first indications of such an excess date back to
2009 [Goodenough and Hooper 2009, Vitale et al.
2009]. Since then, several analyses of gamma-
ray data from the Large Area Telescope aboard
the Fermi satellite [Gehrels and Michelson 1999],
hereafter Fermi-LAT, claimed the existence of the
excess above the standard astrophysical background
at GeV energies [Goodenough and Hooper 2009,
Hooper and Goodenough 2011, Boyarsky et al. 2011,
Hooper and Linden 2011, Abazajian and Kaplinghat
2012, Macias and Gordon 2014, Abazajian et al.
2014, Daylan et al. 2014, Zhou et al. 2014]. The ex-
cess emission results from analyses of both the inner
few degrees of the Galaxy [Abazajian and Kaplinghat
2012, Macias and Gordon 2014, Abazajian et al.
2014, Daylan et al. 2014, Zhou et al. 2014,
Gordon and Macias 2013] and higher lati-
tudes [Daylan et al. 2014, Hooper and Slatyer
2013, Huang et al. 2013], extending up to tens of
degrees. Intriguingly, the observed spectral en-
ergy distribution and the spatial properties of the
Fermi GeV excess match the expectation for a signal
from dark matter particles annihilating in the halo of
the Milky Way. Nevertheless, some discussion about
astrophysical explanations were put forward, as, for
example, about the emission from a population of
point-like sources below the telescope’s detection
threshold [Hooper et al. 2013, Calore et al. 2014a,

∗Speaker. E-mail: f.calore@uva.nl

Cholis et al. 2014, Petrovic et al. 2014a], or violent
burst events at the Galactic center with injection
of leptons and/or protons some kilo-/mega-years
ago [Carlson and Profumo 2014, Petrovic et al.
2014b].

Regardless of the possible interpretations, all anal-
yses agree on the fact that an extra-emission over the
standard astrophysical background is present in the
inner region of the Galaxy. We stress here that the
Galactic center is one of the most promising targets
for dark matter searches since there the typically pre-
dicted profiles for the dark matter distribution lead to
the largest photon flux from dark matter origin. How-
ever, the Galactic center is maybe the most challeng-
ing target for dark matter searches: our knowledge of
the conditions at the Galactic center is indeed very
poor and the astrophysical background (from point
sources as well as from diffuse emission processes) is
affected by large uncertainties.

A critical point is to answer the question “An ex-
cess above what?”. The excess emission is defined
with respect to specific astrophysical foregrounds and
backgrounds, like the Galactic diffuse emission (which
originates from the interactions of cosmic rays with
gas and photons in the Galaxy), point-like and ex-
tended sources. Those components should be mod-
elled independently. Therefore, it is crucial to explore
different foreground and background models in order
to robustly identify and characterise the excess emis-
sion.

We will present here part of the analysis performed
in Calore et al. [2014b], where we showed for the first
time that the excess is statistically robust against
theoretical model systematics, bracketed by exploring
previously neglected uncertainties on the Galactic dif-
fuse emission, and that the proper treatment of back-
ground modelling uncertainties allows more freedom
for models fitting the excess [Calore et al. 2014c].
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Figure 1: Left panel: ICS and π0+Bremss contributions to the P6V11 background model. Right panel: Spectra
predicted by a typical Galactic diffuse model for ICS, π0 and bremsstrahlung emission. Fluxes in the 40◦ × 40◦ ROI,
|b| > 2◦.

2. On the importance of foreground
modelling

The dominant source of background for the Galac-
tic center analysis is the emission originating from the
interaction of cosmic rays with dust and gas in the
Galaxy. The three main production mechanisms of
Galactic diffuse gamma rays are: the Inverse Compton
scattering (ICS) of electrons on low-energy ambient
photons, the decay of abundantly produced neutral
pions and the bremsstrahlung of electrons in the in-
terstellar medium. Most of previous analyses adopted
the same background model to describe the Galactic
diffuse emission, namely the P6V11 backgroundmodel,
provided by the Fermi-LAT Collaboration for the sole
purpose of point source analysis.1 Using this model
for analysis of extended sources introduces systematic
effects that might lead to biased statements about the
spectrum and morphology of the Fermi GeV excess
emission.

To visualise this effect, we decomposed the P6V11

model in the main contributions to the Galactic
diffuse emission. The spectra for ICS, π0 and
bremsstrahlung (that we consider as a unique com-
ponent “π0+Bremss”) are predicted by a standard
model for cosmic-ray propagation in the Galaxy
(see Calore et al. [2014b] for more details). We fitted
simultaneously the ICS and π0+Bremss components
to P6V11 mock-data. From Figure 1, left panel, the

1http://fermi.gsfc.nasa.gov/ssc/data/p6v11/access

/lat/ring for FSSC final4.pdf

reader can see that an extremely hard ICS emission
at energies ≥ 10 GeV is an intrinsic property of the
P6V11 background model. The effect on any analysis
that employs it as Galactic diffuse emission model is
to over-subtract the ICS component at high energies,
forcing the GeV excess spectrum to fall-off at ≥ 10
GeV.
This exercise demonstrates the relevance of mod-

elling separately the different contributions to the
Galactic diffuse emission. Indeed, ICS, π0 and
bremsstrahlung possess intrinsically different mor-
phologies because of the different targets that orig-
inate these components: the gas for the π0 and
bremsstrahlung, and the interstellar radiation field
for the ICS. Moreover, given the different cosmic-ray
species responsible of the gamma-ray emission (pro-
tons for π0 and electrons for ICS and bremsstrahlung),
also the way in which the morphology changes with
energy is different for the three contributions.
Such arguments strongly motivated the study of the

variation of the spectral and morphological properties
of the excess due to the modelling of the Galactic dif-
fuse emission.

3. Home-brew Galactic diffuse emission

In order to robustly identify the excess despite of
large variations in the foreground emission, we built
a set of Galactic diffuse models by varying cosmic-
ray propagation parameters within a given set of as-
sumptions. We note that the observed emission re-
sults from a line of sight integral and, as such, it re-
ceives contributions from all distances. In particular,
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Figure 2: Left panels: Count maps (the |b| > 2◦ cut and the point-source mask are clearly visible). Central panels:
Residuals when subtracting all emission model templates. Right panels: Residuals when re-adding the GeV excess
template absorbed emission.

the emission that comes from the Galactic center is
– in the models we are adopting – relatively subdom-
inant (about 10%) and the Galactic diffuse emission
is dominated by local processes. Therefore, our work
should read as the characterisation of the uncertainties
due to the Galactic gamma-ray emissivity along the
line of sight. We worked in the framework of steady
state solutions to the transport equation of cosmic-
ray propagation in the Galaxy. Homogeneous diffu-
sion, re-acceleration and convection were considered.
We adopted models from the set of Ackermann et al.
[2012] to test variations of the diffusion zone geome-
try, the source distribution, the spin temperature and
the magnitude cut (for an explanation of cosmic-ray
propagation parameters and their range of variation
see Calore et al. [2014b]). Additionally, we generated
our own Galactic diffuse models using Galprop v54

(webrun version). With those models, we explored
the remaining uncertainties related to the diffusion
coefficient, re-acceleration, convection, interstellar ra-
diation field, and Galactic center magnetic field dis-
tributions. In total, we built a set of about 60 models
for the Galactic diffuse emission that test “extreme”
variations in the parameter space. We here quote the
explored parameter ranges:

• geometry of the diffusion zone: 4 ≤ zD ≤ 10 kpc
and rD = 20 or 30 kpc;

• source distributions: SNR, pulsars, OB stars;

• diffusion coefficient at 4 GV: D0 = 2− 60× 1028

cm2 s−1;

• Alfvén speed: vA = 0− 100 km s−1;

• gradient of convection velocity: dv/dz = 0 – 500
kms−1 kpc−1;

• interstellar radiation field model factors (for op-
tical and infrared emission): 0.5 – 1.5;

• magnetic field parameters: 5 ≤ rc ≤ 10 kpc, 1 ≤
zc ≤ 2 kpc, and 5.8 ≤ B(r = 0, z = 0) ≤ 117
µG.

We note that we did not test those models against
local cosmic-ray data and large scale diffuse gamma-
ray data (or even microwave data).
As already mentioned, we made a few simplify-

ing assumptions that we summarise below and that
will become relevant for future refined analyses of the
GeV excess : (i) homogeneity and isotropy of cosmic-
ray diffusion, re-acceleration, and convection; (ii) ra-
dial symmetry of cosmic-ray source distribution in the
Galactic disk (i.e. no modelling of the spiral arms),
and same source distribution for different cosmic-ray-
species sources; (iii) steady state regime, excluding
transient phenomena as, for example, burst events.

4. The data analysis

In order to analyse gamma rays collected by the
Fermi-LAT from the inner Galaxy, we adopt a
template-based multi-linear regression technique, see,
for example, Dobler et al. [2010], Su et al. [2010].
The data sample corresponds to 284 weeks of repro-
cessed Fermi-LAT data (from 4 August 2008 on) in
the energy range 300 MeV – 500 GeV. The Region-
Of-Interest (ROI), i.e. the inner Galaxy, is defined as

|ℓ| ≤ 20◦ and 2◦ ≤ |b| ≤ 20◦ , (1)

The choice of the latitude cut is such to avoid the large
contamination of point sources in the innermost few
degrees, where the source confusion is very high. We
prepare the data according to standard prescriptions
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provided by the Fermi-Science-Support-Center. We
binned the data on an healpix grid with resolution
parameter nsize = 256, for each energy bin (24 in to-
tal) defined in a way such to guarantee good statistics
also at the highest energies.
We compare the data maps with the model maps,

obtained by the superposition of the different tem-
plates adopted in the analysis (see below). The
best-fit normalisation of each model template is de-
rived through a maximum likelihood method, based
on the Poisson likelihood function (cf. Eq. (2.3)
in Calore et al. [2014b]).
The spatial model templates adopted in the analysis

are:

• Point-like sources template as derived from the
2FGL Abdo et al. [2011], with fixed spectra and
flux normalisations.

• Fermi bubbles modelled by a uniform-
brightness spatial template with bubbles’
edges as in Su et al. [2010].

• Isotropic gamma-ray diffuse background with
uniform-brightness emission template.

• Galactic diffuse emission ICS and π0+Bremss
independent templates as modelled from Sec. 3.

• GeV excess template whose volume emissivity is
parametrised by the spherically symmetric gen-
eralized NFW profile,

ρ(r) = ρs
(r/rs)

−γ

(1 + r/rs)3−γ
, (2)

squared, and with (best-fit) spectral index γ =
1.2. This choice is clearly motivated by the dark
matter annihilation interpretation of the GeV
excess, although we tested a large range of vari-
ation for the profile parameters.

The fitted spectra of the Fermi bubbles and isotropic
diffuse background templates are constrained to vary
within the measured spectra from Franckowiak [2013]
and Ackermann [2012], respectively.
In the analysis, we introduced the following techni-

cal improvements: a non-logarithmic energy binning
such to counterbalance the reduced photon statistics
above 10 GeV, a weighted adaptive masking of point
sources, and the full treatment of the Fermi-LAT
point spread function.

5. Selection of main results

In this section, we present a selection of the results
of the analysis, and we refer the reader to Calore et al.
[2014b] for a thorough explanation of our findings.
Figure 2 represents the residual (i.e. data - model
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Figure 3: Spectral energy distribution of the GeV excess
template, for a generalised NFW profile with an inner
slope γ = 1.2. The yellow band corresponds to all of the
60 GDE models. Two models are highlighted: the model
that provides the best fit to the data (model F, green
points) and a reference model (red points).

counts) emission obtained when subtracting from the
raw data the emission associated with the model tem-
plates (central panel). The residuals are at the level
of 20% in the whole ROI, but, when the GeV excess
template associated to the model is re-added (right
panel), the residuals in the central region of the ROI
increase significantly, attesting the presence of the ex-
cess, which is, after the other components are sub-
tracted, the most pronounced large-scale excess in our
ROI.

Figure 3 represents the spectral energy distribution
of the excess emission, i.e. the emission absorbed by
the GeV excess template during the fitting procedure.
The yellow band results from all the adopted Galactic
diffuse models. Such a band brackets the uncertainty
due to the theoretical modelling of the Galactic dif-
fuse emission and affecting the extraction of the GeV
excess spectrum. The GeV excess emission is found
to be remarkably stable against the tested variations
of the Galactic foreground. The typical GeV excess
spectrum shows a rising below 1 GeV (with a spec-
tral index harder than ∼ 2 for all Galactic diffuse
models) and features a peak at energies around 1–3
GeV. Despite previous analyses, at higher energies,
the spectrum is described by a power-law with slope
∼ -2.6. The coloured data points indicate the spec-
trum (with statistical errors) that corresponds to the
best-fit Galactic diffuse model (model F) and another
exemplary model discussed in Calore et al. [2014b]
(model A).

The envelope of the yellow lines corresponds to the
theoretical model uncertainty, which is due to the vari-
ation induced by the Galactic diffuse modelling. Such
uncertainty is, at all energies, larger than the statis-
tical errors, indicating the importance of the proper
treatment of background model systematics.
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Figure 4: GeV excess emission spectrum, together with statistical and systematical errors, for model F (i.e. best-fit
model). Several spectral models have been fitted to the data. All the spectra (except the τ+τ−) provide a quite
reasonable fit to the data. This is due to the correlation of the systematic errors (see text).

Spectrum Parameters χ2/dof p-value

broken PL α1 = 1.42+0.22

−0.31 , α2 = 2.63+0.13

−0.095 , Ebreak = 2.06+0.23

−0.17 GeV 1.06 0.39

DM χχ → b̄b 〈σv〉 = 1.76+0.28

−0.27 × 10−26 cm3 s−1, mχ = 49+6.4

−5.4 GeV 1.08 0.36

DM χχ → c̄c 〈σv〉 = 1.25+0.2

−0.18 × 10−26 cm3 s−1, mχ = 38.2+4.6

−3.9 GeV 1.07 0.37

PL with exp. cutoff Ecut = 2.53+1.1

−0.77 GeV, α = 0.945+0.36

−0.5 1.37 0.12

DM χχ → τ+τ− 〈σv〉 = 0.337+0.047

−0.048 × 10−26 cm3 s−1, mχ = 9.96+1.1

−0.91 GeV 1.52 0.06

Table I Spectral fits to the GeV excess spectrum, with ±1σ errors. We show best-ft parameters, reduced χ2, and
corresponding p-value.

As it can be already deduced from the residual
plots, the Galactic diffuse models tested in the present
analysis do not describe the data at the statistical
level, but, still, they show large residuals in the ROI.
Indeed, although the reduced χ2 for the best-fit Galac-
tic diffuse model (model F) in the energy range from
500 MeV to 3.31 GeV is close to one (≃ 1.10) be-
cause of the large number of free parameters, the cor-
responding p-value is ridiculously small, ≃ 10−300.

On the base of this argument, it is important to find
an alternative way of assessing the systematics uncer-
tainties affecting the excess. In Calore et al. [2014b],
we relied on an empirical method to derive model sys-
tematics due to how well the different Galactic diffuse
models describe the data along the disk, away from
the Galactic center. The derivation and definition of
the empirical model systematics were presented dur-
ing this conference in a complementary talk, “Robust
Identification of the GeV Galactic Center Excess at

Higher Latitudes”.2 Quantifying the background em-
pirical model systematics turned out to be crucial for
making statistics based claims on the possible inter-
pretations of the excess.

6. Interpretations

As explained in Sec. 1, several interpretations have
been proposed, ranging from purely astrophysical to
dark matter explanations. As a first constraint, the
predicted model spectrum must provide a good fit to
the GeV excess spectrum. We performed parametric
fits to the GeV excess observed spectrum fully taking
into account the systematic uncertainties.

2C. Weniger et al., proceedings RICAP-14 (to appear soon).
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To do so, we made use of a χ2 function with a non-
diagonal covariance matrix, which models the corre-
lated empirical model systematics. The χ2 function
used writes as:

χ2 =
∑

ij

(

dN̄

dEi

(~θ)−
dN

dEi

)

Σ−1

ij

(

dN̄

dEj

(~θ)−
dN

dEj

)

,

(3)
with Σ−1

ij the covariance matrix. The covariance con-
tains model uncertainties that were derived from the
size of typical residuals along the Galactic disk. They
amount to variations in the excess template that are
similar to the ones shown in Figure 3, and are illus-
trated in Figure 4 by the yellow boxes. For details we
refer the reader to Calore et al. [2014b].
We tested several spectra that are related to the

GeV excess viable interpretations. Table I summarises
our findings. In particular, parametric fits with corre-
lated errors show equal preference for a broken power-
law spectrum and for the spectrum from dark matter
annihilation into b-quarks. Remarkably, the p-value
for a spectrum due to dark matter annihilation into
τ -leptons is higher the 0.05. The reason for which
dark matter annihilation spectra provide good fit to
the GeV excess is due to the fact that systematics er-
rors are correlated in energy and can be understood in
terms of the covariance matrix (we refer the interested
reader to Calore et al. [2014c]).

7. Conclusion

The analysis of the Fermi-LAT data performed
in Calore et al. [2014b] confirmed the presence of an
excess emission in the inner Galaxy and some of its,
previously found, specific properties, such as the 2–
3 GeV peaked spectral energy distribution, the ex-
tension to high latitudes and the compatibility with
a spherically symmetric spatial distribution. Those
properties were demonstrated to be remarkably stable
against theoretical model systematics, due to the vari-
ations in the modelling of the Galactic diffuse emis-
sion.
We assess empirical model systematics from a scan

of the gamma-ray flux along the disk and we used
those uncertainties as a proxy for the systematics af-
fecting the GeV excess at the Galactic center.
Contrary to previous results, we do not confirm the

fall-off of the GeV excess spectrum at E >
∼ 10 GeV,

but we do find a high energy tail of the spectrum ex-
tending up to 100 GeV. However, when we properly
treat model systematics and include them in the spec-
tral fits as correlated errors, we demonstrated that it
is possible to equally well fit the excess spectrum with
both a broken power-law and a gamma-ray spectrum
typically expected from dark matter particles annihi-
lation into b̄b final states. This implies a large, pre-

viously neglected, freedom for models fitting the GeV
excess.
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VERITAS Observations of the Galactic Center Ridge
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Due to its extraordinarily high concentration of known relativistic particle accelerators such as pulsar wind nebula, supernova 
remnants, dense molecular cloud regions, and the supermassive black hole (Sgr A*); the center of the Milky Way galaxy has long 
been an ideal target for high energy (HE, 0.1-100 GeV) and very high energy ( VHE, 50 GeV-50 TeV) gamma-ray emission. Indeed, 
detections of Sgr A* and other nearby regions of gamma-ray emission have been reported by EGRET and Fermi-LAT in the HE 
band, as well as CANGAROO, Whipple, HESS, VERITAS, and MAGIC in the VHE band (see [1] for a summary). Here we report 
on the results of extended observations of the region with VERITAS between 2010-2014. Due to the visibility of the source for 
VERITAS in the Northern Hemisphere, these observations provide the most sensitive probe of gamma-ray emission above 2 TeV in 
one of the most complicated and interesting regions of our home 
galaxy. 

1. THE GALACTIC CENTER RIDGE
The Galactic Center region is perhaps one of the 

most interesting local regions for study in the very 
high energy (>100 GeV) gamma-ray band. This is 
primarily due to its high concentration of star 
forming regions, pulsar wind nebulae, supernova 
remnants, and of course the central accelerator Sgr 
A*; all of which are known sources of VHE gamma 
rays. The region has been studied extensively in 
both the TeV band, as well as the GeV band with 
Fermi-LAT [refs]. Due to its high density of 
possible gamma-ray sources, the confirmed number 
of individual sources (point or extended) is 
relatively low (<5), with a very large proportion of 
gamma-ray emission in the region coming from 
either unresolved point sources, or a diffuse, 
extended component. Observations of this region 
with HESS [refs] reveal a distinct band of emission 
stretching along the central region of the plane; this 
emission seemingly correlated with dense 
molecular cloud regions. As this diffuse component 
is assumed to be generated from cosmic ray 
interactions with the molecular clouds, the study of 
this region in the TeV band also allows for a 
characterization of the cosmic ray flux near the 
Galactic Center. 

In addition to the conventional gamma-ray 
sources in the Galactic Center, this region is also 
believed to be the closest, densest concentration of 
particle dark matter in our local universe. If the 
lightest supersymmetric particle (𝝌, or the 
neutralino) is indeed the correct explanation for 
particle dark matter, the Galactic Center should 
present a flux of GeV-TeV gamma rays due to 𝝌𝝌 
self-annihilations. While this flux is model 
dependent, some dark matter models place it within 
the sensitivity of current detectors, while many 
more will be probed by the upcoming CTA 
observatory. Regardless, the principal limiting 
factor in the use of observations of the Galactic 

Center for constraining dark matter is the poorly 
understood nature of the conventional gamma-ray 
sources in the region. Therefore, a better 
understanding of the gamma-ray source population 
in the Galactic Center can also provide insight into 
indirect searches for particle dark matter. 

In this proceeding we present preliminary results 
from the VERITAS observations of the Galactic 
Center region in the >2 TeV regime. These results 
confirm many of the previous HESS results in the 
>300 GeV region, but due to the higher energy 
range of the VERITAS observations, also provide a 
unique window on the highest energy gamma-ray 
emission in the Galactic Center region.  

2. VERITAS OBSERVATIONS
 The Very Energetic Radiation Imaging 
Telescope Array System (VERITAS), located in 
Southern Arizona (USA) is an array of four 12-
meter imaging atmospheric Cherenkov telescopes 
(IACTs) providing excellent angular resolution and 
sensitivity to cosmic TeV sources. In normal 
operations (i.e. high elevation observations), 
VERITAS is sensitive in the energy range of 80 
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Figure 1: The VERITAS 2D significance map of the 
Galactic Center Ridge, smoothed with the 0.120 PSF of the 
instrument for these observations. The central source is 
saturated due to high significance. Also shown in black 
dashed circles is the VERITAS PSF for the observations. 
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GeV to 50 TeV and has the capability to detect a 
1% Crab Nebula flux in approximately 25 hours of 
observations. VERITAS has an energy resolution of 
15% at 1 TeV and a typical angular resolution of 
<0.10 . 
Between 2010-2014, VERITAS accrued ~85 hours 
of quality selected, livetime observations of the Sgr 
A* region. Due to the Northern Hemisphere 
location of VERITAS, the Sgr A* region never 
transits above 300 elevation. This large zenith angle 
to the source results in a higher energy threshold 
(>2 TeV) for VERITAS observations. Normally, 
such observations would result in very poor angular 
resolution for ground based gamma-ray telescopes. 
However, using a specialized analysis technique 
(see [2][3][4]) in which the displacement between 
the center of gravity of a parameterized Hillas 
ellipse and the location of the shower position 
within the camera plane is utilized. This 
displacement or “DISP” method results in enhanced 
angular resolution at large zenith angle observations 
where small parallactic displacements between 
shower images would normally degrade angular 
resolution significantly (see [1] for a description). 

3. RESULTS

3.1. Sgr A*
In the 85 hours of observations taken between 
2010-2014, VERITAS strongly detected gamma-ray 
emission above 2 TeV from Sgr A*. A total of 735 
excess gamma-ray events were detected by 
VERITAS, resulting in a detection significance of 
>25σ). The resulting 2 dimensional significance 
map, as well as the derived energy spectrum are 
shown in Figure 2. 

The VERITAS position of the Sgr A* is in 
agreement with both the radio and HESS source 
locations [5]. The differential energy spectrum is fit 
by both a simple power law of the form N0 x (E/10 
TeV-Γ),as well as a power law with an exponential 
cutoff of the form  N0 x e(-E/Ecutoff) x(E/10 TeV)-Γ We 
find that the exponential cutoff power law model 
provides a better fit (reduced 𝞆2 of 0.6 vs 1.8). The 
cutoff energy of 18 (+/-7.4) TeV is higher than that 
reported in [6].   Since VERITAS will continue 
observing the Sgr A* region at energies above 2 
TeV, VERITAS will be able to more accurately 
constrain the cutoff energy of the Sgr A* spectrum 
a crucial parameter to physical models of emission 
from the source in both hadronic/leptonic as well as 
plerionic/accretion scenarios. 

3.2. G0.9+0.1
The composite SNR ( X-ray plerionic core + radio 
shell) has previously been detected by the HESS 
collaboration [7] as a relatively weak source (2% of 
the Crab Nebula flux above 300 GeV). The current 
VERITAS observations also detect G0.9+0.1 as a 
significant TeV source above 2 TeV with a total of 
134 excess counts, corresponding to a >7σ source 
detection. The VERITAS source position for 
G0.9+0.1 is consistent with both the plerionic core 
as well as the HESS location. The derived energy 
spectrum of the source is well fit by pure power law 
with an index of Γ= 2.3+/-0.1, with no indications 
of an energy cutoff up to >25 TeV. 

3.3 Ridge Emission

In [5], the HESS collaboration presented the 
residual maps (i.e. after subtracting known point 
sources within the field of view) of the >300 GeV  

eConf C121028

Figure 2: The smoothed VERITAS 2D significance map of the Sgr A* (left). The right panel shows the VERITAS 
(red) and HESS (black) spectral points derived from the Sgr A* observations along with the fits described in the text. 
Note, the fits were made to VERITAS points only.
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emission from the Galactic Plane. These residual 
maps revealed a complicated network of diffuse 
gamma-ray emission within the central 30 of the 
Galactic Plane. When plotted along with the CO 
emission contours (see [5]), the HESS emission 
appears correlated with dense molecular cloud 
regions (bright in CO line emission). However, 
given the complicated nature of the region, this 
measurement was unable to rule out the possibility 
of a significant contribution to the TeV flux coming 
from unresolved point sources.  

In Figure 4 is shown the VERITAS >2 TeV residual 
significance maps of the inner Galactic Center 
region after the point source emission from Sgr A* 
and G0.9+0.1 has been removed. It is clear from 

  

 

  

these maps that a diffuse component of TeV 
emission is present above 2 TeV both directly 
adjacent to Sgr A*, as well as extending ~0.80 to 
the left of Sgr A* along the Galactic plane.  

Figure 4 also shows the HESS 300, 325, and 350 
excess event contours (green), the ARCO 20cm 
radio emission contours (black), and the point 
sources from the 3FGL catalog (blue). As can be 
these maps that a diffuse component of TeV 
emission is present above 2 TeV both directly 
adjacent to, and extending ~0.80 in Galactic 
longitude to the left of Sgr A*. seen there are direct 
correlations with both the HESS >300 GeV 
emission, as well as co-locations of 3FGL sources 
[8] . While there appears to be a good 
correspondence between the 20cm emission at the  
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Figure 3: The smoothed VERITAS 2D significance map of the G0.9+0.1 region along with ARCO 20cm radio contours 
(left). Also shown (right) is the VERITAS differential energy spectrum of G0.9+0.1 along with the HESS spectral points 
from [7].

G0.9+0.1

Significance (σ)

Figure 4: The smoothed VERITAS 2D residual significance map after emission from both Sgr A* and G0.9+0.1 have 
been removed (white dashed circles). Blue circles represent Fermi-LAT point sources from the 3FGL catalog, 20cm radio 
contours (ARCO) are shown in black, and the HESS >300 GeV excess event contours are shown in green.

Sgr B2

PRELIMINARY

PRELIMINARY
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location of the Sgr B2 star forming region, the 
correlation between radio emission and > 2 TeV 
emission directly adjacent to the location of Sgr A* 
is less obvious. An upcoming publication will 
provide further examination of these residual maps. 
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Jean-Marc Casandjian for the Fermi Large Area Telescope Collaboration
Laboratoire AIM, CEA-IRFU/CNRS/Université Paris Diderot,
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We describe the development of the model for interstellar γ-ray emission that is the standard
adopted by the LAT team and is publicly available. The model is based on a linear combination of
templates for interstellar gas column density and for the inverse Compton emission. The spectral
energy distributions of the γ-ray emission associated with each template are determined from a fit
to 4 years of Fermi-LAT data in 14 independent energy bins from 50 MeV to 50 GeV. We fit those
distributions with a realistic model for the emission processes to extrapolate to higher energies. We
also include large-scale structures like Loop i and the Fermi bubbles following an iterative procedure
that re-injects filtered LAT counts residual maps into the model. We confirm that the cosmic-ray
proton density varies with the distance from the Galactic center and find a continuous softening of
the proton spectrum with this distance. We observe that the Fermi bubbles have a shape similar to
a catenary at their bases.

I. PRINCIPLE

This paper describes the model of interstellar emis-
sion recommended for point source analyses of the
Fermi-LAT Pass 7 reprocessed data (P7REP) [1]. The
high-energy interstellar γ-ray emission is produced by
the interaction of energetic cosmic rays (CRs) with
interstellar nucleons and photons. The decay of sec-
ondary particles produced in hadron collisions, the in-
verse Compton scattering of the interstellar radiation
field (ISRF) by electrons and their bremsstrahlung ra-
diation emission in the interstellar medium (ISM) are
the main contributors to the Galactic diffuse emission.
The interstellar emission model is based on a template
method: we assumed that the diffuse γ-ray intensity
at any energy can be modeled as a linear combination
of maps or templates of hydrogen column-density (IH)
and a predicted inverse Compton (ICp) intensity map
(IICp

) calculated by GALPROP [26]. The intensity of
each template in each energy bin is determined from
a fit to the P7REP Clean class events from the first 4
years of the mission binned into 14 equal logarithmic
intervals from 50 MeV to 50 GeV.
In addition to the interstellar emission, the LAT de-
tects γ rays from other sources that need to be taken
into account in the analysis. We do this by adding
dedicated components to account for a residual inten-
sity of the Earth limb (Ilimb), for point and extended
γ-ray sources (Iext), and for the emission from the Sun
and the Moon (Isun moon). Finally we add an uniform
intensity template (Iiso) to account for unresolved γ-
ray sources and CR contamination in the data. For
a given counts map pixel and energy band we calcu-
lated the predicted number of counts (Npred) detected
by Fermi-LAT as:

∗Electronic address: casandjian@cea.fr

Npred(E) =
∑

i=H templates

qi(E)ĨHi
+NIC(E)ĨICp (E)

+Niso(E)Ĩiso +NLoopI(E)ĨLoopI +
∑

i=patch

Npatchi
(E)Ĩpatchi

+Nlimb(E)Ĩlimb +
∑

i=point src

Npti (E)δ̃(i)

+
∑

i=extend src

Nexti (E)Ĩexti + Ĩsun moon(E)

(1)

where E is the energy. We use the notation Ĩ to
denote predicted counts maps resulting from the
convolution by the LAT PSF of the product of an
intensity map I and the instrument exposure and
pixel solid angle. In Equation 1 each template of
hydrogen column density IH is multiplied by its
associated hydrogen γ-ray emissivity q. The factors
NIC , Nlimb, and Niso represent the renormalization
factors associated to IICp

, Ilimb, and Iiso. Isun moon

is kept fixed in the analysis. Equation 1 also incor-
porates coefficients associated to extended sources
(Next) and to point sources (Npt) represented by
the Dirac δ function. ILoopI and NLoopI account
for local IC emission from Loop i. For unmodeled
excesses, we also introduced in Equation 1 patches of
uniform intensity (Ipatch) with normalization factors
Npatch. The procedure behind the construction of
our interstellar emission model was to find templates
for the gas column density and ICp, fit Equation
1 to Fermi-LAT counts maps with q, NIC , Niso,
NLoopI , Npatch, Nlimb, Npt and Next left free to vary
in each energy bin and to extrapolate the coefficients
related to the hydrogen templates and ICp outside
the energy range of the fit.
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II. TEMPLATE DESCRIPTION

About 99% of the ISM mass is gas and about 70%
of this mass is hydrogen. The hydrogen gas exists in
the form of neutral atoms in cold and warm phases, in
the form of neutral molecules (H2), and in an ionized
state. Helium and heavier-elements are assumed to be
uniformly mixed with the hydrogen.
H i is traced by its radio 21-cm line radiation; we
derived its column density NH i from the 21-cm line
radiation temperatures under the assumption of a uni-
form spin (excitation) temperature (TS). The 21-cm
all-sky Leiden-Argentine-Bonn (LAB) composite sur-
vey of Galactic H i [2] is used to determine the all-sky
distribution of NH i. We derived NH i from the ob-
served brightness temperature using a TS of 140 K
which provided the best fit to the Fermi-LAT data in
regions with 90◦ ≤ l ≤ 270◦ and |b| < 70◦. Because
the CR flux varies with Galactocentric distance and
Equation 1 is valid only if the CR flux is uniform in
each template, we partitioned the Galaxy into Galac-
tocentric annuli and assign to each annulus the corre-
sponding H i column density.
The molecular hydrogen which does not have a per-
manent dipole moment, generally can not be observed
directly in its dominantly cold phase. The observa-
tion of molecular gas relies on other molecules and
especially on the 2.6-mm J=1→0 line of carbon 12
monoxide (CO). It is common to assume that the
H2 column density is proportional to the velocity-
integrated CO brightness temperature W (CO). The
molecular hydrogen-to-CO conversion factor is ex-
pressed as XCO=N(H2)/W (CO). We obtained the
W (CO) spatial distribution from the Center for As-
trophysics composite survey [3]. We derived Galacto-
centric annuli from radial CO velocities in a similar
way as for H i.
Unfortunately CO is not a perfect tracer of H2. More-
over NH i derived under the hypothesis of a uniform
TS=140 K is likely to be biased in lines of sight cross-
ing regions of different TS . Those approximations lead
to large underestimates of the quantities of gas called
dark neutral medium (DNM) in our Galaxy [4–6].
Since dust is well mixed with gas, we accounted for
this gas by including in our model a template related
to the total dust column density. We derived a DNM
template as the residual map obtained after subtract-
ing from the dust optical depth map of the [7] parts
linearly correlated with the NH i and W (CO) annuli.
Subtracting the correlated parts from the dust opti-
cal depth map revealed coherent structures across the
sky both in the positive and in the negative residuals.
The negative residuals are likely related to regions in
which an average TS of 140 K is too low, and thus
NH i is overestimated. In this paper we call this map
the “NH i correction map”. The positive residuals
reveal gas in addition to that traced by NH i and
W (CO). Here we associated this excess map to the

DNM distribution even if it also includes regions in
which an average TS of 140 K is too high and poten-
tially incorporates also ionized hydrogen that might
be mixed with dust.
Due to their proximity, CR protons and electrons in-
teracting with the Earth limb make the Earth by far
the brightest γ-ray source in the sky [8]. The Fermi
standard observational strategy is such that the Earth
is not directly in the field of view of the LAT. However
a large number of limb photons entering the LAT at
large zenith angles are still detected. We constructed
a simple template based on the subtraction of the
counts map derived with a zenith angle cut at 100◦

to a counts map restricted to angles above 80◦.
In fitting the model for interstellar diffuse emission we
included templates for 21 extended sources and 2179
point sources at positions listed in a first iteration of
the third Fermi-LAT catalog (3FGL) [9] derived with
a preliminary iteration of the Galactic diffuse emis-
sion model. We also incorporated in the fit the γ-ray
emission from the Sun and the Moon. Their intensities
were not allowed to vary during the γ-ray template fit
procedure.
While the different gas column-density maps offer
templates for photons originating mainly from π0-
decay and Bremsstrahlung emission, there is no direct
observational template for the IC emission. Instead it
must be calculated. For that we used the prediction
from the GALPROP code with GALDEF identifica-
tion SY Z6R30T 150C2, a representative diffusive reac-
celeration model described in [10].
Excesses originating for example from Loop i [10, 11]
or the Fermi Bubbles [12, 13] are observed when we
compared a preliminary template model derived only
from the templates mentioned above to the Fermi-
LAT observations. There is no accurate a priori tem-
plate for the γ-ray emission of those large structures.
Not including them in Equation 1, as well as other
structures that we observed in the residuals at lower
latitudes, will strongly bias the fit. To reduce this
bias we roughly modeled the strongest emitting re-
gion of Loop i with a selected region of the 408 MHz
radio continuum intensity from the survey of [14]. To
account for excesses not correlated with radio tem-
plates we introduced ad hoc patches in Equation 1.
The patches are regions of spatially uniform inten-
sity whose shapes encompass regions with an excess
of photons of at least about 20% compared to the pre-
liminary model. We added 4 patches including a large
rounded shape filling Loop i and three smaller patches
closer to the Galactic plane. Additionally, we have
created two patches for the Fermi bubbles. We also
made a disk-shaped patch around the Cygnus region.
We used the patches to derive the γ-ray emissivities
of the hydrogen that we deduced from the fit of Equa-
tion 1 to the Fermi-LAT data. But the patches do
not provide an accurate enough description of the in-
terstellar emission to be added to the final interstellar
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model. Instead we have incorporated a filtered γ-ray
residuals map obtained with the patches removed as
described below.

III. GAMMA-RAY FIT AND EMISSIVITY
INTERPRETATION

We did not fit Equation 1 to the Fermi-LAT all-
sky at once, we applied latitude and longitude cuts to
define subsets corresponding to regions where some
templates are prominent. We fitted the local atomic
hydrogen in the whole longitude range but away from
the Galactic plane at latitudes |b| > 10◦. We lowered
this latitude cut for local CO annulus to 4◦ and to 3◦

for the NH i correction maps and DNM template ob-
tained from the negative and positive dust residual.
For the annuli with Galactocentric radii larger than
10 kpc (H i and CO outer Galaxy annuli) we applied
only a longitude cut corresponding to 90◦ < l < 270◦.
For those 4 independent fits we left all the template
normalization coefficients of Equation 1 free to vary
in each of the 14 energy bins except for the Sun and
the Moon templates.
The inner Galactic region is particularly difficult to
model. The gas column densities are affected by opti-
cal depth correction, self-absorption of H i and limited
kinematic distance resolution at low longitudes. Addi-
tionally γ-ray point and extended sources are numer-
ous, a DNM template is lacking, and the ICp morphol-
ogy is uncertain. Possibly for one of those reasons, or
because of an excess of CR or an incorrect modeling of
a foreground emission, we observed a broad unmod-
eled emission (referred to as “extra emission” in the
rest of the text) in the direction of the inner Galaxy
with a maximum in the first Galactic quadrant at a
longitude of ∼30◦. Up to this stage this emission was
approximately accounted for by patches of uniform
intensity. At this point we removed the patches in
Equation 1 and we modeled the extra emission with a
two-step iterative procedure:
In the first step we fitted Equation 1 to the Fermi-LAT
observations excluding 5◦ < l < 90◦ and |b| < 20◦.
We obtained a residual map with some emission not
accounted for, we selected the positive residuals, we
smoothed them with a 2-dimensional Gaussian sym-
metric kernel of 3◦ FWHM and re-injected them in
Equation 1 as a template for another iteration. We
iterated three times up to the point where the pos-
itive residual intensities approximately equalled the
intensities of negative ones. We obtained a first set
of γ-ray emissivities in the inner H i and CO annuli.
Due to the difficulty of modeling the extra emission
we reduced the number of free templates and contin-
ued the procedure with a single hydrogen template for
each annulus: NH=NH i+2XCOW(CO). We deduced
the XCO conversion factor as half the ratio between
the emissivity associated to the H i template and the

one associated to the CO one. We repeated the fitting
procedure with the single NH for inner templates it-
eratively adding the positive residuals of the fit to the
extra emission template. In this way we obtained a
first version of the inner template emissivity and a
template for the extra emission and large scale struc-
tures.
For the second step we fitted the whole Galaxy in-
cluding the first quadrant with all the templates pa-
rameters free to vary. We added to Equation 1 the
template for the extra emission obtained in step one.
We repeated the iteration and derived the final emis-
sivities per hydrogen atom in the inner annuli. We
also obtained a template corresponding to the extra
emission and large scale structures.

Figure 1 shows the differential γ-ray emissivity
per hydrogen atom dq

dE = q/∆E, where ∆E is
the energy bin width, for the 9 Galactocentric an-
nuli and the central molecular zone (CMZ) region
scaled to emissivity per hydrogen atom assuming
XCO=0.5×1020 cm2 (K km s−1)−1. To derive an
interstellar diffuse emission model at energies up to
600 GeV we fitted the emissivities with a γ-ray
production model of bremsstrahlung emission and
hadronic decay and used this model for the extrapola-
tion. We fitted the differential emissivity of each annu-
lus between 200 MeV and 30 GeV with a parametrized
proton flux and a γ-ray production cross-section based
on [15]. We adopted a spectral model for CR protons
of the form: AβP1R−P2 where β = v/c, R is the rigid-
ity of the proton and (A,P1, P2) are free parameters
[16] and folded this proton functional with the γ-ray
production cross-section. Fermi-LAT detects γ rays
resulting not only from proton-proton collisions but
also from the interaction of heavier CR or ISM nuclei.
We used the results of [17] to scale the proton-proton
cross-section to the nucleus-nucleus cross-section tak-
ing into account the ISM and CR composition. The
γ rays detected by Fermi at energies relevant for this
work are also produced by bremsstrahlung of electrons
and positrons. We accounted for this contribution us-
ing an electron spectral form with free parameters and
the cross section of [18]. We fitted the bremsstrahlung
emission together with the hadron decay component
first to the local emissivities. We derived a proton
functional parameter P1 and a bremsstrahlung contri-
bution that we assumed constant for the other annuli.
We then fitted the other annuli with only two parame-
ters: the proton spectrum normalization A and proton
spectral index P2. In Figure 1 the emissivity resulting
from this fit is represented by a dotted line.

To check the validity of the γ-ray template fitting
procedure we studied the coherence of the resulting
proton spectral parameters between the different an-
nuli. In Figure 2 we plotted the proton spectral in-
dex P2 versus the Galactocentric distance of the an-
nulus. We observe a continuous softening of the pro-
ton spectra with the distance from the center of the
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FIG. 1: (a)-(j): The γ-ray emissivity per hydrogen atom
in H i and H2 phases for the CMZ and the 9 Galacto-
centric annuli. In order to extrapolate to higher energies
we fitted a model based on proton density and production
cross-section (dashed line). We applied the same proce-
dure for the DNM (k) and the NH i correction (l) maps.
We did not display in the graph points with emissivities
lower than 10−25MeV 2s−1sr−1MeV −1 nor points corre-
sponding to the lowest energy bin that were also not used
in the analysis.
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FIG. 2: Proton spectrum spectral index P2 versus the dis-
tance from the Galaxy center. The spectral indexes are
extracted from the fit of the γ-ray emissivities for vari-
ous hydrogen Galactocentric annuli. We did not include
any systematic uncertainty in the spectral index error bar.
The Galactocentric distance error bar represents the radial
width of the annuli. For comparison we draw in solid line
the spectral index for proton energies above 100 GeV ex-
tracted from the GALPROP model SY Z6R30T 150C2 [10].

Galaxy. The spectral indices of protons extracted
from the emissivities measured in the first annulus
and the CMZ correspond to a region extending ±10◦

from the Galactic center where confusion with other
templates or point sources is possible. It might also
be contaminated by the soft extra emission not totally
suppressed by the iterative fit procedure.

Figure 3 shows the radial distribution of proton
density integrated above 10 GeV evaluated from the
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FIG. 3: Integrated proton flux above 10 GeV versus Galac-
tocentric distance. For comparison we included the inte-
grated proton flux from the GALPROP SY Z6R30T 150C2
model (solid line). We did not include any systematic un-
certainty in the integrated proton flux error bar. Those
systematic uncertainties could be significant for example
close to the GC where the integrated proton flux depends
on the XCO ratio used in the analysis.

present work. We observe a steep CR density increase
around 3 kpc. Again, part of this increase can be due
to a contamination by the extra emission of the emis-
sivity for the annulus extending to ±30◦ in longitude.
We also observe that the inferred CR proton density
in the CMZ is about 4 times lower than the local one
(about 8 times lower if we assume the same XCO as for
the local annuli). [19] suggested a lower XCO to ex-
plain the anomalously low γ-ray production compared
to the CO column density in COS-B. Again, caution
should be used to interpret the proton density in the
CMZ given possible confusion with point sources or
with the extra emission, especially at low energies.
In Figure 3 we also show the CR proton density pre-
dicted by GALPROP SY Z6R30T 150C2. We note a
reasonable agreement with the ones derived from γ-
ray observations, however beyond 5 kpc the predicted
proton density gradient is steeper than the observed
one [20–23]. GALPROP also predicts a broader dis-
tribution around 3 kpc.

We applied the same fit method for the coefficients
associated with the DNM and NH i correction tem-
plates obtained from the positive and negative dust
residual. In the case of the NH i correction template
we left all the spectral parameters for electrons and
protons free to obtain a better fit to the data. Fig-
ure 1 (k) and (l) show the emissivities associated with
the DNM and the NH i correction templates together
with the fit. To display in this graph the emissivities
inferred from the optical depth map in the same units
as those from the column density maps, we divided
the measured and fitted emissivities by an arbitrary
gas-to-dust ratio of 4× 1021 cm−2 mag−1.

From the fit of Equation 1 we obtained a normal-
ization factor NIC continuously increasing from ∼1
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at 50 MeV to ∼2 at 2 GeV and then continuously de-
creasing back to ∼1 at 50 GeV. Above 50 GeV the
LAT γ-ray statistics is low causing a correlation of
the IC template with the isotropic emission in the fit.
We decided to rely on GALPROP predictions for the
extrapolation to high energies and did not apply any
scaling to IICp

for energies above 50 GeV.

IV. MODELING THE LARGE SCALE
STRUCTURE AND THE EXTRA EMISSION

To include in our interstellar emission model the γ
rays produced by phenomena that lack templates like
the large scale structures, we first created a conven-
tional interstellar emission model based on gas emis-
sivities and IC obtained as described above. We added
the sources from a preliminary version of the 3FGL
catalog, the predicted Sun and Moon intensities and
used an isotropic and limb normalization derived from
the local H i annuli fit. Figure 4 (left column) shows
the positive difference between the Fermi-LAT counts
map and the counts map expected from this model
integrated in three energy bands: 50 MeV-1 GeV, 1-
11 GeV, and 11-50 GeV. As expected, since we did not
include in the model any large structures nor patches,
we observe positive counts residuals including the re-
gions around Loop i and the Fermi Bubbles. We also
observe the extra emission broadly distributed along
the plane at longitudes less than 50◦ and to a lesser
extent at longitudes around 315◦. We also observe an
extended excess of counts toward the Galactic center
at the base of the Fermi bubbles. Figure 5 shows a
closeup of the Galactic center region representing the
difference between the Fermi-LAT counts integrated
between 1.7 GeV and 50 GeV and those expected from
the conventional model using only the determined gas
emissivities and IC emission. To reduce the contrast
due to the bright γ-ray emission of the Galactic plane,
we divided this difference by the conventional model
counts (Figure 5a) and by the square root of this num-
ber (Figure 5b,c,d). The fluxes of some preliminary
3FGL sources located in the Galactic ridge depend
to some extent on the interstellar emission model, so
a fraction of the interstellar emission can be incor-
rectly assigned to point sources. To avoid any bias we
did not subtract them from the counts map in Fig-
ure 5a and 5b. They were subtracted in Figure 5c
and 5d. We deduce from those plots that the bases
of the Fermi bubbles have the form of a catenary in
which the γ-ray emission is enhanced. We observe
hints that this enhancement is perpendicular to the
Galactic plane and originates from the γ-ray source
located in the direction of the Galactic center. As
pointed out by [12] the ROSAT all-sky survey [24]
shows structures similar to the one of the Fermi bub-
bles. Figure 6 shows that the Fermi bubbles have a
similar shape within 20◦ from the Galactic center in

50 MeV-1 GeV

0 4 16 36
counts/pixel

1 GeV-11 GeV

0 4 16
counts/pixel

11 GeV-50 GeV

0 0.25 1
counts/pixel

204 MeV

0 1 4 9×10−8
ph sr−1  s−1  cm−2  MeV−1

3.4 GeV

0 1 4 9×10−10
ph sr−1  s−1  cm−2  MeV−1

−90 ◦
−60 ◦

−30 ◦

0 ◦

30 ◦

60 ◦

90 ◦

b

22 GeV

0 2 7 16×10−12
ph sr−1  s−1  cm−2  MeV−1

FIG. 4: Left column: Mollweide projection in Galactic co-
ordinates of the Fermi-LAT counts map after subtracting
point and extended sources, the limb and isotropic emis-
sion, and a conventional interstellar model based on fitted
gas emissivities and scaled ICp only. The residual map
is shown for three energy bands: 50 MeV–1 GeV (top),
1–11 GeV (middle), 11–50 GeV (bottom). We smoothed
those three maps with a 2-dimensional symmetric Gaus-
sian of 3◦ FWHM. Right: intensity of the modeled large
scale emissionRESIC at energies: 204 MeV (top), 3.4 GeV
(middle), 22 GeV (bottom). All the maps are displayed
with a square root scaling and a pixel size of 0.25◦.

X and γ rays. We note that the X-ray detected by
ROSAT are strongly absorbed at absolute latitudes
of less that 2◦ which can produce the same artifacts
as the use of an overestimated hydrogen emissivities
for the inner annuli in the Fermi-LAT residual maps.
Other extended excesses are present along the Galac-
tic plane including in the Cygnus region. We did
not observe strong negative residuals except in the
direction of the Carina arm tangent where the model
largely over-predicts the observations.

We chose to model those large scale and extra γ-
ray emissions by assuming they all originate from IC
interactions of a population of CR electrons with the
cosmic microwave background radiation. The physi-
cal motivation behind the production of those γ rays
in the energy range between 50 MeV and 50 GeV is
not relevant if the resulting model is consistent with
the data. For simplicity we favored a unique ISRF
and γ-ray production process. We fitted in each pixel
an electron spectral form so that the conventional
model added to this IC emission reproduces the total
counts of the pixel. In order to reduce in the mod-
eled IC map the number of undetected point sources
and small extended structures coming from the counts
map, we transformed the spatial distribution of the
electron spectral parameters into wavelets and filtered
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a

−20% 0 20% 40% 60% 80%

b

−1σ 0 2σ 4σ

c

−1σ 0 1σ 2σ

d

−1σ 0 1σ 2σ

FIG. 5: Closeup of a region within 20◦ of the Galactic
center showing the Fermi-LAT counts map integrated be-
tween 1.7 GeV and 50 GeV after subtracting a conven-
tional model of interstellar emission made only of emis-
sion correlated with the gas and the ICp. To reduce the
contrast between the Galactic plane emission and higher
latitudes, we display the residual in fractional units, di-
viding the residuals by the model (a), and in units of
standard deviation, dividing the residuals by the square
root of the model (b). In (c) we additionally subtracted
the point and extended sources from a preliminary 3FGL
list. In (d) we show the residual map with the large-
scale emission modeled by RESIC subtracted, it con-
tains features smaller than the angular scale included in
RES IC. The red dashed lines correspond to the cate-
nary function 10.5 × (cosh((l − 1)/10.5) − 1) (north) and
−8.7× (cosh((l+1.7)/8.7)−1) (south) that reproduce ap-
proximately the edge of the bubbles for latitude below 20◦.
We smoothed the 4 maps with a Gaussian of 1◦ FWHM.

out scales smaller than 2◦. We created a spatial mask
drawn by hand that encompasses only regions where
the large-scale structures and extra emission is the
largest. We call this masked and filtered emission
RESIC and show it in the right column of Figure 4
at energies approximately corresponding to the geo-
metric average of the energy interval used to display
the counts map of the left column. We observe a good
agreement between the large-scale structures observed
in the counts map and the one we have modeled. In
Figure 5d we show the residual map integrated be-
tween 1.7 GeV and 50 GeV in the direction of the
Galactic center when RESIC is included in the model.
The residual map is flat apart from some emission to-

Fermi-LAT

−20% 0 20% 40% 60% 80%

Rosat

0 200 400 600 800

Fermi-LAT

−20% 0 20% 40% 60% 80%

Rosat

0 200 400 600 800

FIG. 6: Comparison between the Fermi-LAT residuals
shown in Figure 5a and the ROSAT all-sky survey [24]
for energies 0.73–2.04 keV. The ROSAT observations are
displayed in 10−6 counts s−1 arcmin−2. The second row
shows the same plots as in the first row together with the
catenary curves given in Figure 5.

ward the Galactic center and the Fermi bubbles. This
emission corresponds to the small scales filtered out in
the wavelet decomposition.

V. RESULTING MODEL OF GALACTIC
INTERSTELLAR EMISSION

We derived a final model for the interstellar emis-
sion from the sum of the modeled differential gas γ-ray

emissivities (
dqfit

dE ), the renormalized IICp , and from
the large-scale and extra emission RESIC (Equation
2).

I(E, l, b) =
∑

i=HI,H2,DNM

dqfiti
dE

(E)IHi
(l, b)

+NIC(E)IICp (E, l, b) +RESIC(E, l, b)

(2)

We compared the Fermi-LAT counts map inte-
grated between 360 MeV and 50 GeV (Figure 7, top)
to the one predicted by the interstellar emission model
given by Equation 2 combined with the ones origi-
nating from non-Galactic interstellar origin (Figure 7,
middle) . We derived the residual map (Figure 7, bot-
tom) by subtracting the model from the data and nor-
malizing by the square root of the model to enhance
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FIG. 7: Top: All-sky Mollweide projection for 4 years of
Fermi-LAT γ-ray counts in the 0.36–50 GeV energy band.
Middle: counts prediction in the same energy range based
on the interstellar emission model combined with modeled
point and extended sources (including the Sun and the
Moon), the Earth limb emission and the isotropic emis-
sion. Both maps are displayed with square root scaling to
enhance emission away from the plane. Bottom: residual
map in units of standard deviations after smoothing with
a Gaussian of 2◦ FWHM. The pixel size for the three maps
is 0.25◦.

deviations above statistical fluctuations. The over-
all agreement between observations and model is very
good, partly because some excesses we observed were
modeled and re-injected into the interstellar model.

We derived from Equation 2 a model of the inter-
stellar emission available at the Fermi Science Sup-
port Center (FSSC) website as a FITS file named
gll iem v06.fit. We resampled all the maps to a 0.125◦

grid. The FITS file comprises 30 logarithmically-
spaced energy bins between 50 MeV and 600 GeV.
It gives the differential intensity of the Galactic

diffuse emission model in photons sr−1 s−1 cm−2

MeV−1. This model tuned to LAT data is not
corrected for the energy dispersion, it can then be
used directly with LAT data. The Pass 7 V15 IRFs
(P7REP CLEAN V15) are the recommended set for
Pass 7 reprocessed data and this model. The differ-
ence with the Pass 7 V10 used for this fitting mainly
resides in an improved Monte Carlo PSF and in
an updated fitting procedures to determine the pa-
rameters for the LAT effective area representation.
Those minor differences modify the exposure but not
the reconstructed LAT events. The minimum ra-
tio of exposure maps (V15/V10) is 0.98 at 50 MeV
and the maximum 1.05 at 1 GeV. In order to use
the model with the final IRFs we rescaled the in-
tensity by the ratio of the exposure maps evaluated
for each of the 30 energy bins of the Galactic dif-
fuse emission model. The model is then intended
for use with the instrument response functions ver-
sions P7REP SOURCE V15, P7REP CLEAN V15,
and P7REP ULTRACLEAN V15.
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High-Energy Neutrinos in Light of Fermi-LAT
Markus Ahlers
WIPAC & Department of Physics, University of Wisconsin–Madison, Madison, WI 53706, USA

The production of high-energy astrophysical neutrinos is tightly linked to the emission of hadronic γ-rays. I will
discuss the recent observation of TeV to PeV neutrinos by the IceCube Cherenkov telescope in the context of
γ-ray astronomy. The corresponding energy range of hadronic γ-rays is not directly accessible by extragalactic γ-
ray astronomy due to interactions with cosmic radiation backgrounds. Nevertheless, the isotropic sub-TeV γ-ray
background observed by the Fermi Large Area Telescope (LAT) contains indirect information from secondary
emission produced in electromagnetic cascades and constrains hadronic emission scenarios. On the other hand,
observation of PeV γ-rays would provide a smoking-gun signal for Galactic emission. In general, the cross-
correlation of neutrino emission with (extended) Galactic and extragalactic γ-ray sources will serve as the most
sensitive probe for a future identification of neutrino sources.

1. Introduction

The recent observation of a flux of high-energy as-
trophysical neutrinos [1, 2, 3, 4] has added an impor-
tant new pillar to multi-messenger astronomy. Neu-
trinos are tracers of hadronic interactions of cos-
mic rays (CRs) via the production and decay of
charged mesons. Unlike the observation of γ-rays,
which can also be produced by leptonic emission,
i.e. synchrotron emission, bremsstrahlung or inverse-
Compton scattering of high-energy electrons, the de-
tection of neutrinos is direct evidence of the presence
of high-energy CRs. Due to their weak interaction
with matter neutrinos at all energies can arrive from
very distant sources and probe the Universe as far as
the Hubble horizon. In contrast, γ-rays at energies
beyond a few TeV scatter strongly in cosmic radi-
ation backgrounds and initiate electromagnetic cas-
cades shifting the γ-ray emission into the sub-TeV re-
gion. Cosmic rays are deflected via Galactic and ex-
tragalactic magnetic fields and can only correlate with
their sources at energies approaching the Greisen-
Zatspin-Kuz’min (GZK) cutoff [5, 6], EGZK ' 50 EeV.
Thus, astronomical observations of non-thermal point
sources emitting in the energy band between 10 TeV
and 10 EeV are only possible via astrophysical neu-
trinos.

On the other hand, the weak interaction of neu-
trinos with matter is a challenge for their detection
requiring enormously large instruments. One possibil-
ity consist of the detection of Cherenkov light emitted
by high-energy secondary charged particles produced
in neutrino interactions in optically transparent me-
dia. This is the concept of the IceCube detector which
consists of a cubic kilometer of deep glacial ice at the
geographic South Pole that is instrumented by an ar-
ray of digital optical modules (DOMs). The small
number of signal events have to compete against large
backgrounds from CR activity in the atmosphere pro-
ducing high-energy muons and atmospheric neutrinos.

Only recently, the IceCube Collaboration was able
to identify a flux of high-energy astrophysical neutri-

nos [1, 2, 3, 4]. The flux of neutrinos observed in
the so-called high-energy starting event (HESE) anal-
ysis consists of 37 events with deposited energies be-
tween 30 TeV and 2 PeV observed within a period of
three years [3]. To extract an astrophysical signal the
analysis identifies events with bright Cherenkov light
emission of secondary charged particles that passed a
virtual outer veto layer of DOMs [7]. This does not
only veto most of the atmospheric muons, but also a
large portion of atmospheric neutrino in the Southern
Hemisphere which are vetoed by co-produced shower
muons [8]. The topologies of the HESE events are
classified in terms of tracks and cascades, depending
on whether the neutrino interaction produced a muon
track inside the detector or just a nearly spherical
emission pattern at its interaction vertex, respectively.
The expected number of background events are about
15 atmospheric muons and neutrinos. The total sig-
nificance of the flux is at 5.7σ [3].

Figure 1 shows the distribution of the HESE events
in Galactic coordinates. The different event topolo-
gies of tracks and cascades are shown as diamonds and
filled circles, respectively. The area of the symbols in-
dicate the relative increase of deposited energy. The
most energetic events consist of three PeV cascades
(#14, #20 & #35). Due to the spherical emission
of the cascades the uncertainty in the reconstruction
of their initial neutrino arrival direction is typically
larger than 10◦ and is indicated as thin circles in the
sky map. For tracks the reconstruction has a resolu-
tion of better than 1◦. The red shaded area shows
10% steps of the minimal Earth absorption of neutri-
nos in the sample assuming 30 TeV as their minimum
energy. Accounting for the zenith angle dependence of
signal and background the emission is consistent with
an isotropic and equal-flavor flux at a level of

E2
νJ

IC
να ' (0.95± 0.3)× 10−8GeVs−1cm2sr−1 , (1)

per neutrino flavor assuming an E−2 power-law emis-
sion. Track events can only be produced by charged
current interactions of muon neutrinos and hence the
track-to-cascade ratio contains information of the fla-
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Figure 1: The arrival directions of IceCube events from Ref. [3]. The events are classified as tracks (diamonds) and
cascades (filled circles). The relative detected energy of the events is indicated by the area of the symbols. The thin
lines around the arrival direction of the cascade events indicate the systematic uncertainty of the reconstruction. Two
likely background events (#28 and #35) from the 37 events are omitted from the plot. The red shaded region shows
the minimal (Eν = 30 TeV) absorption of the neutrino flux due to scattering in the Earth in 10% steps.

vor composition [9, 10, 11, 12, 13]. A recent analysis
of IceCube shows that the observation is consistent
with an equal flavor composition expected from as-
trophysical sources [14]. The best-fit spectral index of
the HESE analysis is at 2.3 with an total uncertainty
of ±0.3 [3]. Note, that a recent IceCube analysis ex-
tending the veto idea to neutrinos at (1-10) TeV favors
a softer spectrum of 2.46± 0.12 [4].

Various astrophysical scenarios have been suggested
that might be (partially) responsible for the ob-
served flux of neutrinos. The absence of signifi-
cant signs of anisotropy in the data is consistent
with an extragalactic population of sources. Source
candidates include galaxies with intense star forma-
tion [15, 16, 17, 18, 19, 20], cores of active galactic nu-
clei (AGN) [21, 22, 23], low-luminosity AGN [24, 25],
blazars [26, 27, 28], low-power GRBs [29, 30, 31], can-
nonball GRBs [32], intergalactic shocks [33], and ac-
tive galaxies embedded in structured regions [16, 34,
35]. Galactic contributions are in general identifiable
by anisotropies in the arrival direction of neutrinos.
The data shows no evidence for this, but this might
be hidden by the limited event statistics and angu-
lar resolution of cascades. Possible contributions to
super-TeV neutrinos are the diffuse neutrino emis-
sion of galactic CRs [36, 37, 38], the joint emission
of galactic PeV sources [39, 40] or microquasars [41],
and extended galactic structures like the Fermi Bub-
bles [36, 42, 43] or the galactic halo [44]. A possible as-
sociation with the sub-TeV diffuse galactic γ-ray emis-
sion [45] and constraints from the non-observation

from diffuse galactic PeV γ-rays [36, 46], have also
been investigated. More exotic scenarios have sug-
gested a contribution of neutrino emission from de-
caying heavy dark matter [47, 48, 49, 50].

Constraining the origin of the IceCube observation
by neutrino data itself is challenging due to low event
statistics, large backgrounds and systematic effects.
Progress can be made by the fact the neutrino emis-
sion is intimately related to the production of hadronic
γ-rays. Observation of γ-ray astronomy can hence
help to constrain or identify the neutrino emission.
In particular, the wealth of data coming from the
Fermi telescope which allows for a cross-correlation
with neutrino events in IceCube’s field of view can
help to identify possible sources, as we will discuss in
the following.

2. Pinpointing Neutrino Sources

As mentioned in the introduction the neutrino ob-
servation is consistent with an isotropic flux. This
would naturally arise from a superposition of faint
point-sources of an extra-galactic source population.
For simplicity, let’s consider a distribution of contin-
uously emitting sources with the same emission rate
Qν(E) ∝ E−γ and red-shift dependent density H(z).
The individual point-source spectrum J (in units of
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GeV−1s−1cm−2) at red-shift z is then given as

J(z, E) =
(1 + z)2Qν((1 + z)E)

4πd2
L(z)

, (2)

for a luminosity distance dL(z) = (1 + z)
∫

dz′/H(z′)
defined by the red-shift Hubble expansion rate H(z).
In the following we assume a flat universe dominated
by vacuum energy with ΩΛ ' 0.7 and cold dark matter
with Ωm ' 0.3 [51]. The Hubble parameter at earlier
times is then given by its value today of H0 ' 70
km s−1 Mpc−1 and the relation H2(z) = H2

0 (ΩΛ +
Ωm(1 + z)3). On the other hand, the average diffuse
flux of neutrinos originating in multiple cosmic sources
is simply given by

Jtot(Eν) =
1

4π

∫ ∞
0

dz
dV
dz
H(z)Jν(z, E) , (3)

where V(z) = (4π/3)d3
c(z) is the co-moving volume

with co-moving distance dc(z) = dL(z)/(1 + z). This
quantity is normalized by the diffuse flux of Eq. (1).
The contribution of an (average) source at co-moving
distance r can then be expressed via the local density
H0 = H(0) and an evolution factor

ξz(E) =

∫ ∞
0

dz
(1 + z)−γ√

ΩΛ + (1 + z)3Ωm

H(z)

H(0)
. (4)

Based on the diffuse flux (1) we can then estimate the
contribution of individual point sources. For a con-
tinuously emitting source at a distance d = d110 Mpc
the mean neutrino flux is given as

E2
νJν '

(0.9± 0.3)× 10−12

ξz,2.4H0,−5d2
1

TeV

cm2 s
, (5)

where H0 = H0,−510−5Mpc−3 is the local source den-
sity. An analogous argument can be made for tran-
sient sources [52]. In this case the time-integrated
neutrino flux F (in units of GeV−1cm−2) from an in-
dividual transient can be expressed as

E2
νFν '

0.3± 0.1

ξz,2.4Ḣ0,−6d2
1

GeV

cm2
, (6)

where Ḣ0 = Ḣ0,−610−6Mpc−3yr−1 is the local flar-
ing/burst density rate.

In Eqs. (5) and (6) the distance d and density H are
kept as independent parameters. However, the first
identified neutrino point-source will be the brightest
one in the field of view (FoV), i.e. the closest one for
equal-luminosity sources. The position of the clos-
est source of an ensemble follows a statistical distri-
bution [52]. Figure 2 shows the expected flux range
of the closest continuous (top) or transient (bottom)
neutrino source assuming a homogeneous local distri-
bution with density H0 or density rate Ḣ0, respec-
tively. The different shaded bands indicate the 10%
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H [Mpc−3]

10−14

10−13

10−12

E
2 J(

E
)

[T
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cm
−2

s−
1 ]

closest continuous source in FoV

Tlive = 5 yrs, ξz = 2.4, fsky = 0.5

IceCube (90% C.L., 5 yrs, Northern Hemisphere)

10−9 10−8 10−7 10−6

Ḣ [Mpc−3 yr−1]
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(E
)

[G
eV

cm
−2

]

closest transient source in FoV

Tlive = 5 yrs, ξz = 2.4, fsky = 0.5

IceCube (90% C.L., Northern Hemisphere)

Figure 2: Expected emission of the closest neutrino
source in terms of the average source density. The
shaded regions show the 10% percentiles around the
mean (solid line) expected from a random distribution of
sources (from Ref. [52]).

percentiles around the mean (solid line). The calcu-
lation assumes a source distribution following that of
star-formation rate, ξz ' 2.4, using the estimates of
Refs. [53, 54]. The plots in Fig. 2 also indicates the
point-source sensitivity of IceCube in the Northern
Hemisphere after 5 years of observation. IceCube is
presently only sensitive to sparse sources with den-
sities of H0

<∼ 10−7 Mpc−3 like flat-spectrum radio

quasars or very rare Ḣ0
<∼ 10−8 Mpc−3 yr−1 transient

source classes like gamma-ray bursts.

Significant progress can be made by cross-
correlating neutrino events with source catalogues [55,
56]. In particular, Fermi observations of extra-galactic
γ-ray sources with an un-biased FoV provide an ex-
cellent catalogue for stacking searches, e.g. blazar
sources [57]. In particular, the large background of
atmospheric events can be significantly reduced by
searching for neutrino events in coincidence with the
position and time of transient sources [56]. For in-
stance, IceCube has been looking for neutrino emis-
sion in coincidence with gamma-ray bursts (GRBs).
The present limit on the combined (“stacked”) emis-
sion from GRBs reported via the GRB Coordinates
Network [58] and the Fermi GBM catalogs over a pe-
riod of five years places an upper limit on their diffuse
muon-neutrino flux which is about 1% of the observed
diffuse emission (1), constraining the GRB origin of
the emission [59].
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3. Diffuse Neutrinos

The overall energy density of the observed neutrino
flux is close to a theoretical limit for neutrino pro-
duction in the sources of ultra-high energy (UHE)
CRs [60]. This might just be a coincidence, but it
can also indicate a multi-messenger relation. The neu-
trino and CR nucleon (N) emission rates Q (in units
of GeV−1s−1) are related via

1

3

∑
α

E2
νQνα(Eν) ' 1

4

fπKπ

1 +Kπ
E2
NQN (EN ) (7)

where fπ < 1 is the pion production efficiency, Kπ the
ratio of charged to neutral pions and Eν ' 0.05EN .
The emission rate density of UHE CRs depend on
spectrum and composition. For an E−2 flux of pro-
tons it can be estimated as E2

pQp(Ep) ' (1 − 2) ×
1044 erg Mpc−3 yr−1 [61]. Hence, using Eq. (3) the
diffuse neutrino flux can be estimated as

E2
νJν(Eν) ' ξzfπKπ

1 +Kπ
(2− 4)× 10−8 GeV cm−2 s−1 sr ,

(8)
were ξz is again given by Eq. (4). Since fπ < 1 this
provides a theoretical upper limit on neutrino produc-
tion, the Waxman-Bahcall (WB) bound [60].

Neutrino fluxes close to this limit would require
very efficient CR production with optical thickness
τpγ/pp � 1, such that fπ ' 1, i.e. CR reservoirs [62]
such as starburst galaxies [15, 63] or clusters of galax-
ies [34, 35, 64]. Interestingly, the energy density of
Galactic CRs require a similar energy density. Assum-
ing that 1% of the kinetic energy of 1051 erg of a super-
nova (SN) explosion is converted to CRs and assum-
ing normal galaxies with densities H0 ' 10−3Mpc−3

and a SN rate of 10−2 yr−1 we arrive at E2
pQp(Ep) '

1044 erg Mpc−3 yr−1. This coincidence together with
the saturation of the WB bound has let to specula-
tions that Galactic and extragalactic CRs might be
produced in the same transient sources [62].

Hadronic interactions of CRs will not only produce
neutrinos, but also hadronic γ-rays. The production
rates are related by

1

3

∑
α

E2
νQνα(Eν) ' Kπ

4
E2
γQγ(Eγ) . (9)

Note, that this relation does not depend on the pion
production efficiency, but only on the relative charged-
to-neutral pion rateKπ. However, the production rate
described by Eq. (9) is not necessarily the emission
rate of the sources. For instance, in hadronic sources
that efficiently produce neutrinos via pγ interactions
the target photon field can also efficiently reduce the
hadronic γ-rays via pair production. Inverse-Compton
scattering and synchrotron emission in magnetic fields
will then shift the emitted γ-ray spectrum to lower en-
ergies. This is a calorimetric process that will conserve
the total energy of hadronic γ-rays.

10−3 10−2 0.1 1 10 102 103
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−1

]

Γ = 2.15

Γ = 2.0

pp scenario

SFR evolution

HESE (3yr)

arXiv:1410.1749

Fermi IGRB (2014)

Figure 3: Isotropic γ-ray background (IGRB) inferred by
Fermi [70] compared to the diffuse per-flavor neutrino
flux observed by IceCube[1, 4] (updated plot of
Ref. [36]). The black lines show possible neutrino models
consistent with the IceCube data. The red lines are the
corresponding γ-rays of pp scenarios reprocessed in the
cosmic radiation background. The thick and thin solid
lines show a power-law emission with Γ = 2.15 and
Γ = 2, respectively, with an exponential cutoff around
PeV. The dashed lines show an emission that is peaked
in the 10TeV-PeV and only contributes in the γ-ray
emission via cascades photons.

On the other hand, optically thin sources where the
hadronic production is dominated by CR-gas interac-
tions (pp sources) are expected to release the hadronic
γ-rays described by Eq. (9). For this production mech-
anism the pion production efficiency is only weakly
depend on the initial CR energy. The emitted neu-
trino and γ-ray spectra essentially follow the initial
power-law spectrum of CRs, cf. Eq. (7). Neverthe-
less, the high-energy γ-rays of extragalactic sources
will interact with cosmic radiation backgrounds, in
particular the cosmic microwave background. Here
again, the pair production and subsequent inverse-
Compton scattering of the high energy electrons will
lead to electromagnetic cascades. As a result, the ini-
tial energy density of hadronic γ-ray will be shifted
into the sub-TeV γ-ray band, where they supplement
the direct emission of the source. The observed γ-
ray background in this energy region provides hence
a general upper limit on the diffuse hadronic emis-
sion [65], which also applies to the production of
cosmogenic neutrinos produced via the GZK interac-
tion [66, 67, 68, 69].

Figure 3 shows three pp emission scenarios that
follow the diffuse neutrino observation in the TeV-
PeV energy range. The black and red lines show
the neutrino and γ-ray spectra after accounting for
cosmic evolution and cascading in cosmic radiation
backgrounds. The thick solid line shows the case of
an emission following E−2.15 with an exponential cut-
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off around PeV. This scenario is marginally consistent
with the inferred isotropic diffuse γ-ray background
(IGRB) by Fermi [70]. The emission at sub-TeV ener-
gies is dominated by the direct photons of the sources.

For harder emission (Γ = 2.0, thin lines) the cas-
caded spectrum is still a significant contribution to
the IGRB. The effect of cascades γ-rays is clearly vis-
ible as a bump in the GeV-TeV energy range. For
illustration we also show the effect of a low energy cut-
off in the intrinsic γ-ray and neutrino spectra (dashed
lines). As we already emphasized, this emission spec-
trum is not expected for a pp scenario. However, the
observed γ-ray spectrum is in this case dominated by
secondary cascaded photons. The contribution to the
Fermi IGRB between 100 GeV to 1 TeV is still at the
level of 10%.

In general, this shows that the diffuse γ-ray contri-
bution to the Fermi IGRB is large for pp scenarios soft
emission spectra (Γ >∼ 2.2) are inconsistent with the
data [16]. On the other hand, pγ scenarios will most
likely contribute to the leptonic emission of sources via
reprocessed γ-rays. In this case, the hadronic coun-
terparts of the IceCube observation can be identified
in the source emission itself, but the energy range will
depend on the particular source type.

4. Galactic TeV-PeV γ-rays

In the previous section we focused on the relation
between CRs, γ-rays and neutrinos of extragalactic
sources, which seem consistent with the absence of
strong anisotropies in the observed neutrino spec-
trum. However, with the limited angular resolution
and statistics of the observation it is possible that
Galactic sources which are sufficiently extended con-
tribute to the data. These extended emission regions
are also observed by Fermi via the diffuse γ-ay emis-
sion of the Galactic Plane (GP) [71] or the extended
Fermi Bubbles (FB) [72, 73]. In fact, as indicated in
the sky map of Fig. 1 two of the PeV cascades (#14 &
#35) are within angular uncertainties consistent with
an emission along the Galactic Plane and the weak
cluster of cascades in an extended region around the
Galactic Center might also indicate the presence of
Galactic neutrino emission.

Over Galactic distances the corresponding emis-
sion of hadronic TeV-PeV γ-rays are not completely
attenuated by radiation backgrounds. In particular
the observation of PeV γ-rays with an attenuation
length of about 10 kpc via pair production in the cos-
mic microwave background (CMB) would be a smok-
ing gun for Galactic production [36, 46]. Figure 4
shows the interaction length of photons for pair pro-
duction and inverse-Compton scattering of photons
with the CMB and the extragalactic background light
(EBL) [74]. Extra-galactic candidate sources for PeV
neutrino production, like Centaurus A at a distance of
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Figure 4: The interaction length of pair production and
inverse-Compton scattering of photons with the CMB
and EBL. Typical distance scales like the Galactic Center
and the close-by radio galaxy Cen A are indicated.

4 Mpc shown in the plot, are only visible by hadronic
γ-ray emission below 100 TeV. The diffuse flux of γ-
rays from cosmic sources is only visible below 1 TeV
due to EBL absorption.

The origin of the extended Galactic γ-ray emission
known as the Fermi Bubbles [72] is unclear, but lep-
tonic [75] as well as hadronic [76, 77] scenarios have
been proposed, which can be distinguished via their
corresponding neutrino emission [78]. Figure 5 shows
the recent Fermi result of the emission spectrum of the
FB region [73]. The red lines shows possible hadronic
emissions from a power-law CR spectrum with differ-
ent spectral indices and exponential cutoffs assuming
a pp origin [79]. The black lines show the correspond-
ing diffuse neutrino flux in comparison with the Ice-
Cube data. The models indicate that the extrapolated
neutrino emission is probably irrelevant for PeV neu-
trino emission, but can have a noticeable contribution
at energies of (1− 10) TeV [4]. Note, that the exten-
sion of the Fermi Bubbles is only about 10% of the full
sky.

A guaranteed contribution to the diffuse emission of
the Galactic Plane is the hadronic emission produced
by interactions of diffuse CRs with gas [36, 37, 38].
In general, this emission is expected to follow the lo-
cal diffuse CR spectrum. Usually it is assumed that
the average spectrum in our Galaxy is close to the ob-
served one with a power-law E−2.75 up to the knee at
(3− 4) PeV where the spectrum softens. In this case
the contribution to the diffuse neutrino flux at PeV
is not expected to be significant. Nevertheless, some
authors have argued that the average spectrum in our
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Figure 5: The diffuse flux from the Fermi Bubbles [73]
compared to the diffuse per-flavor neutrino flux observed
by IceCube[1, 4]. We show hadronic models of γ-ray (red
lines) and per-flavor neutrino (black lines) emission. The
lines show power-law emission of CR protons following
the model in Ref. [73] (Eq. (16)) with n = 2.1 and
Ecut = 13.7 TeV (solid) or n = 2.15 and Ecut = 200 TeV
(dashed), respectively. In the case of a large cutoff the
neutrino emission extends into the energy region studied
in [4].

Milky Way might be harder and the locally observed
spectrum might be softer due to a local and recent CR
injection [80]. Again, this would not only produce an
anisotropy of the neutrino emission along the GP, but
also PeV γ-rays.

Exotic contributions like decaying heavy dark mat-
ter will also produce an extended emission [47, 48, 49,
50]. About 50% of the Galactic signal will be within
60◦ around the Galactic Center. It can be expected
that these decaying dark matter scenarios leading to
strong neutrino emission will also produce γ-rays up
to an energy set by the mass scale. Interestingly, the
neutrino emission of extragalactic dark matter decay
will be at a similar flux level as the Galactic contri-
bution. Hence, the high-energy neutrino events far off
the Galactic Center can also be accounted for in this
scenario without fine-tuning.

5. Summary and Outlook

The first observation of high-energy astrophysical
neutrinos have added an important new observable of
multi-messenger astronomy. Their energy density is
comparable to the power density of Galactic or ex-
tragalactic cosmic rays integrated over the Hubble
timescale. It also similar to the energy density of the
isotropic γ-ray background. These similarity might be
the result of calorimetric processes and suggest that
a large contribution of high-energy messengers have a

hadronic origin.
The absence of strong anisotropies in the data can

be a natural consequence of neutrino emission in ex-
tragalactic sources. The identification of individual
sources via clusters in neutrino arrival directions is
challenging due to the limited angular reconstruc-
tion, low signal statistics and large atmospheric back-
grounds. Cross-correlation of neutrino events with
catalogues of transient and continuous γ-rays sources
will provide the best chance to identify the neutrino
sources.

Interestingly, the isotropic diffuse γ-ray background
observed by Fermi-LAT already constrains extra-
galactic hadronic emission scenarios. Neutrino pro-
duction via cosmic ray interactions with gas (pp sce-
nario) predict neutrino and hadronic γ-ray spectra
that follow the cosmic ray power-law spectrum. The
tail of sub-TeV γ-rays for soft spectral indices Γ >∼ 2.2
are inconsistent with the observed γ-ray background
level. Harder emission scenarios can also be con-
strained by the identification of known diffuse γ-ray
contributions, such as unresolved blazars.

Needless to say that neutrino astronomy would ben-
efit from a larger instrument with an increased sen-
sitivity for neutrino point sources. The proposed
IceCube–Gen2 extension [81] plans to increase the ef-
fective volume of IceCube by about a factor of 10. For
transient sources which are not dominated by atmo-
spheric backgrounds this would increase the sensitiv-
ity by about a factor of 102/3 ' 5.
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During its first six years of operation, the Fermi Large Area Telescope (LAT) has detected >30 MeV gamma-
ray emission from more than 40 solar flares, nearly a factor of 10 more than those detected by EGRET. These
include detections of impulsive and sustained emissions, extending up to ∼20 hours in the case of the 2012
March 7 X-class flares. We will present an overview of solar flare detections with LAT, highlighting recent
results and surprising features, including the detection of >100 MeV emission associated with flares located
behind the limb. Such flares may shed new light on the relationship between the sites of particle acceleration
and gamma-ray emission.

1. Introduction

Understanding the processes of particle accelera-
tion and impulsive energy release which occur in nu-
merous sites throughout the Universe is one of the
major goals of space physics and astrophysics. The
Sun is the most powerful particle accelerator in the
solar system and its proximity permits investigat-
ing the entire electromagnetic spectrum of these ac-
celeration phenomena. During solar flares, the Sun
is capable of accelerating electrons and ions to rel-
ativistic energies on time scales as short as a few
seconds, as indicated by observations of X-rays, mi-
crowaves, γ-rays, and neutrons produced when the
flare-accelerated particles interact with the solar at-
mosphere [Forrest and Chupp 1983, Kane et al. 1986].
In general, the γ-ray emission light curve is similar to
that of the HXRs (possibly with some delay), last-
ing for 10–100 seconds. This is referred to as the
“impulsive” phase of the flare. However, the En-

ergetic Gamma Ray Experiment Telescope (EGRET)
on-board CGRO [Kanbach et al. 1988, Esposito et al.
1999] also detected a sustained emission in gamma
rays for more than an hour after the impulsive phases
of 3 flares [Ryan 2000a]. The expected increase of so-
lar activity during the current solar maximum is pro-
ducing a large number of solar flares, including bright
GOES X-class and moderate M-class flares.

2. Fermi observations of the Sun

Launched in 2008, the Fermi observatory is com-
prised of two instruments; the Large Area Telescope
(LAT) designed to detect gamma-rays from 20 MeV
up to more than 300 MeV [Atwood et al. 2009a] and
the Gamma-ray Burst Monitor (GBM) which is sen-

sitive from ∼ 8 keV up to 40 MeV [Meegan et al.
2009]. During the first 18 months of operation co-
inciding with the solar cycle minimum, the Fermi
LAT detected >100 MeV gamma-ray emission from
the quiescent Sun [Abdo et al. 2011a]. As the so-
lar cycle approaches it maximum, the LAT has de-
tected several solar flares above 30 MeV during both
the impulsive and the temporally extended phases
[Ohno et al. 2011, Omodei et al. 2011, Tanaka et al.
2012, Petrosian et al. 2012, Omodei et al. 2012]. The
first Fermi GBM and LAT detection of the impul-
sive GOES M2.0 flare of 2010 June 12 is presented
in Ackermann et al. [2012a]. The analysis of this
flare was performed using the LAT Low-Energy (LLE)
technique [Pelassa et al. 2010] because the soft X-rays
emitted during the prompt emission of a flare pene-
trate the anti-coincidence detector (ACD) of the LAT
causing a pile-up effect which can result in a signifi-
cant decrease in gamma-ray detection efficiency in the
standard on-ground photon analysis [Atwood et al.
2009a]. The pile-up effect has been addressed in detail
in Ackermann et al. [2012a] and Abdo et al. [2009].
The list of all LAT detected flares, and the analysis of
the first two flares with long lasting high-energy emis-
sion (2011 March 7–8 and 2011 June 7) is presented
in Ackermann et al. [2014], Ajello et al. [2014].

2.1. June 2010: An impulsive event

On 2010 June 12 00:30 UT a moderate GOES M2.0
class X-ray flare erupted from the active region (AR)
11081 located approximately N23◦W43◦. At the time
of the flare the Fermi spacecraft was in sunlight and
during a relatively low-background portion of its or-
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bit1. The GBM triggered on the flare at 00:55:05.64
UT and detected keV emission for ≈10 m. The 11−26
keV emission recorded by the GBM NaI detectors rose
precipitously for about 40 s and is shown in Figure 1a.
For comparison we include the GOES 0.5 – 4 Åprofile
and note that this emission is dominated by 3 keV
thermal photons as is reflected in its slower rise and
extended tail. The 100−300 keV time profile observed
by the GBM’s solar facing NaI detector is also plotted
in Figure 1a. It is clear that the emission peaks more
sharply and ends sooner at higher X-ray energies.

The accompanying hard X-ray emission from the
flare was detected in the LAT’s ACD and is reflected in
the shape of the average number of ACD tile hits as a
function of time (shown in Figure 1b). The broad peak
with a maximum near 00:57 UT of the hit distribution
has a shape similar to the 11 – 26 keV emission and
the impulsive peak is similar to the 100 to 300 keV
flux observed by the GBM NaI detector. As shown by
the red curve in Figure 1c there is no evidence for the
flare in the well-screened standard LAT data products.
[What is shown here are the events belonging to the
P6TRANSIENT event class, Atwood et al. 2009b]. This
is the direct consequence of the pulse pile-up effect.
The black curve in Figure 1c is the LAT LLE >30
MeV event rate for the time of the flare.

White light emission observed by the Helioseismic
and Magnetic Imager (HMI) on the Solar Dynamics

Observatory (SDO) [Mart́ınez Oliveros et al. 2011] in
a single 45 s exposure during the hard X-ray emission
revealed two compact footpoints about 104 km apart.

The >30 MeV LLE spectrum of this flare revealed
flare emission up to an energy of ∼400 MeV. The
nuclear line emission observed with the GBM im-
plies the presence of accelerated ions up to at least
50 MeV nucleon−1. It is possible that the flare-
accelerated proton spectrum extended up to the ∼300
MeV threshold for pion production. Alternatively, it
is also possible that the LAT emission is from elec-
tron bremsstrahlung, either from an extension to high
energies of the electron spectrum producing the X-ray
bremsstrahlung observed in the GBM or from an addi-
tional hard electron component. One possible way to
resolve this ambiguity is to jointly fit the GBM and
LAT spectra assuming different origins for the LAT
emission.

In Figure 2 we plot the background-subtracted pho-
ton spectrum from 0.3 to 400 MeV including both the
GBM and LAT data. We made two fits, using rmfit
3.41, customized for the specific solar flare, and the

1The Fermi observatory is in a nearly circular orbit with an
inclination of 25.6◦ at 565 km.

1R.S. Mallozzi, R.D. Preece, & M.S. Briggs, “RM-
FIT, A Lightcurve and Spectral Analysis Tool”, Robert
D. Preece, University of Alabama in Huntsville, (2008):

OSPEX2 analysis packages, to the joint data sets. In
the first fit we assume that the observed LAT emis-
sion was from pion-decay radiation (top panel of Fig-
ure 2) and the other assuming that it was from a hard
power-law spectrum of electron bremsstrahlung (bot-
tom panel). Based on the statistical quality of the
fits to the LAT spectrum we cannot distinguish be-
tween the two emission models but, if the LAT emis-
sion is from electron bremsstrahlung, we have found
that it cannot be a simple extension of the low-energy
bremsstrahlung components that we determined from
fits to the GBM data; it must be from a distinct popu-
lation of electrons extending to energies of several hun-
dred MeV. However, this high energy electron compo-
nent would produce a spectrum that steepens beyond
tens of MeV due to synchrotron energy losses that
increase with energy [see Park et al. 1997], and must
have a quite different origin. Consequently we believe
that this is a less likely scenario than the hadronic
model.

Assuming that the LAT emission is from hadronic
interactions, we have fit the LAT spectrum with cal-
culated pion-decay templates [Murphy et al. 1987],
which depends on the ambient density, composition
and magnetic field, on the accelerated-particle compo-
sition, pitch angle distribution and energy spectrum.
The templates represent a particle population with an
isotropic pitch angle distribution and a power-law en-
ergy spectrum (dN/dE ∝ E−s, with E the kinetic en-
ergy of the protons) interacting in a thick target with
a coronal composition [Reames 1995] taking 4He/H
= 0.1. With 67% confidence (based on χ2) we con-
clude that the spectrum of accelerated ions responsi-
ble for the pion-decay emission must be steeper than
a power-law with index −4.5. We note that there is
no change in the quality of the fits for indices steeper
than −5 due to limited statistics >400 MeV. We can
use the results of our GBM and LAT spectral anal-
yses to obtain information on ions accelerated in the
impulsive phase of the June 12 flare. Murphy et al.
[1997] have described how parameters derived from
integrated spectroscopic fits and temporal studies can
be used to obtain this information. We first use the
nuclear de-excitation line, neutron-capture line, and
pion-decay fluences to estimate the overall shape of
the accelerated ion spectrum. These three emissions
are produced by accelerated ions within distinct en-
ergy ranges: ∼5-20 MeV for the de-excitation lines,
∼10-50 MeV for the neutron capture line, and >300
MeV for the pion-decay emission. Ratios of these
emissions therefore determine the relative numbers of
accelerated ions in the associated energy ranges. We
then obtain spectral indices across these energy ranges

http://fermi.gsfc.nasa.gov/ssc/data/analysis/user/
2SolarSoft: http://www.lmsal.com/solarsoft/
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Figure 1: Time histories related to the 2010 June 12 solar flare. a) GOES 0.5 – 4 Årates, and GBM NaI 11 – 26 keV
and 100 – 300 keV relative rates; b) LAT ACD hit rate >100 keV containing contributions from background, >100 keV
solar flare X rays (impulsive peak) and pulse pile up from 10’s of keV solar X rays following the NaI 11 – 26 keV profile
in 1a); and c) LLE and LAT Transient Class event rates.

by comparing measured ratios with ratios from theo-
retical calculations [Murphy et al. 1987, 2005, 2007]
based on updated nuclear cross sections.
If we assume that the LAT emission >30 MeV was

entirely due to pion-decay emission, then we estimate
that the flare-accelerated ion spectrum was consis-
tent with a series of power laws, softening with en-
ergy, with indices of ∼−3.2 between ∼ 5 − 50 MeV,
∼−4.3 between ∼50–300 MeV, and softer than ∼−4.5
above 300 MeV. In Table I we summarize our find-
ings, reporting the processes responsible for the de-
tected emission, energy range of emitted gamma-rays,
as well as the energy and spectral index of the accel-
erated ions/electron distribution.

2.2. March 2012: Impulsive and
sustained emission of a bright flare

On 2012 March 7 two bright X-class flares origi-
nating from the AR NOAA AR#:11429 (located at
N16◦E30◦) erupted within an hour of each other,
marking one of the most active days of Solar Cycle

Component γ-rays electrons/ions Spectral Index

(MeV) (MeV) acc. particles

Brem. 0.1–1 0.1–1 -3.2

Brem. 2–10 2–10 <-1.2

HE Brem. 10–200 10–200 ≈-2.0

Neutron Capt. 2.2 5-50 ∼ −3.2

Nuclear lines 5-20 50-300 ∼ −4.3

Pions >30
>

∼ 300
<

∼ −4.5

Table I Derived quantities for accelerated particle
distributions (with a cut-off at 2.4 MeV)

24. The first flare started at 00:02:00 UT and reached
its maximum intensity (X5.4) at 00:24:00 UT while
the second X1.3 class flare occurred at 01:05:00 UT,
reaching its maximum 9 minutes later.

The GOES satellite observed intense X-ray emis-
sion beginning at about 00:05:00 UT and lasting for
several hours. Moreover, it detected Solar Energetic
Particles (SEP) protons in three energy bands origi-
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Figure 2: Combined GBM/LAT photon spectrum
accumulated between 00:55:40 and 00:56:30 showing the
best total fit using the same components as in Figure 3
plus an additional component for the LAT emission. The
upper panel shows a pion-decay fit to the LAT spectrum;
alternatively the lower panel shows a power-law fit,
presumedly representing a third electron bremsstrahlung
component. Note that because this is a photon
representation the lines are plotted at their intrinsic
resolution and appear to be more significant than they
really are.

nating these flares. The Reuven Ramaty High-Energy
Solar Spectroscopic Imager [RHESSI, Lin et al. 2002]
was not observing the Sun during this period. On the
top panel of Figure 3 we plot the X-ray data from
GOES 15 satellite measured in both 3–25 keV and
1.5–12 keV, as well as the detected proton flux.

The Fermi LAT >100 MeV count rate was dom-
inated by the gamma-ray emission from the Sun2,
which was nearly 100 times brighter than the Vela
Pulsar in the same energy range. During the impul-
sive phase (the first eighty minutes) the X5.4 flare was
so intense that the LAT observation suffered from the
pile-up effect so we used the LLE technique to analyze
the impulsive phase of this bright flare.

2http://apod.nasa.gov/apod/ap120315.html

We fit the data using XSPEC3 to test three models.
The first two are simple phenomenological functions,
to describe bremsstrahlung emission from accelerated
electrons, namely a pure power law (PL) and a power
law with an exponential cut-off (EXP):

dN(E)

dE
= N0 ǫ

−Γ exp

(

−
E

Eco

)

; (1)

where Γ is the photon index and Eco is the cut-
off energy. We found that the data clearly diverge
from a pure power law spectrum and that the EXP
provides a better fit in all time intervals considered.
The third model used the same pion decay templates
[Murphy et al. 1987] used for the 2010 June 2 flare.
When using the pion-decay templates to obtain the
gamma-ray flux value we fit the data varying the pro-
ton spectral index from 2 to 6, in steps of 0.1. In this
way, we fit the LAT data with a model with two free
parameters, the normalization and the proton index
s.
To study the temporally-extended emission, we per-

form time-resolved spectral analysis in Sun-centered
coordinates by transforming the reference system from
celestial coordinates to ecliptic Sun-centered coordi-
nates. This is necessary in order to compensate for
the effect of the apparent motion of the Sun during
the long duration of the flare. We select intervals when
the Sun was in the FOV (angular distance from the
LAT boresight< 70◦) and use the unbinned maximum
likelihood algorithm implemented in gtlike4.
We include the isotropic template model that is

used to describe the extragalactic gamma-ray emis-
sion and the residual cosmic ray (CR) contamina-
tion5, leaving its normalization as the free parame-
ter. Over short time scales, the diffuse Galactic emis-
sions produced by CR interacting with the interstellar
medium are not spatially resolved and are hence in-
cluded in the isotropic template. We also add the
gamma-ray emission from the quiescent Sun modeled
as a point source located at the center of the disk,
with a spectrum described by a simple power law with
a spectral index of 2.11 and an integrated energy flux
(> 100 MeV) of 4.7×10−10 erg cm−2 s−1 [correspond-
ing to a flux of 4.6×10−7 ph cm−2 s−1 as reported
in Abdo et al. 2011b]. We did not include the ex-
tended Inverse Compton (IC) component described
in Abdo et al. [2011b] because it is too faint to be de-
tected during these time intervals. We fit the data
with the same two phenomenological functions used

3http://heasarc.gsfc.nasa.gov/docs/xanadu/xspec/index.html
4We used ScienceTools version 09-28-00 avail-

able from the Fermi Science Support Center
http://fermi.gsfc.nasa.gov/ssc/

5We used iso p7v6source.txt available from the Fermi Sci-
ence Support Center

eConf C141020.1

110



5th Fermi Symposium : Nagoya, Japan : 20-24 Oct, 2014 5

00:00 03:00 06:00 09:00 12:00 15:00 18:00 21:00 00:0010-8

10-7

10-6

10-5

10-4

10-3

10-2
G
O

E
S
 X

-r
a
y
 [
W

 m
−2

]

X-ray (3-25 keV)
X-ray (1.5-12 keV)

10-1

100

101

102

103

104

105

G
O

E
S
 a

v
e
ra

g
e
 p

ro
to

n
 f
lu

x
 

  
  
  
  
 [
cm

−2
 s
−1

 s
r−

1
]

Protons (30-50 MeV)
Protons (50-100 MeV)
Protons (>100 MeV)

00:00 03:00 06:00 09:00 12:00 15:00 18:00 21:00 00:00
2012-03-07, UT                                                                   

10-10

10-9

10-8

10-7

10-6

γ
-r
a
y
 f
lu

x
 [
e
rg

 c
m
−2

 s
−1

]

2

3

4

5

P
ro

to
n
 i
n
d
e
x
 s

>100 MeV flux, LLE

>100 MeV flux, Likelihood

Proton index, LLE
Proton index, Likelihood
Proton index, GOES HRp

Figure 3: Long lasting emission. Top panel: soft X-rays (red: 1.5–12 keV, blue: 3–25 keV) from the GOES 15 satellite.
On the right axis, 5-minute averaged proton flux (green: 30–50 MeV, yellow: 50–100 MeV, magenta: >100 MeV). We
display the average of detectors A and B. Bottom panel: high-energy gamma-ray flux above 100 MeV measured by
the Fermi LAT. The Blue/red circles represent the flux and the derived proton spectral index obtained with the LLE
analysis (covering the initial period, when the instrumental performance was affected by pileup of hard-X-rays in the
ACD tiles). The blue circles and red squares represent the flux and derived proton spectral index, respectively,
obtained by standard likelihood analysis. Green diamonds are the GOES proton spectral indexes derived from the
hardness ratio, as described in the text. The gray bands correspond to the systematic uncertainty associated with flux
measurements and of the estimated proton index due to uncertainties on the effective area of the instrument. The
horizontal dashed line corresponds to the value of the gamma-ray flux from the quiescent Sun, from Abdo et al. [2011b].

for the impulsive phase of the flare and use the like-
lihood ratio test to estimate whether the addition of
the exponential cut-off is statistically significant. The
Test Statistic (TS) Mattox et al. [1996] is defined as
twice the increment of the logarithm of the likelihood
L obtained by fitting the data with the source and
background model components simultaneously. Be-
cause the null hypothesis (i.e. the model without an
additional source) is the same for the two models, the
increment of the TS (∆TS=TSPLEXP-TSPL) is equiv-
alent to the corresponding difference of maximum like-
lihoods computed between the two models.

For each interval, if ∆TS ≥ 30 (roughly correspond-
ing to 5σ) then the PLEXP model provides a signif-
icantly better fit than the simple power-law and we
retain the additional spectral component. In these
time intervals, we also used the pion decay model to
fit the data and estimated the corresponding proton

spectral index. We performed a series of fits with the
pion decay template models calculated for a range of
proton spectral indices. We then fit the resulting pro-
file of the log-likelihood function with a parabola and
determine its minimum (Lmin) and the correspond-
ing value s0 as the maximum likelihood value of the
proton index.

In the lower panel of Figure 3 we combine the LLE
and likelihood analysis results, showing the evolution
of both the gamma-ray flux and the derived spectral
index of the protons6. In the last five time intervals
the power-law representation is adequate to describe

6After approximately 11:00:00 UTC the flux of the Sun di-
minished to the point that the spectral index of the proton
distribution cannot be significantly constrained.
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the data; in the last bin, the flare is only marginally
significant (TS=7); the flux and the photon index are
compatible with the values of the quiescent Sun. For
this reason we have indicated the last point as an up-
per limit (computing the 95% C.L.). Unlike during
the impulsive phase, the spectrum during the tempo-
rally extended phase becomes softer monotonically (s
increases).
We also compare our results with the GOES proton

spectral data. For this, we selected two energy bands
(>30 MeV and >100 MeV) and corrected the light
curve by the proton time-of-flight (TOF) to 1 AU by
considering the TOF for 30 MeV and 100MeV protons
(i.e. the maximum delay in each energy band). As
a measure of the spectral index of the SEP protons
(sSEP), we compute the Hardness Ratio HRp defined
as:

HRp = ln
P>100MeV

P>30MeV

(2)

where P is the integral of the proton flux (assuming
that the proton flux is proportional to a power law).
The HRp is related to the value of the spectral index,
sSEP, of the SEP protons observed at 1 AU, roughly
as:

sSEP ∼ 1− 0.83HRp (3)

To estimate the uncertainty associated with this
procedure we repeat the calculation neglecting the
TOF correction. In this way we obtain two values
for the SEP spectral index for each time bin, corre-
sponding to the actual and zero delay due to the time
of flight. In Figure 3 we report the estimated pro-
ton spectral index as the average of these two values
and its uncertainty as half the difference of these two
values. However we note that the sSEP is for protons
with energy less than a few hundred MeV while s is for
protons with energies greater than 300 MeV. Diffusion
is expected to play an important role in the transport
of these SEPs but an in-depth transport analysis is
beyond the scope of this paper. From our comparison
we find that the proton spectral index inferred from
the gamma-ray data is systematically softer than the
value of the index derived directly from SEP observa-
tions but that the temporal evolution (hard-to-soft) is
similar.
Uncertainties in the calibration of the LAT intro-

duce systematic errors on the measurements. The un-
certainty of the effective area is dominant, and for the
P7SOURCE V6 event class it is estimated to be ∼10%
at 100 MeV, decreasing to ∼5% at 560 MeV, and in-
creasing to ∼10% at 10 GeV and above. We studied
the effect of the systematic uncertainties on our fi-
nal results via the bracketing technique described in
detail in Ackermann et al. [2012b]. We find that the
uncertainties on the flux are<10% and on the inferred
proton index are <0.10. The results are represented
by the gray bands in Figure 3.

3. New observations: the
behind-the-limb synopsis

On 2013 October 11 at 07:01 UT a GOES M1.5
class flare occurred with soft X-ray emission last-
ing 44 min and peaking at 07:25:00 UT. Figure 4
shows the GOES, STEREO -B, RHESSI , Fermi GBM
and LAT lightcurves of this flare. LAT detected
>100 MeV emission for ∼30 min with a peak flux be-
tween 07:20:00–07:25:00 UT. RHESSI coverage was
from 07:08:00 − 07:16:40 UT, overlapping with Fermi
for 9 min.
Images in Figure 5 from the STEREO -B Extreme-

UltraViolet Imager [EUVI; Wuelser et al. 2004] and
the SDO Atmospheric Imaging Assembly [AIA;
Lemen et al. 2012] of the photosphere indicate that
the AR was ∼9.9◦ behind the limb at the time
of the flare. LASCO onboard the Solar and He-

liospheric Observatory (SOHO) observed a backside
asymmetric halo CME associated with this flare be-
ginning at 07:24:10 UT with a linear speed of 1200
km/s [SOHO LASCO CME CATALOG 2013] and a
bright front over the Northeast. Both STEREO
spacecrafts detected energetic electrons, protons, and
heavier ions including helium, as well as type-II
radio bursts indicating the presence of a coronal–
heliospheric shock. SDO observed a global EUV wave
(Liu et al. 2015, in prep.), possibly the coronal coun-
terpart of the shock. STEREO -B had an unblocked
view of the entire flare and detected a maximum rate
of 3.5×106 photons/sec in its 195

◦

A channel, corre-
sponding to a GOES M4.9 class [Nitta et al. 2013] if
it had not been occulted.
The LAT data were analyzed using the unbinned

maximum likelihood algorithm gtlike implemented
in the Fermi ScienceTools7 with P7REP SOURCE V15
instrument response functions. We selected gamma-
rays from a 12◦ region centered on the Sun and within
100◦ of the zenith to reduce contamination from the
Earth’s limb. For RHESSI data, we implemented the
CLEAN imaging algorithm [Hurford et al. 2002] using
the detectors 3−9 to reconstruct the X-ray images.
We used the FITS World Coordinate System software
package [Thompson and Wei 2010] to co-register the
flare location between STEREO and SDO images.
The STEREO light curves are pre-flare background
subtracted, full-Sun integrated photon rates.
We measure the direction of the LAT > 100 MeV

gamma-ray emission [as described in Ajello et al.
2014] and find a best fit position for the emission
centroid at heliocentric coordinates of (−855′′,75′′)
with a 68% error radius of 251′′, as shown in Fig-
ure 5(b). RHESSI X-ray sources integrated over

7We used version 09-30-01 available from the Fermi Science
Support Center http://fermi.gsfc.nasa.gov/ssc/
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Figure 4: PRELIMINARY: Light curves of the 2013
October 11 flare as detected by a) GOES, b) STEREO ,
c) RHESSI , d) GBM, e) LAT and e) RHESSI emission
centroid heights, with the same color coding as in c).
Fermi exited the South Atlantic Anomaly (SAA) at
06:57:00 UT.

07:11:04−07:16:44 UT are shown as 80%-level, off-
limb contours in Figure 5(d).
The temporal evolution of the projected RHESSI

source heights above the solar limb are shown in
Figure 4(f). The higher-energy emission generally
comes from greater heights, consistent with expecta-
tions for a loop-top source [e.g., Masuda et al. 1994,
Sui and Holman 2003, Liu et al. 2004]. If this were
a footpoint source, we would expect an opposite
trend since larger column depths are required for
stopping higher-energy electrons [e.g., Liu et al. 2006,
Kontar, E. P. et al. 2008]. Moreover, from SDO/AIA
movies we find no signature of EUV ribbons, even in
the late phase during the RHESSI night. Together,
these observations provide convincing evidence that
the footpoints were indeed occulted.

4. Discussion

We have presented the analysis of three solar flares
detected by the Fermi LAT at high energy, and

Figure 5: PRELIMINARY: STEREO-B (left) and
SDO (right) images near the flare peak. The
white-dashed line in (a) and (c) represents the solar limb
as seen by SDO . The green line in (b) shows the 68%
error circle for the LAT source centroid. The cyan
contour and plus sign in (c) mark the STEREO flare
ribbon and its centroid, respectively. Their projected
view as seen from the AIA perspective is shown in (d), in
which the centroid is located at 9.9◦ behind-the-limb.
The green and blue-dotted contours in (d) show RHESSI

sources. The rectangular brackets in (a) and (b) mark
the field of view (FOV) for (c) and (d), respectively.

we highlight some of the similarities and differences
of these flares. The high-energy emission of the
2012 June solar flare seems to be correlated with
HXR emission, suggesting that acceleration of par-
ticles and gamma-ray emission take place close in
space. Specifically, particles accelerated at the loop
top could propagate along the loop field lines inter-
acting and emitting gamma-rays at the footprint. For
this flare, there is no evidence for precipitation of
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trapped flare particles, particles accelerated in mag-
netic loops after the impulsive phase, particles accel-
erated in CME-associated reconnecting current sheets
[Ryan 2000b], or particles sharing the same origin as
the Solar Energetic Particles (SEPs) observed in space
[Ramaty et al. 1987, Cliver et al. 1993]. On the other
hand, flares with long (or sustained) gamma-ray emis-
sion have also been observed by the Fermi LAT. Tem-
poral and spectral analysis suggests that, even if the
short impulsive phase is clearly visible at > 100 MeV
energies, the sustained long lasting emission is more
correlated with SEP properties, suggesting that, for
this class of flares, either long trapping, continuous
acceleration, or acceleration at the CME shock could
be a better explanation. The behind-the-limb flare
detection at high-energy adds additional considera-
tions that are extremely useful for understanding the
physics of particle acceleration and gamma-ray pro-
duction during solar flares. We have presented prelim-
inary results from the 2013 October 11 solar flare from
Fermi , RHESSI , SDO and STEREO . STEREO -B
images indicate that the flare occurred in an AR 9.9◦

behind-the-limb. RHESSI and GBM NaI1 detected
HXRs up to 50 keV from the flaring loop-top. The
most unusual aspect of this flare is the LAT detection
of photons of energies ǫ >100 MeV for about 30 min-
utes with some photons having energies up to several
GeV.

Figure 6: Model a): acceleration at the flare, gamma-ray
emission site below the photosphere; b) acceleration at
the flare, gamma-ray emission in the corona above the
limb; c) acceleration (or re-acceleration) at the
CME-shock, gamma-ray emission at the Sun.

We consider three scenarios for the emission site of
the gamma-rays, outlined in Figure 6. Electrons or
protons with energies E > ǫ can produce these pho-
tons after traversing a column depth of matter which
is much larger than the depth penetrated by HXR
producing electrons (model a). For occulted flares the
emitted photons must traverse even larger depths than
particles and they may be scattered and absorbed. Al-

ternatively, acceleration and gamma-ray emission can
take place in the corona above the limb (model b),
suggesting trapping of particles, e.g., by strongly con-
verging magnetic fields. In the third model (model
c) CME-shock accelerated particles can travel back to
the Sun along magnetic fields connecting the accel-
eration site with the visible side of the Sun. Fermi
LAT observation of the 2013 October 11 flare (pa-
per in preparation) shows that model a) can be ruled
out. The LAT detection of gamma-ray emission from
a flare with θ > 20◦ also poses some complications to
the second scenario (model b), as particles will have
to be accelerated even further away in the corona,
where densities are very low. Acceleration (or re-
acceleration) at the CME shock (model c) remains
possible. Fermi LAT observations are becoming very
important to disentangle models of particles accelera-
tion and gamma-ray production in solar flares. Future
LAT observations, combined with a systematic study
of the solar flares detected at high energy, will very
likely help to understand this fascinating problem, as
well as to improve our knowledge of particle accelera-
tion in astrophysical sources in general.
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Analysis of the Impulsive Phase of Solar Flares with Pass 8 LAT data
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We show the results of analyses performed on high-energy gamma-ray emission during the impulsive phase of
solar flares detected by the LAT using Pass 8 data. We compare results obtained with Pass 7 and Pass 8 data
sets, using both LAT Low Energy and standard data classes. With a dedicated event selection, Pass 8 allows
standard analysis during the impulsive phase: it has been designed to be less susceptible to pile-up in the LAT
Anti-Coincidence Detector caused by the intense hard X-ray emission at early times.

1. INTRODUCTION

A solar flare is an intense and rapid energy release
in the solar corona driven by stored magnetic energy
liberated by coronal magnetic reconnection processes.
This energy release results in acceleration of particles,
including electrons, protons and heavy nuclei, to a
wide range of energies and in heating of coronal and
chromospheric plasma.

Looking at the X and gamma-ray light curves we
can distinguish four different temporal phases of solar
flares emission [1] [2]:

- precursor, observed as a gradual raise of emission
mainly visible in soft X-rays;

- impulsive, characterized by a rapid raise of hard
X and gamma-ray flux;

- gradual, slow decaying of X and gamma-ray flux;
- extended, mainly observed as a sustained gamma-

ray emission that can lasts for several hours.
Coronal Mass Ejections (CMEs) are also often ob-

served in close association with gamma-ray detected
solar flares.

1.1. The impulsive phase of Solar Flares
as seen by the LAT

The Gamma-ray Burst Monitor (GBM) and the
Large Area Telescope (LAT), the two instruments on-
board to the Fermi Observatory, can detect photons
with energies from 8 keV up to 300 GeV. Both in-
struments also have very large fields of view (FOV)
achieving together an unprecedented coverage of the
X and gamma-ray sky: the GBM FOV consists of the
whole not-occulted sky and the LAT scans about the
20% of the sky at any instant. These characteristics
make the Fermi Spacecraft a perfect observatory to

study and monitor both the quiescent phase and the
eruptive phases of solar activity at high energies [3]
[4] [5] [6] [7].

The first impulsive solar flare detected by Fermi oc-
curred on 2010 June 12 00:30 UT: together the Fermi
LAT and the GBM observed X and gamma-ray emis-
sion, from few keV up to ∼ 400 MeV, in coincidence
with a moderate GOES M2.0 class solar flare. As
fully explained in [4], the observed spectrum has been
interpreted as:

- electron bremsstrahlung, nuclear lines and pion
decay components for energies < 10 MeV;

- high-energy electron bremsstrahlung or pion de-
cay component above 30 MeV.

The analysis of LAT data was performed using only
the LAT Low Energy Events Technique (LLE) [8]
because the intense X-ray flux occurring during the
prompt phase of a solar flare causes pile-up in the
anti-coincidence detector (ACD) of the LAT [4] [9] re-
sulting in a strong suppression of the rate of standard
LAT Pass 6 / Pass 7 on-ground photon classification
[10]. We show that these issues have been carefully
addressed in new Pass 8 photon classification.

LLE event selection, that does not suffer of ACD
pile-up, uses less discriminating criteria then the stan-
dard on-ground processing, resulting in a larger effec-
tive area but a lower signal-to-noise ratio: LLE data
are background dominated and not suitable for local-
ization studies.
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2. PASS 8 DATA: IMPROVEMENTS FOR
SOLAR FLARES SCIENCE

The event selection developed for the LAT has been
periodically updated. While Pass 7 REP is the current
event analysis distributed to the community, the new
Pass 8 data, that will be available in next few months,
represent a radical revision of the entire event-level
analysis that includes every aspect of the data reduc-
tion process. The improvements include a significant
reduction in background contamination, an increased
effective area, a better point-spread function, a better
control on the systematic uncertainties and an exten-
sion of the energy range below 100 MeV and above a
few hundred GeV [11] [12]. This means to improve the
solar flares detection capabilities of the LAT, in partic-
ular at low energies; the increase in photon statistics
will also allow to better constrain the spectral fea-
tures and to reduce the uncertainties in localization
studies. As already mentioned in Sec.1.1, a solar-flare
dedicated event class selection has been also devel-
oped: this will alleviate the ACD pile-up effect often
present during impulsive solar flares [13].

2.1. Data analysis: Light-curves and
Spectra

Light-curves in Fig.1 show a comparison of different
LAT TRANSIENT data collected in the energy range
35 MeV - 10 GeV:

- P7 TR and P8 R100 are the loosest event classes
for the the two different response functions Pass
7 REP and Pass 8;

- P8 SFR is the solar flare optimized event class
newly developed in Pass 8.

We consider LAT observations of three different so-
lar flares:

- SOL2010-06-12, M2.0 GOES class, already men-
tioned in Sec.1.1;

- SOL2011-09-06, X2.1 GOES class, detected on
2011 September 06 22:17 UT;

- SOL2012-06-03, M3.3 GOES class, occurred on
2012 June 03 17:53 UT.

While impulsive and sustained gamma-ray emis-
sion from SOL2012-06-03 has been significantly de-
tected using Pass 7 standard event classes, SOL2010-
06-12 and SOL2011-09-06 were detected in Pass 7 only
through LLE technique [6].

If we focus on standard event selections, Fig.1 shows
that Pass 8 performs better both on previously de-
tected and not-detected flares. Moreover, the P8
SFR event class, developed with a better treatment

of ACD variables, produces a less noisy light-curve
for all flares. In the case of SOL2011-09-06 (the high-
est GOES class flare of our sample), this results also
in a greater number of total counts detected; the Pass
7 signal is instead completely suppressed because of
ACD pile-up caused by the intense X-ray flux.

We also tested the improvements of Pass 8 event
selection on LLE technique. In Fig.2 there is a com-
parison of light-curves obtained using Pass 8 LLE data
versus Pass 7 LLE data for SOL2010-06-12 (left panel)
and SOL2011-09-06 (right panel). The number of de-
tected counts (upper plots) is higher for P7 LLE since
Pass 8 event selection is less affected by background
contamination but, as shown by the normalized num-
ber of detected counts (bottom plots), the P8 LLE
light-curves provide a better signal-to-noise ratio.

To test the benefit of using Pass 8 data for spec-
tral analysis we produced LAT (40 MeV - 1 GeV) and
GBM-BGO (0.3 - 40 MeV) spectra accumulated dur-
ing the LLE-detection time range for SOL2011-09-06
and SOL2012-06-03. Using the tool XSPEC 1 we fit
the data with the usual components (Fig.3 and Fig.4):
a power-law for electron bremsstrahlung in the BGO
energy range, a nuclear lines template, Gaussian lines
at 0.511 MeV and 2.223 MeV (related respectively to
positron-electron annihilation and neutron capture)
and a pion template in the high-energy part of the
spectrum [4]. While a rigorous spectral analysis is be-
yond the scope of this presentation, we want to stress
that:

- spectral analysis is now possible using P8 stan-
dard event classes also during the impulsive
phase of solar flares;

- for both flares analyzed, R100 data cover a
slightly wider energy range compared with P7
LLE data.

3. PROSPECTS AND CONCLUSIONS

Pass 8 data allow to study the Impulsive Phase of
solar flares with standard LAT selections. Moreover
Pass 8 event reconstruction improvements also impact
the LLE selection technique. A dedicated Pass 8 solar
flare events class, less susceptible to ACD pile-up, is
in development.

Preliminary results using Pass 8 data are in agree-
ment with Pass 7 and but show greater signal-to-noise
ratios and promising improvements for spectral anal-
ysis. Validation of Pass 8 data at low energy (< 100
MeV) is on-going in order to address energy disper-
sion issues. We plan a systematic study of GBM-BGO

1http://heasarc.gsfc.nasa.gov/xanadu/xspec/
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Figure 1: SOL2010-06-12 (left panel), SOL2011-09-06 (middle panel), SOL2012-06-03 (right panel). For each solar flare
we compare the light-curves obtained using different event selections. Data are extracted in the energy range 35 MeV -
10 GeV. T0 is the GBM trigger time; the dashed line marks the LLE detection time.

Figure 2: Light-curves obtaind using Pass 8 LLE data VS P7 LLE data for SOL2010-06-12 (left panel) and
SOL2011-09-06 (right panel). For each flare, the upper plot shows the number of detected counts while the bottom plot
shows the number of detected counts normalized to the total.

Figure 3: SOL2011-09-06: background subctracted count spectra obtaind using GBM-BGO (black), P7 LLE (red, left
panel), P8 LLE (red, right panel) and P8 R100 data (green, right panel).
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Figure 4: SOL2012-06-03: background subctracted count spectra obtaind using GBM-BGO (black), P7 LLE (red, left
panel) and P8 R100 data (red, right panel).

bright solar flares, useful to better understand the
high-energy emission processes occuring in the solar
corona.

Pass 8 improvements will allow to better study the
low energy gamma-ray part of the spectrum and dis-
criminate between hadronic and leptonic origin. Tem-
poral studies on the onset of high-energy emission are
also on-going.
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Cosmic Rays and Dark Matter Physics
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Galaxy clusters are the most massive systems in the known universe. They host relativistic cosmic ray populations and are thought
to be gravitationally bound by large amounts of Dark Matter, which under the right conditions could yield a detectable γ-ray flux.
Prior to the launch of the Fermi satellite, predictions were optimistic that Galaxy clusters would be established as γ-ray-bright
objects by observations through its prime instrument, the Large Area Telescope (LAT). Yet, despite numerous efforts, even a
single cluster detection is still pending.

1. Introduction

Galaxy clusters (GC) represent the largest virialized ob-
jects that are believed to have formed through a hierarchi-
cal build up of structures over the evolution of the uni-
verse. In this picture, baryonic matter accretes towards the
gravitational well caused by large amounts of Dark Mat-
ter (DM) which make up 26% of the energy density of the
Universe [Ade et al. 2014]. Through gravitational interac-
tion, smaller structures merge with one another, forming
groups of galaxies and eventually clusters. Determining
the exact nature of DM is one of the greatest challenges of
modern physics and weakly interactive massive particles
(WIMPs) prove to be strong candidates fulfilling the role
as DM particle [Bergstrom 1999, 2009]. The neutralino,
which in several extensions of the standard model of parti-
cle physics is predicted to be the lightest stable supersym-
metric particle, provides a natural WIMP candidate. In
many of these models the neutralino can self-decay or an-
nihilate into lighter standard model particles, among others
high energy γ rays which, if observed, can be used to trace
back the origin of the interaction and indirectly detect DM
[Baltz et al. 2008].

While clusters are promising targets due to their large
DM content, predicted γ-ray emission on top of that of in-
dividual cluster member galaxies constitutes an irreducible
foreground. This foreground emission arises from cos-
mic ray (CR) interactions with the intra-cluster medium
(ICM) and is motivated by conventional astrophysics [see,
e.g. Petrosian et al. 2008, for a review], while the observa-
tion of DM-induced γ rays may be regarded as a somewhat
more exotic signature [Pinzke et al. 2011].

In this contribution I will review the most recent stud-
ies of GCs with the Fermi Large Area Telescope (LAT)
undertaken by the instrument team. I will start by summa-
rizing recent efforts aiming at the astrophysical emission
scenario of CR interactions resulting in a detectable γ-ray
flux (Section 2) and briefly report on work in progress in
regards to DM constraints that can be obtained from GCs
(Section 3). Finally, I will discuss one of the challenges
involved when searching for large extended sources such
as GCs (Section 4) and conclude by commenting on the

implications for future searches with the LAT.

2. Cosmic Ray Induced γ rays

The majority of the baryonic mass in GCs is present in
the form of hot ionized gas, the ICM, which has been de-
tected via thermal X-ray emission observed by contempo-
rary space telescopes such as ROSAT or XMM-Newton
[see, e.g. Kaastra et al. 2008, for a review]. In addition,
large scale radio synchrotron emission has been detected in
a number of the most nearby clusters which can be classi-
fied into halos and relics [Ferrari et al. 2008]. The latter ap-
pear polarized, while the former are not, suggesting a dif-
ferent emission mechanism to be at play. The observation
of radio-synchrotron emission indicates the presence of a
pool of relativistic electrons (CRe). Together with mag-
netic fields this provides a favorable environment for high
energy particle interactions between the CRes and the ICM
which may be observable through the detection of γ rays or
hard X-rays [see, e.g. the excellent review by Brunetti and
Jones 2014]. However, due to the short diffusion times,
CRes must be constantly replenished, e.g. through injec-
tion by active galactic nuclei (AGN) or be created through
secondary processes.

Another intriguing possibility are hadronically-induced
γ rays. Here CR protons (CRp) may be accelerated within
the ICM through means of diffusive shock acceleration
(DSA) and due to their large diffusion time remain within
the cluster volume. CRp then interact with the ICM and
produce γ rays via decay of neutral pions. The latter has re-
ceived particular attention as Pinzke and Pfrommer [2010]
have shown the emergence of a universal model describ-
ing the CR interactions in a cosmological framework based
on smooth-particle hydrodynamics simulations. In their
model, the resultant γ-ray spectrum is dominated by the
aforementioned π0 decay and IC emission is essentially
negligible. The spectrum shows the characteristic π0 bump
at ∼ 130 MeV and for energies > 500 MeV follows a
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powerlaw with index 2.3.1 The resulting spatial distribu-
tion is close to that of the thermal X-rays as it is expected
that the CRs are following the gas. One key assumption
when creating the model is that the maximum injection ef-
ficiency, ζp,max at which protons can be accelerated via
DSA is similar to that what has previously been observed
in SNRs [Helder et al. 2009].2 Together with the claimed
universality of the spectrum, this allowed us to employ the
joint likelihood technique, a statistical method in which
each target is optimized according to its individual nui-
sance parameters and then the information from each in-
dividual likelihood is combined into a global likelihood by
multiplying them [see Anderson 2014, this conference, for
a technical discussion and applications].

The starting point for the study in Ackermann et al.
[2014a] has been the extended HIFLUGCS catalog, a X-
ray flux-limited complete sample of nearby GCs. Selecting
a set of 50 clusters, we found a global excess at the level
of ∼ 2.7σ which however could be entirely attributed to
previously non-detected individual cluster member galax-
ies (with known counterparts in the radio band). Thus,
with four years of LAT data, no cluster was detected and
flux upper limits were set. The most constraining cluster
in the sample is the Coma cluster with a reported integral
flux limit of 4.0× 10−10ph/cm2/s assuming an extended
emission characteristic according to the benchmark model
by Pinzke and Pfrommer [2010] and 2.5×10−10ph/cm2/s
when considering a pointlike emission.3 Based on the joint
likelihood approach, we also find that in order to account
for the non-observation, DSA must be either substantially
less efficient (ζp,max . 21%) or conversely, the CR-to-
thermal pressure ratio must be lower than 1%, making the
contribution of CRp’s to the ambient γ-ray flux negligible
[see also the discussion in Vazza and Brüggen 2014].

3. Dark Matter constraints from Cluster
Observations

Given its non-detection, ongoing searches for γ rays
from GC can thus be used to constrain the available pa-
rameter space of WIMP DM. Generically, the induced γ-
ray flux from WIMP pair annihilation can be expressed as

φs(∆Ω) =
1

4π

〈σv〉
m2

DM︸ ︷︷ ︸
ΦPP

×
∫

∆Ω

∫
l.o.s.

ρ2(r)dl dΩ′︸ ︷︷ ︸
J−factor

. (1)

1The interested reader is referred to Pinzke and Pfrommer [2010]. The
true spectrum is concavely shaped but for the considered LAT energies,
it can approximated with a powerlaw as discussed in the main text.

2In their works, the authors adopt ζp,max = 50% as benchmark when
calculating their γ-ray predictions [Pinzke et al. 2011].

3These limits were calculated over the entire energy range of
500 MeV to 200 GeV.

In the above equation ΦPP refers to the particle physics
term containing both the mass of the WIMP and its
velocity-averaged pair annihilation cross section 〈σv〉.
The second term is referred to as astrophysical, or J-
factor and is the line of sight integral of the DM col-
umn density. N-body simulations suggest that DM clus-
ters (clumps) across all mass scales, forming sub haloes
in addition to the smooth main halo. The amount of sub-
structure as well as the properties are largely unknown and
current N-body simulations do not have the capabilities yet
to resolve the smallest substructures. Hence, extrapola-
tions over several orders of magnitude are necessary. For
this (abbreviated) discussion it is sufficient to address the
amount of substructure by the introduction of a dimension-
less boost factor b, which relates the J-factor obtained by
assuming a universal NFW halo [Navarro et al. 1997] to
that obtained when considering different amounts of sub-
structure. Depending on the extrapolation scheme, boost
factors for clusters may vary between O(30) to O(1000)
[see e.g. the discussion in Sánchez-Conde et al. 2011].
While the predicted annihilation flux profile is similar for
both model predictions, the overall predicted flux may vary
by orders of magnitude. This fact makes DM constraints
from clusters (at least as far as annihilation is considered)
more model dependent than e.g. those obtained from the
observation of nearby dwarf spheroidal galaxies [Acker-
mann et al. 2014b].4

Ongoing work (based on a five year dataset) is focus-
ing yet again on a subsample of the most massive nearby
clusters, selected from the X-ray flux limited HIFLUCGS
sample. We demand there to be no appreciable overlap by
requiring a distance between each cluster of the sum of the
virial radius of each cluster along with a 2◦ buffer account-
ing for the tails in the LAT point spread function (PSF).
For the resulting 34 clusters we construct spatial templates
according to substructure models considering both a con-
servative boost factor of O(30) [Sánchez-Conde and Prada
2014] and contrast this with a more optimistic choice of
O(1000) [Gao et al. 2012]. For both configurations we
perform a binned likelihood analysis. After having found
the best fit parameters of our background fit, we construct a
bin-by-bin likelihood function by assuming a simple pow-
erlaw with index 2.0 in each energy bin which would ac-
count for the cluster emission. The advantage is that the
resulting flux limits can be used to directly test spectrally
different models without the need of repeating the entire
likelihood procedure [see Ackermann et al. 2014b, for de-
tails regarding the bin-by-bin method]. In Fig. 1 we show
both the J-factor distribution from our chosen sample as
well as the estimated sensitivity by selecting high-latitude
regions in the sky which are selected such that the center
a) does not contain a 3FGL source [The Fermi-LAT Col-

4Note that the question of substructure is typically less important in
the case of decay as the associated J-factor scales linearly with the DM
density.
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laboration 2015] and b) does not coincide with a cluster
center or a circular region with a radius corresponding to
the virial radius of the cluster.5

4. Challenging individual targets: very
extended emission from the Virgo
cluster

While the discussed emission mechanisms vary appre-
ciably with regards to the spectral form of the predicted
emission, the studies that I discussed here have in common
that the targets are large extended sources.6 However, even
among these extended sources, there are extreme cases.
The largest target is the Virgo cluster, our closest neigh-
bor which appears as a structure in the Northern part of
the sky that extends up to 14◦ in diameter. The cluster
itself is undergoing a complex merger in which the main
clumps centered around the giant ellipticals M87 and M49
are moving towards each other.

The poor PSF at low energy together with the large sur-
face area require special care when searching for an ex-
tended emission contribution, as recently claimed [Han
et al. 2012, Macı́as-Ramı́rez et al. 2012]. It is important
to emphasize that the model for the Galactic foreground
emission that is usually employed when analyzing Fermi-
LAT data is optimized for point source searches. Indeed,
when confronting a dataset comprising three years of col-
lected photons between 100 MeV and 100 GeV, we find an
extended excess if we employ the standard diffuse model
[Ackermann et al. 2015].7 However, when systematically
performing a scan over the entire ROI by using a uniform
disk of 3◦ radius, we find two distinct maxima which are
spread out and appear away from both sub clump cen-
ters as shown in Fig. 2. Moreover, when using a set of
alternatively derived diffuse foreground models [Acker-
mann et al. 2012, de Palma et al. 2013], the significance of
this extended excess varies appreciably, implying that the
source of the excess may be due to an incomplete modeling
of the Galactic foreground emission.

5For this analysis we select the subset of P7REP photons that pass the
CLEAN class and apply the recommended instrument response function
P7REP CLEAN V15.

6With large we refer to an emission radius of ∼ 2− 3◦ (as in the case
of the Fornax and Coma cluster, respectively).

7For this analysis we select Pass 7 (P7V6) photons passing the
SOURCE selection together and apply the recommended models for
modeling the Galactic diffuse and isotropic emission. The reader is
referred to the web pages of the Fermi Science Support Center for
details: http://fermi.gsfc.nasa.gov/ssc/data/access/
lat/BackgroundModels.html

5. Outlook

Despite intense efforts no γ-ray emission has been de-
tected from clusters to date. In the meantime radio obser-
vations have revealed more and more systems containing
extended, yet faint radio sources. This radio emission will
remain the driving force when searching for non-thermal
emission from galaxy clusters. The LAT with its contin-
uous sky survey capabilities will remain instrumental in
probing the important ∼ MeV − GeV domain which is
much too low for air Cherenkov telescopes to be sensitive
to. In particular the extension towards lower energies, en-
abled by the latest reconstruction algorithms, collectively
dubbed Pass 8 will help in achieving this goal [Atwood
et al. 2013], as it provides a better PSF and an increased
acceptance towards lower energies.

As for DM constraints, clusters will remain challenging
targets - due to their large extension and the intrinsic uncer-
tainties in their J-factors. However, they are also comple-
mentary targets to probe in case evidence arises from more
promising targets such as dwarf galaxies or the Galactic
center.
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Isotropic diffuse γ-ray background: unveiling Dark Matter components
beyond the contribution of astrophysical sources.
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We present the first interpretation of the new isotropic diffuse γ-ray background (IGRB), measured by the
Fermi Large Area Telescope (LAT), based on a statistical analysis. We demonstrate that the γ-ray emission
from unresolved active galactic nuclei and star forming galaxies is consistent with the Fermi-LAT IGRB data
within the uncertainties both on the choice of the Galactic diffuse emission model and on the γ-ray emission
mechanism of these sources. Furthermore, adding to the extragalactic sources the contribution from a smooth
Galactic halo of annihilating weakly interacting dark matter (DM) particles, we are able to set stringent limits
on the DM annihilation cross section. Finally, we demonstrate that the addition of DM can significantly improve
the fit to IGRB data.

1. Introduction

Recently, the Large Area Telescope (LAT) on board
the Fermi Gamma-ray Space Telescope (Fermi) has
published a new measurement of the isotropic diffuse
γ-ray background (IGRB) and the extragalactic γ-ray
background (EGB) in the energy range 100 MeV-820
GeV [1]. The origin of this γ-ray residual represents
one of the most mysterious open problems in astro-
physics. The IGRB is usually associated to the γ-ray
emission from unresolved, namely not detected by the
Fermi-LAT, blazars, misaligned active galactic nuclei
(MAGN) and star forming (SF) galaxies [2, 3, 4]. The
most powerful Galactic contributors of the IGRB are
expected to be pulsars, due to the large sample of
detected sources. However, very recently in Ref. [5]
the γ-ray emission from high-latitude (|b| > 20◦) un-
resolved pulsars has been derived to account for, at
most, the 1% of the IGRB.
The annihilation of dark matter (DM) particles, in the
halo of the Milky Way (MW) and in external galax-
ies, constitutes a possible exotic mechanism for the
production of γ rays. Indeed, one of the most promis-
ing strategies for the search of DM, in the scenario of
weakly interacting massive particles (WIMPs), is the
indirect detection through γ rays produced from the
annihilation of WIMPs.
We first explore in Sec. 2 at which extent the astro-
physical populations may explain the EGB and IGRB
data and then in Sec. 3 we add the contribution from
a DM Galactic halo to constrain the DM annihila-
tion cross section. We use a statistical fitting proce-
dure which includes both the Fermi-LAT data errors
and the theoretical uncertainties on the γ-ray emis-
sion from astrophysical sources. For the first time we

∗Electronic address: mattia.dimauro@to.infn.it

show the effect of the choice of the Galactic diffuse
emission (GDE) model, used to derive the IGRB and
EGB data, and how this affects the results on DM.

2. Fermi-LAT IGRB data explained with
astrophysical sources

At least the 10% of the γ-ray photons, detected
at latitude |b| > 20◦ by the Fermi-LAT, are emit-
ted from Galactic and extragalactic resolved sources.
Indeed, the Fermi-LAT catalogs contain thousands of
point sources. One of the most natural explanation
for the origin of the IGRB, is that it arises from the
superposition of a numerous population of unresolved
sources with a flux lower than the point source sensi-
tivity threshold of the LAT [2, 6].
A diffuse γ-ray flux has been predicted for various
source populations. A large fraction of the IGRB is
expected to come from active galactic nuclei (AGN)
which are divided, according to the orientation of the
jets with respect to the line of sight, into blazars and
MAGN. Blazars are the most numerous population
in the Fermi-LAT catalogs and are divided into BL
Lacertae (BL Lac) objects and flat-spectrum radio
quasars (FSRQs) according to the absence or pres-
ence of strong broad emission lines in their optical/UV
spectrum, respectively. The γ-ray emission from un-
resolved blazars has been estimated to be around 20-
30% of the integrated IGRB above 100 MeV (see e.g.
[2, 7, 8]. MAGN are only a dozen in the γ-ray cata-
logs but the unresolved counterparts are expected to
be much more numerous than blazars. The diffuse
γ-ray emission from MAGN is expected to be aroud
20-30% of the integrated IGRB above 100 MeV [3, 9].
Finally, SF galaxies are predicted to have a numerous
unresolved population and their contribution has been
derived to be from a few % up to almost the totality of
the IGRB (see e.g. [4, 10]). In particular the Fermi-
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LAT Collaboration [4] has deduced that the contribu-
tion of unresolved SF galaxies is among 4% and 24%
of the integrated IGRB above 100 MeV and they have
considered two different Spectral Energy Distribution
(SED): a power law (PL) and a Milky Way (MW)
function.
Truly diffuse processes, like ultra-high energy cosmic-
ray interactions with the extragalactic background
light or intergalactic shocks, are other possible γ-
ray emission mechanisms (see Ref. [11] and references
therein). However, there are still quite large uncer-
tainties associated to these processes and a subdom-
inant contribution to the IGRB is theoretically pos-
sible (see e.g. Refs. [12, 13, 14]). Therefore, we do
not take into account these contributions in the rest
of the paper.
We consider in our analysis the γ-ray emission from
unresolved SF galaxy, MAGN, BL Lac, and FSRQ
populations as derived in [2, 3, 4, 8]. In Fig. 1 we
display the Fermi-LAT IGRB and EGB data derived
with the Model A of GDE [1], together with the γ-ray
fluxes predicted for AGN and SF galaxies. It is evident
that both the IGRB and EGB data are consistent with
the emission from these extragalactic populations.

We now determine with a chi-square statistical
method at which extent AGN and SF galaxies can
explain the IGRB and EGB data. We perform a fit
to the IGRB and EGB measurements with a χ2 func-
tion including both the errors of the Fermi-LAT data
and the theoretical uncertainties of the γ-ray emis-
sion from astrophysical sources (see for all the details
[15]). The theoretical uncertainties on AGN mainly
produce a renormalization of their average unresolved
γ-ray flux while the SF galaxy contribution contains
also a large uncertainty due to the SED. We thus con-
sider, at the first order, the 1-σ error on the AGN
and SF galaxy unresolved emission as the width of
the bands shown in Fig. 1 while the average fluxes
are represented by the curves in Fig. 1. Both the SF
galaxy SED, namely the MW and the PL models, are
taken into account to include also our ignorance on
the spectral shape of these sources.
We explore the possibility that the theoretical predic-
tions adopted may be affected by an additional un-
certainty on the spectral shape. This possibility is in-
cluded by varying the power-law index of AGN taking
into account the relevant 1-σ error on this parameter
(see for further details [15]). The uncertainties on the
SF galaxies SED is already considered by performing
all our analysis with both the MW and PL models.
The results are shown in Tab. I, where we display
the reduced chi-square (χ̃2 = χ2/d.o.f.) for the fit
on the IGRB and EGB data. The analysis is per-
formed on the Fermi-LAT data derived with each of
the benchmark GDE models considered in [1] and la-
belled with A, B and C. The γ-ray emissions from
unresolved BL Lacs, FSRQs, MAGN and SF galaxies
are able to explain the high-latitude IGRB and EGB

χ̃2 IGRB (MW) EGB (MW) IGRB (PL) EGB (PL)

MODEL A 1.72; 1.56 0.95; 1.02 3.20; 2.54 1.41; 1.36

MODEL B 1.33; 1.32 1.57; 1.72 2.30; 1.96 1.83; 2.06

MODEL C 0.82; 0.84 0.60; 0.60 1.67; 0.95 0.77; 0.84

Table I The reduced chi-square value χ̃2 = χ2/d.o.f. for
the fits performed using only the normalizations as free
parameters (left numbers in each column) or varying also
the slope of the spectra (right numbers in each column).
The analysis is performed with both the MW and PL SF
galaxy models and for the three Galactic foreground
models of the IGRB and EGB data [1].

data with no need for significant adjustments of the
average parameters. A better agreement is provided
by the MW modeling of the SF galaxy emission and
with the Model C of the GDE [1]. Indeed, the PL
model of SF galaxies is in some tension with the data
sets obtained with GDE Model A and B (see Tab. I).
The choice of the Galactic foreground model has a
large relevance on the goodness of the fit. We display
in Fig. 2 the fluxes corresponding to the best fit con-
figuration with the IGRB and the EGB data obtained
with Model A of the GDE. It is remarkable that each
contribution has a very different shape but they add
in a way that their sum is consistent with a power-law
with an exponential cutoff.

3. Constraints on a DM contribution to
the Fermi-LAT IGRB data

A possible contribution to the high latitude γ-
ray IGRB could arise from annihilating DM particles
present both in the halo of the MW and in external ha-
los [16]. DM can produce γ rays both directly (the so-
called prompt emission), or indirectly via the inverse
Compton scattering of the electrons and positrons,
produced by the DM annihilation, off the ambient
light of the interstellar radiation field. In order to
simplify the discussion we consider only the DM dis-
tributed in a halo of the MW. Moreover, we do not
consider any specific particle physics model and we fix
the branching ratio equal to 1 for any of the discussed
annihilation channels. The photon and electron spec-
tra have been calculated using the Pythia Montecarlo
code for DM annihilations into e+e−, µ+µ−, τ+τ−, bb̄,
tt̄ and W+W− channels. We have assumed an Einasto
DM profile with a local DM density of ρ� = 0.4
GeV/cm3. For all the details about the γ-ray flux
due to DM annihilation in the halo of the MW we
refer to [15, 17].

As a first analysis, we derive upper limits for the
DM annihilation cross section 〈σv〉, fitting the IGRB
and EGB data with the astrophysical sources dis-
cussed in Sect. 2 and the addition of a Galactic DM
halo. The results are shown in Fig. 3 for the DM anni-
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Figure 1: Left (right) panels show the γ-ray emission from unresolved (unresolved+resolved) sources, together with the
IGRB (EGB) data [1]. Lines and relevant uncertainty bands represent the contribution from the following source
populations: MAGN (orange dashed), BL Lacs (green dotted), FSRQs (grey double dot-dashed), MW model of SF
galaxies (purple dot-dashed), and the sum of all the contributions (blue solid). IGRB and EGB data have been derived
with Galactic foreground Model A.
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Figure 2: The γ-ray flux best fit on Model A of IGRB (left panels) and EGB (right panels) data is shown for: BL Lac
(dotted green), MAGN (dashed brown), SF (dot-dashed purple), FSRQ population (dot-dot-dashed black), the sum of
AGN and SF (solid blue). We display with a cyan band also the uncertainty associated to the Fermi-LAT GDE model
[1].

hilation channels listed above, different confidence lev-
els (C.L.s) and considering the Model A of the Galac-
tic foreground. In the case of the bb̄ DM annihilation
channel and for masses lighter than 30 GeV, the upper
bounds on 〈σv〉 are below the thermal relic value while
at 10 TeV our analysis excludes 〈σv〉 ∼> 10−24cm3/s.
Moreover, the limits obtained for the DM annihilation
into τ+τ− are quite stringent: the thermal relic cross
section is excluded at 3-σ C.L. up to a DM mass of
about 330 GeV, while at mχ ' 1 TeV the bound is
around 10−25cm3/s. As expected, the upper bounds
obtained with a fit to the EGB data are very similar
to the ones obtained with the IGRB data and in gen-
eral are only slightly looser.
For the first time we explore the impact of the GDE
model in the estimation of upper limits on the DM
annihilation cross section. The results are illustrated,
for a 2-σ C.L and for the annihilation channels e+e−

and bb̄, in Fig. 4. The choice of the GDE model turns
out to have a significant role in the values of the up-
per limits on 〈σv〉. The results vary on average within
a factor of two but the differences can reach a factor
of 10 in the case of bb̄ at about mχ ' 200 GeV. The
bounds obtained on the IGRB with Model B of the

GDE are always looser with respect to the ones de-
rived with Model A or C.

As a second analysis, we attempt to identify DM
configurations which can significantly improve the fit
to the IGRB data. In this part we perform a fit to
the Fermi-LAT data with extragalactic sources and a
DM component as done before, but letting the WIMP
DM mass mχ and 〈σv〉 varying simultaneously. Our
results are displayed in Fig. 5, for the bb̄ DM annihi-
lation channel and for the IGRB data associated to
the three Galactic foreground models. In the case of
Model A and B, we obtain closed regions up to 3-
σ C.L. with the best fits located around mχ ' 5-20
GeV and 〈σv〉 ' 1-3 · 10−26cm3/s while for Model C
the 1-σ C.L. closed region opens up at already 2-σ
C.L., translating the results into upper limits. The
addition of a DM component is almost irrelevant for
IGRB Model C while, in the case of leptonic or bb̄
channels, improves the IGRB fit, for models A and B,
with ∆χ2 = χ2

astro−χ2
astro+DM ≥ 6.5, where χ2

astro and

χ2
astro+DM are the best fit χ2 with only astrophysical

sources or with the addition of a DM component. In
the case of e+e−, τ+τ− and bb̄ channels, the best fit
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Figure 3: Upper limits on 〈σv〉 as a function of the DM mass mχ for bb̄ (top panels) and τ+τ− (botton panels)
channels. The upper limits are derived with a fit to the IGRB (left panels) and EGB (right panels) data, within GDE
Model A. The 3-σ, 2-σ and 1-σ C.L.s are shown with solid, dashed and dotted curves, respectively. The horizontal
dotted line specifies the thermal relic annihilation cross section value.
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Figure 4: 2-σ C.L. upper limits on the annihilation cross section for the e+e− (left panels) and bb̄ (right panels)
channels obtained with the IGRB data derived with three different GDE models [1].

values of the DM mass range from few GeV up to 20
GeV and the annihilation cross section values are close
to the thermal one while the µ+µ− channel requires
〈σv〉 ' 1-3 · 10−25cm3/s. It is remarkable that includ-
ing a DM component does not require the standard
astrophysical contributions to differ significantly from
the average emission [15]. Therefore, a DM compo-
nent can very well fit the IGRB data with a realistic
unresolved emission from extragalactic sources.

The results illustrated in Fig. 5 demonstrate that a
DM contribution to IGRB may significantly improve

the fit to the IGRB with respect to the interpreta-
tion with only astrophysical source populations. How-
ever, the significance of this potential exotic signal
strongly depends on the choice of the Galactic fore-
ground model considered to derive the IGRB spec-
trum. It is evident in Fig. 5 that for Model A and B
of the GDE we may have an hint of DM up to 3-σ C.L.
while for Model C for 2 and 3-σ C.L. we can only set
upper limits on the annihilation cross section. These
results confirm how a deep knowledge of the GDE is
mandatory to unveil a DM contribution in the IGRB
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Figure 5: Contour plots in the 〈σv〉-mχ plane for bb̄ channel calculated with a fit of the astrophysical sources and a DM
component on the IGRB data. The black dots refer to the values of the best fit, and the (closed or open) green, blue
and pink regions indicate the 1, 2 and 3-σ C.L. Left, center and right panels correspond to the case of Model A, B and
C of the IGRB.

data. In Fig. 6 we illustrate the best fit configuration
for the bb̄ DM annihilation channel and Moled A of the
GDE. This is the case with the largest significance of
DM with respect to the best fit with only astrophysi-
cal populations with ∆χ2 = 18.9. In this specific best
fit, the DM mass is mχ=8.2 GeV, and the annihila-
tion cross section is 〈σv〉 = 1.4 · 10−26cm3/s. It is
clear in Fig. 6 that this configuration of extragalactic
sources and DM reproduce very well the IGRB and
EGB data.

The upper bounds reported in Figs. 3 and 4 improve
the results derived in [17], in the so-called ‘best-fit’
scenario, by a factor of ∼3 at mχ ∼ 10 GeV and a
factor of 30 at mχ ∼ 10 TeV. Our limits also improve
significantly the upper limits on 〈σv〉 derived by the
Fermi-LAT analysis for a Galactic halo of DM [18]
and with the analysis of 25 dwarf Spheroidal galaxies
[19]. We notice that for mχ ' 10 TeV the upper
bounds found in [20] by the H.E.S.S. Collaboration,
which are optimized at energies larger than about 1
TeV, are of the same entity as ours for the leptonic
channels, while for hadronic channels they are about
one order of magnitude weaker. In addition, we derive
similar results with respect to the very recent analysis
performed by the Fermi-LAT Collaboration in Refs.
[21, 22].

4. Conclusions

We have performed the first detailed statistical
analysis for the interpretation of the recent IGRB
data, measured by the Fermi-LAT Collaboration [1].
We first test the hypothesis that a numerous sam-
ple of unresolved extragalactic sources may explain
the Fermi-LAT IGRB data. For the first time a χ2

function which includes the data errors and the the-
oretical uncertainties on the γ-ray emission from BL
Lacs, FSRQs, MAGN and SF galaxies has been con-
sidered. The theoretical uncertainty from each of this
extragalactic population has been first parametrized

only with a renormalization factor and then general-
ized adding also a possible change in the photon in-
dex of the γ-ray SED. Since the spectral shape of SF
galaxies is not well constrained we have considered
both the MW and the PL models. In our results the
IGRB and the EGB data are well fitted by the unre-
solved emission from AGN and SF galaxies with best
fit parameters close to the average theoretical values.
We also demonstrate how the choice of the Galactic
foreground model, used to derive the IGRB and EGB
data, affects the results.
We explore also a possible contribution from the an-
nihilation of WIMP DM particles distributed in the
halo of our Galaxy. As a first analysis, we derive up-
per limits on the DM annihilation cross section, com-
bining the γ-ray emission from astrophysical sources
and DM in order to fit the IGRB and EGB data. The
upper bounds calculated with this method are strin-
gent and rule out the thermal relic cross section for a
wide range of DM mass values for the bb̄ and τ+τ−

annihilation channels.
We finally derive DM configurations which improve
the fit to the IGRB data with respect to the case
with only astrophysical sources. The best fit DM mass
ranges from few GeV up to 20 GeV and the annihila-
tion cross section 〈σv〉 values are close to the thermal
one. A DM component may fit, together with AGN
and SF galaxies, very well the IGRB and EGB data
with best fit parameters for the astrophysical popula-
tions close to the average theoretical values. However
depending on the Galactic foreground model and the
value of the C.L., we obtain a possible hint of DM or
we set only upper limits.
Our results show how crucial is the IGRB in the study
of the extragalactic source populations and for DM
searches. It is today a powerful tool to constrain the
DM properties and with a future improvement in the
knowledge of the GDE and of the unresolved emission
from AGN and SF galaxies, may probe a DM contri-
bution to the γ-ray sky.
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Figure 6: The differential γ-ray flux for the unresolved (left panels) and entire (right panels) BL Lac, FSRQ, MAGN,
SF galaxy populations and the DM contribution with bb̄ channel (splitted into the prompt and the ICS emission) as
fixed by the best fit to the Model A of the IGRB and EGB data.
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For the first time, we use the Gamma-ray Burst Monitor (GBM) on-board the Fermi satellite to
search for sterile neutrino decay lines in the energy range 10–25 keV corresponding to sterile neutrino
mass range 20–50 keV. This energy range has been out of reach of traditional X-ray satellites such
as Chandra, Suzaku, XMM-Newton, and gamma-ray satellites such as INTEGRAL. Furthermore,
the extremely wide field of view of the GBM opens a large fraction of the Milky Way dark matter
halo to be probed. We start with 1601 days worth of GBM data, implement stringent data cuts,
and perform two simple line search analyses on the reduced data: in the first, the line flux is limited
without background modeling, and in the second, the background is modeled as a power-law. We
find no significant excess lines in both our searches. We set new limits on sterile neutrino mixing
angles, improving on previous limits by approximately an order of magnitude. Better understanding
of detector and astrophysical backgrounds, as well as detector response, can further improve the
limit.

I. INTRODUCTION

Right-handed neutral fermions (henceforth sterile
neutrinos) arise in most implementations of the seesaw
mechanism to generate neutrino masses, and yield ex-
tremely rich phenomenology (for recent reviews, see,
e.g., [1, 2]). In particular, in the mass range of 1–
100 keV, sterile neutrinos can be produced in suffi-
cient quantities in the Early Universe to be a viable
dark matter candidate. If the production proceeds
via oscillations with active neutrinos, the momentum
distribution of the sterile neutrino results in a warm
dark matter candidate [3]. However, other production
mechanisms have been shown to result in sterile neu-
trino dark matter that act very similarly to cold dark
matter [4–8]. Astrophysically, a dark matter sterile
neutrino lies in the parameter space to be produced
in core-collapse supernova cores [9], providing a new
mechanism for explosion [10], as well as explaining the
origin of strong neutron star kicks [11–13].

As a viable dark matter candidate, sterile neutrinos
are stable on cosmological time scales, but neverthe-
less they have decay channels that become interesting
indirect detection targets for large concentrations of
dark matter. The primary decay we target is the ra-
diatively decay channel into an active neutrino and
a photon. As the photon carries half of the sterile
neutrino mass energy, the photon lies in the X-ray
range. The signal is spectrally distinct from most ex-
pected astrophysical backgrounds, since the signal line
is broadened by the velocity dispersion of the dark
matter particles. Coupled with the expected spatial
morphology – spherical and centrally concentrated at
the Galactic center – searches with X-rays can be a
very powerful probe [14].

Many searches have been performed in the past,
using X-ray satellites such as Chandra, Suzaku, and
XMM-Newton; observing a wide range of targets, from
galaxy clusters, nearby galaxies, and dwarf satellites
of the Milky Way, to the cosmic X-ray background.
Most recently, an unexplained X-ray line was detected
from a stack of galaxy clusters as well as the An-
dromeda galaxy [15, 16] (see also followup studies sup-
porting and refuting these initial claims, e.g., [17–23]),
which can be interpreted as the decay of 7 keV sterile
neutrinos [24].

In this proceedings, we report initial results of us-
ing the Gamma-ray Burst Monitor (GBM) onboard
the Fermi satellite to search for X-ray lines arising
from sterile neutrino decay. Among the advantages of
using the GBM for this purpose include: (i) its all-
sky coverage, which allows the entire Milky Way dark
matter halo to be studied, and (ii) the energy range of
the GBM, which fills a gap in energy coverage between
X-ray satellites and gamma-ray satellites. We there-
fore focus on the energy range Eγ = 10–25 keV cor-
responding to sterile neutrino mass ms = 20–50 keV,
and explore the Milky Way because of its proximity
and well-studied dark matter distribution.

II. EXPECTED SIGNAL

A. Intensity calculation

The radiative decay of sterile neutrino has a decay
rate of [14, 25],

Γs ≃ 1.36× 10−32 s−1

(

sin22θ

10−10

)

( ms

1 keV

)5

, (1)

eConf C141020.1

131



2 5th Fermi Symposium : Nagoya, Japan : 20-24 Oct, 2014

where we have assumed a Majorana sterile neutrino.
The photon intensity (number flux per solid angle)

arising from sterile neutrino dark matter decay, from
the direction of angle ψ away from the Galactic Cen-
ter, is

I(ψ,E) ≡ dN

dAdTdΩdE
(2)

=
ρ⊙R⊙

4πmsτs

(

J (ψ)
dN

dE
+REG

∫

dz

h(z)

dN

dE′

)

,

where the first term in the brackets is the contribution
from the Galactic halo and the second term is the con-
tribution from extragalactic halos. Here, τs = 1/Γs is
the sterile neutrino lifetime, ρ⊙ = 0.4GeV cm−3 is the
local dark matter mass density, R⊙ = 8.5 kpc is the
Sun’s distance to the galactic center, and dN/dE =
δ(E −ms/2) is the photon spectrum. J (ψ) is the so-
called J-factor or boost factor, and is the integral of
the dark matter mass density ρ in the Milky Way halo
along the line-of-sight,

J (ψ) =
1

ρ⊙R⊙

∫ ℓmax

0

dℓ ρ(ψ, ℓ) , (3)

where ℓmax is the outer limit of the dark matter halo.
We assume the dark matter distribution is spherically
symmetric about the Galactic Center, hence

ρ(ψ, ℓ) = ρ(rGC(ψ, ℓ)) (4)

= ρ

(

√

R2
⊙ − 2 ℓR⊙ cosψ + ℓ2

)

. (5)

We adopt ℓmax = 250 kpc in this work. Although
the value of ℓmax differs depending on the adopted
halo model, the contribution to J (ψ) from beyond
∼ 30kpc are negligible.
For the dark matter density profile ρ we adopt a

NFW profile as our canonical profile. Although the
Milky Way dark matter density profile at small radii
remains uncertain, it is known well enough for ro-
bust predictions of sterile neutrino decay signals on
the scales of interest for the GBM. We adopt the fol-
lowing generic dark matter halo profile, motivated by
numerical simulations,

ραβγ(r) = ρ⊙

(

r

R⊙

)−γ [
1 + (R⊙/Rs)

α

1 + (r/Rs)α

](β−γ)/α

,

(6)

TABLE I: Dark matter profile parameters for widely
adopted dark matter profiles in the literature. Our canon-
ical profile is the NFW profile.

Profile α β γ Rs [pc]

NFW 1 3 1 20

cNFW 1 3 1.15 23.7

Isothermal 2 2 0 3.5

J
(ψ

)

ψ [ ° ]

EIN

cNFW

NFW

ISO

 0

 10

 20

 10  100

FIG. 1: The J-factor, J (ψ), as a function of half open-
ing angle ψ relative to the Galactic Center, for four Milky
Way dark matter halo profiles. Note the J-factor will be
convolved by the GBM field of view, which is energy de-
pendent but 40 degrees or more (see Figure 2), which dra-
matically reduces the difference between the dark matter
profiles for the analysis.

where parameters for commonly used profiles are sum-
marized in Table I. Another profile favored by recent
simulations is the Einasto profile,

ρEin(r) = ρ⊙ exp

(

− 2

αE

rαE −RαE

⊙

RαE

s

)

, (7)

with αE = 0.17 and scale radius Rs = 20 kpc. The
difference in the J-factor between these profiles are
shown in Figure 1. Here, the J-factors are shown as
functions of the angle ψ away from the Galactic Cen-
ter. When the J-factor are convolved by the GBM
field of view, which is energy dependent but typically
∼ 40 degrees (see Figure 2), the differences between
dark matter profiles is dramatically reduced.

B. Signal modeling for the GBM

The Fermi-GBM consists of 12 NaI detectors and 2
BGO detectors, the former covering energies 8 keV to
1 MeV, and the latter covering 200 keV to 40 MeV.
The NaI detectors are physically placed on the cor-
ners and sides of the satellite. At any given time, 3 –
4 NaI detectors view an Earth occultation, i.e., when
the earth is within 60 degrees of the detector zenith.
In the following, we perform a search using data from
a single NaI detector, det-0. Det-0 is conveniently
placed closest to the Fermi-LAT zenith (offset angle
20.6◦). Thus, as the LAT engages in survey mode,
which are designed to maximize sky coverage, so does
det-0. Analyses on additional detectors are forthcom-
ing.
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FIG. 2: The effective area for det-0 NaI detector versus
photon arrival angle with respect to the detector normal.
Three energy ranges utilized in the sterile neutrino search
are shown. The occasional dips in the effective area are
due to blockages from the satellite components.

The response of det-0 are shown in Figures 2 and
3, where the effective area is shown as functions of
the angle away from the detector normal, θ, and the
photon energy. The angular dependence can be well-
fitted with a Cosine function (shown by the solid line).
The occasional dips are due to blockage from satellite
components.

One important consideration for the GBM is that
it lacks photon-tracking capabilities, i.e., the photon
count as a function of incident angle cannot be simply
obtained. Earth occultation techniques can be effec-
tively used to obtain directionality for point sources
[26], but remains difficult for diffuse sources. Fortu-
nately, the lack of photon tracking ability is not very
problematic for our sterile neutrino search, since the
decay signal has a very large angular extent. However,
it does mean it is difficult to accurately re-construct
an intensity sky map (Eq. 2). We opt to simulate the
instrument observable by properly modeling the sig-
nal taking into account detector response. In this case,
the instrumental observable is the photon count rate
as a function of the NaI detector pointing direction.

The photon counts is energy dependent and direc-
tion dependent, i.e., νi,j , where i labels the energy
bin and j labels the detector pointing direction. The
expected number of photons per observing time, Tj,
from a particular detector pointing direction, is then

dνi,j
dTj

=

∫ Emax
i

Emin
i

dE

∫

2π

dΩ(θ)

∫

dẼ (8)

×
{

I(ψ, Ẽ)G
(

E, Ẽ
)

Aeff(Ẽ, θ)

}

,
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FIG. 3: The same as Fig. 2 but plotted against energy, for
three incident angles. The fits come from the angular fits
for various energies.

where Emax
i and Emin

i are the boundaries of the i-th
energy bin. We have integrated over the hemisphere
the NaI detector points, i.e., over the detector zenith
angle θ, and attribute all the photons to the pixel de-
fined by pointing j. A position on the sky with an
angle relative to the GC, ψ, is thus related to the
detector zenith angle and the pixel that the detector
points at through ψ → ψ(θ, j) . The pointing direc-
tion of the detector is therefore defined by ψ(0, j). The

factor G(E, Ẽ) takes into account the energy resolu-
tion of the NaI detector, which we model as a Gaus-
sian with width given by the pre-launch calibrations
[27, 28]. Lastly, Aeff(E, θ) is the NaI detector effec-
tive area, which depends on energy and the detector
zenith angle, as in Figures 2, 3.

III. DATA REDUCTION

We use a total of 1601 days worth of data, from 12-
AUG-2008 to 31-DEC-2012. We use the CSPEC data
with nominal 4.096 s time resolution and 128 channels
in energy from 5 to 1402keV. We then implement a
wide range of data cuts to minimize a wide range of
background contributions, which are summarized be-
low.

• LAT cuts: we use the Fermi-LAT cuts
“LAT CONFIG=1”, “LAT MODE=5”,
“DATA QUAL=1”, “ROCK ANGLE<50”,
and “SAA=F”, where the first three conditions
ensure the detector configurations and data
qualities are suitable for scientific analysis, and
the fourth condition ensures the Earth is not in
the LAT’s field of view, which is approximately,
although not exactly, the field of view of det-0
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FIG. 4: All-sky counts maps in 10 – 11 keV energy range, showing the simulate dark matter map assuming the NFW
profile (left) and the reduced data (right). The dark matter simulation assumes a sterile neutrino of mass 20 keV and
mixing angle sin2 2θ = 5.8× 10−11. For det-0 only.

(this is addressed later). The cuts also exclude
epochs where the satellite is passing through
the South Atlantic Anomaly (SAA), which
has high cosmic-ray activity that significantly
increases the radioactivity of the satellite.

• Additional transient source cut: this removes
epochs when the GBM detects transient sources,
including gamma-ray bursts, direct cosmic-ray
hits, solar flares, Galactic x-ray transients, and
magnetospheric events.

• Extended SAA cut: the LAT cuts do not com-
pletely remove the effects of the SAA on the
NaI detectors. The reason is that the satellite
remains significantly radioactive even after lead-
ing the SAA. We therefore remove the data col-
lected in orbits that pass through the SAA suc-
cessively.

• Additional Earth cuts: we apply two addi-
tional cuts to remove backgrounds related to the
Earth. The first requires the angle between the
NaI detector normal and the vector from the
Earth center to be less than 50◦, which reduces
emissions from the Earth limb. The second re-
quires the geomagnetic latitude to be less than
|20|◦, which reduces cosmic-ray induced vents.

The reduced data product contains observed counts
in 128 energy bins and 768 equal area sky pixels in
healpix projection. The total live time after reduction
equals ∼ 4.6 × 106 seconds (∼ 53 days). Despite the
dramatic reduction in live time, the analysis is still
systematic limited. In the energy range and region of
interest, the total counts is more than ∼ 107 photons
for each energy bin.
Figure 4 shows the simulated dark matter photon

count rate (left) and the reduced data count rate
(right) for det-0. Both are shown with the same dy-
namical range. Shown is the energy range 10–11 keV,

which is our lower energy range. We observe a clear
excess of photons towards the Galactic Center direc-
tion in the reduced data, which we interpret to be from
astrophysical emissions from the Milky Way. Spec-
tral analysis indicates the excess peaks at low ener-
gies, and is dramatically reduced by 30–40 keV, when
the data is dominated by cosmic-ray induced back-
grounds. This is confirmed by the high-energy sky
map showing small variations that trace the Earth
magnetic field structure.

IV. LINE SEARCH ANALYSIS

Two line search strategies are implemented on the
reduced data. The first is a conservative analysis
based only on flux comparison, the second makes use
of the spectral difference between signal (line) and
background (dominated by a power-law within a small
enough search energy window).

A. Flux analysis

The most conservative constraint on a sterile neu-
trino decay amplitude is to require the decay sig-
nal counts do not exceed the total measured photon
counts. Thus, we do not make any assumptions of the
detector background and astrophysical background.
The comparison is made bin by bin, and consists of

comparing the predicted signal

νi =

ROI
∑

j

Tj
dνi,j
dTj

, (9)

to the observed photon counts,

di =

ROI
∑

j

Ni,j , (10)
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FIG. 5: Constraints on the sterile neutrino mixing an-
gle sin2(2θ) as a function of the sterile neutrino mass ms.
Our new limits are shown by the dashed lines: the upper
(black) line is from our conservative flux limit analysis,
while the stronger lower (blue) line is from modeling the
background as a power-law. The latter limit improves by
preceding ones, obtained by observations of cosmic X-ray
background (CXB) by HEAO-1 [30], by about an order of
magnitude.

where Ni,j is the number of counts in energy bin i and
pixel j measured by the det-0.

B. Spectral analysis

The flux analysis can be improved by modeling the
background. We perform a spectral analysis which
captures the different spectral shapes of the sterile
neutrino decay signal and the backgrounds.
The background is modeled as a power-law,

db

dE
= β

(

E

E0

)−γ

N (E) , (11)

where the normalization β and index γ are left as free
parameters. This assumption is made in a small en-
ergy window defined by

Max (imin, i−∆w) < i < i+∆w, (12)

using a fixed window of ∆w = 5. This choice results
in each energy width side being about 3 − 4 σ of the
energy resolution. The energy window is truncated at
imin = 6, which corresponds to a central bin energy of
9.4 keV. For line energies near the low energy cutoff,
the energy window is thus asymmetric.
We first perform a χ2 test to assess whether the

assumption of a power-law is a good local background
model. By way of minimizing the negative logarithm
of the likelihood function, we find the best-fit β0 and

γ0 for all energy windows defined by Eq. (12). We
assume a Gaussian probability distribution function
for each energy bin, giving the likelihood function as

L(β, γ|d) =
∏

i

1√
2πσAeff

e
−

(bi−di)
2

2σAeff
2 , (13)

where the product is taken over the energy bins, and
σAeff is the systematic uncertainty of the effective
area,

σAeff = 0.05(νi + bi) . (14)

The present analysis is not limited by statistical un-
certainty; rather, it is dominated by systematic un-
certainties. We adopt a constant 5% uncertainty on
the effective area as a conservative choice. The χ2 per
degree of freedom for most energy windows is found to
cluster between 1.1 and 1.4, although in some higher
energy cases they can be as low as 0.5. We conclude
that these findings justify the use of the local power-
law assumption, as well as the 5% uncertainty in the
effective area.
Finally, the sterile neutrino decay line is added to

the central energy bin for each energy window. The
line signal has one free parameter, fs, the normal-
ization, which scales linearly with the mixing angle
sin22θ. Thus, the search has three free parameters,
β, γ, and fs. The former two are treated as nuisance
parameters, and fs is the parameter of interest. The
likelihood is

L(fs, κ|d) =
∏

i

1√
2πσAeff

e
−

(νi+bi−di)
2

2σAeff
2 , (15)

where κ are the nuisance parameters. Finally, we use
the profile likelihood analysis [29] for treating nuisance
parameters. In practice, this involves calculating the
profile likelihood −lnLp(fs) for several fixed values of
ms, where for each fs the −lnL is minimized with
respect to all other parameters κ.

V. STERILE NEUTRINO LIMITS

We find no significant detections of lines in both
our analyses. We determine the 95% C.L. one-sided
upper limits on the amplitude, f95

s , by requiring a
2∆lnL = 2.71. The limits are shown in Figure 5.
While the limits from the conservative flux analysis is
weaker than previous limits, our spectral analysis limit
results in an improvement of about a factor of ∼ 10
compared to those based on observations of cosmic X-
ray background (CXB) by HEAO-1 [30]. The spectral
analysis limit deteriorates at low energy, because the
number of energy bins decreases, and also because the
energy window is increasingly asymmetric. The latter
in particular results in reduced ability to distinguish
between the power-law background model and the line
signal.
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VI. CONCLUSIONS AND DISCUSSIONS

We have used a GBM NaI detector (det-0) to set
upper limits on sterile neutrino dark matter decays
into mono-energetic photons. Two line analyses were
implemented: the first is a conservative flux search,
and the second is a spectral search assuming the back-
ground can be modeled as a power-law over small en-
ergy windows. In the energy range of 10–25 keV, cor-
responding to sterile neutrino mass of 20–50 keV, our
new upper limit is an improvement of about an order
of magnitude compared to previous limits using the
CXB with HEAO-1 data.
The current analyses are dominated by systematic

uncertainties primarily in the effective area. A better
understanding of the GBM detector will therefore im-

prove the limits presented in this proceeding. Work is
currently underway to investigate other NaI detectors
onboard the GBM.
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The VERITAS Dark Matter Program
B. Zitzer
Argonne National Laboratory, Argonne, IL, 60439 USA
for the VERITAS Collaboration
veritas.sao.arizona.edu

In the cosmological paradigm, cold dark matter (DM) dominates the mass content of the Universe and is present
at every scale. Candidates for DM include many extensions of the standard model, with a weakly interacting
massive particle (WIMP) in the mass range from ∼10 GeV to greater than 10 TeV. The self-annihilation or
decay of WIMPs in astrophysical regions of high DM density can produce secondary particles including very
high energy (VHE) gamma rays with energy up to the DM particle mass. VERITAS, an array of atmospheric
Cherenkov telescopes, sensitive to VHE gamma rays in the 85 GeV - 30 TeV energy range, has been utilized
for DM searches. The possible astrophysical objects considered to be candidates for indirect DM detection are
VERITAS dwarf spheroidal galaxies (dSphs) of the Local Group and the Galactic Center, among others. This
presentation reports on our extensive observations of these targets and constraints of the dark matter physics
from these objects, including the methodology and preliminary results of a combined DM search of five dSphs.

1. INTRODUCTION

The search for Standard Model (SM) particles re-
sulting from the annihilation of Dark Matter parti-
cles provides an important complement to that of di-
rect searches for DM interactions and accelerator pro-
duction experiments. Among the theoretical candi-
dates for the DM particle [1], weakly interacting mas-
sive particles are well motivated since they naturally
provide the measured present day cold DM density
[2]. Candidates for WIMP dark matter are present in
many extensions of the SM of particle physics, such
as supersymmetry (SUSY) [3] or theories with extra
dimensions [4]. In such models, the WIMPs either
decay or self-annihilate into standard model particles,
most of which produce either a continuum of gamma
rays with energies up to the DM particle mass, or
mono-energetic gamma-ray lines.
Attractive targets for indirect DM searches are

nearby massive objects with high inferred DM density
which are not expected to be sources of VHE gamma
rays. The Galactic Center is likely the brightest source
of gamma rays resulting from DM annihilations, how-
ever the detected VHE gamma-ray emission is coinci-
dent with the supermassive black hole Sgr A* and a
nearby pulsar wind nebula [5], motivating searches for
DM annihilation in the Galactic Center halo where the
VHE gamma-ray background is expected to be signifi-
cantly lower [6]. Galaxy Clusters have a large DM con-
tent. However, they are extended for VERITAS, and
the possibility exists of a VHE background from con-
ventional processes [7] [8], although not yet detected.
Galactic DM sub-halos would appear as unidentified
objects (UNIDs) without multi-wavelength counter-
parts in Fermi-LAT data. If a Fermi UNID were
detected in VHE, it could potentially be from DM.
Dwarf spheroidal galaxies (dSphs) are additional at-
tractive targets for DM searches. Dwarf spheroidal
galaxies are relatively close (∼50 kpc), and have a
low rate of active or recent star formation, which sug-

gests a low background from conventional astrophys-
ical VHE processes [9].
The following sections describe the status of obser-

vations and data analysis of each of the DM targets
described above as of fall 2014, followed by conclu-
sions and a discussion of the future of the VERITAS
DM program.

2. SUB-HALOS

Recent cosmological N-body, high-resolution simu-
lations [10] indicate that DM halos are populated with
a wealth of substructures [11]. Because of tidal dis-
ruption near the Galactic disk, most of the sub-halos
are thought to survive at high Galactic latitude. The
lack of material in these regions prevents the DM over-
densities from attracting enough baryonic matter and
trigger star formation. DM clumps would therefore
be invisible to most astronomical observations from
radio to X-rays. DM structures residing in the the
Milky Way halo can be nearby the Sun and there-
fore have a bright gamma-ray annihilation signal [12].
These clumps would likely be only visible at gamma-
ray energies and therefore may not have shown up in
astronomical catalogs yet. Since gamma-ray emission
from DM annihilation is expected to be constant, DM
clumps could then appear in all-sky monitoring pro-
grams [14] done at gamma-ray energies. These can
be best provided by the Fermi-LAT instrument. Very
likely, the distinct spectral cut-off at the DM particle
mass is located at energies too high to be measur-
able by Fermi within a reasonable timescale (see, e.g.
the WIMP mass lower limits in [15]) and can only be
detected by ground-based telescopes, such as VERI-
TAS. Furthermore, detection of this spectral cut-off
at the same energy in multiple objects would stand
as a visible signature of DM. The Second Fermi-LAT
Catalog (2FGL) contains 1873 high energy gamma-
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Table I Preliminary DM Sub-halo Results. Flux upper limits are given in units of Crab Nebula flux.

2FGL Name Exposure (hrs) Significance (σ) Excess Counts Etr (GeV) F
99%CL
γ (C.U.)

J0312.8+2013 9.7 -1.5 -26 ± 17 220 < 0.9%

J0746.0−0222 9.1 -0.9 -15 ± 16 320 < 1.1%

ray sources detected by the LAT instrument after the
first 24 months of observations. For each source, posi-
tional and spectral information are provided as well
as identification or possible associations with cata-
loged sources at other wavelengths. Although Fermi-
LAT has a good angular resolution, a firm identifica-
tion based on positional coincidence alone is not al-
ways feasible. Thus, 576 sources in the 2FGL lack
any clear association. These are the so-called unas-
sociated Fermi objects (UFOs), a population among
which DM clumps might be represented [16]. In or-
der to extract possible DM clump candidates out of
the 2FGL UNIDs, we adapt the selection criteria from
[17], selecting sources by requesting them:

• to lie outside the Galactic Plane,

• to be non-variable,

• to exhibit a power law spectra, and

• to not have possible counterparts.

The original list obtained from the 2FGL catalog
is then filtered to select only sources observable with
VERITAS with a maximum zenith angle at culmi-
nation of 40◦, in order to pursue the lowest energy
threshold. Additionally, an estimate of required ob-
servation time for a 5σ detection, dubbed detectability,
is computed based on a 2FGL Catalog flux extrapo-
lation to the VERITAS energy range.
The preliminary results of the VERITAS observa-

tions shown in Table 1 are in tension with the ex-
trapolation of the gamma-ray spectra from the Fermi-
LAT to very high energies. Additional data from these
UNIDs and others by VERITAS and other Cherenkov
telescopes may completely completely rule out a di-
rect extrapolation of the Fermi-LAT which would give
strong DM model constraints or potentially detect a
DM signature, provided that they are truly without
counterparts at other wavelengths.

3. GALAXY CLUSTERS

Clusters of galaxies are the largest viralized objects
in the Universe, with typical sizes of a few Mpc and
masses on the order of 1014 to 1015 M⊙. Most of
the mass (∼ 80%) is dark matter, as indicated by
galaxy dynamics and gravitational lensing [18]. Aside
from DM annihilation, it is possible to have gamma-
ray emission from cosmic-ray interactions, producing

Figure 1: Dark Matter velocity-averaged cross-section
limits from the Coma galaxy cluster. Figure taken from
[19].

neutral pions [7], or inverse Compton of ambient pho-
tons [8].

VERITAS has taken 18.6 hours of dedicated ob-
servations of the Coma cluster between March and
May 2008. The Coma cluster is a close (z=0.023)
and massive (M∼ 1015M⊙) cluster which has been
thoroughly studied across all wavelengths. The stan-
dard analysis of the Coma cluster data using point-
source cuts for the core of the cluster yielded 17 ex-
cess counts, with a significance of 0.84σ, indicating a
non-detection. Upper limits of 0.83% of the Crab Neb-
ula flux were placed for the core of the Coma cluster
with 95% confidence, assuming a powerlaw spectral
index of -2.3. With the absence of a signal from the
Coma cluster, limits of the velocity-averaged cross-
section for DM annihilation were placed at O(10−21),
as shown in Figure 1 [19].

An archival VERITAS galaxy cluster search is also
in the works, looking for galaxy clusters that have hap-
pened to overlap in the same FOV as other targeted
observations. ROSAT and SDSS galaxy cluster cat-
alogs are being used to cross-check with other VER-
ITAS observations, Most notably M87 in the Virgo
cluster of galaxies [20] and NGC 1275 in the Perseus
cluster [21].
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Figure 2: Skymap of the galactic center region using a
subset of the VERITAS data. DM signal and background
regions are indicated north and south of SgrA*.

4. GALACTIC CENTER

The center of our galaxy, SgrA*, is a strong VHE
source, along with several other VHE sources nearby
[22] and possible diffuse emission [23], making Dark
Matter detection in that region a complicated, but
not impossible, prospect.

The Galactic center was observed by VERITAS
in 2010-2014 for ∼ 80 hrs (good quality data) at
zenith angles of z = 60 − 66 deg (average threshold
of Ethr ≃ 2.5TeV). The higher effective areas due to
the large zenith angle observations make the VERI-
TAS observations now the most sensitive instrument
for the Galactic Center region above 2 TeV. The detec-
tion of SgrA* by VERITAS and VHE emission in the
region through conventional processes are discussed in
greater detail elsewhere in these proceedings [24].

The DM signal and background regions for the
Galactic center region will use arc-shaped regions
north and south of the Galactic plane to avoid dif-
fuse emission and VHE sources, as shown in Figure
2. The VERITAS observations were accompanied by
off-source observations of a field located in the vicin-
ity of the Galactic center region (with similar zenith
angles and sky brightness) without a known TeV γ-
ray source. These observations are used to study the
background acceptance throughout the field of view
and will assist in the identification of a diffuse γ-ray
component surrounding the position of the Galactic
center.

The DM search for the Galactic center region is still
in the preliminary stages. Work is currently underway
for computing J factors for the signal and background
regions for the arc-shaped regions described above.

5. DWARF GALAXIES

Dwarf spheroidal galaxies (dSphs) best meet the cri-
teria for a clear and unambiguous detection of dark
matter. They are gravitationally-bound objects and
contain up to O(103) times more mass in DM than
in visible matter [1]. As opposed to the Galactic cen-
ter, globular clusters and clusters of galaxies, dSphs
present the clear advantage of being free of any sig-
nificant astrophysical emission. Their high Galactic
latitude and relative proximity to Earth (∼ 50 kpc)
make them very good targets for high signal-to-noise
detection.
Between the start of full VERITAS array operations

and Summer 2013, five dSphs have been observed with
VERITAS: Segue 1, Ursa Minor (UMi), Draco, Boötes
1, and Willman 1. The VERITAS collaboration has
previously published a 48 hour exposure on Segue 1
[26] and ∼15 hour exposures on the other four men-
tioned here [25]. Deeper exposures on Segue, UMi and
Draco have been taken after these publications. To
obtain the lowest possible energy threshold for DM
searches, looser cuts optimized apirori on soft spec-
tral VHE sources were used for the collective data set.
The combination of looser cuts and deeper exposures
revealed certain systematic effects in the cosmic-ray
(CR) background data. The first is a gradient in the
VERITAS cameras dependent on the zenith angle of
observations across the FOV. The second systematic
effect results from bright stars in the VERITAS FOV
that cause the high voltage to pixels in the cameras to
be suppressed. Both of these systematic effects have
been corrected for and the results are summarized in
Table 2. The ‘crescent’ backgroundmethod which also
developed for dSph analysis [27] was also used for the
Table 2 results.
The first background systematic effect, relating to

the zenith gradient, was corrected using a zenith-
dependent acceptance map. The standard VERITAS
analysis uses only a radially-dependent acceptance,
i.e. the angle between the reconstructed event direc-
tion and the array pointing direction. Measuring the
gradient utilized a map that is the ratio of the num-
ber of all reconstructed events in a sky map within
a given search radius (defined as 0.17 degree in this
work) to the (radial only) acceptance in that same bin,
a parameter we will refer to as flatness in the rest of
this work. If the acceptance adequately describes the
CR background, then excluding any stars or known
VHE sources, it should not correlate with any exter-
nal parameters. However, a strong correlation was
seen with the mean zenith angle of each reconstructed
event position in the skymap bin. This correlation in
the skymap bins is shown in Figure 3. This gradi-
ent is corrected in the data by fitting the correlation
with a fourth-degree polynomial and using that to re-
weight the acceptance map. The α parameter from
Li & Ma equation 17 is then re-calculated [28], [29].
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Table II Preliminary DM DSph Results

DSph Name Exposure (hrs) Significance (σ) Excess Counts Etr (GeV) F
99%CL
γ (C.U.)

Segue 1 92.0 0.7 94.4 ± 134.1 150 < 0.4%

Ursa Minor 59.7 -0.1 -7.2 ± 68.5 290 < 0.3%

Draco 49.9 -1.0 -73.2 ± 69.1 220 < 0.3%

Boötes 1 14.0 -1.0 -38.5 ± 36.7 170 < 0.3%

Willman 1 13.7 -0.6 -28.7 ± 46.2 180 < 1.0%

Figure 3: Scatter plot of the flatness parameter on the
y-axis, and the mean zenith difference between the array
tracking direction and event reconstruction direction on
the x-axis for the Segue 1 data summarized in Table 2. A
fit of this scatter to a fourth-degree polynomial is shown
in red.

It should be noted that the difference of the adjusted
value of α to the non-adjusted value is typically less
than 1%. However, the difference to the γ-ray excess
and significance becomes larger over time as statistics
accumulate.

The second background systematic effect is due to
“holes” that are seen in the data relating to bright
stars in the FOV that would trip the high voltage
of camera pixels or raise cleaning thresholds due to
higher night-sky background levels. Missing pixels
would in turn effect both energy and gamma-ray po-
sition reconstruction. A method of using a 2D Gaus-
sian likelihood fit to each shower image is utilized here,
calledHFit [30]. Standard VERITAS analysis uses the
moments of the shower images, commonly referred to
as Hillas parameters. By using the 2D elliptical fitting
to each image, missing data from disabled or broken
PMTs are effectively interpolated around, as are im-
ages truncated by the edge of the cameras, as shown

Figure 4: Example of the HFit and standard Hillas event
characterization. The HFit shower image is the blue
ellipse outline, while the standard Hillas moment analysis
is the red ellipse outline. Figure from [30].

in Figure 4. This has been shown to reduce both the
size and the depth of the holes due to bright stars
seen in the data, including but not limited to the B
magnitude 3.4 star Eta Leonis which is located 0.68◦

away from the center of the Segue 1 dSph. The ef-
fectiveness of HFit on a independent data sample is
shown in Figure 5, which shows the apparent surface
brightness in the CR background (which is in reality a
deficit for reasons described above) at a star location
in the FOV of the blazar RGB J1058+564 (Merak, 2.4
B magnitude).
Work is currently underway to utilize the data for

the previously published papers plus additional data
for a combined DM physics result. This result will use
the methodology developed by Geringer-Sameth et al.
[31] to utilize both the individual energy and event
reconstruction information as well as astrophysical “J
factors” from a generalized NFW profile by Geringer-
Sameth and Walker [32].
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Figure 5: Apparent surface brightness of background
cosmic ray events as a function of angle θ from the bright
star, Merak, in the FOV of RGB J1058+564 using both
the HFit algorithm and the standard Hillas shower image
characterization. The VERITAS data analysis typically
excludes regions around bright stars or known VHE
sources from cosmic-ray background characterization.
The default radius for background exclusion region for
Merak is also shown as the dashed blue line.

6. CONCLUSIONS

New DM publications from the VERITAS collabo-
ration are forthcoming: the combined analysis of the
dSphs should be publically available within the next
six months, which promises to be the most robust re-
sult of any DM result in VHE gamma rays so far, while
DM results for the Galactic Center, Fermi UNIDs and
the archival galaxy cluster search should be ready on
longer timescales. New analysis techniques are be-
ing developed by the VERITAS collaboration which
promise large gains to our DM sensitivity, as an exam-
ple an extended analysis of the dSphs which would in-
corporate longer tails of the DM density profile, which
would in turn give a boost to the J factors by as much
as a factor of ∼2. A combined analysis with Fermi-
LAT, or other γ-ray instruments could potentially pro-
vide a boost to DM sensitivity.
The VERITAS collaboration has a historical com-

mitment to substantial DM observations and plans to
do so in the foreseeable future. Recently, a new long-
term plan for VERITAS has gone into effect, which
has a significant fraction (15-20%) of the total dark
observation time dedicated to DM observations. The
focus of this long-term plan is dSphs; however the
galactic center, Fermi UNIDs and galaxy clusters will
not be completely ignored. If executed consistently
over the expected lifetime of VERITAS, these obser-
vations will form the basis of an important and unique
contribution to the field of indirect DM detection.
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The gamma-ray spectrum from annihilation of Kaluza-Klein dark
matter and its observability

Satoshi Tsuchida and Masaki Mori
Department of Physical Sciences, Ritsumeikan University, Kusatsu 525-8577, Shiga, Japan

The lightest Kaluza-Klein particle (LKP), which appears in the theory of universal extra dimensions, is one of
the good candidates for cold dark matter. The gamma-ray spectrum from annihilation of LKP dark matter
shows a characteristic peak structure around the LKP mass. We investigate the detectability of this peak
structure by considering energy resolution of near-future detectors, and calculate the expected count spectrum
of the gamma-ray signal. In order to judge whether the count spectrum contains the LKP signal, the χ squared
test is employed. If the signal is not detected, we set some constraints on the boost factor that is an uncertain
factor dependent on the substructure of the LKP distribution in the galactic halo. Detecting such peak structure
would be conclusive evidence that dark matter is made of LKP.

1. Introduction

At present, most of the matter in the Universe is
believed to be dark. The existence of non-luminous
matter, so-called dark matter, was suggested by F.
Zwicky in 1930s [1]. The dark matter problem is
one of the most important mysteries in cosmology
and particle physics [2]. One feasible candidate for
dark matter is the weakly interacting massive particle
(WIMP), which appears in the theory of beyond stan-
dard model. WIMPs are good candidates for cold dark
matter (CDM), where cold implies a non-relativistic
velocity at the decoupling time in the early Universe.
CDM comprises a large percentage of the matter den-
sity in the Universe [3], and is necessary to form the
present structure of the Universe.
The theory of universal extra dimensions (UED)

is a popular theory beyond the standard model [4],
where universal means that all fields of the standard
model can propagate into extra dimensions. New par-
ticles predicted by this theory are called Kaluza-Klein
(KK) particles. Here, we consider the theory of UED
containing only one extra dimension. The extra di-
mension is compactified with radius R. At tree level,
the KK particle mass is given by [5]

m(n) =

√

( n

R

)2

+m2
EW (1)

where n is a mode of the KK tower, and mEW is a
zero mode mass of an electroweak particle.
We assume that the lightest KK particle (LKP) is

a feasible candidate for dark matter, and we denote
it B(1). Then, B(1) is the first KK mode of the hy-
percharge gauge boson. Dark matter should be elec-
trically neutral and stable particles. Hence, LKP ei-
ther does not interact with the standard model parti-
cles or only weakly interacts with them. In addition,
LKP should have a small decay rate to survive for a
cosmological time. In the extra dimension, the four-
dimensional remnant of momentum conservation is to
be conserved as KK parity, and so LKP is stable. This

hypothesis corresponds to the LKP mass mB(1) being
in the range 0.5 TeV <

∼ mB(1)
<
∼ 1 TeV using the above

condition for CDM density [6]. In this paper, we as-
sume the mB(1) is 800 GeV firstly, then we consider
the change of result in the mass range of 500 GeV to
1000 GeV.

There are many LKP annihilation modes which con-
tain gamma-rays as final products. These include
gamma-ray “lines” from two-body decays, and “con-
tinuum” emission. Branching ratios into these modes
can be calculated for B(1) pair annihilation [4, 5, 6]
and are not dependent on parameters other than
mB(1) . This paper considers three patterns for the
continuum: B(1) pairs annihilate into (i) quark pairs,
(ii) lepton pairs which cascade or produce gamma-
rays, or (iii) two leptons and one photon (l+l−γ). The
gamma-ray spectrum of the continuum component is
reproduced in Fig.1 as per Ref.[5]. In this figure, the
solid line shows the total number of photons per B(1)

pair annihilations, the dotted line shows the num-
ber of photons via quark fragmentation, the dashed
line shows the number of photons via lepton frag-
mentation, and the dot-dashed line shows the num-
ber of photons from the l+l−γ mode as a function of
x = Eγ/mB(1) .

When B(1) pairs annihilate into photon pairs, they
appear as a “line” at themB(1) in the gamma-ray spec-
trum. This is the most prominent signal of KK dark
matter, while in most theories line models are loop-
suppressed and thus usually subdominant [7]. Thus,
this study focuses on the detectability of this “line”
structure by near-future detectors accounting for their
finite energy resolution.

The distribution of dark matter is expected to be
non-uniform in the Universe, and to be concentrated
in massive astronomical bodies due to gravity. The
gamma-ray flux from annihilation of dark matter par-
ticles in the galactic halo can be written as [8, 9]

Φγ = (Astrophys)× (Particle phys)

= J(ψ)× ΦPP (2)
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Figure 1: (Color online) Gamma-ray spectra of
continuum components. The lines show the number of
photons multiplied by x2 = (Eγ/mB(1) )2 as follows: the

solid line shows the total number of photons per B(1)B(1)

annihilation, the dotted line shows the number via quark
fragmentation, the dashed line shows the number via
lepton fragmentation, and the dot-dashed line shows the
number from the l+l−γ component. We have assumed
mB(1) = 800 GeV and mass splitting is 5% at the first
KK level.

where the astrophysics factor, represented by a dimen-
sionless function J(ψ), is calculated as follows:

J(ψ) =
1

8.5kpc

(

1

0.3 GeV cm−3

)2

×

∫

l.o.s

ρ2(l)dl(ψ) (3)

The function ρ(l) is the dark matter density along the
line-of-sight l(ψ), where ψ is the angle with respect
to the galactic center. The particle physics factor is
written as

ΦPP = Const×Nγ〈σv〉 (4)

where Nγ is the number of photons created per anni-
hilation, and 〈σv〉 is the total averaged thermal cross
section multiplied by the relative velocity of particles.
The value of 〈σv〉 is accurately computed for a given
dark matter candidate, so its uncertainty is small in
terms of considering the cross section containing only
an s-wave. However, this is not always the case, be-
cause some models have velocity-dependent cross sec-
tions [10, 11]. In addition, the astrophysics factor is
highly dependent on the substructure of the dark mat-
ter distribution in the galactic halo along the line-of-
sight. Thus, we should consider the so-called “boost
factor” which indicates the relative concentration of
the dark matter in astronomical bodies compared with
some benchmark distributions. The boost factor is af-
fected by 〈σv〉 and ρ2(l), and is defined by

Btot = Bρ ×Bσv

=

(

〈ρ2(l)〉∆V

〈ρ20(l)〉∆V

)(

〈σv〉v≃vdisp

〈σv〉v≃vF

)

∆V

(5)

where vdisp is the velocity dispersion, vF is the typical
velocity at freeze-out, a volume ∆V is a diffusion scale,
and ρ0(l) is a typical dark matter density profile, such
as Navarro-Frenk-White (NFW) [12]. Bρ could be as
high as 1000 when accounting for the expected effects
of adiabatic compression [13].

In the case of gamma-ray flux from LKP annihila-
tion, the particle physics factor is almost fixed for a
given model, and the boost factor mostly depends on
the astrophysical contribution. In this paper, we vary
only Btot as a parameter which describes our limited
knowledge regarding the astrophysical contribution,
and consider constraints on its value from observa-
tion.

Recent progress in gamma-ray observation has re-
vealed new findings in the galactic center region. The
high energy gamma-rays from the galactic center have
been observed by the High Energy Stereoscopic Sys-
tem (HESS) [14], the Large Area Telescope on board
the Fermi Gamma-Ray Space Telescope (Fermi-LAT)
[15] and other experiments. However, the observed
gamma-ray spectrum is represented as a power-law
plus an exponential cut-off, and is hardly compatible
with a dark matter signal [16]. Recently, some ev-
idence regarding the enhancement of the continuum
component of the gamma-ray emission from the galac-
tic center region detected by the Fermi-LAT has been
reported and argued as a possible signal from the de-
cay of dark matter particles [17, 18, 19]. Further, an
enhancement of around 130 GeV in the energy spec-
trum of gamma-rays from the galactic center region
has been reported which may indicate a possible dark
matter signal [20, 21, 22, 23]. Discussion relating to
unifying the continuum and the line has also been pre-
sented [24]. However, the analysis by the Fermi-LAT
collaboration did not confirm the significance of the
line detection [25, 26]. Thus, the situation is still un-
clear and more sensitive observation is necessary to
resolve the issue.

In the following, we focus on gamma-ray observa-
tion with near-future missions, such as the Calorimet-
ric Electron Telescope (CALET) [27]. CALET is a fine
resolution calorimeter for cosmic-ray observation to be
installed on the International Space Station. CALET
will detect gamma-rays in the energy range of 4 GeV
to 1 TeV with about 1000 cm2 effective area, and a
few percent energy resolution, suitable for gamma-ray
line detection [28].

In this paper, we analyze the gamma-ray spectra
from B(1) pair annihilation accounting for the finite
energy resolution of gamma-ray detectors and pur-
posefully discuss the observability of the “line” at the
mB(1) . We then give possible constraints on the boost
factor by near-future detectors.
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2. The effect of energy resolution

The gamma-ray spectrum dΦγ(∆Ω)/dEγ reaching
a detector can be expressed as [5]

E2
γ

dΦγ(∆Ω)

dEγ

≃ Const×Btot × x2
dNγ

dx
, (6)

where ∆Ω is the angular acceptance of the detector,

Const ≃ 3.5× 10−8

(

〈σv〉

3× 10−26cm3s−1

)

×

(

0.8TeV

mB(1)

)

〈JGC〉∆Ω∆Ω, (7)

and 〈JGC〉∆Ω is a dimensionless line-of-sight integral
averaged over ∆Ω. If we assume an NFW profile,
〈JGC〉∆Ω∆Ω equals to 0.13 for a ∆Ω = 10−5 [29]. In
this case dNγ/dx includes both the continuum and
line components.
Now, we discuss the effect of energy resolution. If

the measured energies of detected gamma-rays behave
like a Gaussian distribution and the energy resolution
is 1%, the measured “continuum” gamma-ray spec-
trum is blurred and should appear as shown in Fig.2.
Here we draw the curve assuming the following equa-
tion

g(E) ∝

∫

f(E′)× exp

[

−
(E − E′)2

2σ2
E

]

dE′, (8)

where f(E′) corresponds to a function shown by the
solid line in Fig.1, and σE is the energy resolution.
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Figure 2: (Color online) Gamma-ray spectra of the
continuum accounting for energy resolution assuming
mB(1) = 800 GeV. The solid line assumes an energy
resolution of 1% with a Gaussian distribution, and the
dotted line does not include the effect of energy
resolution, as per the solid line in Fig.1. The assumed
boost factor is 1000.

Next, we analyze how the “line” from the B(1) pair
annihilation into photon pairs looks above the “con-
tinuum”. The three patterned lines shown in Fig.3
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Figure 3: (Color online) Gamma-ray spectra of
continuum plus line diffused by the energy resolution
assuming mB(1) = 800 GeV. The solid line shows the
continuum component only, assuming the energy
resolution of 1%, while the dotted, dashed and
dot-dashed lines show the continuum plus line
components assuming energy resolution values of 0.5%,
1%, 2% respectively. The assumed boost factor is 1000.

assume different energy resolutions which we take as
0.5%, 1% and 2% with the Gaussian distribution. In
Fig.3, the solid line shows the continuum component
only with an energy resolution of 1%, and the pat-
terned lines show “line” plus “continuum” spectra for
different energy resolutions: the dotted line, dashed
line and dot-dashed line show the spectra when the
energy resolution is 0.5%, 1%, 2% respectively, as-
suming the boost factor Btot = 1000.

We can transform the spectra into counts to be ob-
served by gamma-ray detectors. This is accomplished
through multiplying by a factor of 0.03 for an assumed
observation time of 1 yr and an assumed effective
area of 1000 cm2. These values arise from the typ-
ical aforementioned CALET sensitivity [28]. When
analyzing observational data, the energy bin width
must be specified. A bin width of 1% of mB(1) (about
one standard deviation of energy reconstruction) was
used in order to avoid energy information loss. The
resulting histograms are shown in Fig.4, where plots
of the three cases corresponding to energy resolutions
of 0.5%, 1% and 2% are shown. The figure shows that
if the energy resolution of the detectors becomes 2%
or worse, the characteristic peak indicating the mB(1)

will be diffused, making it hard to resolve into the line
and continuum components. Thus, the energy resolu-
tion for gamma-ray detectors should be better than
2%, in order to “resolve the line” without the need for
detailed analysis.

Thus far, we have taken the LKP mass to be
mB(1) = 800 GeV, and calculated count spectrum
for its mass. Now, we vary the mass from 500 GeV
to 1000 GeV in 100 GeV intervals, and calculate the

eConf C141020.1

144



4 5th Fermi Symposium : Nagoya, Japan : 20-24 Oct, 2014

 0

 2

 4

 6

 8

 10

 12

 14

 0.7  0.72  0.74  0.76  0.78  0.8  0.82

C
o
u
n
t
 
/
 
b
i
n

Energy [TeV]

peak(1%)

peak(0.5%)

peak(2%)

Figure 4: (Color online) Expected count spectra near the
peak assuming energy resolutions of 0.5%, 1% and 2%
assuming mB(1) = 800 GeV. The bin width of histograms
is 8 GeV, equaling 1% of the mB(1) . The assumed boost
factor is 1000.

count spectrum for each mass. The results are shown
in Fig.5. This figure shows that the characteristic
peak structure is visually clearer when mB(1) is heav-
ier. That is, the line component becomes relatively
larger since the continuum component decreases for
heavier mB(1) .
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Figure 5: (Color online) Expected count spectra,
assuming energy resolutions of 0.5% and 1%. The data
space is 8 GeV, which is 1% of for the mB(1) = 800 GeV.
The assumed boost factor is 1000.

3. Discussion

We now discuss the observability of the LKP sig-
nal in near-future detectors, taking account of the ob-
served background spectrum. That is, we give esti-
mates for the accessible range of the boost factor when
the observed counts are significantly different from the

background spectrum. Here, we assume the gamma-
ray spectrum from HESS J1745-290 located near the
center of the Galaxy is the source of the background.
Its spectrum is given by [14]

dΦ

dE
= (2.55± 0.06± 0.40)

(

E

TeV

)−2.10±0.04±0.10

× exp

[

−
E

(15.7± 3.4± 2.5)TeV

]

×10−8 TeV−1 m−2 s−1. (9)

Note that with the energy resolution of HESS (15%),
the LKP “line” signal is broadened and hard to detect.
To investigate the detectability quantitatively, we

employ a χ-squared test method to judge whether the
excess counts are statistically meaningful.
First, we define χ2 as

χ2 =

N
∑ ([count + background]− background)2

background
(10)

where N is the number of energy bins, corresponding
to degrees of freedom for the χ-squared test. We then
specify the energy range:

Energy range = [100 GeV, 1 TeV] (11)

with bin width of 0.8 GeV (= 0.1% for mB(1) = 800
GeV). Thus, N is about 1000 in this case. The upper
bound of the energy range under analysis is fixed as
mB(1) + 3σE to allow finite energy resolution. Hence,
at this energy, the degree of freedom is one (N = 1).
Then, we vary the lower bound of the energy range to
lower energies. Thus, N gradually increases as we ex-
pand the energy range to lower energies. For example,
N at the peak for 1% energy resolution is

N [Epeak,mB(1) + 3σE ] = 40. (12)

We investigate the value of boost factor when χ2 is
bigger than some critical value for each N . The re-
lation between N and the upper bound of the boost
factor is shown in Fig.6, where the “peak” on each line
corresponds to the value when N equals to Eq.(12).
Then, 3σ± are the energy width limits within 3σ from
the peak. Thus, they are given as

N at 3σ± = N [Epeak ± 3σE ,mB(1) + 3σE ] (13)

One can see from this figure that the limit on the boost
factor does not change rapidly when we include energy
bins well below the peak. An accessible boost factor
would be smaller than 500 when N is in the range 30
- 200. These values of N correspond to being near the
peak energy for annihilation of LKP.
We applied similar analyses for other LKP masses.

The results shown in Fig.7 indicate that the constraint
for the boost factor is tighter for lighter mB(1) . In
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Figure 6: (Color online) Expected limits on the boost
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number of degrees of freedom of the observed energy
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boost factor when χ2 values are bigger than critical
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Figure 7: (Color online) Expected limits on the boost
factor for each mass, assuming an energy resolution of
1%, as a function of the number of degrees of freedom of
the observed energy range.

addition, we compared the results when using energy
resolution of 1% and 0.5%, as shown in Fig.8. The
number of events near the peak increases with better
energy resolution, and the resulting constraint near
the peak is tighter.
Some constraints from observations on the KK dark

matter models have been reported. The Fermi-LAT
team searched for gamma-ray emission from dwarf
spheroidal galaxies around the Milky Way galaxy
and set constraints on dark matter models with non-
detection results [30]. The HESS array of imaging air
Cherenkov telescopes observed the Sagittarius dwarf
spheroidal galaxy in the sub-TeV energy region and
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Figure 8: (Color online) Comparison of the expected
limits of boost factors with 1% and 0.5% energy
resolution. The individual lines refer to the scenarios
with masses set from 500 GeV to 1000 GeV in 100 GeV
intervals.

derived lower limits on the mB(1) of 500 GeV [31].
These results put constraints on 〈σv〉 of dark matter
halo KK particles. The present limits allow the max-
imum value of boost factors of several to 1.5 × 104

depending on mB(1) . Our analysis on future high en-
ergy resolution observation improves the limits on the
boost factor or the chance to detect the signal. If such
signals are detected, we will be able to say that dark
matter is made of LKP, which will be evidence of the
existence of extra dimensions.

4. Conclusion

Energy resolution plays a key role in detecting the
line structure of the gamma-ray spectrum expected
from annihilation of LKP dark matter as predicted
by UED theories. This paper investigated the effects
of energy resolution of gamma-ray detectors and cal-
culated the expected count spectrum. The predicted
gamma-ray spectrum is the sum of the continuum and
a line corresponding to mB(1) , but this characteristic
spectrum is diluted when we account for the finite
energy resolution of detectors as shown in Fig.2 and
Fig.3. Further, if we assume the exposure (area mul-
tiplied by observation time) of near-future detectors,
count statistics will be the final limiting factor. The
characteristic peak indicating the mB(1) would be dif-
fused if the energy resolution is 2% or worse. How-
ever, with qualitative statistical analysis, we may be
able to detect a peak statistically by subtracting a
background from the observed spectrum. In addition,
if mB(1) is heavy, the observed gamma-ray spectrum
will show the characteristic peak clearly because the
continuum component decreases relative to the line
component.
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This paper also estimated the accessible range of
the boost factor using a χ-squared test assuming the
HESS J1745-290 spectrum as a background. If the ob-
served energy range for gamma-rays extends to lower
energies, the accessible range of the boost factor will
be lowered since a higher amount of continuum events
will be detected. If the signal is not detected, the up-
per limit of the boost factor is about 500 if only taking
data near the peak, and about 100 if the whole energy
range is covered. Furthermore, if mB(1) is light or the
energy resolution of the detector is good (say the order
of 0.5%), we may tightly constrain the boost factor.
If the gamma-ray line structure is observed in the

future, we may identify LKP dark matter, which will
provide strong evidence for the existence of extra di-
mensions.
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Primordial Black Holes (PBHs) are of interest in many cosmological contexts. PBHs lighter than about 1012 kg are predicted to 
be directly detectable by their Hawking radiation. This radiation should produce both a diffuse extragalactic gamma-ray 
background from the cosmologically-averaged distribution of PBHs and gamma-ray burst signals from individual light black 
holes. The Fermi, Milagro, Veritas, HESS and HAWC observatories, in combination with new burst recognition 
methodologies, offer the greatest sensitivity for the detection of such black holes or placing limits on their existence.   

 

1. INTRODUCTION 
A black hole (BH) is an object of classical gravity [1] 

whose mass 𝑀𝑀𝐵𝐵𝐵𝐵 is contained within its Schwarzschild 
volume which has radius  

𝑟𝑟𝐵𝐵𝐵𝐵 = 2𝐺𝐺𝑀𝑀𝐵𝐵𝐵𝐵
𝑐𝑐2

    (1) 

[2]. Here 𝐺𝐺 is the universal gravitational constant, 𝑐𝑐 is 
the speed of light and we have assumed that the BH has 
negligible rotation and/or electric charge. (Extension in 
General Relativity to include rotation and/or electric 
charge is straightforward.) Because Eq (1) implies that 
the average density inside a black hole goes as 𝜌𝜌𝐵𝐵𝐵𝐵 ∝
𝑀𝑀𝐵𝐵𝐵𝐵/𝑟𝑟𝑠𝑠3 ∝ 𝑀𝑀𝐵𝐵𝐵𝐵

−2, large mass black holes may be more 
easily produced than small mass black holes, at least in 
the present universe. In fact a 108𝑀𝑀⊙ black hole has the 
density of water. Today there is strong evidence for the 
existence of stellar mass black holes (formed as 
supernova remnants) and 106𝑀𝑀⊙-1010𝑀𝑀⊙ supermassive 
black holes in most galactic centers. There is also 
mounting evidence for black holes with masses 
intermediate between stellar mass black holes and 
supermassive black holes.  

‘Primordial Black Hole’ (PBH) refers to a black hole 
of any size formed in the early universe (where by ‘early 
universe’ we mean before the formation of the first 
stars). Possible PBH formation mechanisms include the 
collapse of overdense regions arising from primordial 
density inhomogeneities (such as occur in many Inflation 
models, in particular those with a blue, peaked or 
‘running index’ spectrum), an epoch of low pressure 
(soft equation of state), or cosmological phase 
transitions; and mechanisms involving topological 
defects, such as cosmic strings oscillating into their 
Schwarzschild volume or the collapse of domain walls.  
(For a recent review of PBH formation mechanisms and 
limits see [3] and references therein.) In almost all 
scenarios, the PBH mass at the time of formation is 
roughly equal to, or smaller than, the cosmic horizon (or 
Hubble) mass 𝑀𝑀𝐵𝐵 ≈ 1015(𝑡𝑡/10−23s)g. Thus the range 
of possible PBH initial masses is enormous – from the 

Planck mass for PBHs forming around the Planck time, 
to 105𝑀𝑀⊙ for PBHs forming around 1 s, or larger if 
forming later. Within a particular formation scenario, 
usually the PBHs are produced over a narrow initial 
mass range. An exception is scale-invariant cosmological 
primordial density perturbations which could produce 
PBHs over an extensive initial mass range with an initial 
mass spectrum of the form  𝑑𝑑𝑑𝑑/𝑑𝑑𝑀𝑀𝑖𝑖  ∝ 𝑀𝑀𝑖𝑖

−𝛼𝛼 where 
𝛼𝛼 = 5/2  for formation in the radiation era. Although 
scale-invariant density perturbations are not as well 
motivated in present cosmological models as they were a 
couple of decades ago,  gamma-ray limits on the present 
cosmologically-averaged number density of PBHs were 
earlier derived assuming an 𝑀𝑀𝑖𝑖

−5/2 initial mass function. 
The formation constraints on PBHs inform us about 

cosmology. The PBHs themselves may also produce 
effects on cosmological scales. PBHs surviving today 
should behave as cold dark matter (CDM). (In fact, 
present limits allow 1017 − 1026g PBHs to contribute all 
of Ω𝐶𝐶𝐶𝐶𝑀𝑀 [3].) Like other CDM, PBHs should cluster in 
galactic haloes. They may also enhance the clustering of 
other dark matter, for example in WIMP and Ultra 
Compact Massive Halo scenarios. If a stable state such 
as a Planck mass relic remains after low mass PBHs have 
expired, the relics themselves are CDM candidates. 
PBHs may have played a role in the development of 
cosmological entropy, baryogenesis, the reionization of 
Universe in earlier epochs and producing observable 
annihilation lines. Very large PBHs may influence large 
scale structure development, seed SMBHs, or generate 
observable cosmic x-rays in their accretion disks. 

The number of PBHs formed with initial masses of 
109 − 1043g have been constrained primarily by 
primordial nucleosynthesis, cosmic microwave 
background (CMB) anisotropies, MACHO searches and, 
in the case of 𝑀𝑀𝐵𝐵𝐵𝐵 ≲ 1017g BHs, the search for 
Hawking radiation. Hawking radiation constraints 
derived from the 100 MeV extragalactic gamma-ray 
background and Galactic gamma-ray, e+, e- and anti-
proton backgrounds place an upper limit on the 
background distribution of 𝑀𝑀𝐵𝐵𝐵𝐵 ≈ 5 × 1014g PBHs of 
roughly Ω𝑃𝑃𝐵𝐵𝐵𝐵 ≲ 10−9. Direct searches for the final 
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gamma-ray burst of Hawking radiation from an expiring 
PBH allow us to directly constrain the local number 
density of 𝑀𝑀𝐵𝐵𝐵𝐵 ≈ 5 × 1014g PBHs and much lighter 
BHs. 

2. BLACK HOLE BURSTS 

2.1. Black Hole Thermodynamics 
The work by Hawking and Beckenstein in the 1970’s 

on extending the Laws of Classical Thermodynamics to 
include black holes (i.e. Classical Gravitation) resulted in 
the recognition of the Hawking (Gravitational) 
temperature 𝑇𝑇𝐵𝐵𝐵𝐵  

 

𝑘𝑘𝑇𝑇𝐵𝐵𝐵𝐵 = ћ𝑐𝑐3

8𝜋𝜋𝐺𝐺𝑀𝑀𝐵𝐵𝐵𝐵
= 1.06 �𝑀𝑀𝐵𝐵𝐵𝐵

1013g
�
−1

GeV  (2) 

 
where k and ћ are the Boltzmann and reduced Planck 
constants, respectively [4]. An 𝑀𝑀⊙ black hole has a 
temperature of 10-7 K; a 1025 g black hole has the same 
temperature as the present CMB; and a 1011 g black hole 
has a temperature of ~ 100 GeV. Hawking also derived 
the thermal flux radiating from a black hole of 
temperature 𝑇𝑇𝐵𝐵𝐵𝐵   to be 
 

𝑑𝑑2𝑁𝑁𝑠𝑠
𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑

= Γ𝑠𝑠
2𝜋𝜋ћ

�exp � 𝑑𝑑
𝑘𝑘𝑇𝑇𝐵𝐵𝐵𝐵

� − (−1)2𝑠𝑠�
−1

 (3) 
 

per particle degree of freedom where Q is the energy of 
the Hawking-radiated particle, s is the particle spin and 
Γ𝑠𝑠 is the absorption probability [5]. In the geometric 
optics (short-wavelength) limit, Γ𝑠𝑠 ≈ 27𝐺𝐺2𝑀𝑀𝐵𝐵𝐵𝐵

2𝑄𝑄2/
ћ2𝑐𝑐6. Strictly Eqs (2) and (3) apply for a non-rotating, 
non-electrically charged black hole. Extension to a black 
hole with angular momentum and/or electric field is  
straightforward but because a small black hole emits its 
angular momentum and electric charge quickly [5] 
compared to cosmological timescales we will assume 
PBHs surviving today have negligible angular 
momentum and electric field. 

In the standard (MacGibbon-Webber) emission 
picture, a black hole should directly Hawking-radiate 
those particles which appear non-composite compared to 
the wavelength of the radiated energy (or equivalently 
the black hole size) at a given 𝑇𝑇𝐵𝐵𝐵𝐵  [6]. In order of 
increasing 𝑇𝑇𝐵𝐵𝐵𝐵  , as 𝑇𝑇𝐵𝐵𝐵𝐵  surpasses successive particle rest 
mass thresholds, the black hole initially directly emits 
photons (and gravitons), then neutrinos, electrons, muons 
and eventually direct pions. Once 𝑇𝑇𝐵𝐵𝐵𝐵 ≿ 𝛬𝛬𝑑𝑑𝐶𝐶𝐶𝐶 ≈ 200 −
300 MeV, the QCD confinement scale, the black hole 
should directly Hawking-radiate, not pions which are 
now composite at such temperatures, but quarks and 
gluons. Analogous to QCD jet behaviour in accelerators, 
the quarks and gluons will subsequently shower and 
hadronize into the astrophysically stable species 𝛾𝛾, 𝜈𝜈, 𝑝𝑝, 
�̅�𝑝,  𝑒𝑒− and 𝑒𝑒+ as they stream away from the black hole. 
Because of the large number of degrees of freedom for 
the fundamental QCD particles, the instantaneous 

emission spectra from  𝑇𝑇𝐵𝐵𝐵𝐵 > 𝛬𝛬𝑑𝑑𝐶𝐶𝐶𝐶  black holes are 
dominated by the component produced by the decay of 
the Hawking-radiated QCD particles. The instantaneous 
photon flux from a 𝑇𝑇𝐵𝐵𝐵𝐵 > 𝛬𝛬𝑑𝑑𝐶𝐶𝐶𝐶  black hole is dominated 
by this secondary QCD photon component while the 
directly Hawking-radiated photons contribute, at a given 
𝑇𝑇𝐵𝐵𝐵𝐵 , significantly only at the highest energies. For 
𝑇𝑇𝐵𝐵𝐵𝐵 = 0.3 − 100 GeV black holes, the total 
instantaneous fluxes of the final-state stable particles are 

 

�̇�𝑁𝑝𝑝�̅�𝑝 ≈ 2.1(±0.4) × 1023 �
𝑇𝑇𝐵𝐵𝐵𝐵
GeV

�
1.6±0.1

s−1 

�̇�𝑁𝑒𝑒± ≈ 2.0(±0.6) × 1024 �
𝑇𝑇𝐵𝐵𝐵𝐵
GeV

�
1.6±0.1

s−1 

�̇�𝑁𝛾𝛾 ≈ 2.2(±0.7) × 1024 �
𝑇𝑇𝐵𝐵𝐵𝐵
GeV

�
1.6±0.1

s−1 

�̇�𝑁𝜈𝜈𝜈𝜈� ≈ 5.6(±1.7) × 1024 �
𝑇𝑇𝐵𝐵𝐵𝐵
GeV

�
1.6±0.1

s−1 
 
And the average energies of the fluxes scale as roughly 
𝑇𝑇𝐵𝐵𝐵𝐵0.5, not as 𝑇𝑇𝐵𝐵𝐵𝐵  (as for the directly Hawking-radiated 
components) [6]. Thus, even very high temperature black 
holes will produce significant fluxes of final state 
particles which have energies around 100 MeV – 1 TeV. 

As the black hole Hawking-radiates, its mass is carried 
off by the mass-energy of the emitted particles. The 
black holes mass loss rate is thus 

 
�̇�𝑀𝐵𝐵𝐵𝐵 ≈ −5.34 × 1025𝑓𝑓(𝑀𝑀𝐵𝐵𝐵𝐵)(𝑀𝑀𝐵𝐵𝐵𝐵/g)−2g s−1  (4) 

 
where the weight 𝑓𝑓(𝑀𝑀𝐵𝐵𝐵𝐵) accounts for the total number 
of directly emitted states and is normalized to unity for  
𝑀𝑀𝐵𝐵𝐵𝐵 ≫ 1017g black holes which emit only photons and 
the three neutrino species. The relativistic contributions 
to 𝑓𝑓(𝑀𝑀𝐵𝐵𝐵𝐵)  per particle degree of freedom are 𝑓𝑓𝑠𝑠=0 =
0.267, 𝑓𝑓𝑠𝑠=1/2 = 0.147 (uncharged), 𝑓𝑓𝑠𝑠=1/2 = 0.142 
(charge 𝑒𝑒±),  𝑓𝑓𝑠𝑠=1 = 0.060, 𝑓𝑓𝑠𝑠=3/2 = 0.020 , and 
𝑓𝑓𝑠𝑠=2 = 0.007 [7]. For a 𝑇𝑇𝐵𝐵𝐵𝐵 ≈ 50 GeV black hole 
emitting all experimentally-confirmed Standard Model 
degrees of freedom including the 125 GeV Higgs boson, 
𝑓𝑓(𝑀𝑀𝐵𝐵𝐵𝐵) ≈ 15.  

Integrating Eq (4), the remaining evaporation lifetime 
of an 𝑀𝑀𝑖𝑖  black hole is then 
 

𝜏𝜏𝑒𝑒𝑒𝑒𝑒𝑒𝑝𝑝 ≈ 6.24 × 10−27𝑓𝑓(𝑀𝑀𝑖𝑖)−1(𝑀𝑀𝑖𝑖/g)3s.    (5) 
 

The mass of a PBH whose evaporation lifetime equals 
the age of the universe is 𝑀𝑀∗ ≈ 5.00(±0.04) × 1014g  
[8]. 

Comparison of the observed diffuse extragalactic 
gamma-ray background around 100 MeV with the 
gamma-ray background that would be produced by a 
cosmological distribution of 𝑀𝑀∗ ≈ 5 × 1014g PBHs 
places the strictest limit on an cosmologically-averaged 
distribution of 𝑀𝑀∗ PBHs. The limit, updated in 2010 
using the Fermi LAT data, is Ω𝑃𝑃𝐵𝐵𝐵𝐵(𝑀𝑀∗) ≲ 5 × 10−10 
[3]. (This 𝑀𝑀∗ limit is stricter and more robust 
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Figure 1: The instantaneous gamma-ray flux 𝑑𝑑2𝑁𝑁/𝑑𝑑𝑡𝑡𝑑𝑑𝑑𝑑 detectable by Fermi-LAT from 𝑇𝑇𝐵𝐵𝐵𝐵 = 0.1 − 50 GeV black 

holes [6]. For 𝑇𝑇𝐵𝐵𝐵𝐵  in this range, the flux should remain approximately constant over the lifetime of the Fermi 
Observatory. 

 
than the limits on the cosmological distribution of PBHs 
of any other mass derived by this or any other method.) 
Because PBHs should behave as CDM, however, they 
should not be uniformly distributed throughout the 
universe but should cluster in galactic halos (and 
possibly also on smaller scales). Assuming PBH 
clustering in the Galactic halo, the local number density 
of PBHs should be enhanced by a factor of 𝜂𝜂𝑙𝑙𝑙𝑙𝑐𝑐𝑒𝑒𝑙𝑙~2 ×
105( Ωℎ𝑒𝑒𝑙𝑙𝑙𝑙/0.1)−1 where Ωℎ𝑒𝑒𝑙𝑙𝑙𝑙 is the cosmological 
density parameter associated with galactic halos [9]. 
Clustering in the Galaxy leads to the possibility that 
PBHs are contributing to the Galactic halo gamma-ray 
background (as investigated by Wright using EGRET 
observations [10]), matter-antimatter interactions and 
microlensing events. Comparisons of the spectra from a 
Galactic distribution of PBHs with the observed Galactic 
antiproton and positron backgrounds around 100 MeV 
lead to limits on a Galactic distribution of 𝑀𝑀∗ ≈ 5 ×
1014g PBHs which are similar or somewhat weaker than 
the extragalactic gamma-ray limit. These antiproton- and 
positron-derived limits, however, depend on the 
modeling of the propagation and leakage times of 
charged particles in the Galaxy and on the Galactic 
distribution of PBHs, and so are not as robust as the 
extragalactic 100 MeV gamma-ray limit on the 
cosmologically-averaged distribution of PBHs.  

We note that the extragalactic and Galactic limits are 
derived using the black hole emission spectra integrated 

over both a distribution of PBHs and Galactic or 
cosmological timescales. 

2.2 Signatures of Black Hole Bursts 
Independently we can derive limits by directly 

searching for the present emission from an individual 
black hole. Equally importantly, we can predict the light 
curve that would be produced in a detector by an 
individual black hole and devise methodologies to 
distinguish the BH burst signal from other known 
gamma-ray source types. Burst searches are the direct 
method for detecting black hole Hawking radiation and 
do not depend on assumptions concerning the formation 
mechanism of the black hole. In fact, burst searches are 
equally searches for any local small black holes created 
in the present universe, as well as primordially-produced 
PBHs. Although there are no currently-fashionable 
theories predicting the production of such small black 
holes in the present Galaxy, we should not bias ourselves 
observationally against their possible existence, given 
the widespread acceptance of the existence in the Galaxy 
and beyond of stellar mass and higher mass black holes. 
We should investigate the black hole burst signature 
template so that we can recognize BH/PBH bursts if they 
are seen in a detector.  

Let us now predict the black hole burst signature. Re-
writing Eq (5), a black hole with temperature 𝑇𝑇𝐵𝐵𝐵𝐵  has a 
remaining evaporation lifetime of 
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𝜏𝜏𝑒𝑒𝑒𝑒𝑒𝑒𝑝𝑝 ≈ 5.0 × 1011 �𝑓𝑓(𝑇𝑇𝐵𝐵𝐵𝐵)
15

�
−1
�𝑇𝑇𝐵𝐵𝐵𝐵

GeV
�
−3

s. (6) 
 
A 𝑇𝑇𝐵𝐵𝐵𝐵 ≈ 1 GeV black hole has a remaining lifetime of ~ 
16,000 yr; a 𝑇𝑇𝐵𝐵𝐵𝐵 ≈ 10 GeV black hole has a remaining 
lifetime of ~ 20 yr; a 𝑇𝑇𝐵𝐵𝐵𝐵 ≈ 25 GeV black hole has a 
remaining lifetime of ~ 1 yr; a 𝑇𝑇𝐵𝐵𝐵𝐵 ≈ 300 GeV black 
hole has a remaining lifetime of ~ 1 hr; a 𝑇𝑇𝐵𝐵𝐵𝐵 ≈ 2 TeV 
black hole has a remaining lifetime of ~ 100 s; and a 
𝑇𝑇𝐵𝐵𝐵𝐵 ≈ 20 TeV black hole has a remaining lifetime of  ~ 
100 ms. 

As can be seen from Eqs (2) and (4), the 𝑀𝑀𝐵𝐵𝐵𝐵 ≪ 𝑀𝑀∗ 
black hole’s mass quickly decreases as it radiates and its 
temperature increases at an accelerating pace. Recall that 
the photons produced from the decays of the directly 
Hawking-radiated QCD particles dominate the net 
instantaneous photon flux from a 𝑇𝑇𝐵𝐵𝐵𝐵 > 𝛬𝛬𝑑𝑑𝐶𝐶𝐶𝐶  black hole 
and have an average energy that scales as roughly 𝑇𝑇𝐵𝐵𝐵𝐵0.5, 
not as 𝑇𝑇𝐵𝐵𝐵𝐵 . Thus substantial numbers of 100 MeV – 10 
TeV photons will be produced even during the final 
explosive stage of the black hole’s evaporative lifetime. 

With respect to detecting gamma-ray black hole bursts 
with the Fermi Observatory, there are 3 cases of BH 
signals that we need to consider: 

Case (i) The gamma-ray spectrum from a 
3 MeV < 𝑇𝑇𝐵𝐵𝐵𝐵 < 12 GeV black hole will appear to be 
almost constant as a function of time over the lifetime of 
the Fermi Observatory. (Recall that the remaining 
evaporation lifetime of a 𝑇𝑇𝐵𝐵𝐵𝐵 = 10 GeV black hole is ~ 
20 yrs.) 

Case (ii) The gamma-ray spectrum from a 
12 GeV < 𝑇𝑇𝐵𝐵𝐵𝐵 < 50 GeV black hole will evolve 
significantly as a function of time over the lifetime of the 
Fermi Observatory but almost all its gamma-ray flux 
arriving over that time will lie within the LAT detector’s 
energy range, 20 MeV - 300 GeV. (Recall that the 
remaining evaporation lifetime of a 𝑇𝑇𝐵𝐵𝐵𝐵 = 50 GeV black 
hole is ~ 50 days.) 

Case (iii) The gamma-ray spectrum from a 𝑇𝑇𝐵𝐵𝐵𝐵 >
50 GeV black hole will be a quickly evolving burst with 
part of its flux arriving in the LAT energy range and 
significant flux at energies above the LAT range. In the 
final stages of burst evolution, the incoming flux will not 
be resolvable as a function of time and the time-
integrated flux will be deposited in one time interval in 
the detector. (Recall that the remaining evaporation 
lifetime of a 𝑇𝑇𝐵𝐵𝐵𝐵 = 170 TeV black hole is ~ 100 μs.) 

In Figure 1, we show the instantaneous gamma-ray 
flux 𝑑𝑑2𝑁𝑁/𝑑𝑑𝑡𝑡𝑑𝑑𝑑𝑑 which would be seen by the LAT from 
𝑇𝑇𝐵𝐵𝐵𝐵 = 0.1 − 50 GeV black holes [6], relevant to Cases 
(i) and (ii). For black holes with these temperatures the 
flux is dominated by the photons resulting from the 
Hawking-radiated QCD particles. The gamma-ray flux 
from a 𝑇𝑇𝐵𝐵𝐵𝐵 = 20 MeV black hole, which is below the 
threshold to emit a QCD component and whose photons 
are all directly Hawking-radiated, is shown in Figure 2 
[6]. 

 
Figure 2: The instantaneous gamma-ray flux from a 

𝑇𝑇𝐵𝐵𝐵𝐵 = 20 MeV black hole, which is below the threshold 
to emit a QCD component [6]. 

 

 
Figure 3: Preliminary calculation for the PBH burst 

light curve 𝑑𝑑𝑁𝑁/𝑑𝑑𝑡𝑡 arriving in the detector with energy 
above a given threshold, here 𝑑𝑑𝛾𝛾 = 100 GeV.  

 
 

 
Figure 4: The gamma-ray spectrum 𝑑𝑑𝑁𝑁/𝑑𝑑𝑑𝑑 time-

integrated over various remaining black hole evaporation 
lifetimes [11].  
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For Case (iii), we show in Figure 3 our preliminary 
calculation for the PBH burst light curve, i.e. the number 
of photons arriving per unit time with energy above a 
given threshold. (In Figure 3, the energy threshold is 
taken to be 𝑑𝑑𝛾𝛾 = 100 GeV). In Figure 4, we plot the 
gamma-ray spectrum time-integrated over various BH 
remaining evaporation lifetimes [11]. 

In Table 1, we list a number of distinguishing 
characteristics to discern a black hole burst from other 
known GRB source types. In particular, the BH burst 
will show a soft-to-hard (that is, low average energy to 
high average energy) time evolution and will be non-
repeating. If it is bursting in free space, it should not be 
accompanied by an afterglow, but generation of an 
afterglow may be possible if the black hole is bursting in 
an ambient high density plasma or ambient high 
magnetic field. 

 
Table 1: Differences between black hole burst signals 

and GRBs of known source types. 
 

Gamma-Ray Bursts 
(known GRB types) 

BH Bursts 

Detected at cosmological 
distances 

Local, unlikely to be 
detected from beyond 

Galaxy 
Most GRBs show hard-to-
soft evolution 

Hard-to-soft evolution 
expected 

Hadrons not expected from 
GRBs 

Accompanied by hadronic 
bursts which may be 

detectable if local 
Gravitational wave signal 
expected 

No accompanying 
gravitational wave signal 

Time duration ranges from 
fractions of second to hours 

Time duration of burst 
most likely 1-100 seconds 

Fast Rise Exponential 
Decay (FRED) light curve 

Exponential Rise Fast Fall 
(ERFF) light curve 

X-ray, optical, radio 
afterglows expected 

No multi-wavelength 
photon afterglows unless 

in exotic ambient 
environment 

TeV emission unknown TeV spectra predicted 
Multi-peak time profile Single-peak time profile 
May be repeating No burst repetition 
 
If no black hole bursts are observed by a detector, the 

null detection implies an upper limit on the local number 
density of small black holes. An amalgamation of recent 
limits and limits which would be set by null detection 
with HAWC are shown in Figure 5. As a general 
statement, the strongest limits have been set by searching 
for bursts of about 1 –  100 s duration because the 
detector signal weakens for bursts of shorter duration and 
the background dampens signal recognition at longer 
duration. The advantages [12] of the Fermi Observatory, 
are that it is not background-limited, it has good angular 
and time resolution, a wide field of view and a low 
energy threshold, and it is anticipated to have a very long 
operational lifetime. Preliminary limits derived from a 
search of Fermi LAT data to date for pairs of photons 

with an arrival interval shorter than the time expected for 
a Poisson-distributed photon background give an upper 
limit of 2 × 103pc−3yr−1 on BH bursts of 105 s 
duration (corresponding to 𝑇𝑇𝐵𝐵𝐵𝐵 ≿ 200 GeV and 𝑀𝑀𝐵𝐵𝐵𝐵 ≲
6 × 1010 g) [13]. 

The �̇�𝑀𝐵𝐵𝐵𝐵 ∝ 𝑀𝑀𝐵𝐵𝐵𝐵
−2 dependence of Eq (4) means that, 

for any population of black holes that have masses today 
around some 𝑀𝑀𝐵𝐵𝐵𝐵 ≪ 𝑀𝑀∗ (i.e. that have remaining 
lifetimes much less than the age of the universe), the 
number of black holes per mass interval around 𝑀𝑀𝐵𝐵𝐵𝐵 
today is 
 

𝑑𝑑𝑑𝑑
𝑑𝑑𝑀𝑀𝐵𝐵𝐵𝐵

∝ 𝑀𝑀𝐵𝐵𝐵𝐵
2             (7) 

 
independent of the BH formation time, formation 
mechanism or spatial distribution [9]. For black holes 
recently created with mass 𝑀𝑀𝑖𝑖 ≪ 𝑀𝑀∗, the distribution (7) 
applies around the evolved mass 𝑀𝑀𝐵𝐵𝐵𝐵 even if the initial 
mass distribution had initially been almost a delta 
function at 𝑀𝑀𝑖𝑖 (because in reality there is always some 
smearing of such a delta function). 

In the case of PBHs with initial masses of  𝑀𝑀𝑖𝑖~𝑀𝑀∗ 
created in the early universe, the distribution (7) applies 
today up to  𝑀𝑀𝐵𝐵𝐵𝐵 ~𝑀𝑀∗ but the mass distribution with 
which the PBHs were initially created would still apply 
above 𝑀𝑀∗ today because 𝑀𝑀𝑖𝑖 > 𝑀𝑀∗ PBHs have lost little 
mass over the history of the universe. Therefore, using 
Eq (7), we can extrapolate the burst search limits to 
derive a limit on the number of 𝑀𝑀𝑖𝑖~𝑀𝑀∗ PBHs created in 
the early universe. All of the BH burst search limits to 
date when extrapolated up to 𝑀𝑀𝑖𝑖~𝑀𝑀∗ correspond to 
limits on the cosmologically-averaged number density of 
𝑀𝑀∗ PBHs which are weaker than the limit derived from 
the 100 MeV extragalactic gamma-ray background. For 
reasonable values of the enhancement due to CDM 
clustering in the Galaxy, the 100 MeV extragalactic limit 
on the cosmologically-averaged number density of 𝑀𝑀∗ 
PBHs corresponds to a local BH burst limit of 
~10 pc−3yr−1.  

It should be noted, however, that the BH burst search 
limits are robust limits on the number density of small 
black holes close to Earth, regardless of their formation 
epoch or formation mechanism. Such black holes, if they 
are observed, are not necessarily the evolved state of 
𝑀𝑀𝑖𝑖~𝑀𝑀∗ PBHs formed in the early universe. Also, the 
assumptions concerning the clustering or spatial 
distribution of local BHs/PBHs used in the analysis may 
be incorrect, making detection in a given scenario more 
or less likely. 

2.3 Further Comments on the Black Hole 
Burst Spectra 

In the above analysis, the black hole is assumed to 
Hawking-radiate only the experimentally-confirmed 
fundamental particle species of the Standard Model of 
particle physics. If further fundamental modes beyond 
the Standard Model exist, the extra modes may enhance 
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Figure 5: Limits on the local number density of black hole bursts in pc−3yr−1 set by null-detection in previous burst 

searches, together with projected limits which would be set by null-detection at the HAWC Observatory [11].  
 

both the instantaneous flux from the black hole and the 
rate at which 𝑀𝑀𝐵𝐵𝐵𝐵 decreases and  𝑇𝑇𝐵𝐵𝐵𝐵  increase. This will 
shorten the black hole’s remaining evaporation lifetime 
and the duration of the final burst. If new fundamental 
modes appear only at temperatures well above 100 TeV, 
the overall effect on the predicted observable spectra is, 
most likely, negligible. A significant number of new 
fundamental modes at lower energies are postulated, 
though, in some extensions to the Standard Model but it 
is expected that the weighting factor in Eqs [4] – [6] 
remains of order 𝑓𝑓( 𝑀𝑀𝐵𝐵𝐵𝐵) ≲ 100 [7]. For example in 
Supersymmetry models, each 𝑠𝑠 = 1/2 fundamental 
particle has an 𝑠𝑠 = 0 superpartner and each 𝑠𝑠 = 1 
fundamental particle has an 𝑠𝑠 = 1/2 superpartner, giving 
𝑓𝑓( 𝑀𝑀𝐵𝐵𝐵𝐵) ≲ 45. The accompanying enhancement to the 
instantaneous flux and 𝑑𝑑𝑁𝑁/𝑑𝑑𝑑𝑑 spectra at a particular 
energy would depend on the actual decay processes of 
the new modes. 

A number of PBH burst scenarios invoking significant 
self-interaction of the Hawking-radiated particles in the 
vicinity of the black hole after emission have been 
proposed. If such self-interaction did occur after 
emission, it would not change the remaining evaporation 
lifetime but would decrease the average energy of the 
photons arriving at the detector, i.e. decrease the 
expected observable spectra at high energies and 
increase the spectra at low energies [14]. Such 
photosphere models have recently been re-analyzed in 
detail and it has been strongly argued that the conditions 
for photosphere or quark-gluon plasma development are 
not met in the vicinity of the evaporating black hole [8]. 
Specifically, the time interval between successive 

Hawking emissions, the damping of Hawking emission 
and the limited amount of energy per emission near a 
species’ rest mass threshold, and the Lorentz-
transformed distance over which a scattered particle 
becomes ‘on-shell’ are such as to prevent the Hawking-
radiated particles undergoing a significant number of 
QED or QCD interactions in the neighbourhood of the 
black hole. Hagedorn models [15] which invoke an 
exponential increase in fundamental hadronic states 
around a limiting temperature of 𝑇𝑇𝐵𝐵𝐵𝐵~𝑚𝑚𝜋𝜋, and which 
would produce a more detectable BH burst signal 
peaking at lower photon energy, are  inconsistent both 
with accelerator experiments at these and higher energies 
(which confirm the quark model interpretation) and with 
the gravitational definition of 𝑇𝑇𝐵𝐵𝐵𝐵  whose evolution is 
determined by the BH mass-energy loss rate. Hagedorn-
type behaviour which may occur at extremely high 
energies in string theories would have negligible effect 
on the BH burst signal.  

Although photospheres produced by intrinsic self-
interaction of the radiated particles in the vicinity of a 
stand-alone BH appear to be ruled out, it may be possible 
to produce a non-intrinsic photosphere or distortion of 
the burst signal if the BH is embedded in an ambient 
high density plasma or strong magnetic field. Such 
scenarios have not yet been modeled in detail. The 
standard emission model BH gamma-ray spectra also do 
not yet incorporate the recently-recognized inner 
bremsstrahlung (single-vertex bremsstrahlung) 
component which is expected to dominate the directly 
Hawking-radiated photon component below about 50 
MeV [16]. 
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3. SUMMARY 
There is strong motivation for investigating the 

possibility of detecting black hole burst signals. 
Detection of an evaporating black hole burst would be 
definitive experimental proof of the amalgamation of 
classical gravity with classical and quantum 
thermodynamics, pioneered by Hawking and Bekenstein. 
Equally importantly, the final stages of the evaporation 
process would open a direct observational window into 
particle physics at energies higher than can ever be 
achieved with terrestrial accelerators. For example, the 
black hole evaporation rate will be significantly 
increased if the supersymmetry modes exist. Details of 
the final stage of the BH burst may give insight into a 
quantum aspect of gravitation. Deviations of the BH 
burst signature from the predicted standard emission 

model spectra could also be used a probe of ambient 
extreme astrophysical environments. Detection or non-
detection of PBHs give important constraints on the 
conditions in the early universe, in particular the 
amplitude and spectral index of initial density 
perturbations on smaller scales than are probed by the 
cosmic microwave background measurements. Thus, 
even if there is null-detection of BH bursts, there is 
strong motivation for improving the search limits and the 
implied upper limits on the number density of PBHs. 

Updated detailed modeling of the BH burst signal that 
could be observed by the Fermi Observatory and 
exploration of new search methodologies is currently 
ongoing. 
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The First 100 LAT Gamma-Ray Bursts: A New Detection Algorithm and
Pass 8

G.Vianello, N.Omodei
Stanford University, Stanford, CA, United States
on behalf of the Fermi/LAT collaboration

Observations of Gamma-Ray Bursts with the Fermi Large Area Telescope have prompted theoretical advances
and posed big challenges in the understanding of such extreme sources, despite the fact that GRB emission
above 100 MeV is a fairly rare event. The first Fermi/LAT GRB catalog, published a year ago, presented 28
detections out of 300 bursts detected by the Fermi Gamma-Ray Burst Monitor (GBM) within the LAT field of
view. Building on the results from that work and on recent development in the understanding of the systematic
errors on GBM localizations, we developed a new detection algorithm which increased the number of detections
by 40%. Even more recently the development of the new event analysis for the LAT (”Pass 8”) has increased
the number of detections within the first 3 years of the mission to 45, up 50% with respect to the published
catalog. The second LAT GRB catalog, in preparation, will cover more than 6 years of the mission and will
break the barrier of 100 detected GRBs, a more than 20-fold improvement with respect to observations before
the Fermi era in the same energy range. We will review the main features of the new algorithm, as well as
preliminary results from this investigation.

1. High-energy emission from
Gamma-Ray Bursts

Fermi/LAT observations are uncovering new and
unexpected properties of the high-energy emission
from Gamma-Ray Bursts (GRBs) shedding light on
physics mechanisms, such as particle acceleration and
emission processes, in ultra-relativistic regime. The
first LAT GRB catalog [Ackermann et al. 2013] con-
tained 35 bursts, with 28 detected above 100 MeV
with the standard likelihood analysis and 7 with the
LAT Low-Energy technique (LLE). It established new
high-energy features of GRBs, namely:

• Additional power-law component during prompt
emission: the prompt emission of most GRBs
have been successfully described in the past with
the Band function [Band et al. 1993]. In many
bright GRBs observed by the LAT an additional
power-law component is required to account for
high-energy data.

• Delayed onset: the emission above 100 MeV is
systematically delayed with respect to the low-
energy emission seen in the keV–MeV energy
range.

• Extended duration: the emission above 100
MeV is also systematically longer than the
prompt emission, and decays smoothly as a
power law with typical decay index of −1, point-
ing to a different physical origin with respect to
the spiky prompt emission.

Early afterglow models [Kumar and Barniol Duran
2009, Ghisellini et al. 2010] could explain the ob-
served time decay, the delayed onset as the out-
flow deceleration time scale, and the lack of variabil-
ity. Hadronic models could explain these features as

well: the onset delay could be the time to produce
electromagnetic cascades [e.g., Dermer and Atoyan
2006, Gupta and Zhang 2007, Asano and Inoue 2007]
or the time required to accelerate, accumulate,
and cool down relativistic protons via proton-
synchrotron emission in a very strong magnetic
field [Razzaque et al. 2009]. Furthermore, energy-
dependent delays would be expected in proton-
synchrotron models where the cooling break shifts to
lower energies at later times. On the other hand,
we have analyzed the record-breaking GRB 130427A
finding that, while several features of the “prompt”
emission are in agreement with some internal-shocks
models, other key details such as the estimated
Lorentz factors for the colliding shells contradict
expectations, possibly calling for different scenar-
ios [Preece et al. 2014]. Also, the maximum energy
of the photons in conjunction with a featureless high-
energy light curve rules out both synchrotron and Syn-
chrotron Self Compton from Fermi-accelerated parti-
cles as emission mechanism, a radical departure from
the standard external-shock model for the LAT emis-
sion [Ackermann et al. 2014]. New observations and
insights are hence needed to foster further theoretical
developments and overcome these difficulties.
Our new specialized analysis described in Sect. 3 al-

lows the detection of faint high-energy GRB counter-
parts, increasing the efficiency of detection by more
than 50% and, when used in conjuction with the
new “Pass 8” event selection, yielding more than 100
bursts over the time span of the Fermi mission. The
analysis and characterization of this new sample is in
progress. When completed, it will provide the needed
new insights. In particular, we will be able to settle
some open questions which we could not firmly estab-
lish in the first catalog due to the limited statistics:

• The existence of a separate population of hyper-
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energetic events, characterized by a ratio be-
tween high- and low-energy fluence much larger
than the others.

• The high-energy emission for all but 2 GRBs
in the sample decays as t−1 at late times,
which in the context of the fireball model fa-
vors an adiabatic expansion. The other two
GRBs instead decay as expected from a radia-
tive regime (t−1.5) [Blandford and McKee 1976,
Katz and Piran 1997], but they suffered from
less-than-optimal observing conditions. Is there
a class of truly radiative fireballs?

• One of the GRBs in the sample presented a high-
energy cutoff in the extra power-law component,
while another one in the low-energy Band com-
ponent. How common are spectral cutoffs? Do
bursts with a cutoff have any other peculiar fea-
ture?

Analyzing the new enlarged sample will answer
these questions, and will uncover new features.

2. Pass 8 and GRBs

The newly-developed “Pass 8” analysis is an event
analysis rebuilt from the ground up with respect to
previous versions (“Pass 6” and “Pass 7”). We refer
the reader to other contributions in this Symposium
for an introduction and for all the details about such
analysis. Here we show how it will improve the num-
ber of GRB detections. We started by performing a
large number of simulations of GRBs. In particular,
we fixed 10 flux values logarithmically spaced between
10−8 and 2 × 10−7 erg cm−2 s−1. Since the LAT ef-
fective area is a function of the cosine of the off-axis
angle θ of the GRB, we also fixed a grid of 10 values
uniformly distributed in cos θ. For each pair (flux,
cos θ) we performed 200 simulations. These simula-
tions were performed with the tool gtobssim, which
accounts for the Poisson nature of the observation.
For all simulations we used a fixed power-law spec-
trum with index −2, which is what is typically ob-
served by the LAT [Ackermann et al. 2013]. We then
overimposed these simulated GRBs on a background
taken from a real observation, and performed a like-
lihood analysis for each realization, recording the re-
sults. We repeated this procedure using “Pass 7” data
at first (P7REP SOURCE V15 class), and then a pre-
liminary version of “Pass 8” data (P8 SOURCE V1
class). We then compared the results. In order to
determine the relative sensitivity between the two
datasets, we computed the median significance for
each point in the (flux, cos θ) grid, computed as the
square root of the TS value. The results are shown
in Fig. 1. It is clear that Pass 8 can detect GRBs at
much lower fluxes. We stress that the actual value

for a particular detection threshold (for example the
5σ one) depends on many factors (background level,
duration of the GRBs, Zenith angle...) which are kept
fixed in our simulations. Therefore, this is a compar-
ative study, it is not a determination of the absolute
sensitivity of Pass 8.

3. New triggered search for Gamma-Ray
Bursts

Before the launch of Fermi it was estimated that
the LAT would have observed 10-12 GRBs/year above
100 MeV and 6-8 above 1 GeV [Band et al. 2009].
During the first 3 years, however, observations were
slightly below such expectations [Ackermann et al.
2013, Guetta et al. 2011]. Recently we developed a
new search algorithm for GRBs, which is now up and
running 24/7. As shown in Fig. 2, it provides 45%
more detections than the algorithm used for the cata-
log when using Pass 7 data, and 60% more when using
the newly-developed Pass 8 data. This improvement
was achieved exploiting the results of the first LAT
GRB catalog, presented in Sect. 1. The new algo-
rithm consists of 10 searches running in parallel over
time intervals logarithmically spaced from the trigger
time to 10 ks after that. For each of these time inter-
vals, these are the steps of the new algorithm:

1. A trigger is received either in real-time through
the GCN system1 or during an off-line analysis.
In real-time most of the triggers are from the
GBM, although also triggers from Swift, INTE-
GRAL and other observatories are received and
processed.

2. If the trigger comes from the GBM, a “finding
map” is produced to account for the position un-
certainty. It has been recently reported that the
GBM localizes GRBs with a systematic error of
up to 15◦ [Connaughton et al. 2014]. Since this
systematic error dominates over the statistical
one, we always use finding maps of 30× 30 deg.
The finding map is essentially a TS map like the
one produced by the tool gttsmap. Indeed, a grid
in equatorial coordinates and with a spacing of
0.7 deg is created covering the finding map. For
each point of the grid, a likelihood analysis is
performed including a new source at that po-
sition. However, points in the grid having less
than 3 photons within 10 deg are not considered.
This avoids running a likelihood analysis, which
is computer-intensive, in regions of the finding

1Gamma-Ray Coordinate Network,
http://gcn.gsfc.nasa.gov/
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Figure 1: Median significance as a function of flux and off-axis angle for Pass 8 (left) and Pass 7 (right). The dashed
line is the 5σ threshold. Pass 8 goes to much lower fluxes than Pass 7.

map where there is no possibility of detecting a
new point source. At the end of each likelihood a
TS value is computed, and associated with the
point in the grid. When all points have been
processed, the maximum of the TS in the map
is considered the best guess for the position of
the new transient, and marked for further anal-
ysis. Note that if the trigger comes from Swift

or INTEGRAL, this step is not executed, since
their localization errors are much smaller than
the typical size of the LAT PSF.

3. The position of the candidate transient is opti-
mized with the tool gtfindsrc

4. A new likelihood analysis is performed on the
best position found. If the TS from this final
analysis is above a certain threshold, we consider
it a new detection

5. If running in real time, the results from the anal-
ysis are used by Burst Advocates to disseminate
alerts to the community through GCNs.

In all likelihood analyses involved in the sequence
the likelihood model consist of the Galactic template
and the Isotropic template provided by the Fermi
collaboration, plus all point sources from the 2FGL
source catalog. While the normalization of the two
templates are left free to vary, all parameters for the
2FGL sources are kept fixed. If the algorithm finds
a new candidate source with a position compatible
with one of the 2FGL sources, further analysis are per-
formed manually to distinguish between a real tran-
sients, and other phenomena such as AGN flares. The
algorithm does indeed trigger on flaring sources, which
are also found by other real-time algorithms such as
ASP [Band et al. 2009] and FAVA [Ackermann et al.
2013].

The procedure involves a certain number of trials,
which might appear large. However, all the time win-
dows are overlapping and involve the same region on
the sky, therefore these trials are not independent
at all, with many photons present in many of the
time windows. Thus, the effective number of trials
is rather small. While the full characterization is still
in progress, preliminary simulations indicates that a
5σ detection corresponds to TS ∼ 28.
A first run of the new algorithm on ∼ 5 years

of preliminary Pass 8 data returned 86 detections.
Adding the ∼ 20 LLE-only detections, we have al-
ready reached the milestone of 100 LAT-detected
GRBs. Given the current rate of detections we also
expect to exceed 100 likelihood detections within the
year, an impressive milestone significantly exceeding
pre-launch expectations. As expected, the new detec-
tions populate the lower part of the fluence distribu-
tion, demonstrating that the new algorithm and “Pass
8” improve the sensitivity of the search. This is shown
in Fig. 3.
We also note that this preliminary study is using the

“Pass 8” Source class for all time scales. It has been
shown in the past that for short time scales (< 200s)
using classes with larger acceptance at the expense of
a larger background is beneficial. We will be using
such classes in the final study, further increasing the
number of detections.
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Figure 2: Cumulative detections for the time span covered by the LAT GRB catalog [Ackermann et al. 2013]. The new
analysis yields 45% more detections than the one used in the catalog when run on the same data (blue and green), and
60% more with Pass 8 data.

Figure 3: Left panel: low-energy fluence distribution for the whole GBM sample (upper panel) and for the sample
detected with the new algorithm in LAT data (lower panel). Right panel: similar plot from the first LAT GRB catalog
[Ackermann et al. 2013]. The blue dashed line marks the region where most of the new detections lie, showing the
increased sensitivity of the new algorithm with respect to the old one.
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Varying Faces of Photospheric Emission in Gamma-ray Bursts
Magnus Axelsson
KTH Royal Institute of Technology, Oskar Klein Center, 106 91 Stockholm, Sweden

on behalf of the Fermi-LAT Collaboration

Among the more than 1000 gamma-ray bursts observed by the Fermi Gamma-ray Space Telescope, a large
fraction show narrow and hard spectra inconsistent with non-thermal emission, signifying optically thick emission
from the photosphere. However, only a few of these bursts have spectra consistent with a pure Planck function.
We will discuss the observational features of photospheric emission in these GRBs as well as in the ones showing
multi-component spectra. We interpret the observations in light of models of subphotospheric dissipation,
geometrical broadening and multi-zone emission, and show what we can learn about the dissipation mechanism
and properties of GRB jets.

1. INTRODUCTION

Despite having been studied for well over 20 years,
the emission mechanisms active during the prompt
phase in gamma-ray bursts (GRBs) remain unclear. A
robust prediction of the fireball model for GRBs [1, 2]
is that the relativistic jet is initially opaque and
therefore photospheric emission is inevitable. Yet its
strength is uncertain and it is therefore not neces-
sarily detectable. In 1986, both Paczynski [3] and
Goodman [4] suggested a strong contribution of pho-
tospheric emission in GRB spectra; however, the ob-
served spectra generally appear nonthermal and these
models were therefore not considered viable.

Interest in the photospheric component resumed
with observations of GRBs using Compton Gamma-
Ray Observatory/BATSE (20–2000 keV). Ryde [5]
found that in many individual emission pulses an
equally good or better fit could be found by using
a model comprising a Planck function and a power-
law, as compared to the traditional Band function.
Additionally, it was found that the evolution of the
Planck function component during the prompt phase
followed well defined and consistent characteristics.
The Planck component was interpreted as the photo-
sphere of the GRB. At present there is again mount-
ing evidence from theoretical considerations that the
photosphere of the relativistic outflow (jet) plays an
important role [6, 7, 8, 9].

In this paper the observational signs so far at-
tributed to photospheric emission will be discussed
and interpreted in light of models of subphotospheric
dissipation, geometrical broadening and multi-zone
emission. Photospheric emission can give rise to many
different spectral shapes, and pure blackbody emission
is rarely expected.

2. OBSERVATIONS

As noted above, predictions of photospheric emis-
sion came early in the study of GRBs. Yet it was

not until the detailed spectral studies made possible
by CGRO/BATSE that the first clear observational
signs were seen. In part this may be due to the am-
biguity in attributing spectral components to distinct
physical processes. This has to some extent meant
that the search for photospheric emission has become
a search for blackbody (or Planckian) components in
the spectrum: while the photosphere can in principle
give rise to many different shapes, a blackbody can
only come from the photosphere.

2.1. Blackbody-like spectra

Ghirlanda et al. [10] first reported the presence of
a blackbody component in the initial phase of some
GRBs detected with CGRO/BATSE. Ryde [5] also
showed that some GRBs could be well fit with sin-
gle Planck functions throughout the prompt phase.
However, such cases are extremely rare. In the entire
BATSE catalogue, only 6 out of ∼ 2200 GRBs are
well described by a pure blackbody. The situation is
similar for the Fermi catalogue: only 2 such bursts in
over 1400 have reported [11, 12].

Although these numbers may seem low, what is per-
haps more surprising is that there are such cases at
all. Already from the start, it was shown that purely
geometrical considerations meant that photospheric
emission should be somewhat broader than a single
temperature Planck function. The fact that there are
such narrow spectra is thus very constraining for the-
oretical models.

An interesting case for the study of photospheric
emission is GRB090902B, one of the brightest bursts
seen by Fermi. During the first part of the emission
episode, the main spectral peak is very narrow and
well-fit by a multicolor blackbody [13]. However, dur-
ing later times in the pulse the spectrum broadens
considerably. As the spectral evolution can be fol-
lowed, it is clear that the same component is seen
throughout the prompt phase. The blackbody-like
spectrum at early times ties it to the photosphere, and
GRB090902B thus shows that photospheric emission
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Figure 1: Peak-aligned spectra from GRB090902B at two
different times, showing the change in width of the
spectral peak. At early times in the pulse (red), the
spectrum is very narrow and well described by a
multicolor blackbody. Later in time (blue), the spectrum
has significantly broadened, and is well fit by a Band
component with typical parameters.

is not necessarily Planckian.
In summary:

• Observations of “blackbody-like spectra” in-
dicate that the photosphere is detected, and
thereby also plays a role in GRB prompt emis-
sion and the formation of spectra.

• The fact that some spectra are well fit by single-
temperature blackbodies has strong theoretical
implications on the physical conditions of the
emission region.

• The slightly wider spectra allow us to probe
the broadening mechanisms active in the out-
flow. This is particularly true for bursts such
as GRB090902B where width changes strongly
during the pulse.

However, most spectra are not well described by a
single narrow component. Nevertheless, evidence of
photospheric emission in some GRBs motivates us to
search for its presence also in other bursts.

3. MULTI-COMPONENT SPECTRA

One of the most striking results of the Fermi satel-
lite is the discovery of multiple components in the
spectrum of GRBs. Bright bursts, where the signal-
to-noise ratio is highest, show statistically significant
deviations from a simple Band function [14]. One
component commonly found is a power-law extend-
ing to high energies (e.g., GRB 080916C). However, a

Rapidly decelerating jet in GRB110721A 3
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Figure 1. left Time resolved spectrum for the time bin 2.2− 2.7 s after the GBM trigger is shown. The spectrum is best modelled using
a Planck function (kTob ∼ 100 keV) and the Band function (Epeak ∼ 2 MeV). right The photon flux integrated for the Band function
only spectral fits of the data made from different low energy limits, noted on the light curves, up to a common 1 GeV is shown. Light

curves including photons < 100 keV show a double pulse structure which vanishes when the low energy limit is restricted to 100 keV
and above.

power spectrum (νFν )1 from the time bin 2.2−2.7 s after the
GBM trigger. The spectrum is modelled by a Band function
and a blackbody (Planck function), the latter giving rise to
a shoulder at a few 100 keV. The statistical significance of
the existence of an extra component is ∼ 5σ (Axelsson et al.
(2012)).

Another way of showing the existence of two compo-
nents is given in the right-hand panel in Figure 1 which
shows the photon flux light curves for different energy inter-
vals found from spectral modelling and deconvolution of the
observed counts in 16 time intervals (black dots). A single
Band function was used as a spectral model for the deconvo-
lution. The photon flux is integrated for spectral fits made
from varying lower energy limits (8, 21, 47, 100, 210, 470
keV, 1, 2.1, 4.7, 10 MeV as partly noted on the light curves)
up to a common 1 GeV. As evident from the figure, all light
curves which include photons above ∼ 100 keV are consis-
tent with a single pulse. However, if one includes photons
with energies below ∼ 100 keV the light curve has two clear
pulses, overlapping each other. This is again a strong in-
dication that there are two separate emission components
involved. The second pulse in the light curve is dominated
by a narrow distribution of photons, e.g. a Planck function,
at the low energies. These photons have a different tempo-
ral behaviour compared to the high (>∼ 100 keV) energy
photons.

2.2 Adiabatic losses

As the fireball luminosity varies over time, the energy is
channeled into thermal and non-thermal components. The
ratio of the thermal to non-thermal emission depends mainly
on the amount of adiabatic cooling during the coasting
phase, below the photosphere. Therefore, neglecting any

1 Note that the crosses in the figure are derived data points and

are model dependent, see ?)

time dependence of the efficiency factors, the thermal and
the non-thermal light curves are expected to track each
other, with a time lag of ∼ rNT/2Γ2, where rNT is the
non-thermal emission radius. However, in GRB110721A the
two light curves clearly have different profiles and the non-
thermal emission peaks earlier. A possibility is that the
amount of adiabatic losses varies with time, thereby chang-
ing the ratio between the thermal and the non-thermal
fluxes. The adiabatic loss parameter is given by

�ad =
�

rph

rs

�−2/3

=
FBB

FNT
(1)

where FBB is the blackbody energy flux, FNT is the non-
thermal, kinetic energy flux (Ryde et al. (2006)). The right-
hand panel in Figure 2 depicts the flux ratio FBB/F as a
function of time. The thermal flux initially is about 1% of
the total flux and it peaks to around 10%. The best fit to a
broken power law model gives the power law indices 2.0±0.4
and −2.0 ± 0.3 before and after the break, which occurs at
t = 2.3±0.1 s. In order to estimate the adiabatic losses, that
the photospheric component suffers, the observed emission
has to be assumed to be a large fraction of the fireball en-
ergy. Indeed, the efficiency of the prompt emission is, in
general, high. For instance, Cenko et al. (2010) reports typi-
cal values of the efficiency to be > 50%. Consequently, since
(FBB/F )−3/2 is larger than unity in GRB110721A we con-
clude that rph lies above rs

These observations show that, first, the adiabatic losses
of the thermal component do indeed vary significantly. Sec-
ond, the peak in the flux ratio is coincident with the break
in temperature (left-hand panel in Fig. 2). Third, the peak
in the flux ratio also coincides with the second peak in the
NaI count light curve, but is different from the peak in the
energy flux pulse which occurs at 0.4 s relative to the GBM
trigger, see Fig. 1 in Axelsson et al. (2012). It is thus ap-
parent that the peak in the thermal light curve is due to
a minimum in adiabatic losses, which enhances the relative
importance of the emission from the photosphere. This gives

c� 2013 RAS, MNRAS 000, 1–??

Figure 2: Spectrum from GRB110721A, showing the
clear detection of an extra component in addition to the
Band function. This component was fit using a
blackbody and interpreted as photospheric emission in
Axelsson et al. [15].

few bursts also show features at lower energies (≤ 100
keV), which are well-fit by a Planck function. Perhaps
the strongest such example is GRB110721A, where the
significance of the extra component was greater than
5σ [15].

The results found with Fermi match those previ-
ously seen in BATSE data. Ryde [5] found that a
model comprising a blackbody and a power-law pro-
vided a good fit to several GRB spectra observed by
BATSE. The power-law index was greater than -2, so
it was clear that there had to be a turn-over at higher
energies. With the much broader energy range af-
forded by Fermi, the power-law seen in the BATSE
data is revealed as the low-energy slope of the Band
component. It should be noted that also Fermi has
detected a power-law component in the spectra; how-
ever, this feature is seen in addition the the Band com-
ponent, and the temporal behavior is very different.
Its origin is not yet understood, but may be related
to the mechanism producing the temporally extended
GeV emission [14].

Another feature which strengthens the common
origin of the blackbody components in BATSE and
Fermi spectra is their temporal evolution. The
BATSE components showed a typical behavior where
the temperature decayed with time as a broken power-
law. This distinctive feature is also seen in the Fermi
data.

3.1. Effects of multiple components

The additional blackbody component detected is
typically subdominant, in general contributing only
5-10% of the total flux. For this reason, its presence
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Figure 3: Resulting fits when the spectrum from
GRB120323 is fit with a pure Band component (top) and
an additional blackbody component (bottom). Adding
the blackbody component does not give a statistically
sufficient improvement to claim its presence. However,
the parameters of the Band component are changed
when the blackbody component is present, and therefore
different interpretations may be allowed. Adapted from
Guiriec et al. [16].

can only be firmly seen in very bright GRBs. How-
ever, it may still be present in many more GRBs, and
this can have important consequences. When spectra
are fit with models comprising a blackbody in addition
to the main Band component, the parameters of the
Band component change. This means that although a
photospheric component may not be statistically de-
tected, its presence can have a large impact on the in-
terpretation of the bulk of the emission. For instance,
the peak of the Band component will shift to higher
energies, and the measured value of the low-energy
slope, α, will soften [16]. An example of this is shown
in Figure 3, where the spectrum of GRB120323 is fit
with and without an additional blackbody component.
The changed parameters may lead to the Band com-
ponent being more compatible with synchrotron emis-
sion, and thus change the theoretical interpretation
also of the main emission component.

As thermal emission is a well-known physical pro-
cess, identifying such a component allows physical pa-
rameters of the outflow to be derived [17]. These
include the bulk Lorentz factor, jet-launching ra-
dius and saturation radius. For instance, studies of
GRB110721A have found that the Lorentz factor was
initially around 1000, then decreased throughout the

pulse to values ∼ 200 [15]. The jet launching ra-
dius was instead found to increase from 3 × 106 cm
to 2 × 109 cm [18].

4. INTERPRETATIONS

In the case of “typical” single-component GRB
spectra, it is generally assumed that a single process
is giving rise to the emission. For spectra well-fit by a
single or multi-temperature blackbody, the most likely
candidate is photospheric emission.

For the multi-component GRBs, the interpretation
is less straight-forward. A natural first assumption is
to connect the two components to different emission
regions. The blackbody component is then attributed
to thermal emission arising from the photosphere, and
the Band component related with non-thermal radia-
tion further out in the jet. There are many different
possible realizations of the scenario. For instance, the
location of the photospheric radius in relation to the
saturation radius will affect the strength of the black-
body and different magnetizations of the outflow will
change the ratio between the two components [19].

As mentioned above, identifying a blackbody com-
ponent in the spectrum can alleviate some of the diffi-
culties facing interpretations suggesting a synchrotron
origin for the Band component. Many observed GRBs
have hard spectra below their νFν peaks. Those with
indices α > −1.5 below this peak cannot possess elec-
trons that radiate synchrotron emission in the ex-
pected fast cooling regime, within this spectral win-
dow; this is the so-called fast-cooling α index limit
[20]. Models including a low-energy blackbody com-
ponent allow for softer slopes of the Band component,
thereby making the interpretation more compatible
with synchrotron.

Spectra with hard α slopes are however not the only
issue facing synchrotron interpretations. Studying the
widths of spectra, it can be seen that most are too
narrow to accommodate synchrotron emission from
realistic electron distributions [21]. This is shown in
Fig. 4. In these cases adding a blackbody component
will not help, but rather worsen the issue; the width
of the Band function component in a composite spec-
trum is if anything more narrow than the entire spec-
trum.

An alternative to multiple emission zones is that the
entire spectrum arises from the photosphere. This of
course requires a radical departure from the frame-
work where photospheric emission is described by a
(single or multicolor) blackbody. One suggested way
of altering the spectrum is subphotospheric emission.
In brief, in this scenario energy is dissipated below the
photosphere, modifying the emergent spectrum. Dif-
ferent models propose different origins, such as mag-
netic reconnection [22], internal shocks [23] or colli-
sional dissipation [24]. By varying the amount of dis-
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Figure 4: Distribution of widths of GRB spectra
measured by CGRO/BATSE and Fermi/GBM. The solid
lines indicate the width of a blackbody, and synchrotron
from three electron distributions: monoenergetic (green),
Maxwellian (red) and power-law with index -2 (yellow).
Adapted from Axelsson & Borgonovo [21].

sipation and parameters of the outflow, it is possible
to produce a wide range of spectral shapes by such
subphotospheric energy release [25, 26].

As described by Paczyński [3], geometrical effects
will broaden the spectrum. Considering relativistic
limb darkening, Lundman et al. [27] used a combina-
tion of analytical model and Monte Carlo simulation
to study the emergent spectrum from a jet. It was
found that for a narrow jet, with opening angle is of
the order of the relativistic beaming angle, a broaden-
ing of the photospheric spectrum is expected for any
viewing angle. For a broader jet, the broadening ef-
fect is strong only if the viewing angle lies along the
edge of the outflow, i.e., is close to the jet angle.

Apart from increasing signal to noise in spectra, is
there any way to distinguish between these scenar-
ios? Recently, polarimetry has become the focus of
attention, and does provide valuable extra informa-
tion. In the case of non-thermal emission, synchrotron
radiation is expected to have high degrees of polariza-
tion. Yet also photospheric emission can be polarized,
though polarization degrees ≤ 40% are expected [28].
Predictions of correlations between spectra and polar-
ization may thus allow us to determine the physics be-
hind the prompt phase emission. Unfortunately, there
are at present very few reliable measurements of po-
larization in GRBs.

5. CONCLUSIONS

Photospheric emission has been detected in a grow-
ing number of GRBs, with Planckian components ap-
pearing together with other components, or dominat-
ing the spectrum. This shows that the photosphere
plays a part in the formation of the spectra.

Most GRB spectra do not look thermal, and many
instead having multiple components. This can be in-
terpreted as radiation from two separate emission re-
gions, or as pure photospheric emission. Understand-
ing the role of the photosphere is thus important to
probe the physics of the outflow itself.

Polarimetry provides a possible way to determine
the contribution of the photosphere. There are today
several proposed missions capable of measuring polar-
ization in GRBs, which promises new insight into the
physics of the relativistic jet.
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Temporal properties of bright BGO GRBs detected by Fermi
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We present results of an analysis of a sample of bright Gamma-Ray Bursts (GRBs) detected by
Fermi-GBM up to more than 1 MeV, which were collected during six years of Fermi operations. In
particular, we focus on the GRB durations over several energy bands of the prompt emission of a
subsample of bright GRBs detected up to 10 MeV by GBM and, when possible, up to 1 GeV by
Fermi-LAT, thus expanding the Duration–Energy relationship in GRB light curves to high energies
for the first time. We find that the relationship for these energetic GRBs is flatter than reported for
other samples, suggesting that the high– and low–energy emission mechanisms are closely related.

I. FERMI GBM AND LAT INSTRUMENTS

The Fermi satellite has been observing the gamma–
ray sky since its launch in June 2008. It carries on–
board two instruments: the Gamma-ray Burst Mon-
itor (GBM) and the Large Area Telescope (LAT).
GBM consists of 12 Sodium Iodide (NaI, 8–900 keV)
and 2 Bismuth Germanate (BGO, 200 keV–40 MeV)
scintillation detectors [1]. Figure 1 shows the place-
ment and orientation of the detectors on the space-
craft, which allow GBM to have a Field-of-View (FoV)
as large as the full unocculted sky. GBM detects ∼250
GRBs per year [2].

The LAT instruments include a Tracker-Converter,
a Calorimeter and an Anti–Coincidence Detector [3].

FIG. 1: Schematic view of the Fermi GBM detectors. The
insert in the bottom left corner shows one of the two BGO
detectors.

The LAT standard analysis covers an energy range of
100 MeV–300 GeV. Thanks to the LAT Low Energy
(LLE) technique [4], this coverage is extended down
to 10 MeV. 35 GRBs were observed by LAT during
the first 3 years of operation [5], but many more are
expected to be found thanks to a new analysis algo-
rithm [6] and to the newly implemented LAT event
reconstruction Pass 8 [7].

II. SAMPLE SELECTION CRITERIA

We follow the same approach as in [8] for the
BATSE bright GRBs and in [9] for the GBM BGO
bright GRBs collected over the first year of operation.
Here we extend the previous analysis to six years of
GBM data (from August 2008 to July 2014).
The first coarser selection is based on the analysis

of the GBM telemetry packets. Bursts showing an
increase of more than 80 counts/s over background
in at least one BGO detector over the full BGO en-
ergy range are selected. The second finer selection is
based on the analysis of the count rate excess above
background measured by the BGO detector(s) in the
500 keV–1 MeV range during the main burst emis-
sion episode. We analyse the GBM TTE files (see
[1] for GBM data type description) over four different
timescales (64, 128, 256, and 512 ms). Bursts with a
4σ detection are selected.
The final sample of bright BGO GRBs includes 311

bursts, of which 68 are short and 243 are long ones.
We repeat the same procedure on three other BGO
energy ranges, namely 1–2 MeV, 2–5 MeV, and 5–10
MeV, and check for the detection significance.
In Figure 4 we plot these significances calculated in

the four BGO energy bands as a function of the LAT
boresight angle θ. The dashed vertical line indicates
the LAT FoV at θ = 65o. GBM-only detections are
marked as gray circles. Filled and empty circles repre-
sent long and short GRBs. 69 bursts from our sample
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FIG. 2: BGO detection significance versus LAT boresight angle θ, calculated in four BGO energy ranges (see top right
corner of each plot).
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FIG. 3: BGO versus LLE detection significances for two different BGO energy ranges: 0.5–1 MeV (left panel and 5–10
MeV (right panel).

are also detected by the LAT [11]: 58 GRBs are de-
tected with the standard likelihood analysis above 100
MeV (stars). Out of those, 33 are detected also below
100 MeV with the LLE technique (squares). More-
over, there are 11 bursts which are detected only with
LLE analysis (triangles). Long-duration GRBs are
plotted with blue symbols and short GRBs are plotted
in red.

In these proceedings we want to focus only on the

brightest events of our sample according to two cri-
teria: (a) the BGO detection significance in the 500–
1000 keV energy band, combined with the significance
in the 5–10 MeV energy; and (b) the LLE detection
significance in the 10 MeV – 1 GeV energy range.
The latter is calculated by means of an algorithm pre-
sented in Section 3.3.1 of [5] and specifically designed
for LLE source detection. The LLE data presented in
this analysis are produced from Pass 8 data.
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If we independently select the 20 brightest events
with both criteria, we end up with a subsample of 27
GRBs, which are listed in Table II. There are 21 long
and 6 short GRBs in this new subsample. In the ta-
ble we specify the GRB name (column 1), the GBM
trigger number and trigger time in Mission Elapsed
Time (MET, columns 2 and 3), the angle to the LAT
boresight θ (column 4), the GBM duration (T90) cal-
culated in the 50–300 keV energy band and reported
by [2] (column 5), the BGO and NaI detectors used
for the temporal analysis (columns 6 and 7), and the
detection significances in two BGO (columns 8 and 9)
and in the LLE energy range (column 10).

A. Energy dispersion analysis

In order to select the best energy bands for the tem-
poral analysis, we first want to study the effect of en-
ergy dispersion (∆E) in NaI and BGO data by means
of simulations. We randomly choose 15 GRBs from
the latest GBM spectral catalog [12] and use the best
model to simulate their spectra with XSPEC[13]. Fi-
nally, we compare the model predicted rates with the
measured and simulated rates overs several NaI and
BGO energy ranges.

We find that BGO data show an excess count rate in
most energy bands (∼30%), worsening towards high
energies (∼60%). NaI data show a smaller excess in
count rates with respect to what is seen in BGOs
(∼20%), but in narrow energy bands below 40 keV
we see that ∆E ∼ 30%. In order to keep ∆E < 10%
in NaI detectors and ∆E < 20% in BGO detectors,
we decide to selected the energy bands shown in the

TABLE I: Energy bands of each detector selected for the
Duration–Energy analysis

Detector Energy bands

NaI

8 –50 keV

50–100 keV

100–150 keV

150–300 keV

BGO
0.3 – 1 MeV

1 – 10 MeV

LLE
10–100 MeV

100–1000 MeV

Table I. There are four energy bands covered by NaI
detectors, two covered by BGO detectors and two cov-
ered by the LLE technique, for a total of eight valid
spectral bands for the Duration–Energy relationship
analysis.

III. TEMPORAL ANALYSIS

We select GBM and LLE TTE data usually binned
at 8 ms in case of short GRBs and enhance the bin-
ning up to 64 ms in case of long GRBs. GBM NaI
and BGO detectors are checked for orientation to the
trigger (< 60o) and blockages from the spacecraft. We
then select the three most illuminated NaI detectors
and one or both BGO detectors (see columns 8 and
9 of Table II). The GBM energy ranges for the du-
ration analysis are chosen after the careful check for
the detector’s energy dispersion presented in Section
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TABLE II: Sample of 27 bright BGO and LLE GRBs

GRB GBM GBM Trigger θ GBM Ta

90 BGO NaI σBGO σBGO σLLE

Name Trigger # Time (MET) (Deg.) (s) det. det. 0.5–1 Mev 5–10 MeV <100 MeV

080916C 080916009 243216766.614 52.0 63.0 ± 0.8 0 3+4+6 7.4 6.5 65.7

090227B 090227772 257452263.407 72.0 1.3 ± 1.0 0 2+1+0 106.6 11.7 39.9

090228 090228204 257489602.911 16.0 0.45 ± 0.14 0 0+3+1 62.0 0.0 0.0

090510 090510016 263607781.971 13.0 0.96 ± 0.14 1 6+7+9 28.5 21.5 105.0

090902B 090902462 273582310.313 51.0 19.33 ± 0.29 0+1 1+0+9 48.0 4.0 34.3

090926A 090926181 275631628.987 48.0 13.76 ± 0.29 1+0 7+6+3 21.1 6.8 50.3

100116A 100116897 285370262.242 29.0 102.5 ± 1.5 0 0+3+1 13.8 0.0 30.9

100724B 100724029 301624927.992 52.0 114.7 ± 3.2 0 1+0+2 14.3 5.6 82.8

100826A 100826957 304556304.898 71.0 85.0 ± 0.7 1 7+8+6 14.2 6.3 32.1

101014A 101014175 308722314.622 54.0 449.4 ± 1.4 1 7+6+8 35.5 5.4 14.6

101123A 101123952 312245496.973 86.0 103.9 ± 0.7 1 10+9+11 15.1 7.8 29.0

110328B 110328520 323008161.194 31.0 141.3 ± 29.8 1 9+6+0 5.6 0.0 28.9

110529A 110529034 328322924.872 30.0 0.51 ± 0.09 1 9+7+6 12.9 0.0 27.5

110721A 110721200 332916465.760 43.0 21.8 ± 0.6 1 9+6+7 30.6 18.6 135.9

110731A 110731465 333803371.954 6.0 7.5 ± 0.6 0+1 0+3 6.9 0.0 24.4

120817B 120817168 366868952.723 58.8 0.11 ± 0.05 1 7+6+8 14.2 4.0 0.0

130305A 130305486 384176354.369 41.4 25.6 ± 1.6 1 9+6+0 26.4 4.0 13.0

130310A 130310840 384638984.503 75.9 16.0 ± 2.6 1 10+9+11 45.1 43.4 26.3

130427A 130427324 388741629.420 47.1 138.2 ± 3.2 1 9+10+0 472.8 23.1 40.3

130504B 130504314 389345526.386 61.3 0.38 ± 0.18 0 3+4 39.0 0.0 0.0

130504C 130504978 389402940.518 47.5 73.2 ± 2.1 1+0 9+0+1 25.9 6.3 31.0

130518A 130518580 390578080.525 40.9 48.6 ± 0.9 0+1 3+6+7 18.1 4.9 17.1

131014A 131014215 403420143.202 73.2 3.20 ± 0.09 1 9+10+11 148.9 11.5 31.9

131108A 131108862 405636118.759 24.1 18.5 ± 0.4 1+0 6+3+7 13.1 0.0 61.0

140206B 140206275 413361375.843 46.3 116.7 ± 4.2 0 1+0+3 15.7 5.0 58.4

140306A 140306146 415769387.951 54.7 67.3 ± 2.6 0 3+4+0 16.1 4.0 0.0

140523A 140523129 422507160.625 55.8 19.2 ± 0.4 0 3+4+5 26.3 0.0 4.0
(a) Calculated in the 50–300 keV energy band and reported by [2].

II A. The LLE energy range is split into two intervals,
namely 10–100 Mev and 100 MeV–1 GeV. Errors on
the various durations are computed following the pre-
scriptions by [10]. Moreover, systematic errors were
computed through an analysis of three random sam-
ples of bursts, weak, medium, and bright ones: in each
energy band, we changed the various analysis param-
eters (i.e. burst background and light curve binning
selections) and obtained errors of the order of 10–15%
in NaI and 20–30% in BGO data. Finally, systematic
errors were add to the statistical ones.

Figure 4 shows two example light curves from GRB
100116A and GRB 131014A. The trigger time is
marked with a vertical dashed red line and the en-
ergy ranges are labeled in every panel. From the top:
the first four panels represent NaI data (dark red la-

bels), the subsequent two panels represent BGO data
(red labels) while the last panel(s) represent LLE data
(orange labels).

GRB 100116A (left panel) is a rather long GRB,

with a two–episode emission, separated by an 80 s
long quiescient period. The peak at trigger time disap-
pears at higher energies. GRB 131014A (right panel)
is much shorter than GRB 100116A and a delayed
start of the high–energy emission is evident. This fea-
ture is quite common in LAT-detected bursts (see [5]).

IV. DURATION–ENERGY RELATION

The burst duration (T90) is calculated by means of
IDL–based routines and is defined as 90% of the ac-
cumulation time in count space in each energy band.
We also calculate T05, which we define as the begin-
ning of T90 at 5% of counts. Burst durations and T05

values are computed in each energy band previously
defined in Table I.
Results for GRB 100116A and GRB 131010A are

plotted in Figure 2. The top panels show the Energy–
Duration relation, while the bottom panels show the
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FIG. 5: Duration–Energy relation (top panels) and T05–energy relation (bottom panels) calculated for GRB 100116A
(left) and GRB 131010A (right). Different colors represent different data used for the analysis in each energy band as
shown in the labels of Figure 3.

FIG. 6: Normalized Duration–Energy relation calculated for the 27 bright bursts of our subsample. Different colors
represent different data used for the analysis in each energy band as shown in the labels of Figure 3.

T05–Energy relation. We adopt different colors for
the data points in order to represent the data from
different detectors (dark-red: NaI, medium-red: BGO;
light-red: LLE) which were used for the analysis in
each energy band (as indicated in the labels of Figure
3). In the case of GRB 100116A, the duration drops
from T90 ∼ 110 s to just few seconds, while GRB
131014A’s duration smoothly decreases from one en-

ergy band to the next. This effect is visible also in
the T05 vs. Energy plots, where the delayed start of
the higher–energy emission in GRB 131014A is clearly
visible.

In order to compare and evaluate the whole sub-
sample of 27 bursts, we normalize all T90 measure-
ments and plot them as a function of energy in Figure
6. Again, different colors indicate different detectors
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used for the temporal analysis. Since not all bursts
in the submsample are seen over all energy bands, we
plot our results in three panels: 7 GRBs in our sub-
sample are detected only up to 10 MeV, so no LLE du-
ration could be computed (left panel). Other 7 GRBs
are detected in LLE but only up to 100 MeV (middle

panel), while 13 GRBs are detected all the way up to
1 GeV (right panel).
We fit the data with a simple power law (PL) model

(blue dashed lines) in order to compare the slopes of
the Duration–Energy relations to what is previously
reported in the literature. Results for the PL slope α

are reported in box in the middle of each panel. [8],
using BATSE data from 25 to > 300 keV, and more
recently [9], using GBM BGO data from 300 keV to
10 MeV, reported values of the PL slope α between
-0.4 and -0.3. Such values are much steeper then what
we find in this analysis. Particularly energetic GRBs
showing prompt high–energy emission, i.e. > 10 MeV,
have a much flatter behavior of the Duration–Energy
relation. This possibly indicates that the prompt
high–energy emission is closely related to the low–

energy one.

V. OUTLOOK

Our future analysis steps include (a) The compari-
son of the PL slope α of the Duration–Energy relation
deduced from the 27 bright GRBs subsample with
the one deduced from the full sample of 311 bright
BGO GRBs; The correlation of the Duration–Energy
relation parameters with the burst spectral proper-
ties; and (c) The study of the temporal properties
of pulses using temporally–resolved spectral analysis
for the brightest peak of each GRB in the subsample;
and (d) The study of the Duration–Energy relation at
energies > 1 GeV, using the LAT standard analysis.
This last step could help determining if the highest–
energy emission is in fact afterglow emission shortly
following the start of the prompt phase emission as
seen at smaller frequencies.
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Hints of the jet composition in gamma-ray bursts from dissipative photosphere

models

P. Veres
The George Washington University, Department of Physics,

725 21st St, NW, Washington, DC 20052, USA
Center for Space Plasma and Aeronomic Research (CSPAR),

University of Alabama in Huntsville, Huntsville, AL 35899, USA

We present a model for gamma-ray bursts where a dissipative photosphere provides the usual
spectral peak around MeV energies accompanied by a subdominant thermal component. We treat
the initial acceleration of the jet in a general way, allowing for magnetic field- and baryon domi-
nated outflows. In this model, the GeV emission associated with GRBs observed by Fermi LAT,
arises as the interaction of photospheric radiation and the shocked electrons at the deceleration
radius. Through recently discovered correlations between the thermal and nonthermal peaks within
individual bursts, we are able to infer whether the jet was Poynting flux or baryon dominated.

I. INTRODUCTION

Gamma-ray bursts (GRBs) are one of the most ex-
treme phenomena in the universe. They involve rela-
tivistic, jetted emission emanating either from a com-
pact binary merger or form the core collapse of a mas-
sive star. The prompt MeV range emission component
is usually followed by a longer lasting afterglow at
lower energies but sometimes also in the GeV range.
The afterglow can be modeled by shocks propagat-

ing in the circumstellar material [6, 8]. It is possible
to derive physical parameters of the late outflow and
its surroundings (e.g. [7]).
The properties, such as the composition of the rela-

tivistic outflow, however, are difficult find. Dissipative
photosphere models [1, 4] are among the best suited
to describe the observed properties of GRB prompt
emission. In these scenarios, energy is dissipated be-
low the photosphere through some mechanism and re-
leased as the optical depth decreases below unity to
produce the prompt MeV range radiation.
In Section 2, we will present the theoretical model

for a particular dissipative photosphere scenario. In
Section 3 we will apply this model to the observations
of correlations between thermal and non-thermal com-
ponents in bright bursts. Finally we present our con-
clusions regarding the inferences we can make for the
GRB jet composition.

II. MODEL

We model the Lorentz factor of the initial outflow as
Γ ∝ Rµ. If the energy density of the outflow is domi-
nated by baryons, one expects µ ≈ 1 [5]. In case the
magnetic fields dominate the energy budget, one can
have an increase as slow as µ = 1/3. We introduced
the model in [10], then generalized for arbitrary values
of µ in [9]. The acceleration stops at the saturation
radius and the Lorentz factor becomes constant, then
decelerates. The start of deceleration is roughly the

start of the afterglow phase (see Figure 1).
The main point of such a generalized approach is

that the jet can become optically thin while it is still
accelerating. This will happen for µ close to 1/3.
The µ <

∼
1 cases involve photospheres occurring in

the coasting phase.
The photospheric radius, where the outflow be-

comes optically thin will be at:

rph
r0

=

(

LσT

8πmpc3r0

)

1

ηΓ2
ph

(1)

which can be expressed more conveniently by:

rph
r0

= η
1/µ
T

{

(ηT/η)
1/(1+2µ) if η > ηT

(ηT/η)
3 if η < ηT

. (2)

Here r0 is the jet launching radius, L denotes lumi-
nosity, η is the coasting Lorentz factor and Γph is the
Lorentz factor at the photosphere. ηT is a critical
Lorentz factor, which discriminates between the ”pho-
tosphere in the accelerating phase” and ”photosphere
in the coasting phase” cases and can be calculated
by equating the saturation radius to the radius of the
photosphere:

ηT =

(

LσT

8πmpc3r0

)

µ

1+3µ

≈

{

120 L
1/6
53 r

−1/6
0,7 if µ = 1/3

1300 L
1/4
53 r

−1/4
0,7 if µ = 1

(3)
The main MeV peak will develop close to the pho-

tosphere. We model it as synchrotron radiation from
weakly relativistic shocks (involving Lorentz factors
Γr

>
∼

1). A sub-dominant thermal component will
accompany the synchrotron peak with characteristic
temperature in the range of 1 keV-100 keV in accor-
dance with observations.
The synchrotron peak will have the following de-

pendence on the intrinsic physical parameters:

Epeak ∝

{

L
3µ−1
4µ+2 η−

3µ−1
4µ+2 r

−5µ
4µ+2

0 Γ3
r if η > ηT

L−1/2 η3 Γ3
r if η < ηT ,

(4)
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FIG. 1: Illustration of the Lorentz factor evolution with radius for two extremal µ values. Note that the photosphere
occurs in the acceleration phase for µ = 1/3 and in the coasting phase for µ = 1.

while the thermal component will have the following
dependence:

Tobs ∝

{

L
14µ−5

12(2µ+1) η
2−2µ
6µ+3 r

−

10µ−1
6(2µ+1)

0 if η > ηT
L−5/12 η8/3 r

1/6
0 if η < ηT .

(5)

The above scenario is able to fit bright LAT detected
bursts [9], but cannot discriminate between the mag-
netic and baryonic cases.

III. APPLICATION OF THE MODEL TO

OBSERVATIONS

[2] developed a model that includes a synchrotron
and a thermal component. This model can success-
fully fit the spectra of GRBs. By fitting this model
to bright GRBs, [3] found a correlation between the
peak energy of the synchrotron and the peak of the
thermal component, Epeak ∝ Tα. Every burst in the
sample has characteristic α index (see Figure 2 and
Table I).
Using the model described in the previous section,

we can link the theoretically derived peak energy with
the temperature of the thermal component (Equations
4 and 5). We can carry out this exercise either through
the luminosity (L) or the coasting Lorentz factor(η)
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FIG. 2: The correlation between the synchrotron peak en-
ergy and the thermal peak for six bursts with time-resolved
spectra (Figure from [3]).

and get similar expressions. For the ”photosphere in
the acceleration phase” we have:

Epeak ∝ T
6(3µ−1)
14µ−5 , (6)

while if the ”photosphere is in the coasting phase”, we
have:

Epeak ∝ T 1.2. (7)
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TABLE I: Results for determining jet composition

GRB Name α Jet Type µ

GRB 081224A 1.01 ± 0.14 baryonic −

GRB 090719A 2.33 ± 0.27 magnetic 0.39±0.01

GRB 100707A 1.77 ± 0.07 magnetic 0.42±0.01

GRB 110721A 1.24 ± 0.11 baryonic −

GRB 110920A 1.97 ± 0.11 magnetic 0.4±0.01

GRB 130427A 1.02 ± 0.05 baryonic −

Now, it is a simple task to identify the observed α
indices with the indices in the above equations.
We compile the results in table I for our sample of

six bursts. For bursts with higher values of α we de-
rive a µ, which points towards a magnetic origin in
the cases of GRBs 090719A, 100707A and 110920A
respectively. In the remaining cases, the α index does
not depend on µ. Nonetheless, the values of α for
GRBs 081224A, 110721A and 130427A are very close
to the theoretically derived 1.2. This points to the
”photosphere in coasting phase” scenario, which in
turn is easiest to realize in the baryon dominated
case (because for reasonable parameters the critical
Lorentz factor is ηT >

∼
1000).

IV. CONCLUSION

We presented a model where the initial accelera-
tion of the gamma-ray burst outflow is written as a

function of a parameter (µ). This parameter charac-
terizes the composition of the outflow. By deriving
a relation between the synchrotron peak energy and
the temperature of the thermal component from the
model, we were able to explain the observed relation
between the two quantities and infer the composition
of the gamma-ray burst outflow.

Half of the sample appears magnetically dominated
while the other baryon dominated. Thus, there are
no obvious trends among bright bursts regarding their
composition.
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Briscoe, J. M. Burgess, B.-B. Zhang for their help
and collaboration. This work was partially supported
by the OTKA NN 111016 grant. The author further
thanks the kind support of the Physics Department
and the Astro Group at the George Washington Uni-
versity.

[1] Beloborodov, A. M. 2010, MNRAS, 407, 1033
[2] Burgess, J. M. et al. 2014, ApJ, 784, 17
[3] Burgess, J. M. et al. 2014, ApJ, 784, 43
[4] Giannios, D. 2012, MNRAS, 422, 3092
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The cosmic gamma-ray background radiation is one of the most fundamental observables in the gamma-ray
band. Although the origin of the cosmic gamma-ray background radiation has been a mystery for a long time,
the Fermi gamma-ray space telescope has recently measured it at 0.1–820 GeV and revealed that the cosmic
GeV gamma-ray background is composed of blazars, radio galaxies, and star-forming galaxies. However, Fermi
still leaves the following questions. Those are dark matter contribution, origins of the cosmic MeV gamma-ray
background, and the connection to the IceCube TeV–PeV neutrino events. In this proceeding, I will review the
current understandings of the cosmic gamma-ray background and discuss future prospects of cosmic gamma-ray
background radiation studies. I also briefly review the current status of cosmic infrared/optical background
radiation studies.

1. Introduction

The cosmic background radiation is one of the most
fundamental observables from the sky. It is the result
of integrated emission from its origins over the cosmic
history. Figure. 1 shows the measured cosmic back-
ground radiation spectrum from microwave to gamma
rays.

The origins of cosmic background radiation from
microwave to X-ray are well understood. For exam-
ple, the cosmic X-ray background (CXB) has been
conclusively shown to be the integrated light pro-
duced via the accretion process of active galactic nu-
clei (AGNs), in particular Seyferts, hosting supermas-
sive black holes [e.g. 1]. By contrast, the origin of the
cosmic gamma-ray background (CGB)1 has been an
intriguing mystery for these forty years since its dis-
covery by the SAS-2 satellite [2, 3]. Moreover, gamma-
ray signatures from dark matter particles are expected
to be buried in the CGB. The CGB has drawn a lot
of attention from the community for a long time.

Before the Fermi gamma-ray space telescope (here-
inafter Fermi) era, neither spectrum nor origins of
the cosmic GeV gamma-ray background were not well
understood. Although EGRET onboard the CGRO
satellite reported the spectrum at 0.03–50 GeV [4, 5],
an anomaly was known to exist at GeV energies, the
so-called EGRET GeV anomaly [6]. Regarding the
origins of the background, blazars were expected to
explain it. However, due to small EGRET samples,
it was predicted that blazars’ contribution is at the
level of 20-100% depending on models [see e.g. 7,
and references therein]. More accurate determination
of the CGB spectrum and more extragalactic source
samples were required to understand the nature of

∗Electronic address: yinoue@astro.isas.jaxa.jp
1The cosmic gamma-ray background (CGB) is also called as

the extragalactic gamma-ray background (EGRB or EGB) or
the isotropic gamma-ray background (IGRB).
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Figure 1: The cosmic background radiation spectrum
from microwave to gamma-ray energies. Contribution
from galaxies [8], Pop-III stars [8], Seyferts [9], blazars
[7], radio galaxies [10], and all AGNs is shown by purple,
cyan, red, green, blue, and black curve, respectively. The
references for the measurements are in [8, 11].

the CGB. Fermi has recently reported a broadband
CGB spectrum and the large Fermi source catalog
has enabled us to unveil the origins of the CGB at
the GeV gamma-ray band. At the same time, the
current Fermi measurement still leaves the following
unanswered problems. First, the signature of dark
matter annihilation/decay has not yet observed in the
CGB. Second, the origins of the cosmic MeV gamma-
ray background are not understood at all. Lastly, the
cosmic TeV gamma-ray background has not been ex-
plored yet. Especially understanding of its connection
to the recent IceCube neutrino events will be an im-
portant key in this multi-messenger astronomy era.

In this paper, I review our current understand-
ings of the cosmic GeV gamma-ray background ra-
diation in §.2. Then, future prospects of the cosmic
gamma-ray background studies will be discussed in
§.3. I also briefly review the current status of cosmic
infrared/optical background radiation studies in §.4.
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Figure 2: The CGB intensities measured by Fermi. The
error bars include the statistical uncertainty and
systematic uncertainties. The shaded bands indicate the
systematic uncertainty arising from uncertainties in the
Galactic foreground. The CGB intensity is the sum of
the unresolved CGB and the resolved LAT sources
(resolved CGB) at high Galactic latitudes, |b| > 20 deg.
Taken from Ackermann et al. 2014 [12], but the legends
in the plot are modified.

Summary is given in §.5.

2. Cosmic GeV Gamma-ray Background
Radiation

2.1. Measurements

Fermi has recently allowed a broadband and accu-
rate measurement of the CGB spectrum between 0.1–
820 GeV [12], which is updated from the previous re-
port [13]. The anomaly seen in the EGRET CGB
spectrum disappeared. Fermi has resolved ∼ 30%
of the cosmic GeV gamma-ray background to point
sources at ∼ 1 GeV and resolved more at higher ener-
gies. This implies that current and future Cherenkov
gamma-ray telescopes will be able to reveal a great
portion of the CGB at >∼ 100 GeV with their bet-
ter sensitivities at these energies [14]. The result-
ing unresolved background spectrum is found to be
compatible with a power law with a photon index
of 2.32 that is exponentially cut off at 279 GeV.
The total intensity of the unresolved CGB is 7.2 ×
10−6 cm−2s−1sr−1 above 0.1 GeV. The measured cut-
off signature may reflect gamma-ray attenuation by
the cosmic infrared/optical background. However,
further studies will be required to conclude it as the
result of the gamma-ray attenuation, since it also de-
pends on intrinsic spectra and evolution of source pop-
ulations.

2.2. Compositions

Various gamma-ray emitting sources have been dis-
cussed as the origins of the cosmic GeV gamma-ray
background in the literature. Those are blazars [e.g.
7, 15, 16], star-forming galaxies [e.g. 17, 18], radio
galaxies [e.g. 10, 15, 17], gamma-ray bursts (GRBs)
[e.g. 19], high Galactic-latitude pulsars [e.g. 20], in-
tergalactic shocks [e.g. 21, 22], Seyferts [e.g. 9], cas-
cade from ultra-high-energy cosmic rays [e.g. 23, 24],
large galactic electron halo [25], cosmic-ray interac-
tion in the solar system [26], and dark matter anni-
hilation/decay [e.g. 27]. Among these possible candi-
dates, Fermi has observed gamma rays from blazars,
star-forming galaxies, radio galaxies, GRBs, and high-
latitude pulsars [39]. These are guaranteed popu-
lations contributing to the CGB. Since gamma-ray
bursts and high-latitude pulsars are known to make
little contribution [19, 28], I focus on blazars, radio
galaxies, and star-forming galaxies below.

2.2.1. Blazars

Blazars emit gamma rays via the inverse Compton
scattering processes (e.g. [30, 31, 32, 33], but see also
hadronic processes [34, 35]). Observationally, blazars
are known to be divided into two population, flat spec-
trum radio quasars (FSRQs) and BL Lacs, and it has
been suggested that the spectral energy distributions
(SEDs) of blazars evolve with luminosity, as described
by the so-called blazar sequence [36, 37]. They are
dominant extragalactic gamma-ray sources [38, 39].
Therefore, it is naturally expected that blazars ex-
plain the cosmic GeV gamma-ray background [see e.g.
7]. However, its fraction was very uncertain in the
EGRET era due to its small samples.

With the large sample of gamma-ray blazars, Fermi
has enabled us to accurately evaluate the cosmologi-
cal evolution of blazars. Ajello et al. (2012) [40] con-
structed the gamma-ray luminosity function (GLF) of
FSRQs with the Fermi FSRQ samples. Regarding BL
Lacs, redshifts of about half of BL Lacs are not deter-
mined, which makes difficult to construct GLFs of BL
Lacs. Recently Ajello et al. (2014) [29] have success-
fully constructed the GLF of BL Lacs by using redshift
constraints on individual BL Lacs. These studies con-
firmed that FSRQs and BL Lacs, i.e. blazars, show
the luminosity-dependent density evolution like X-ray
AGNs [1], which was suggested since the EGRET era
[7, 41]. Base on these efforts, blazars are known to
explain ∼50% of the CGB flux above 0.1 GeV [e.g.
51]. At higher energies (>∼ 100 GeV), blazars explain
∼100% of the cosmic gamma-ray background flux.

Interestingly, HBLs (low-luminosity BL Lacs) show
strong negative cosmological evolution, while FSRQs
and luminous BL Lacs (so-called LBLs and IBLs)
show positive evolution like Seyferts and the cosmic
star formation history [1, 42]. From other wavelength
studies, BL Lacs were known to show no or negative
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Figure 3: Top Panel: The cosmic gamma-ray background spectrum of blazars (bule [29]), radio-galaxies (black striped,
[10]), star-forming galaxies, and summation of these three populations (yellow). The CGB measurement is shown by
red points. Bottom Panel: the residual emission, computed as the ratio of the summed contribution to the CGB
spectrum. Taken from Ajello et al. 2014 presented at the workshop ”High Energy Messengers: Connecting the
Non-Thermal Extragalactic Backgrounds” [51].

evolution (e.g. [43, 44] but see also [45] reporting pos-
itive evolution). Such negative evolution is different
from the evolution of other AGN populations. The
understanding of the physical cause of this negative
evolution may be an important key to understand the
AGN evolutionary history.

2.2.2. Radio Galaxies

Fermi has detected gamma rays from ∼10 mis-
aligned AGNs (i.e., radio galaxies) [46]. Although
they are fainter than blazars, radio galaxies in the
entire sky are more numerous than blazars. It is nat-
urally expected that they will make a significant con-
tribution to the CGB. To study the contribution of
gamma-ray-loud radio galaxies to the CGB, their GLF
is required. However, it is not straightforward to con-
struct it because of the limited Fermi radio galaxy
samples. On the contrary, the radio luminosity func-
tion (RLF) of radio galaxies is well established [e.g.
47], since they are mainly detected in the radio band.
Therefore, by using the correlation between radio and
gamma-ray luminosities of radio galaxies, we are able
to convert the RLF to the GLF. Base on this method,
radio galaxies are expected to explain ∼ 20 % of the
CGB at > 0.1 GeV [10, 48].

2.2.3. Star-forming Galaxies

Fermi has also detected gamma rays from 7 star-

forming galaxies [46]. Those gamma rays are pro-
duced interactions of cosmic rays with gas or interstel-
lar radiation fields. Since there are numerous galaxies
in the sky, they are also expected to contribute to the
CGB. However, similar to radio galaxies, GLF of star-
forming galaxies can not be constructed solely with
the Fermi samples. Therefore, using the correlation
between infrared and gamma-ray luminosities, both of
which trace the star formation activity, the contribu-
tion of star-forming galaxies to the background can be
estimated with the well-established infrared luminos-
ity functions [e.g. 18, 49]. The expected contribution
is 10–30% of the CGB at > 0.1 GeV [49].

Figure. 3 show the contribution of these three pop-
ulations to the cosmic gamma-ray background spec-
trum. Summing blazars, radio galaxies, and star-
forming galaxies, we can explain ∼ 90% of the CGB
radiation at > 0.1 GeV. By considering the mea-
surement and model uncertainties, Fermi has enabled
us to unveil that the cosmic GeV gamma-ray back-
ground is composed of blazars, radio galaxies, and
star-forming galaxies. However, I note that radio
galaxies and star-forming galaxies still rely on the lu-
minosity correlation due to the small samples. This
situation is very similar to blazar studies in the early
EGRET era [15, 16, 50]. Therefore, further data will
be required to precisely evaluate the fraction of these
two populations.
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3. Prospects for future Cosmic
Gamma-ray Background Radiation
Studies

Fermi has unveiled the origins of the cosmic GeV
gamma-ray background. However, there are still three
unsolved questions. First, we do not see the sig-
nature of dark matter particles in the CGB spec-
trum, although they are expected to contribute to
the CGB. How can we probe dark matters with fu-
ture cosmic gamma-ray background studies? Second,
although the cosmic X-ray and GeV gamma-ray back-
grounds are well understood, the cosmic MeV back-
ground has not been fully explored yet due to the
observational difficulties. What are the origins of the
cosmic MeV gamma-ray background? Lastly, the cos-
mic TeV gamma-ray background has never been ob-
served yet, although Fermi has revealed the CGB up
to 820 GeV. Recently, IceCube detected a few tens of
TeV–PeV neutrino events. Although their origins are
still debated, those neutrino events should be associ-
ated with gamma rays at those energies. How are the
cosmic gamma-ray background and the cosmic TeV–
PeV neutrino background connected? I briefly sum-
marize future prospects of these three issues.

3.1. Anisotropy of the Cosmic GeV
Gamma-ray Background Radiation

Fermi has accurately measured the cosmic GeV
gamma-ray background spectrum [12]. Fermi has also
measured the anisotropy, i.e. the angular power spec-
trum, of the CGB at 1–50 GeV [52]. Ando & Ko-
matsu (2006) [53] proposed that anisotropy in the
CGB is a smoking-gun signature of annihilation of
dark matter particles. Since dark matter traces the
large-scale structure of the universe, the emission from
dark matter is anisotropic and its spatial pattern is
unique and predictable [e.g. 54]. The measured an-
gular power spectrum was consistent with the con-
stant value at all multipoles, which means the Pois-
son term, so-called the shot-noise, dominates the sig-
nals. By comparing the expected CGB angular power
spectrum from dark matter annihilation with the mea-
sured power spectrum, upper limits on the annihila-
tion crosse section are placed [55]. The current data
exclude < σv >>∼ 10−25 cm3s−1 for annihilation into
bb− at the dark matter mass of 10 GeV. Since the
analysis was based on the first 22-month data, the
limits can be improved further with current and fu-
ture Fermi data.

Sirasaki et al. (2014) [56] have recently reported
the first measurement of the cross correlation of weak
gravitational lensing and the CGB emission (see Fig-
ure. 4). The cross correlation is also a powerful
probe of signatures of dark matter annihilation [57],
because both cosmic shear and gamma-ray emission

Figure 4: The 68 % confidence level upper limits on
〈σv〉 as a function of DM mass using the cross correlation
of cosmic shear and the CGB emission. The cosmic shear
data from the CFHTLenS (154 deg2) is used here. The
red shaded region shows the upper bound for the τ+τ−

channel and the green region is for the bb̄ channel. Note
that the widths of the shaded regions indicate the model
uncertainty. Taken from Shirasaki et al. 2014 [56].

originate directly from the same dark matter distri-
bution in the Universe. Using the cosmic shear data
from the CFHTLenS (154 deg2), they exclude dark
matter annihilation cross sections of < σv >= 10−24–
10−25 cm3s−1 for 100 GeV dark matter. There are
several wider optical survey projects in near future
such as the Subaru Hyper Suprime-Cam (HSC), the
Dark Energy Survey, and the Large Synoptic Sur-
vey Telescope (LSST). HSC and LSST will cover
1400 deg2 and 20000 deg2, respectively. These future
surveys will increase the sensitivity to probe the dark
matter annihilation cross sections.

The anisotropy is also useful to constrain the cosmo-
logical evolution of sources. Since the number density
of blazars are smaller than radio galaxies and star-
forming galaxies, blazars contribute to the anisotropy
more significantly than the other two do. Therefore,
the anisotropy measurement enabled us to put con-
straints on the blazar evolution models [58, 59, 60].

3.2. Cosmic MeV Gamma-ray
Background Radiation

By contrast to the cosmic X-ray/GeV gamma-ray
backgrounds, the origin of the cosmic MeV gamma-
ray background at ∼ 1− 10 MeV is still an intriguing
mystery. The background spectrum from several hun-
dreds keV to several tens MeV is smoothly connected
to the CXB spectrum and shows much softer than
the GeV component [61, 62, 63], indicating a different
origin from that above 100 MeV. The Seyfert spectra
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spectrum of the cosmic MeV gamma-ray background at
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is explained by them. For reference, we also plot the
model of Seyferts with thermal cutoff [73] by dotted
curve which does not explain the MeV background
radiation. Taken from Inoue et al. 2013 [11]

adopted in population synthesis models of the CXB
cannot explain this component because of the assumed
exponential cutoff at a few hundred keV, where ther-
mal hot corona above the accretion disk is assumed.

Several candidates have been proposed to explain
the MeV background. One was the nuclear-decay
gamma-rays from Type Ia supernovae [SNe Ia; 64].
However, recent measurements of the cosmic SN Ia
rates show that the expected background flux is about
an order of magnitude lower than observed [65, 66].
Seyferts can naturally explain the MeV background
including the smooth connection to the CXB [9, 67].
Comptonized photons produced by non-thermal elec-
trons in coronae surrounding accretion disks can pro-
duce the MeV power-law tail [9]. There is also a
class of blazars, called MeV blazars which are FS-
RQs, whose spectra peak at MeV energies. These
MeV blazars could potentially contribute to the MeV
background as well [68]. Radio galaxies have been
also discussed as the origin of the MeV background
[17]. However, recent studies show that the expected
background flux from radio galaxies is ∼ 10% of the
total MeV background flux [10, 69]. Annihilation
of the dark matter particles has also been discussed
[70, 71, 72], but those are less ”natural” dark mat-
ter candidates, with a mass scale of MeV energies,
rather than GeV-TeV dark matter candidates. In
either cases, there is little observational evidence of
MeV emission from these candidates and a quantita-
tive estimate is not easy due to the sensitivity of the
MeV measurements.

It is not easy to resolve the MeV sky as in the
soft X-ray or the GeV gamma-ray bands. However,

anisotropy in the background radiation will shed new
light on this problem as in the GeV gamma-ray back-
ground [53]. Fig. 5 shows the Poisson term of the
angular power spectra of Seyferts with non-thermal
components in coronae [9] and FSRQs [68]. For refer-
ence, we also plot Seyferts with simple thermal cutoff
spectra [73], but note that those do not explain the
MeV background. Since the contribution of the cor-
relation term is negligible in this energy region and
the assumed flux limits, the angular power spectrum
is dominated by the Poisson term. This Poisson term
measurement is useful enough to distinguish the ori-
gin of the MeV background. The difference of the Cpl
of Seyferts [9] and FSRQs [68] is more than an order
of magnitude. The reason why we can clearly distin-
guish the origin is as follows. Seyferts are fainter but
more numerous than blazars. These two differences
are able to make future MeV instruments such as the
SGD on board Astro-H [74] clearly detect the origin of
the MeV gamma-ray sky through the angular power
spectrum of the sky.

If the origin of the MeV background is non-thermal
emission from Seyfert [9], this implies that magnetic
reconnection heats the corona above the disk and ac-
celerate non-thermal electrons in the corona. As dis-
cussed in [9, 75], this scenario will be also tested by
future X-ray and sub-mm observations of individual
sources. If it is FSRQs [68], this implies that there
are two distinct FSRQ populations in MeV and GeV
because of the spectral difference between the MeV
and GeV background. This will suggest that there
are two different populations in FSRQs between MeV
and GeV. This may pose a problem to the AGN uni-
fication scheme.

3.3. Cosmic TeV Gamma-ray
Background Radiation

The cosmic TeV gamma-ray background has not
been observed yet, although Fermi has measured the
CGB up to 820 GeV. Here, very high energy (VHE;
>∼ 100GeV) gamma-rays propagating through the uni-
verse experience absorption by the interaction with
the cosmic optical/infrared background (COB and
CIB) via electron–positron pair production [e.g. 8].
Those generated electron–positron pairs scatter the
cosmic microwave background (CMB) radiation via
the inverse Compton scattering and generate sec-
ondary gamma-ray emission component (the so-called
cascade emission) in addition to the absorbed pri-
mary emission 2. At redshift z, the scattered pho-
ton energy Eγ,c appears at lower energy than the in-

2The pairs may loose their energy through the plasma beam
instabilities ([78, 79], but see also [80]).
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photon index Γ = 1.5 and the maximum energy
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points show the observed CGB data with the 24-months
Fermi data [77]. Error bars represent 1-σ uncertainty of
the data. Taken from Inoue & Ioka 2012 [76]

trinsic photon energy Eγ,i, typically Eγ,c ≈ 0.8 (1 +

z) (Eγ,i/1 TeV)
2

GeV. This cascade component is
also expected to contribute to the CGB [76, 81, 82].
Therefore, the current CGB measurement below 100
GeV sets an upper limit on the CGB itself at the
TeV gamma-ray band. The limit is conservative for
the electromagnetic cascade emission from the VHE
CGB interacting with the cosmic microwave-to-optical
background radiation not to exceed the current CGB
measurement [76] (See Figure 6).

Measurements of the cosmic TeV gamma-ray back-
ground spectrum is also important from the multi-
messenger point of view. The IceCube Collabora-
tion has recently reported the detection of TeV–PeV
neutrinos for the first time [83, 85]. This detection
opens up a multi-messenger connection among pho-
tons, neutrinos, and cosmic rays. The origin of the
IceCube neutrinos are still under debate [see 86, for
reviews]. Conventionally, those high energy neutri-
nos are produced by cosmic rays via hadronuclear
(pp) and/or photohadronic (pγ) interactions. In ei-
ther cases, gamma rays must be produced. If the
IceCube events originate in the extragalactic sky, the
origins of these neutrino events are also responsible
for the cosmic TeV gamma-ray background radia-
tion. Importantly, the measured cosmic gamma-ray
background flux around 0.7 TeV is E2

γdNγ/dEγ ∼
2×10−8 GeV cm−2 s−1 sr−1, while the measured neu-
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Figure 7: The allowed range in pp scenarios explaining
the measured IceCube neutrino flux, which is indicated
by the shaded area with arrows. The integrated neutrino
background (dashed) and corresponding CGB (solid) are
shown for Γ = 2.0 (thick) and Γ = 2.14 (thin). No
redshift evolution is assumed here. The shaded rectangle
indicates the IceCube data [83]. Taken from Murase et
al. 2013 [84].

trino background flux in the 100 TeV–PeV range is
E2
νdNν/dEν ∼ 10−8 GeV cm−2 s−1 sr−1 per flavor

[83, 85].
In pγ scenarios, secondary spectra have a strong

dependence on target photon field energy distribu-
tion [87, 88], while pp scenarios give power-law sec-
ondary spectra following the initial cosmic-ray spec-
trum. Therefore, the current Fermi and IceCube mea-
surements put powerful constraints on pp scenarios
[84]. The allowed range in pp scenarios explaining the
neutrino events is shown in Figure. 7, taken from
Murase, Ahlers, and Lacki (2013) [84], in which the
gamma-ray attenuation by the CIB/COB is taken into
account. The IceCube data indicate that these sources
contribute at least 30–40% of the cosmic very high
energy gamma-ray background and even ∼ 100% for
softer spectra. As discussed above, blazars, which are
not pp sources, are responsible for ∼ 100% of that
background flux, which is inconsistent with the dis-
cussion here. Therefore, further studies in these fields
including evolution and SED of blazars are required
to ease this tension.

4. Cosmic Optical and Infrared
Background Radiation

The determination of the cosmic optical and in-
frared background radiation, sometimes called the
extragalactic background light (EBL), is important
to the CGB science. The COB/CIB, the dif-
fuse, isotropic background radiation from far-infrared
(FIR) to ultraviolet (UV) wavelengths, is believed to
be predominantly composed of the light from stars
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and dust integrated over the entire history of the uni-
verse [see 89, for reviews]. The observed spectrum
of the local COB/CIB at z = 0 has two peaks of
comparable energy density. The first peak in the op-
tical to the near-infrared (NIR) is attributed to di-
rect starlight, while the second peak in the FIR is
attributed to emission from dust that absorbs and re-
processes the starlight [8, 90]. The energy density of
the local COB/CIB has been constrained to be < 24
nW m−2 sr−1 at optical wavelengths, and < 5 nW
m−2 sr−1 between 8 µm and 31 µm [104]. Combined
with the lower limits from galaxy counts, the total
EBL intensity at z = 0 from 0.1 µm to 1000 µm is
inferred to lie in the range 52–99 nW m−2 sr−1 [105].

Integration over galaxy number counts provides a
firm lower bound on the COB, and the observed trend
of the counts with magnitude indicates that the COB
at z = 0 has been largely resolved into discrete sources
in the optical/NIR bands [see e.g. 91, 92]. However,
the precise determination of the COB/CIB has been a
difficult task. Direct measurements of the COB/CIB
in the optical and NIR bands have been hampered
by bright foreground emission caused by interplane-
tary dust, the so-called zodiacal light. An excess from
galaxy counts in the NIR background has been re-
ported by several experiments [see e.g. 93, 94]. Al-
though this excess can be explained by redshifted light
from first stars [93], reionization observations disfavor
such scenario which leads overproduction of ionizing
photons at high redshifts [95, 96]. Later it was also
found that this excess would be inconsistent with TeV
observations of nearby blazars (e.g. [97], but see also
[98]). Recently, Matsuoka et al. (2011) [99] reported
measurements of the COB at 0.44 µm and 0.65 µm
from outside the zodiacal region using observational
data from Pioneer 10/11, which are consistent with
the galaxy counts.

The COB/CIB can also be probed indirectly
through observations of high-energy gamma rays from
extragalactic objects [e.g. 100, 101, 102]. Gamma rays
propagating through the intergalactic space are atten-
uated by the pair production interactions with low-
energy photons of the COB/CIB. For gamma-rays of
given energy Eγ , the pair production cross section
peaks for low-energy photons with energy εpeak '
2m2

ec
4/Eγ ' 0.5 (1 TeV/Eγ) eV, where me is the

electron mass and c is the speed of light. In terms
of wavelength, λpeak ' 2.5(Eγ [TeV]) µm. Measuring
the attenuation features in the spectra of extragalac-
tic GeV-TeV sources offers a valuable probe of the
COB/CIB that is indirect. Although this method can
be limited by incomplete knowledge of the intrinsic
spectra of the source before attenuation, by assum-
ing a plausible range for such spectra, observations
of blazars by current ground-based telescopes have
been able to place relatively robust upper limits to the
COB/CIB [e.g. 97]. This has been complemented by
Fermi observations of blazars and GRBs that placed

upper limits on the γγ opacity up to z = 4.35 [103].
Very recently, H.E.S.S. has successfully measured the
imprint of the local COB/CIB in the spectra of bright
blazars, assuming only that their intrinsic spectra
have smooth shapes [106]. Fermi has also positively
detected the redshift-dependent signature of the COB
attenuation up to z = 1.5, utilizing the collective spec-
tra of a large number of blazars [107]. However, re-
cently it has also known that there is a class of ex-
treme HBLs which shows very hard spectra at the
TeV gamma-ray band [see e.g. 8]. As their emis-
sion mechanism is still under debate [98, 108], further
careful analysis on the COB/CIB determination from
gamma-ray observations would be required.

Interestingly, very recently the CIBER collabora-
tion has reported an excess in the CIB fluctuation
from galaxies’ contribution at 1.1 and 1.6 µm [109],
which has previously reported at 3–5 µm by Spitzer
and AKARI [110, 111, 112]. This discovery may sug-
gest a new population in the CIB other than galaxies.
Further studies such as the CIB spectrum measure-
ments will be important to unveil the origin of this
excess.

5. Summary

Fermi has very recently allowed a broadband mea-
surement of the cosmic GeV gamma-ray background
spectrum between 0.1–820 GeV. Fermi has resolved
∼30% of it to point sources at ∼1 GeV and more
fraction at higher energies. The unresolved back-
ground spectrum is compatible with a power law with
a photon index of 2.32 that is exponentially cut off
at 279 GeV. Moreover, theoretical works based on the
Fermi measurements have unveiled the origin of the
cosmic GeV gamma-ray background which has been a
long standing problem in astrophysics. It is composed
of blazars, radio galaxies, and star-forming galaxies.
At > 100 GeV, blazars dominate the background flux.
It should be noted that estimation of contributions of
radio galaxies and star-forming galaxies relies on lim-
ited samples. This situation is similar to blazar stud-
ies in the early EGRET era. Moreover, SEDs at the
TeV gamma-ray band of these three populations are
not fully understood. Future observational data will
give deeper understanding on the cosmic GeV gamma-
ray background.

Although Fermi has unveiled the origins of the cos-
mic GeV gamma-ray background, there are still un-
solved questions. Those can be categorized to the
following three theme; dark matter contribution, the
cosmic MeV gamma-ray background, and the cosmic
TeV gamma-ray background. These problems can be
probed as follows. First, anisotropy of the cosmic
GeV gamma-ray background will be useful to con-
strain the dark matter properties. Furthermore, cross

eConf C141020.1

179



8 5th Fermi Symposium : Nagoya, Japan : 20-24 Oct, 2014

correlation between the cosmic shear and the gamma-
ray sky will be also a powerful probe of signatures
of dark matter annihilation. Especially, cross cor-
relation studies with coming optical wide field sur-
veys will put tight constraints on dark matter prop-
erties. Second, anisotropy will also the key to un-
derstanding the origin of the cosmic MeV gamma-ray
background, since it reflects the source distribution
in the sky. Lastly, the cosmic TeV gamma-ray back-
ground has been already constrained by itself at the
GeV gamma-ray band because the secondary gamma
rays can not overproduce the measured gamma-ray
background flux. More interestingly, if extragalac-
tic pp scenario is responsible for the recent IceCube
neutrino events, they will contribute 30–100% of the
cosmic gamma-ray background at >∼ 100 GeV, which
is inconsistent with the expected blazars’ contribu-
tion (∼100%) at this energy band. Further detailed
comparison between Fermi and IceCube would be im-
portant to understand the origin of the cosmic TeV
gamma-ray and the TeV–PeV neutrino background.
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We have investigated particle acceleration and emission from shocks and shear flows associated
with an unmagnetized relativistic jet plasma propagating into an unmagnetized ambient plasma.
Strong electro-magnetic fields are generated in the jet shock via the filamentation (Weibel) insta-
bility. Shock field strength and structure depend on plasma composition ((e± or e−- p+ plasmas)
and Lorentz factor. In the velocity shear between jet and ambient plasmas, strong AC (e± plasmas)
or DC (e−- p+ plasmas) magnetic fields are generated via the kinetic Kelvin-Helmholtz instability
(kKHI), and the magnetic field structure also depends on the jet Lorentz factor. We have calculated,
self-consistently, the radiation from electrons accelerated in shock generated magnetic fields. The
spectra depend on the jet’s initial Lorentz factor and temperature via the resulting particle accel-
eration and magnetic field generation. Our ongoing “Global” jet simulations containing shocks and
velocity shears will provide us with the ability to calculate and model the complex time evolution
and/or spectral structure observed from gamma-ray bursts, AGN jets, and supernova remnants.

I. INTRODUCTION

Blazars and Gamma-Ray Bursts (GRBs) are the
most luminous phenomena in the universe. Despite

extensive observational and theoretical programs, our
understanding of the physics remains quite limited.
There is broad consensus that both are powered by
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relativistic jets, which are directly imaged by interfer-
ometry in the case of blazars, and that the jets are
launched and collimated mainly by magnetic forces
e.g., [1–4]. However, there is uncertainty regarding de-
tails such as (1) magnetic versus kinetic domination,
(2) rapid acceleration of particles to GeV and TeV en-
ergies, (3) location of highly variable gamma-ray emis-
sion and (4) source of seed photons if inverse Comp-
ton, (5) the scale of magnetic field turbulence in the
radiation zone(s), and (6) the role of large and small
scale instabilities in jet structure, dynamics, magneti-
zation, particle energization and radiation.

For blazars, the observational data are now quite
rich, with dense time sampling of flux at many fre-
quencies from radio to GeV and TeV γ-ray, linear
polarization at radio to optical, and images with sub-
parsec linear resolution at mm wavelengths e.g., [5, 6].
For GRBs, the basic measurements of γ-ray and X-ray
flux vs. time during the burst have been supplemented
by observations of the afterglow at soft X-ray, opti-
cal, IR, and radio frequencies. What is missing is a
comprehensive theoretical framework for interpreting
this wealth of observational data. There are numerous
studies that consider only radiative processes, insta-
bilities, or particle acceleration (see [7]), and a smaller
number that pair the first with one of the latter two
e.g., [8]. While separating analyses into soluble parts
is a valuable technique, in GRB and AGN jets the dy-
namics, instabilities, and energy gains and losses are
coupled processes. Here we present recent progress in
shock and velocity shear simulations using a relativis-
tic particle-in-cell (RPIC) code.

II. SHOCK SIMULATIONS

.pdf

A. Particle Acceleration and Magnetic Field
Generation

RPIC simulations have been used to study parti-
cle acceleration, magnetic field generation, and emis-
sion from collisionless shocks. Simulations reveal that
the filamentation (Weibel) instability, which gener-
ates magnetically wrapped current filaments, domi-
nates relativistic shock processes [9]. There are sig-
nificant differences between electron-positron pair and
electron-ion shocks as the ion filamentation instability
enhances shock magnetic field generation and thermal
energy density relative to pair plasmas e.g., [10–20].

Our 3-D MPI parallelized RPIC code has been used
to simulate relativistic electron-ion jet propagation
into an unmagnetized ambient electron-ion plasma
(mi/me = 16) with equal jet and ambient electron
number density, and jet thermal velocity vej,th = 0.2c
where c is the speed of light, and the jet Lorentz fac-
tor is γ = 15. The simulation used a system with
dimension (Lx, Ly, Lz) = (8192∆, 64∆, 64∆), where
∆ is the cell size, and a total of ∼ 1 billion particles

(16 particles/cell/species for the ambient plasma) [21].
This computational domain is twelve times longer
than in our previous simulations ([12, 18]).

Figure 1 shows the averaged (in the y − z plane)
ion density and electromagnetic field energy along the
electron-ion jet at simulation time t = 7372ω−1

pe . The

(a)

(b

FIG. 1: Panel (a) shows the ion density (black: total, red:
ambient, and blue: jet), and panel (b) shows the magnetic

field components at the end of the simulation (T = 7372/ωpe).

Electromagnetic field energy densities are normalized by the
jet kinetic energy density, and quantities are averaged over the

yz−plane.

resulting profiles of jet (red), ambient (blue), and total
(black) ion density are shown in Figure 1a. Warm jet
ions are thermalized and ambient electrons are accel-
erated in the resulting leading (bow) and trailing (jet)
shock system. Ambient ions are accelerated and pile
up towards the jet front. The ambient plasma den-
sity increases behind the jet front, with additional in-
crease to a higher plateau farther behind the jet front
indicating the leading shock. The jet ion density re-
mains approximately constant. The strongest elec-
tromagnetic fields are located at x/∆ = 4, 500 as
shown in Figure 1b and are associated with the trail-
ing shock. These strong fields may lead to the ob-
served time dependent GRB afterglow emission. The
longer simulation system has allowed significant non-
linear shock Weibel instability and associated particle
acceleration development.

B. Self-Consistent Synthetic Spectra

We have calculated the radiation spectra directly
from our simulations by integrating the expression for
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the retarded power, derived from Liénard-Wiechert
potentials, for a large number of representative parti-
cles in the PIC representation of the plasma [22–32].

The synthetic spectra shown in Figure 2a are
obtained for emission from electrons in jets with
Lorentz factors of γ = 10, 20, 50, 100, and 300.
Spectra are obtained from an ensemble of electrons
selected from the region where the Weibel instabil-
ity, particle acceleration, and magnetic field genera-
tion are strongest. For each jet Lorentz factor we

10      10      10     10      10      10      10      10      100                1                2              3                4                5                6                 7                8

ω/ωpe

4

6

8

10

12

14

log  ωf(ω)10

300

100

100

50

20

γ = 10

(a)
(b)

FIG. 2: Panel (a) shows synthetic spectra for jets with Lorentz

factors of γ = 10, 20, 50, 100, and 300 and cold (thin lines) or
warm (thick lines) jet electrons. Panel (b) shows modeled Fermi

spectra in νFν units at early (a) to late (e) times [33]. Straight

red lines indicate a slope of νFν = 1.

computed spectra for cold, vjet,th = 0.01c, (thin lower
lines) and warm, vjet,th = 0.1c, (thick upper lines) jet
electrons [34–37]. Here the spectra are calculated for
radiation beamed along the jet axis. We note that
radiation losses are not included [38, 39].

Synthetic spectra are Bremsstrahlung-like at low
frequencies ([23]) because the magnetic fields gener-
ated by the Weibel instability are weak and electron
acceleration is modest. Synthetic spectra low fre-
quency slopes are very similar to those of the spec-
tra shown in Fig. 2b from [33]. Comparison between
our synthetic spectra and the spectra from Abdo et
al.[33] suggest that the spectral evolution observed
from early to late times is mimicked by our synthetic
spectra evolution from higher to lower jet Lorentz fac-
tor. However, further investigation is necessary and
this is one of our future research efforts.

III. VELOCITY SHEAR SIMULATIONS

A. Slab Jet Velocity Shear

In this simulation study we used a core-sheath
plasma jet structure instead of the counter-streaming
plasma setups used in previous simulations by [40–46].
The basic setup and illustrative results are shown in
Figure 3. In our setup, a jet core with velocity vcore
in the positive x direction resides in the middle of the
computational box (see Figure 3a). The upper and
lower quarters of the box contain a sheath plasma that
can be stationary or moving with velocity vsheath [47–
50]. This setup is similar to that in our RMHD sim-
ulations ([51]) that used a cylindrical jet core. Over-
all, this structure is similar in spirit, although not in
scale to that proposed for AGN relativistic jet cores

surrounded by a slower moving sheath, and is also rel-
evant to GRB jets. However, here we represent the jet
core and sheath as plasma slabs. Initially, the system
is charge and current neutral.

The simulations were performed using a nu-
merical grid with dimension (Lx, Ly, Lz) =
(1005∆, 205∆, 205∆), where ∆ is the cell size,
and periodic boundary conditions in all directions.
The jet and sheath (electron) plasma number density
measured in the simulation frame is njt = nam = 8.
The electron skin depth, λs = c/ωpe = 12.2∆,

where ωpe = (e2nam/ε0me)
1/2 is the electron plasma

frequency and the electron Debye length for the
ambient electrons λD is 1.2∆. The jet-electron
thermal velocity is vjt,th,e = 0.014c in the jet ref-
erence frame, where c is the speed of light. The
electron thermal velocity in the ambient plasma is
vam,th,e = 0.03c, and ion thermal velocities are smaller

by (mi/me)
1/2. Simulations were performed using an

electron-positron (e±) plasma or an electron-proton
(e−- p+ with mp/me = 1836) plasma for jet Lorentz
factors of 1.5, 5.0, and 15.0 with the sheath plasma
at rest (vsheath = 0) [49].

X

Y
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V

V

V

n

n

n

core core

sheathsheath

sheath sheathOX
OX
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0                  50               100               150              200
X/Δ
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Δ
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0

50
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(c)

FIG. 3: Panel (a)
shows our three-

dimensional simulation

setup. Panels (b) &
(c) show the mag-

netic field component

By > 0 (red) and
By < 0 (blue) plotted

in the x − z plane (jet
flow indicated by large

arrows) at the center

of the simulation
box, y = 100∆ at

t = 300ω−1
pe , (b) for

the e−- p+ case and
(c) for the e± case,

both with γjt = 15.

The smaller arrows
indicate the magnetic

field direction in the

plane. Panels (b) &
(c) cover one fifth of
the simulation sys-

tem length in the x
direction.

The development of the velocity shear surfaces is
shown in Figure 3b for e−- p+ and Figure 3c for e±

plasmas with vcore = 0.9978c (γjt = 15). For the e−-
p+ case, a nearly DC magnetic field is generated at the
shear-surfaces with negative (blue) By at z = 150∆
and positive (red) By at z = 50∆. Additionally, a
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Bz (and Bx) magnetic field component, shown by the
small arrows in Figure 3b, is generated at the shear
surfaces by current filaments. On the other hand, for
the e± case a relatively long wavelength (∼ 100∆) AC
magnetic field is generated at the shear surfaces. Note
the alternating By > 0 (red) and By < 0 (blue) along
the flow direction. While our results are similar to
those found by [45, 46], there are significant important
structural differences because their simulations were
two-dimensional and used a counter-streaming setup.

B. Cylindrical Jet Velocity Shear

Since relativistic jets and internal filamentary struc-
tures are more suitably modeled as intrinsically cylin-
drical, we have investigated velocity shear in cylindri-
cal geometry for a pair (e±) and an electron-proton
(e−- p+) jet. Figure 4 shows isocontour images of the
x component of the current along with magnetic field
lines generated by the kKHI for e± and e−- p+ jets.
The isocontour images show that in the e−- p+ jet

(a)JetJet

(b)JetJet

FIG. 4: Isocontour plots of the Jx magnitude with magnetic

filed lines (one fifth of the jet size) for (a) an e−- p+ and (b)

an e± jet at simulation time t = 300Ω−1
pe . The 3D displays are

clipped along the jet and perpendicular to the jet in order to

view the interior.

case currents are generated in sheet like layers and the
magnetic fields are wrapped around the jet. On the

other hand, in the e± jet case many distinct current
filaments are generated near the velocity shear and
the individual current filaments are wrapped by the
magnetic field. The clear difference in the magnetic
field structure between these two cases may make it
possible to distinguish different jet compositions via
differences in circular and linear polarization.

IV. A COMBINED SHOCK AND VELOCITY
SHEAR SIMULATION

We have begun “global” simulations involving in-
jection of a cylindrical jet into an ambient plasma in
order to investigate shock (Weibel instability) and ve-
locity shear (kKHI) simultaneously. Previously these
two processes have been investigated separately. In
reality a jet or internal filament is injected into an
ambient plasma resulting in velocity shear and shocks
in a potentially complicated shock/shear system.

In order to begin investigation of the combined pro-
cesses we have performed a simulation where a rel-
ativistic cylincrical jet is injected into an ambient
plasma. We used a small system size of (Lx, Ly, Lz) =
(1005∆, 131∆, 131∆) with jet radius rj = 20∆ and
Lorentz factor γjt = 5 to examine the fundamental
differences between e± and e−- p+ jet cases and to
test synthetic spectra computations. Previous syn-
thetic spectra computations can be found in [28, 35–
37, 47, 48].

A. 2D Density, Current and Magnetic Field
Structure

Figure 5 shows 2D mid-plane slices of the electron
density and the transverse magnetic field. Current
filaments at the jet front are excited by fast current-
driven instability in the shock precursor [52, 53].

100            200                 300                400              500             600
X/Δ

Z/
Δ

0

50

100
(a)

100            200                 300                400              500             600
X/Δ

Z/
Δ

0

50

100
(b)

FIG. 5: Mid-plane slices of the electron density for jet Lorentz
factor γjt = 5 at simulation time t = 500ω−1

pe . The jet is
injected at x/∆ = 100, propagates to the right, and the jet

front is located at x/∆ = 600. The upper panel (a) shows the
electron density structure for the mass ratiomi/me = 1836, and

the lower panel (b) for the electron-positron case. Associated

current structures are shown in Figure 6.
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Comparing the electron-proton and electron-positron
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FIG. 6: Slices at x/∆ = 480 (left column) and at x/∆ = 580

(right column) at simulation time t = 500ω−1
pe showing curents

and magnetic fields for ((a) and (b)) mass ratio mi/me = 1836

and for ((c) and (d)) the electron-positron case. Jets come out

of the page at plane center.

cases reveals significant electron density structure dif-
ferences. Jet electrons and protons remain within the
jet in the electron-proton case, but are found outside
the jet in the electron-positron case due to mixing
with ambient electrons and positrons as the positrons
have more mobility than heavy protons.

Our previous simulations of the Weibel instability
(e.g., [14]), showed current filaments associated with
the growing instability and Figure 6 shows the struc-
ture of current filaments in cross sections of the jet at
two locations. For the electron-proton case the current
filaments lie within the jet and a negative current is
dominant outside the jet (as in a previous simulation
shown in Fig. 7a and 7b in Nishikawa et al.[49]. How-
ever, for the electron-positron case, current filaments
are found both inside and outside the jet. In particu-
lar, large current filaments can be seen at x/∆ = 480
outside the jet, similar to what was observed in the
slab model (Nishikawa et al.[47–50]).

B. 3D Current and Magnetic Field Structure

Figure 7 shows 3D current filament isosurfaces
along with magnetic field lines that are generated by
the Weibel instability and by the kKHI. Only the front
part of the jet is displayed (120 < x/∆ < 520) and
the jet is propagating from back left to forward right.
The cube is clipped at x/∆ = 320 and y/∆ = 66 in
order to view cross sections parallel and perpendicu-
lar to the jet axis. For both cases, compact current
filaments are confined mostly within the jet at the
jet front (see also Figure 6b and 6d). The magnetic
fields wrap around the current filaments. Since the

(a)JetJet

(b)JetJet

FIG. 7: Global jet simulations for e−- p+ and e± jets at time

t = 500Ω−1
pe . Panel (a) shows the e−- p+ jet where long and

continuous current filaments are confined within the jet. Panel

(b) shows the e± jet where short current filaments are found

within and outside the jet.

simulation system is small, current structures are at
an early stage of development, and a fully developed
shock system is not yet formed at the jet front. In the
e−- p+ case long and continuous current filaments re-
main confined within the jet along the velocity shear
surface behind the jet front(Fig. 7a). For the e± case
short current filaments are found within and outside
the jet along the velocity shear surface behind the jet
front (Fig. 7b). This presence of current filaments
inside and outside the jet in the e± case is also ob-
served in slab geometry (see Fig. 3a and Nishikawa
et al.[49]), where current filaments were found farther
outside the jet at smaller jet Lorentz factors.

Small system simulations cannot fully distinguish
between current filaments generated by the Weibel
instability and those generated by the kKHI, and ve-
locity shear effects are insufficiently resolved. Larger
simulations need to be performed to clearly reveal the
differences between the two cases, e.g., Nishikawa et
al.[14] and Choi et al.[21], and allow proper evaluation
of emission from the jet boundary.

V. FUTURE WORK: HELICAL MAGNETIC
FIELDS AND RECONNECTION

Our preliminary 3D global structure simulations
indicate the importance of using global simulations
to investigate the combined evolution of collisionless
shocks and velocity shears. In order to resolve col-
lisionless shock and velocity shear structures we will
perfume global jet simulations using much larger sys-
tems with (Lx, Ly, Lz) = (8005∆, 405∆, 405∆). Ad-
ditionally, a very large system is needed in order to
scale kinetic processes to larger scale jet structures. A
larger system will allow us to obtain a much more rea-
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sonable picture of the evolution of the magnetic field
and subsequently the dependence of spectra and po-
larization on jet composition through synthetic emis-
sion computations.

Recently, Markidis et al.[54] performed three-
dimensional PIC simulations of a flux rope instabil-
ity using a single flux rope with a simple screwpinch
configuration [55], i.e., the helical magnetic field has a
constant pitch (e.g., [56]). An artificial ion to electron
mass ratio equal to 25 was chosen to reduce the simu-
lation execution time, and the initial current was car-
ried by the electrons (ions were initially stationary).
The simulation revealed magnetic reconnection during
the kink instability of the flux rope. Secondary signa-
tures of magnetic reconnection included a quadrupo-
lar structure in the density, a bipolar structure in the
Hall field, and a reconnection associated electric field
in proximity to the reconnection region.

In our future work we will inject jets like those
shown in Figure 7 but containing a helical magnetic
field like that implemented in Markidis et al. [54]
and using a setup like that used in Wieland et al.
[57]. This setup avoids transient phenomena due to
an infinitely sharp contact discontinuity at the collid-
ing front and avoids an artificial magnetic field pileup.
In our setup we will generate a helical magnetic field
via faster jet ions (protons or positrons) instead of
electrons. This configuration will allow investigation
of (1) the effect of helical magnetic field on growth
of the Weibel instability and the kKHI, (2) the possi-
ble development of MHD-like kink and/or global KHI,
and (3) the development of magnetic reconnection.

VI. CONCLUSIONS

We have presented 3D PIC simulations of colli-
sionless shock and velocity shear development medi-
ated by the Weibel instability and the kKHI for both
electron-positron and electron-ion plasmas. The pro-
cesses studied here are important in AGN and GRB
jets that are expected to have shocks and velocity
shears between faster and slower moving plasmas both
within the jet and at the jet external medium inter-
face.

We have shown via shock simulations that shock
structure depends on the composition of the plasma,
e.g., Choi et al.[21] and Nishikawa et al.[14]. The
collisionless electron-ion (mi/me = 16) shock shows
a sharper rise in the electron density at the forward
shock than the electron-positron case (see Fig.1a and
compare to Fig. 1a in Nishikawa et al.[14]). This
sharper rise occurs because in the electron-positron
case jet electrons propagate through the forward shock
to the jet front but in the electron-ion case the jet elec-
tron density declines in front of the forward shock.
This decline in the electron-ion case is due to the am-
bipolar electric fields created at the jet front by the
heavier ions.

We have shown via velocity shear simulations that

velocity shear structure depends on the composition of
the plasma and the jet Lorentz factor, e.g., Nishikawa
et al.[48–50]. The growth rate for the kKHI for the
mildly relativistic jet case (γj = 1.5) is larger than the
relativistic jet case (γj = 15). In particular, the differ-
ent magnetic field velocity shear structure associated
with electron-positron composition versus electron-
proton composition should have consequences for the
polarization of jets in very high-resolution radio imag-
ing. For a simple cylindrical geometry velocity shear
case an electron-proton jet primarily builds magnetic
field in the toroidal direction at the velocity shear sur-
face. In contrast, a pair-plasma jet generates sizable
radial field components that are only about a factor
of two weaker than the toroidal field. In either case,
strong electric and magnetic fields in the velocity shear
zone will also be conducive to particle acceleration.

When global jet injection simulations are performed
the combination of shock and velocity shear structures
makes the situation more complicated but our pre-
liminary simulations show clear differences between
electron-positron and electron-proton plasmas. Our
preliminary simulations are too short for definitive
statements on the efficacy of the process and the re-
sulting spectra. However, it is clear that the mag-
netic field structure along with particle acceleration
and transport in compact regions will be necessary for
a realistic assessment and interpretation of observed
emission spectra and polarization.
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IC 310 has recently been identified as a gamma-ray emitter based on observations at GeV energies
with Fermi-LAT and at very high energies (VHE, E > 100 GeV) with the MAGIC telescopes.
Despite IC 310 having been classified as a radio galaxy with the jet observed at an angle > 10
degrees, it exhibits a mixture of multiwavelength properties of a radio galaxy and a blazar, possibly
making it a transitional object. On the night of 12/13th of November 2012 the MAGIC telescopes
observed a series of violent outbursts from the direction of IC 310 with flux-doubling time scales
faster than 5 min and a peculiar spectrum spreading over 2 orders of magnitude. Such fast variability
constrains the size of the emission region to be smaller than 20% of the gravitational radius of its
central black hole, challenging the shock acceleration models, commonly used in explanation of
gamma-ray radiation from active galaxies. Here we will show that this emission can be associated
with pulsar-like particle acceleration by the electric field across a magnetospheric gap at the base
of the jet.

I. INTRODUCTION

The nearby lenticular (S0, z = 0.0189) galaxy
IC 310 located in the Perseus cluster exhibits an active
galactic nucleus (AGN). This object has been detected
at high energies (above 30GeV) with Fermi/LAT [23]
as well as at TeV energies [3, 5]. The jet of IC310, ex-
tending in the outward direction from the center of
the cluster led to early assignment of this object as
a head-tail radio galaxy [19, 27, 29]. However, using
the Very-Long-Baseline Interferometry (VLBI) tech-
nique, a parsec-scale one-sided jet was found to follow
the large-scale jet within about 10◦ [16]. The align-
ment of the jet at different scales, without any hints of

bending put in doubt the above classification. Instead,
the inner jet appears to be blazar-like with a missing
counter jet due to relativistically boosted emission.
Further indications for transitional behavior between
a radio galaxy and a blazar were found in IC 310 in
various energy ranges [25]. The mass, M , of the black
hole of IC 310 can be inferred from its relation with
the velocity dispersion, σ, of the host galaxy [6, 15],
namely M = (3+4

−2)× 108M⊙.

MAGIC (Major Atmospheric Gamma Imaging
Cherenkov) is a system of two 17-m diameter Imag-
ing Atmospheric Cherenkov telescopes located on La
Palma, Canary Islands. It allows observations of
gamma-ray sources with energies above 50GeV. Dur-
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ing the observations of the Perseus cluster performed
in the end of 2012 MAGIC telescopes revealed an ex-
treme gamma-ray flare from IC 310 on the night of
12/13th of November [6]. In addition, the source was
observed in radio band by European VLBI Network
(EVN) during October/November 2012.

In Section II we report the data analysis and re-
sults of the MAGIC observations during the flare and
the radio observations. In Section III we discuss pos-
sible interpretation of the ultrafast variability of the
gamma-ray emission observed from IC 310.

II. RESULTS

A. MAGIC

MAGIC telescopes were observing the Perseus clus-
ter on the night of 12/13th of November for 3.7 h.
The observations consisted of 4 pointings, two of the
them with a standard offset of 0.4◦ with respect to
IC 310 and the remaining ones are at a distance 0.94◦

away from the object. The signal extraction and cali-
bration of the data, the image parametrization, the
direction and energy reconstruction as well as the
gamma-hadron separation were applied with the stan-
dard analysis software MARS as described in [30].

In the night of the flare a strong signal of 507
gamma-like events above 300GeV in the region
around IC310 in excess of the background estimated
as 47 events was observed. Due to still limited statis-
tics of events and a very rapid variability behavior, the
classical approach for the calculation of light curves
in gamma-ray astronomy which is based on the fixed
width of the time bins is not optimal in this case. We
used instead a method similar to the one commonly
used for data of X-ray observatories for the comput-
ing of energy spectra. We first identify all periods in
the data during which the telescopes were not opera-
tional (in particular <∼ 1min gaps every 20min when
the telescope is slewing and reconfiguring for the next
data run). Afterwards, we bin the remaining time
periods based on a fixed number (in this case 9) of
ON events per bin. We estimate the number of back-
ground events in each time bin from four off-source
regions at the same distance from the camera cen-
ter. Using toy MC simulations we validated that this
method limits the bias in flux value and its error [6].
As the signal to background ratio above 300GeV is
much larger than 1 this assures that the precision of
individual points in the light curve is close to 3σ.

The resulting light curve is presented in Fig. 1.
The mean flux above 300GeV during this period is
Φmean = (6.1 ± 0.3) × 10−11 cm−2s−1. This is four
times higher than the high state flux of (1.60±0.17)×
10−11 cm−2s−1 reported in [5]. The emission is highly
variable, fitting the light curve in the full time range
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FIG. 1: Light curve of IC 310 observed with the MAGIC
telescopes in the night of November 12/13th, 2012, above
300GeV. As a flux reference, the two gray lines indicate
levels of 1 and 5 times the flux level of the Crab Neb-
ula, respectively. The precursor flare (MJD 56243.972–
56243.994) has been fitted with a Gaussian distribution.
The figure is reprinted from [6].
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FIG. 2: Zoom of the first big flare seen in the light curve
of IC 310 above 300GeV. Black lines show exponential fits
to the rising and decay edges to the substructures in the
light curve. The blue line shows the slowest doubling time
necessary to explain the raising part of the flare at C.L. of
95%. The figure is reprinted from [6].

with a constant reveals a χ2/N.d.o.f of 199/58 corre-
sponding to a probability of 2.6× 10−17.

We use the rapidly rising part of the 1st big flare
(MJD 56244.0620–56244.0652) in order to compute
the conservative, slowest doubling time, τD, which is
still consistent with the MAGIC data. We fit the light
curve with a set of exponential functions, each time
assuming a given τD value and computing the corre-
sponding fit probability. We obtain that 4.9min is
the largest value of τD, which can still marginally fit
the data with probability > 5% (see the blue line in
Fig. 2). Note that the corresponding time scale in the
frame of reference of IC 310 will be slightly shorter:
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FIG. 3: MAGIC measurement of average spectral energy
distributions of IC 310 during the flare (red) . For compar-
ison we show the results from the high (blue, open squares)
and low (black, open markers) states reported in [5] and
the average results (gray triangles) reported in [3]. The
dashed lines show power-law fits to the measured spectra,
and the solid line with filled circles depicts the spectrum
corrected for absorption in the extragalactic background
light according to [12]. As a reference, the spectral power-
law fit of the Crab Nebula observations from [4] is shown
(gray, solid line). The figure is reprinted from [6].

4.9/(1 + z)min = 4.8min.
The observed spectrum can be described by a simple

power law (see Fig. 3):

dF

dE
= f0 ×

(

E

1TeV

)−Γ

. (1)

The flux normalization at 1TeV obtained from the fit
is f0 = (17.7±0.9stat±2.1syst)×10−12TeV−1 cm−2 s−1

Even while the mean flux during the flaring night is
4 − 30 larger than previous measurements, the spec-
tral index, Γ = 1.90 ± 0.04stat ± 0.15syst is consistent
with them within the statistical and systematic errors.
No significant bend or cut-off is seen in the spectrum
up to TeV energies. As part of the observation was
carried out with a higher then usual offset angle from
the camera center the systematic error on the flux nor-
malization is slightly larger (12%) then reported in [7].
The error of the energy scale is 15%.

B. EVN

IC 310 has been observed with the EVN at 1.7, 5.0,
8.4 and 22.2GHz between 2012-10-21 and 2012-11-
07. The data were amplitude and phase calibrated
using standard procedures with the Astronomical Im-
age Processing System (AIPS, [14]) and imaged and
self-calibrated using DIFMAP [28].
In inset panel of Fig. 4 we present the image with

the highest dynamic range obtained from the obser-
vation at 5.0 GHz from 2012-10-29. The image has a

NGC 1275

IC 310
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41
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Zoom x 580 000

0.005 arcsec

1.9 pc

FIG. 4: Significance map (color scale) of the Perseus
cluster in gamma rays observed in the night of Novem-
ber 12/13th, 2012, with the MAGIC telescopes. The inset
shows the radio jet image of IC 310 at 5.0GHz obtained
with the European VLBI Network (EVN) on October 29,
2012. Contour lines (and associated to them color scale)
increase logarithmically by factors of 2 starting at three
times the noise level. The ratio of the angular resolution
between MAGIC and the EVN is 1:580 000. The figure is
reprinted from [6].

peak flux density of 77mJy/beam and a 1σ noise level
of 0.027mJy/beam. The restoring beam has a major
and minor axis of 4.97×1.24mas2 with the major axis
at a position angle of −8.5◦. It contains a total flux
density of Stotal = 109mJy, which we conservatively
assume to be accurate to 10%. The dynamic range
DR of the image, defined as the ratio of the peak flux
density to tripled noise level in the image is ≈ 950.
The angle θ of the radio jet to the line-of-sight can

be determined from Doppler boosting arguments for a
given jet speed β and spectral index α by considering
the ratio R of the flux density in the jet and counter-
jet:

R =

(

1 + β cos θ

1− β cos θ

)2−α

. (2)

Following [16] we use the DR as an upper limit for
the detection of a counter-jet. This gives us an upper
limit of θ:

θ < arc cos

(

DR1/(2−α)
− 1

DR1/(2−α) + 1

)

. (3)

Substituting DR in Eq. 2, assuming a flat spectral
index of α = 0 and β → 1, we obtain an upper limit
for the angle between the jet and the line-of-sight of
<
∼ 20◦.
Additionally, the extension of the projected one-

sided kpc radio jet of ∼ 350kpc measured at a wave-
length of 49 cm [29] yields an estimate of a lower limit
for the angle. De-projecting the jet using the upper
limit quoted above would results in a lower limit of the
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jet length of ∼1Mpc. Radio galaxies typically show
jets extending up to 150 kpc-300kpc [24]. The max-
imal length of radio jets has been measured to be a
few Mpcs which corresponds to an angle of ∼ 5− 10◦

in the case of IC 310. Smaller angles would rapidly
increase the de-projected length of the jet to values
far above the maximum of the distribution of the jet
lengths.

III. INTERPRETATION

GeV and TeV gamma-ray emission from blazars and
radio galaxies is often explained in terms of shock-in-
jet models. Charged particles are accelerated in an
active region moving along the jet. Causality con-
dition provides that the variability time scale of the
observed emission can be used to constrain the size of
the emission region.
A conservative estimate of the shortest variability

time scale in the frame of reference of IC 310 yields
∆t/(1 + z) = 4.8 min. Using the best mass estimate
of IC310 black hole this measurement corresponds to
20% of the light travel time across the event hori-
zon. Even allowing for the factor 3 uncertainty in
the mass the fraction, 60%, is still below one. The
ultrafast variability casts a shadow of doubt on the
current shock-in-jet paradigm. The moving shock
plasma leads to a shortening of the observed variabil-
ity time scale ∆t compared with the variability time
scale ∆t′ in a frame comoving with the shock given by
∆t = (1 + z)δ−1∆t′. This effect is often used to ex-
plain ultrafast variability from blazars [1, 2] in which
δ can be nearly arbitrarily large providing that the
jet moving with large Lorentz factor is observed at a
very small angle. In the case of IC 310 however the es-
timation of the observation angle 10◦ − 20◦ obtained
from the radio observations constrain the maximum
Doppler factor to be <

∼ 6.
All of these attempts to explain the sub-horizon

scale variability with relativistic projection effects
alone encounter a fundamental problem [20]. If the
perturbations giving rise to the blazar variability are
injected at the jet base, the time scale of the flux vari-
ations in the frame comoving with the jet is affected
by time dilation with Lorentz factor Γj. In blazars
where δ ∼ Γj, the Lorentz factor cancels out, and the
observed variability time scale is ultimately bounded
below by ∆tBH.
Additionally, a very high value of the Doppler

factor is required to avoid the absorption of the
TeV gamma rays due to interactions with low-
energy synchrotron photons. Such synchrotron
photons are inevitably produced together with
the gamma rays in the shock-in-jet scenario. The
optical depth to pair creation by the gamma
rays can be approximated by τγγ(10 TeV) ∼

300 (δ/4)
−6

(∆t/1 min)
−1 (

Lsyn/10
42 erg s−1

)

.

Adopting, conservatively, a non-thermal infrared lu-
minosity of ∼ 1% of the gamma-ray luminosity during
the flare, the emission region would be transparent to
the emission of 10 TeV gamma rays only if δ >

∼ 10.

In summary, trying to interpret the IC 310 flare in
the framework of the shock-in-jet model meets diffi-
culties. Alternative models can involve stars falling
into the jet [8, 9], mini-jet structures within the jets
[13] or magnetospheric models [10, 17, 21, 26]. In the
case of IC 310 star-in-jet model cannot provide suf-
ficient luminosity to explain the TeV flare [6]. Also
jets-in-jet models suffer from rapidly dropping lumi-
nosity at larger observation angles [6]. Moreover the
magnetic reconnection which can led to production of
such mini-jets is expected to occur in the main jet
rather at larger distances from the black hole.

In magnetospheric models, particle acceleration is
assumed occur in electric fields parallel to the mag-
netic fields. This mechanism is common to the
particle-starved magnetospheres of pulsars, but it
could also operate in the magnetospheres anchored to
the ergospheres of accreting black holes (see Fig. 5).
Electric fields can exist in vacuum gaps when the
density of charge carriers is too low to cause their
shortcut, i.e. below the so-called Goldreich-Julian
charge density. Electron-positron pairs in excess of
the Goldreich-Julian charge density can be produced
thermally by photon-photon collisions in a hot accre-
tion torus or corona surrounding the black hole. It
has also been suggested, that particles can be injected
by the reconnection of twisted magnetic loops in the
accretion flow [22]. A depletion of charges from ther-
mal pair production is expected to happen when the
accretion rate becomes very low. In this late phase
of their accretion history, supermassive black holes
are expected to have spun up to maximal rotation.
Black holes can sustain a Poynting flux jet by virtue of
the Blandford-Znajek mechanism [11]. Jet collimation
takes place rather far away from the black hole, i.e.
at the scale of the light cylinder beyond ∼ 10rg. Gaps
could be located at various angles with the jet axis
corresponding to the polar and outer gaps in pulsar
magnetospheres leading to fan beams at rather large
angles with the jet axis. As the gap height and seed
particle content depend sensitively on plasma turbu-
lence and accretion rate, the gap emission is expected
to be highly variable. For an accretion rate of ∼ 10−4

of the Eddington accretion rate and maximal black
hole rotation, the gap height in IC 310 is expected to
be h ∼ 0.2rg [17] which is in line with the variability
times seen in the observations. Depending on the elec-
tron temperature and geometry of the radiatively inef-
ficient accretion flow, its thermal cyclotron luminosity
can be low enough to warrant the absence of pair cre-
ation attenuation in the spectrum of gamma rays. In
this picture, the intermittent variability witnessed in
IC 310 is due to a runaway effect. As particles accel-
erate to ultrahigh energies, electromagnetic cascades
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FIG. 5: Scenario for the magnetospheric origin of the
gamma-rays: A maximally rotating black hole with event
horizon rg (black sphere) accretes plasma from the cen-
ter of the galaxy IC 310. In the apple-shaped ergosphere
(blue) extending to 2rg in the equatorial plane, Poynting
flux is generated by the frame-dragging effect. The rota-
tion of the black hole induces a charge-separated magne-
tosphere (red) with polar vacuum gap regions (yellow). In
the gaps, the electric field of the magnetosphere has a com-
ponent parallel to the magnetic field accelerating particles
to ultra-relativistic energies. Inverse-Compton scattering
and intense pair production due to interactions with low-
energy thermal photons from the plasma accreted by the
black hole leads to the observed gamma rays. The figure
is reprinted from [6].

develop multiplying the number of charge carriers un-
til their current shortcuts the gap. The excess parti-
cles are then swept away with the jet flow, until the
gap reappears.

IV. CONCLUSIONS

Radio galaxies and blazars with very low accretion
rates allow us to obtain a glimpse of the jet forma-
tion process near supermassive black holes. Observa-

tions of IC 310 performed with the MAGIC telescopes
showed variability with time scale below 5min, shorter
than the light crossing time of the event horizon of its
black hole. The commonly used in AGNs shock-in-
jet models have troubles to explain such emission. A
plausible explanation involves emission from vacuum
gaps in the magnetosphere of IC 310. Interestingly,
such explanation invite to explore analogies with pul-
sars where particle acceleration takes place in two
stages. In the first stage, particle acceleration occurs
in the gaps of a charge-separated magnetosphere an-
chored in the ergosphere of a rotating black hole, and
in a second stage at shock waves in the force-free wind
beyond the outer light cylinder.
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[7] J. Aleksić, et al., arXiv:1409.5594 (2014)
[8] M. V. Barkov, F. A. Aharonian, V. Bosch-Ramon,

ApJ 724, 1517 (2010).
[9] W. Bednarek, R. J. Protheroe, MNRAS 287, L9

(1997).
[10] V. S. Beskin, Y. N. Istomin, V. I. Parev, SOVAST

36, 642 (1992).
[11] R. D. Blandford, R.L. Znajek, MNRAS 179, 433

(1977).
[12] A. Domı́nguez, et al., MNRAS 410, 2556 (2011).
[13] D. Giannios, D. A. Uzdensky, M. C. Begelman, MN-

RAS 402, 1649 (2010).
[14] E. W. Greisen, Information Handling in Astronomy -

Historical Vistas 285, 109 (2003).
[15] K. Gültekin, et al., ApJ 698, 198 (2009).
[16] M. Kadler, et al., A&A 538, L1 (2012).
[17] A. Levinson, F. Rieger, ApJ 730, 123 (2011).

[18] M. L. Lister, et al., AJ 146, 120 (2013).
[19] G. K. Miley, Annu. Rev. Astron. Astrophys. 18, 165

(1980).
[20] R. Narayan, & T. Piran, MNRAS, 420, 604 (2012).
[21] A. Neronov, F. A. Aharonian, ApJ 671, 85 (2007).
[22] A. Y. Neronov, D. V. Semikoz, I. I. Tkachev, New

Journal of Physics 11, 065015 (2009).
[23] A. Neronov, D. Semikov, I. Vovk, A&A 519, L6

(2010).
[24] M. J.Neeser, S. A. Eales, J. D. Law-Green, ApJ 451,

76 (1995).
[25] T. A. Rector, J. T. Stocke, E. S. Perlman, ApJ 516,

145 (1999).
[26] F. M. Rieger, K. Mannheim, A&A 353, 473 (2000).
[27] M. Ryle, M. D. Windram, MNRAS 138, 1 (1968).
[28] M. C. Shepherd, T. J. Pearson, G. B. Taylor (1994),

vol. 26, pp. 987-989.
[29] D. Sijbring, A. G. de Bruyn, A&A 331, 901 (1998)
[30] R. Zanin, et al., Proc. to the 33rd ICRC, Id. 0773,

Rio de Janerio, Brazil (2013).

eConf C141020.1

196



ar
X

iv
:1

50
2.

02
01

9v
1 

 [
as

tr
o-

ph
.H

E
] 

 6
 F

eb
 2

01
5

5th Fermi Symposium : Nagoya, Japan : 20-24 Oct, 2014 1

The Extreme Gamma-Ray Blazar S5 0716+714: Jet Conditions from
Radio-Band Variability and Radiative Transfer Modeling
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University of Michigan, Ann Arbor, MI 48109 USA
S.G. Jorstad, A.P. Marscher, V. Bala
Institute for Astrophysical Research, Boston University, Boston, MA 02215 USA
T. Hovatta
Aalto University Metsähovi Radio Observatory, Metsähovintie 114, 02540 Kylmälä, Finland

As part of a program to identify the physical conditions in the jets of γ-ray-flaring blazars detected by Fermi, in-

cluding the role of shocks in the production of high-energy flaring, we obtained 4 years of 3-frequency, centimeter-

band total flux density and linear polarization monitoring observations of the radio-bright blazar S5 0716+714

with the University of Michigan 26-m paraboloid. Light curves constructed from these data exhibit a series

of rapid, high-amplitude, centimeter-band total flux density outbursts, and changes in the linear polarization

consistent with the passage of shocks during the γ-ray flaring. The observed spectral evolution of the radio-band

flares, in combination with radiative transfer simulations incorporating propagating shocks, was used to con-

strain the shock and jet flow conditions in the parsec-scale regions of the jet. Eight forward-moving, transverse

shocks with unusually-strong shock compression factors, a very fast Lorentz factor of the shocks of 77, a bulk

Lorentz factor of the flow of 20, a viewing angle of 12◦, and an intrinsic opening angle of the radio jet of 5.2◦

were identified.

1. Overview

Recent work to localize the site of the GeV emission
from blazars using radio-band imaging data has iden-
tified a close temporal correlation between activity in
the 43 GHz core, a physical region associated with
a standing shock [1], and flaring in the γ-ray band
[2], while evidence for enhanced centimeter-band ac-
tivity during γ-ray flaring has been found for large
source samples [3]. Such results support the notion of
a common disturbance for the production of both the
radio-band and γ-ray activity and the localization of
the γ-ray flaring in the parsec-scale region of the jet
during at least some flares, e.g. [4]. Hence radio-band
linear polarization and total flux density data can be
used to probe the physical conditions at or near to the
γ-ray emission site under the assumption that γ-ray
flaring originates in the parsec-scale jet.

The role of shocks in the production of optical-to-
radio-band flaring has been widely accepted since the
1980s, and it has been a commonly-cited mechanism
for particle acceleration to γ-ray energies in recent
work [5]. However, few detailed studies have been
carried out to identify the presence of shocks during
γ-ray flares and to determine their role in the produc-
tion of γ-ray flaring. Comparison of simulated light
curves based on radiative transfer calculations incor-
porating the shock paradigm with radio-band total
flux density and linear polarization variability obser-
vations can be used to identify the properties of shocks
(strength, orientation, and sense) and to constrain jet
flow conditions. The latter include the bulk motion of
the flow, the viewing angle of the jet, the intrinsic jet
opening angle, and the degree of order of the magnetic
field. While time-intensive, modeling has the advan-

tage of disentangling complex effects, including rela-
tivistic aberration and Doppler boosts, and is prefer-
able to indirect methods based on simple assumptions
and the combining of unmatched properties. While
useful in obtaining statistical results to delineate pa-
rameter space, such procedures can lead to erroneous
results for individual sources, in particular where the
flow conditions are extreme (fast) and the shocks are
strong.
The intermediate-spectral-peaked (ISP) object S5

0716+714 is both radio and γ-ray bright, and it
has exhibited a history of intense variability across
the spectrum, including detection in the TeV band,
making it well-suited for application of the shock
paradigm. To attain this goal, we carried out in-
tensive monitoring of the linear polarization and to-
tal flux density with the University of Michigan 26-
m telescope (hereafter UMRAO) at three frequencies
(14.5, 8, and 4.8 GHz) during 2008.5 through 2012.5.
These data, complemented by millimeter VLBA imag-
ing data at 43 GHz, which probes structural changes
in the inner jet of this highly core-dominated source,
are modeled here.

2. The Data

2.1. Historical Variability at Radio Band
and at GeV Energies

Centimeter-band total flux density (S) and linear
polarization (LP) observations of the γ-ray-bright BL
Lacertae object 0716+714 were obtained from the
early 1980s through 2012.5 as part of the Univer-
sity of Michigan (UMRAO) variability program. Such
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Figure 1: Multi-decade total flux density light curve for
0716+714. The data at 14.5, 8, and 4.8 GHz are denoted
by crosses, circles, and triangles respectively.

long-term data are useful for placing the observa-
tions during the Fermi era in context. Two-week-
averaged long-term total flux density measurements,
shown in Figure 1, illustrate nearly continuous ac-
tivity over 3.5 decades of monitoring. The ampli-
tude of the total flux density exhibited a minimum
near 0.3 Jy in the mid 1990s during the operation
of EGRET aboard the Compton Gamma Ray Obser-
vatory (CGRO). The source was within the EGRET
field of view several times in the 1990s, and 5 detec-
tions with

√
TS ≥3.5 (≥3σ determinations) are listed

in the Third EGRET Catalog [6]. These occurred
at Viewing Periods with midpoints 1992.05, 1992.19,
1992.46, 1993.55, & 1995.14. The peak centimeter-
band total flux density amplitudes were considerably
lower than those in the Fermi era, and these EGRET
detections occurred during centimeter-band outburst
phases which ranged from onset to radio-peak. The
characteristic behavior of the centimeter-band vari-
ability is notably different after 2002. Thereafter high-
amplitude, rapid flaring commenced which has been
particularly intense and sustained since the launch of
Fermi.

2.2. Variability Since the Launch of Fermi

A blow-up of the UMRAO total flux density and lin-
ear polarization data since mid-2008 and the weekly-
binned γ-ray photon flux light curve in the 0.1–200
GeV band is shown in Figure 2. The photon fluxes
(panel 1) were obtained using ScienceTools–v9r27p1
and P7SOURCE V6 event selection. The LAT data
were extracted within a 10◦ region of interest (ROI)
centered upon the position of the target. These used
an unbinned likelihood analysis (tool gtlike) to deter-
mine the photon fluxes by including in the model all of

the sources within 15◦ of the target and by freezing the
spectral index of all sources to the value in the 2FGL
catalogue. Daily-averaged UMRAO centimeter-band
data are shown in panels 2-4. With the higher sam-
pling attained since the launch of Fermi, the indi-
vidual radio-band flares comprising an outburst are
resolved during each activity phase; sufficient reso-
lution in the data is an important requirement for
identifying the number of individual flares within an
outburst envelope and is used to set the number of
shocks. The linear polarization is shown in panels 3
and 4 in the form of fractional linear polarization and
electric-vector position angle (EVPA). There is a 180◦

ambiguity in the determination of the UMRAO EV-
PAs, and our convention is to restrict the UMRAO
EVPA values to lie in the range of 0◦ - 180◦. In this
plot, however, we have allowed the range to be slightly
larger to minimize the occurrence of apparent jumps.

VLBA imaging data provide important additional
constraints in the analysis of the variability in this
source. Source-integrated 15 GHz data from the
MOJAVE website (http://www.physics.purdue.edu:
orange squares) and core fluxes obtained from
the BU blazar program, VLBA-BU-BLAZAR,
(http://www.bu.edu/blazars/VLBAproject.html)
providing monthly data at 43 GHz are included in
this figure. The agreement between the 15 GHz
MOJAVE imaging data and the 14.5 GHz source-
integrated UMRAO measurements confirms that
there is no significant contribution from extended
VLA-scale structure to either the total or polarized
flux. The redshift for this source is not known
directly from spectroscopic measurements. However,
adopting a value of 0.3 has led to a maximum appar-
ent component speed of ≥40c based on the analysis
of 5 moving MOJAVE components, and a change
in the 15 GHz projected inner jet position angle in
late 2009-early 2010 is identified from the structural
changes with time [7]. A preliminary analysis of
the 43 GHz VLBA monitoring data obtained in the
Boston University Blazar program identified complex
structural changes in the inner jet region and both
stationary and moving jet components; 3 of the
component ejections (times at which the feature
separated from the core) were temporally-associated
with γ-ray flares during the time window presented
[8]. Comparison of the amplitudes and variations in
the millimeter and centimeter band gives a measure
of the opacity between the respective emission sites
and a fiducial location in the jet flow since the 43
GHz ‘core’ is associated with a physical feature in the
flow. The fact that both the linear polarization and
the total flux density measurements characteristically
track at 15 and 43 GHz suggests that either the 43-15
GHz emission region is optically thin during this time
window, or that the emission sites are spatially close
to each other.

Cross-correlations of the fluxes from ground-based
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Figure 2: The γ-ray and centimeter-band total flux
density and linear polarization light curves: May 13,
2008 through June 12, 2012. From bottom to top: (panel
1) the weekly-binned γ-ray light curve in units of
photons/s/cm2 x 10−7, and (panels 2-4) radio-band total
flux density, fractional linear polarization (P%), and
electric vector position angle (EVPA) shown as
daily-averaged data. Core fluxes at 43 GHz from the
Boston University program (magenta squares) and
source-integrated 15 GHz MOJAVE VLBA data (orange
squares) are included.

and satellite instruments at a variety of wavebands
have been carried out for segments of the data sets in
a number of recent papers, e.g. [9], and characteris-
tic time scales identified using structure functions and
periodograms [10]. This work identifies complex rela-
tionships which are overall consistent with the produc-
tion of flaring by a common disturbance which prop-
agates outward in the jet with time. The matching of
individual total flux density flares in the radio and γ-
ray light curves, however, is complicated by the pres-
ence of nearly continuous activity in the radio-band
in the post-launch time-period, intrinsic difference in
the doubling time for flaring in the two bands, and by
geometric effects, e.g. [11], including changes in jet
orientation with time and jet curvature.

3. Radiative Transfer Modeling

The framework and assumptions adopted in the
radiative transfer modeling are detailed in [12].
We adopt a scenario in which propagating shocks
pass through a region of the jet containing a
predominantly-turbulent, passive magnetic field; the
support for the presence of a turbulent magnetic field
comes from the UMRAO result for hundreds of sources
showing low levels of fractional polarization (typi-
cally a few percent) on timescales of decades, and
no evidence for the high values (P>20%) of the frac-
tional linear polarization in the parsec-scale domain
predicted by some models. Such high fractional lin-

Table I Shock Parameters

Shock 1 2 3 4 5 6 7 8

To-2000 0.85 08.9 09.8 10.15 10.6 11.2 11.4 11.8

κ 0.18 0.18 0.18 0.2 0.17 0.2 0.27 0.25

ear polarizations might be expected for isolated re-
gions of highly-ordered magnetic field, e.g. as found
in some jet components from VLBI polarimetry ob-
servations, but not in the underlying quiescent flow.
While the magnetic field is predominantly turbulent
in our model, an additional ordered axial magnetic
field component was initially included in the model-
ing to reproduce the stable EVPAs observed in UM-
RAO sources during the relatively-rare time windows
of quiescence, but early modeling revealed that this
axial magnetic field can have a significant effect on
the simulated light curves and that higher values than
the initially-adopted value of 2% in magnetic energy
were required to match the data. The value of the ax-
ial magnetic field is one of the parameters determined
by the modeling. The shocks compress the plasma in
the emission region, increasing the emissivity and pro-
ducing an increase in the degree of order of the mag-
netic field. The signature of the passage of a shock
in the light curves is an outburst in total flux den-
sity, an increase in the fractional linear polarization,
and an ordered swing in the EVPAs, and it is the
spectral evolution with time in both the linear polar-
ization and the total flux density which constrains our
models. The number of shocks used in the simulation
is established from the structure apparent in the to-
tal flux density and linear polarization light curves,
combined with the expected burst profile for a sin-
gle shock [12]. The shocks are allowed to be oriented
at an arbitrary direction relative to the jet flow and
are specified by two angles. The angle η, the shock
obliquity, specifies the angle relative to the direction
of the upstream flow. A second angle specifies the
azimuthal direction of the shock normal, but as dis-
cussed in [12], the simulation is relatively insensitive
to the choice of the value for this free parameter. For
simplification it is assumed that the shock occupies
the cross section of the flow and propagates at a con-
stant rate.The attributes which specify a shock are its
onset time, length, compression factor, sense (forward
or reverse), and orientation.

4. Modeling Results for 0716+714: Shock
and Flow Parameters

The iterative procedure used for the analysis is il-
lustrated in [13] which presents details and results
for events modeled in three additional γ-ray-bright
blazars, and the sensitivity of the model to changes in
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the values for the key model parameters is examined
in [14]. An initial shock obliquity was chosen based
on the changes in the UMRAO EVPA light curves.
In this source swings through approximately 90◦ oc-
curred, consistent with the passage of a shock whose
front is transverse to the jet axis. By assumption all
of the shocks during the activity modeled have the
same orientation. The length of each shock (defined
as the evolved extent of the shocked flow) was set at
0.005 times the length of the flow. The shock sense
was found to be forward moving; we explored the pos-
sibility of reverse shocks, but these led to inconsisten-
cies with results based on VLBI measurements. The
individual start times and compression factors (κ) re-
quired to reproduce the spectral and temporal vari-
ability are listed in Table I for each shock. Typical
compressions for other γ-ray-flaring sources are 0.5
- 0.8, and the shocks in 0716+714 require unusually
strong compressions as suggested by the very rapid
rises in the light curves.

Parameters specifying the jet are given in Table II.
The value of the optically-thin spectral index α (S∝
ν−α) was set to 0.25 based on the rather flat total
flux density spectra in general in the UMRAO sources,
and the fiducial ‘thermal’ Lorentz factor of the energy
spectrum was arbitrarily set to 1000 at 8 GHz. The
model assumes a power law distribution of the radi-
ating particles with cutoff γi. The low energy cutoff,
determined to be 50 in this source, was constrained
primarily by the EVPAs. The bulk Lorentz factor
was determined from the observed P%; the derived
value of 20 is high compared to the values in the range
5-10 determined for our other modeled sources, but
is consistent with the high values of βapp determined
from VLBI measurements for the fastest components.
The flow viewing angle is determined primarily by
the observed fractional linear polarization but uses
the observed EVPA and the range of its change as
a secondary constraint. For comparison, typical val-
ues found from our modeling of other sources are in
the range 1.5◦ to 4◦, and our derived value of this
parameter is unusually high for a blazar. The ap-
parent component speed, βapp, is computed from the
shock Lorentz factor and the viewing angle. The shock
Lorentz factor, in turn, comes from the bulk Lorentz
factor of the quiescent flow and the shock strength
(compression factor).

The simulated light curves based on the shock and
jet parameters given in the tables are shown in Fig-
ure 3 right and the UMRAO data used as constraints
are shown in Figure 3 left. The scaling of time in the
model light curves is set by the duration of the ac-
tivity modeled, while the total flux density is scaled
to match the peak amplitude of the total flux density
at the highest UMRAO frequency, 14.5 GHz. Recall
that there are 180◦ ambiguities in the determination
of the EVPAs. Hence in the comparison of the data
and the model only the range of the swings should be

considered and not the values. The shock onsets are
marked along the abscissa of the lower panel of the
left plot. These mark the times at which the leading
edge of the shock enters the flow, and they do not cor-
respond to times at which the brightness centroids of
new VLBI components cross those of the stationary
‘core’. Those times, based on the 43 GHz data, are
also indicated in the figure.

4.1. Deviations between the Model and
the Data

While the model is able to reproduce the general
character of the variability, including the spectral be-
havior as a function of time, the amplitude range of
the total flux density flares, and the global event shape
and the position of features, there are some important
differences between the observed and simulated light
curves which indicate that refinements to the model
are required. Geometric effects have been cited in a
number of papers, and an association between changes
in the inner jet PA at 43 GHz and with γ-ray ac-
tivity is proposed in [15]. These would be expected
to affect the character of the total flux density light
curves which are successfully reproduced in terms of
the amplitude range and the spectral behavior with
time. More difficult to account for are the differences
between the observed and simulated fractional linear
polarization. Refinements to the model are required
to reproduce the spectral character of the 8 GHz po-
larimetry data, especially during shocks 2 through 5.
Further, in the early part of the simulation, the val-
ues of P% are too high at all three frequencies (e.g.
at 4.8 GHz 10 versus 5). Modifications which we hope
to explore in future work in an effort to improve the
fit of the model include allowing for a range of shock
obliquities in the simulation and including a modest
contribution from an additional ordered (possibly he-
lical) magnetic field component.

5. Discussion and Conclusions

Radiative transfer modeling of the UMRAO data
incorporating 8 forward-moving shocks is able to re-
produce the primary features of the spectral variabil-
ity in both total flux density and linear polarization
in 0716+714. The modeling identifies a high bulk
Lorentz factor of the flow, consistent with prior re-
sults, a wide intrinsic jet opening angle compared with
other blazars [13] and unusually strong shock com-
pressions. The apparent speeds of the emission pat-
tern are high, but less than the Lorentz factor since
the observer lies outside of the critical cone of the fast
flow. The viewing angle, a parameter which is very
well constrained by both the linear polarization and
the total flux density measurements, is higher than
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Figure 3: Left: Observed total flux density and linear polarization for the time segment modeled. The symbol
convention follows Figure 1. The MOJAVE source integrated values are included for comparison. In panel 2 the error
bars are omitted for clarity. The upward arrows along the abscissa of the lower panel (Flux) mark the shock start
times. The downward arrows along the top of this panel mark the component separation times from new model-fitting
of the 43 GHz VLBA data. Right: Simulated total flux density and linear polarization light curves based on the shock
and jet parameters given in the text. Time is expressed in arbitrary units using 20 time steps over the time window
modeled. The three frequencies are color and symbol coded to match the convention adopted for displaying the data.

found for the outbursts which we modeled in other γ-
ray-bright sources. These results are consistent with
the impression from the light curves alone that the jet
conditions in this source are extreme.
The fact that the 43 GHz VLBA and 14.5 GHz mon-

itoring data in both the linear polarization and the to-
tal flux density track so well during the γ-ray flaring
is unusual compared to other blazars. The modeling
identifies that the radio-band emission originates in
a partially optically-thick part of the jet, and this re-
sult rules out the optically thin scenario suggested as a
possible explanation to explain the tracking of the mil-
limeter and centimeter-band flux and linear polariza-
tion data. The millimeter and centimeter-band data,
combined with the modeling, support an interpreta-
tion of spatially-close centimeter and millimeter-band
emission sites. The localization of the γ-ray site rel-
ative to the 43 GHz core region remains a controver-
sial issue. The variability in this source is complex,
and the broadband data exhibit time-dependent be-
havior which complicates attempts to establish signif-
icant correlations. These may arise from a complex
mix of changing physical conditions within the jet,
geometric effects, and more than one γ-ray emission
site. The correlations identified are consistent with
the production of at least some γ-ray flares within the
parsec-scale radio jet, and the modeling provides rel-
evant source parameters for those γ-ray flare events.
This work illustrates the importance of multifre-

quency linear polarization monitoring data. They
have the power to directly probe the magnetic field
direction and degree of order in blazars and to pro-
vide relativistic jet flow and shock properties which

Table II Jet Parameters

PARAMETER VALUE

Spectral Index 0.25

Fiducial Lorentz Factor 1000

Cutoff Lorentz Factor 50

Bulk Lorentz Factor 20

Jet Opening Angle 5.2◦

Viewing Angle 12.0◦

Shock Lorentz Factor 77

Shock βapp 9.5c

Energy in the Axial B Field 36%

cannot be obtained directly from observations.
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Blazars show rapid and violent variabilities, which timescale are often less than a day. We stud-
ied intraday variations by applying a “shot analysis” technique to Kepler monitoring of blazar
W2R 1926+42 in Quarter 14. We obtained a mean profile calculated from 195 rapid variations.
The mean profile shows three components; one is a sharp structure distributed within ±0.1 day of
the peak, and two slow-varying components. This spiky-peak component reflects features of rapid
variations directly. The profile of peak component shows an exponential rise and decay of which
timescales are different, 0.0416 and 0.0588 day respectively. This component is too sharp to repre-
sent a standard function which is often used to express blazar variations. This asymmetric profile
at the peak is difficult to be explained by a simple variation of the Doppler factor by changing a ge-
ometry of the emitting region. This result indicates that intraday variations arise from a production
of high-energy accelerated particles in the jet.

I. INTRODUCTION

Blazars have relativistic jets whose axes are closely
directed along their line of sight [4, 5]. Timescales of
brightness variations in blazars are related to sizes of
emitting regions and these speeds in relativistic jets.
Variations, however, have a variety of timescales from
minutes to decades. A power spectrum density (PSD)
of blazar shows a power-law distribution, which means
that variations of blazars show noise-like behaviors
[14]. These various brightness variations in blazars
can be happened by a variety of physical situations
in relativistic jets. The shorter-timescale variations
should be reflected to the physics of inner-emitting re-
gions of a jet. Thus, the study of short-timescale vari-
ations is important to investigate the origin of varia-
tion in blazar jets.

Blazars show rapid variations having a timescale of
less than 1 day. These rapid variations have been re-
ported in wide wavelengths from radio to gamma-ray
bands; in the radio [19], optical [7], X-ray [14], and
TeV gamma-ray bands [3]. The Fermi space telescope
has scanned the entire gamma-ray sky every hours,
and detected a lot of large-amplitude variations as
flares [2, 17, 22]. Detected flares in the gamma-ray
band often continued for less than 1 day, and had a
variety of shapes, not only a simple rise and decay. We
need higher time-resolution and photon-statistics ob-
servations to study the detailed feature of rapid vari-
ations.

An optical continuous monitoring of blazar
W2R 1926+42 with a high time-sampling rate by Ke-

pler spacecraft [6] detected a lot of rapid variations.
Its light curve revealed detailed shapes of numerous
variations with large signal-to-noise ratio. We report
general features of rapid variations having a timescale
less than 1 day by stacking these detected variations,
and producing a mean profile of rapid variations, so-
called shot analysis. This paper is organized as fol-
lows. Details of Kepler observation and the way of
shot analysis are described in section 2. Observational
results and features of the mean profile of rapid vari-
ations are reported in section 3. We discuss an origin
of rapid variations of the object in section 4, and sec-
tion 5 gives several concluding remarks.

II. OBSERVATION AND ANALYSIS

A. Kepler data

Kepler monitored over a hundred thousand ob-
jects in Cygnus regions, and obtained continuous light
curves with two timing settings, long (thirty-minute)
or short (one-minute) cadences. Blazar W2R 1926+42
is listed in Kepler target list. It has been obtained
a continuous light curve with the long cadence since
Quarter 11. In Quarter 14, the object had been moni-
tored in the short cadence mode for 100 days. We pro-
duced the calibrated “SAP FLUX” light curve with
one-minute time resolution by the automated Kepler

data processing pipeline [13].

W2R 1926+42 is classified as a low-frequency
peaked BL Lac object at z = 0.154 estimated from
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two absorption lines [9]. Edelson et al. reported that
there were numerous flares with timescales as short as
a day in the Kepler light curve of Quarter 11 and
12 [10]. The PSD calculated from the light curve
showed approximately a power-law distribution, but
not simple. It showed a flattening at frequencies be-
low 7×10−5 Hz.

B. Shot analysis

Frequency-domain analyses (e.g. PSD) are not easy
to relate with physical mechanisms directly. On the
other hand, time-domain analyses keeping phase in-
formation of variations can be useful for studying
physical mechanisms of variation. We need, however,
large photon statistics to study variations with these
time-domain analyses, because it is difficult to study
detailed features of variations by using only partial
data with observational uncertainty. Additionally, ob-
served variations in blazars usually have a variety of
shapes. Thus, it is difficult to understand general fea-
tures of variations in blazars by studing only individ-
ual variations.
We apply the light curve of W2R 1926+42 obtained

by Kepler to a shot analysis proposed by Negoro et al.
to study the general features of rapid variations with-
out local features of individual variations, because a
mean profile of rapid variations calculated by the shot
analysis can be cancelled the local features of individ-
ual variations [18]. We analyzed following procedures
to make a mean profile; First, we select rapid varia-
tions as candidates of shots. Second, we estimate the
observational uncertainty in the light curve. Then, we
select the rapid variations with four times larger am-
plitudes than the standard deviation of the observa-
tional uncertainty after subtracting the baseline com-
ponents. We define these variations as shots.
There are two possibilities for varying the observed

brightness, intrinsic variation of the object and vari-
ation by the observational uncertainty. It is natural
that the variation by the observational uncertainty is
dominant rather than the intrinsic variation in shorter
period, especially in the period between two observ-
ing points which lie next to each other. We estimate
the standard deviation σ of differences between two
neighboring points, and define σ as the observational
uncertainty, σ =17.15 count s−1.
Rapid variations are often superposed on long-term

variations in light curves of blazars [20]. We ap-
proximate a baseline component of rapid variation by
a second-order local polynomial fitting to the light
curve without the period of the rapid variation. We
subtract the calculated baseline component from the
light curve, and extract the rapid variation. We de-
tect a shot when the estimated amplitude of extracted
rapid variation without the contribution of the base-
line component is larger than our threshold, >4σ.

Additionally, the peak time of the shot is defined at
the time of the maximum flux among the period of
rapid variation after subtracting the baseline compo-
nent. We calculate a mean profile of detected shots
by stacking with reference to each peak.

III. RESULTS

Figure 1 shows an optical light curve of the object
obtained by Kepler. The object showed a violent vari-
ability with various timescales ranging from several
tens of minutes to over ten days, limiting for the obser-
vational uncertainty. In the light curve, there are not
only a large-amplitude long-term variation like from
JD 2456150 to 2456160, but also a lot of flare-like vari-
ations with timescale of hours. These rapid variations
existed throughout the entire period of this monitor-
ing. Figure 2 shows examples of rapid variations. We
range these rapid variations with reference to the peak
times of individual extrema. Figure 2 clearly shows
that these variations had a variety of shapes.
We detect 195 shots from the obtained light curve,

in pursuance of the definition of shot described in sec-
tion 2.2. We calculate a mean profile of these detected
shots by appling the shot analysis. Upper panel of
figure 3 shows the mean profile of shots without the
data at peak time, because positive fluctuations of the
counts at t = 0 are summed up systematically [18].
There are mainly three components at the mean pro-
file of shots shown in figure 3; a sharp component dis-
tributed in ±0.1 day of the peak time (component 1),
and slow-variable components ranging from −0.50 to
−0.15 day and from 0.10 to 0.45 day (component 2 and
3), respectively. An increase and decrease of flux in
component 1 are approximately exponential rise and
decay. Additionally, the profile at the peak is chang-
ing from rising to decaying phases for approximately
ten minutes.
If shot profiles change depending on selected ampli-

tudes of shots, the calculated mean profile does not
reflect to general features of shot. We verify whether
there is an amplitude dependence to the profile or not.
We separate detected shots in three terms based on
these amplitudes, 4–6σ, 6–8σ, and over 8σ, and cal-
culate mean profiles using selected shots. Although
calculated profiles show small differences caused by
the limited number of shot samples, the mean pro-
file of shots has no clear trend associated with these
amplitudes.
We estimate the systematic uncertainty of the ob-

tained mean profile of shots associated with limited
sampling by a non-parametric bootstrap approach.
First, we resample 195 shots with replacement from
detected shots, and calculate a mean profile from the
resampled 195 shots. We produce 10000 pseudo mean
profiles of shots following this procedure with differ-
ent resamplings. We normalize an average of each
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FIG. 1: Light curves obtained by Kepler spacecraft in Quarter 14. The object monitored for 100 d with one-minute time
resolution.

-0.4 -0.2 0.0 0.2 0.4

re
l. 

C
ou

nt
 r

at
e

Day

FIG. 2: Examples of rapid variations. These varia-
tions are ranged with reference to peak times of indi-
vidual extrema during the period of rapid variations.
From bottom to top, the peak times of rapid variations
are JD 2456134.84, 2456147.23, 2456147.91, 2456151.40,
2456152.15, and 2456153.04, respectively.

mean profile within ±1 day, and calculate standard
deviations in each time bin. The standard deviations
of normalized mean profiles can be regarded as the
systematic uncertainties associated with the sampling
of shots. The bottom panel of figure 3 shows calcu-
lated standard deviations. These deviations are rang-
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FIG. 3: A mean profile of detected shots. Upper panel
shows the mean profile of shots and bottom panel shows
the standard deviation estimated from a non-parametric
bootstrap method. See text for detail.

ing from 6 to 10 count s−1. Detected components from
1 to 3 in the mean profile of shots can be regarded as
the real phenomena, not the artificial ones caused by
the systematic uncertainty of the sampling of shots.
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Component 1 reflects general features of shots di-
rectly, because this component is distributed around
the peak time. First, we apply this exponential shape
of component 1 to a function proposed by Abdo et al.;

F (t) = F0 [e−t/T ′

r + et/T
′

d ]−1 + Fc, (1)

where T ′

r and T ′

d are variation timescales of rise and
decay phases, Fc represents a constant level underly-
ing the component 1, and F0 measures the amplitude
of the shot [1]. We evaluate its goodness of fit by χ2

test, χ2 =
∑

{Fdata(ti)− Fmodel(ti)}
2
. The χ2 of the

best fitted function is 2278 within ±0.1 day of the
mean profile to except contaminations of other com-
ponents. On the other hand, we apply an another
function;

F (t) =

{

F0 e−t/Tr + Fc, t < 0
F0 et/Td + Fc, t > 0,

(2)

where Tr and Td are e-folding times of rise and decay,
and Fc and F0 are the same in the case of function (1).
We also calculated the χ2 of this function, χ2=469.
Figure 4 shows the applied functions with the best
fitted parameters superposed on the mean profile and
its residuals. Although the function (1) shows obvious
residuals during the peak time in panels ”a” and “b”
of figure 4, the residuals in the case of function (2) are
suppressed shown in panels “c” and “d”. This indi-
cates that the mean profile is more spiky than the ex-
pected profile from function (1). Therefore, the good-
ness of fit of the function (2) is more plausible than
that of function (1) to represent the component 1 of
the mean profile.

We estimated the best-fitted parameters with a chi-
squared test. The mean profile, however, has a sys-
tematic uncertainty caused by the sampling of shots
as mentioned above. We applied the non-parametric
bootstrap approach to calculate the confidence level
with the same way to estimate the errors of calcu-
lated parameters. First, we calculated 10000 pseudo
mean profiles estimated from resamples with replace-
ment from detected shots. We calculated the best-
fitted parameters against individual pseudo profiles,
and estimated the confidence levels in these parame-
ters. In table 1, we show the best-fitted parameters of
function (2) to the mean profile and the ranges of 95 %
confidence levels. We applied the Wilcoxon rank-sum
test which was a non-parametric significance test (also
referred to as the Mann-Whitney U-test) to the dis-
tributions of Tr and Td calculated by the bootstrap
approach [15, 25]. We confirmed the difference be-
tween the Tr and Td, because the p-value was less
than 10−15. Therefore, the component 1 in the mean
profile of shots has an asymmetric profile.

TABLE I: Parameters of best-fitted function (2) to com-
ponent 1 of the mean profile of shots

Best value 95% confidence level

Tr (day) 0.0416 [0.0320, 0.0543]

Td (day) 0.0588 [0.0399, 0.0919]

F0 (count s−1) 76 [65, 88]

Fc (count s−1) 1508 [1484, 1537]
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FIG. 4: Best-fitted functions superposed on mean profiles
of shots. Panels “a” and “c” show a mean profile of shots
and the best-fitted functions (1) and (2). Panels “b” and
“d” show residuals between the mean profiles and the es-
timated best-fitted functions.

IV. DISCUSSION

We obtained the optical continuous light curve of
blazar W2R 19426+42 with one-minute time resolu-
tion by Kepler spacecraft. The object showed violent
variability and a lot of rapid variations with timescales
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less than a day. We detected 195 rapid variations
as shots of which amplitude were larger than 4σ af-
ter subtracting these baseline components, and ap-
plied to the shot analysis. The mean profile produced
from detected shots shows three components, one fast-
spiky (component 1) and two slow-varying compo-
nents. Component 1 shows an asymmetric profile,
faster-rise and slower-decay features with the spiky
but smooth-connected peak.
It is poorly understood whether rapid variations

are intrinsic phenomena or apparent one caused by
a geometrical changing in the jet. There are several
models that flux variations are explained as apparent
brightness variations, for example varying the Doppler
factor for changing the viewing angle [24] or grav-
itational lensing effect [8]. These models, however,
expect that the averaged variation profile is almost
symmetric in a simple situation, because the Doppler
factor should be changed symmetrically in the aver-
aged variation. In other words, the rise and decay
timescales should be equal. Estimated rise and decay
timescales of rapid variations, however, are different
described in section 3. Thus, these models can be
ruled out in the case of rapid variations. Thus, rapid
variations may come from authentic phenomena. It is
plausible that there is a particle acceleration during
the rapid variation, and then, higher-energy particles
increase in the emitting region of the variation.
The synchrotron cooling timescale τsyn is repre-

sented as, τsyn∼3.2×104B−3/2E−1/2δ−1/2 sec, where
B is a strength of magnetic field, E is an observed
energy band, and δ is the Doppler factor [21, 23]. If
the dissipation of high-energy particles in rapid vari-
ations is caused by the synchrotron cooling, τsyn in
the rest frame can be represented using the decaying
timescale Td, τsyn = δ Td/(1+z). We estimate δ of 5.8

from observed Td of the mean profile of shots, where
E is 2.25 eV and assuming B as 0.5 G which is typical
value among the gamma-ray detected BL Lac objects
[11]. The mean profile reflects common features of
rapid variations. Thus, the estimated δ should be a
typical value of inner regions where rapid variations
happen.

V. CONCLUSION

The optical continuous light curve with one-minute
time sampling obtained by Kepler revealed that the
mean profile of rapid variations almost showed ex-
ponential rise and decay. Rise and decay timescales
of shot profile, however, are different, and the profile
shows asymmetric profile. A particle acceleration pro-
cess can produce this asymmetric variations. There
are several scenarios which can explain the particle-
acceleration mechanism causing the rapid variations;
shock-in-jet scenario [16], magnetic reconnection sce-
nario [12]. The shot analysis is also feasible to
study the spectral feature of variations, because of
large signal-to-noise ratio. Unfortunately, Kepler per-
formed only one-band monitoring. Spectral and fur-
ther observational studies are needed to completely
understand the mechanism of rapid variations.
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During a search for gamma-ray emission from NGC 3628 (Arp 317), two new unidentified
gamma-ray sources, Fermi J1049.7+0435 and J1103.2+1145 have been discovered [15]. The de-
tections are made in data from the Large Area Telescope (LAT), on board the Fermi Gamma-
ray Space Telescope, in the 100MeV to 300GeV band during the period between 2008 August
5 and 2012 October 27. Neither is coincident with any source listed in the 2FGL catalogue
[17]. Fermi J1049.7+0435 is at Galactic coordinates (l, b) = (245.34◦, 53.27◦), (αJ2000, δJ2000) =
(162.43◦ , 4.60◦). Fermi J1103.2+1145 is at Galactic coordinates (l, b) = (238.85◦, 60.33◦),
(αJ2000, δJ2000) = (165.81◦, 11.75◦). Possible radio counterparts are found for both sources, which
show flat radio spectra similar to other Fermi LAT detected AGN, and their identifications are
discussed. These identification have been supoorted by snap-shot observations with the Australia
Telescope Compact Array at several epochs in 2013 and 2014,

I. INTRODUCTION

The Second Fermi LAT source catalog [17] includes
as many as 1,873 sources, but initial attempts to iden-
tify counterparts at other wavelengths resulted in 575
sources remaining unidentified. The 2FGL catalog is
based on the first 24 months of LAT observation since
its launch in 2008, but the LAT has now accumulated
more than 5 years of high-energy gamma-ray data al-
most flawlessly, presenting the possibility of finding
new sources which were too faint to be detected in
the first two years of data or showed flaring activity
after the catalog was created.
In this paper we report on two new gamma-ray

sources serendipitously discovered in the constella-
tion Leo and discuss possible conterparts based on ra-
dio observations including recent snap-shots with the
Australia Telescope Compact Array[23].

II. ANALYSIS

Our original aim was to search for gamma-ray emis-
sion from NGC 3628 (Arp 317), one of the three
galaxies called the ‘Leo Triplet’, for which possible
starburst activity has been reported based on XMM
observations [22]. Five years of archival data of
Fermi LAT has been analyzed using the Fermi Sci-
ence Tools supplied by Fermi Science Support Cen-
ter ([8], Fermi Science Tools v9r23p1). The energy
range used in the present analysis was from 100 MeV
to 300 GeV. ‘Source’ class events detected at zenith
angles smaller than 100◦ were used for analysis, as-
suming ‘P7SOURCE V6’ instrument response func-

tion along with the standard analysis pipeline sug-
gested by FSSC. The significance of gamma-ray signal
has been estimated by maximum likelihood method
with a help of the gtlike program (which we used
in the binned mode) included in the tools. The data
periods for this studies span from 2008 August 4 to
2012 October 27.

For NGC 3628 (Arp 317), the test statistic, TS,
returned by gtlike is consistent with zero, indicating
there is no evidence of gamma-ray emission. Thus we
calculated upper limits to gamma-ray flux from NGC
3628 of 1.4 (1.3)× 10−9 cm−2s−1, at 95% C.L., above
100MeV for the period 2008 August 4 to 2010 July 31
(2010 July 31 to 2012 October 27). This is translated
to gamma-ray luminosity upper limit of 2.5 (2.3) ×
1043 erg s−1 assuming the distance of 12Mpc which is
derived as the median of 8 measurements, which range
from 6.7 to 14.2Mpc [14].

During the study of NGC 3628, we noticed two
rather bright gamma-ray sources in the field of view
centered on NGC 3628 and within a radius of 15◦ [15].
They are not coincident with any source listed in the
2FGL catalogue [17] nor in the 3EG catalogue [11].
Figure 1 shows a gamma-ray countmap of this area.
The positions for these sources were estimated using
the gttsmap program which calculates the TS value
assuming an unknown source at various positions in
the field-of-view of interest, and the maximum TS val-
ues were obtained for positions shown in the Table
I. The errors of the positions are conservatively esti-
mated as the radius at which the TS value drops to
the half value.

Figures 2 and 3 show the time variation of gamma-
ray fluxes of the newly detected sources in half-year
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TABLE I: Best positions of new sources

Name αJ2000 (deg) δJ2000 (deg) ℓII (deg) bII (deg) error radius (arcmin)

J1049.7+0435 162.43 4.60 245.34 53.27 51

J1103.2+1145 165.81 11.75 238.85 60.33 66

FIG. 1: Gamma-ray countmap around the NGC 3628 re-
gion. The map is created in 0.1◦ grid and smoothed for
the data during 2008 August 05 to 2013 July 03. 2FGL
sources are annotated, and two new gamma-ray sources are
marked as ‘Unknown 1’ (J1103.2+1145) and ‘Unknown 2’
(J1049.7+0435).

bins. For these plots we added data until 2013 Oc-
tober 10. One can see in the first two years their
fluxes are below the detection threshold (TS < 25),
which is why they are not listed in the 2FGL catalog
based on data over the similar period [17]. The first of
our two sources has subsequently been detected in the
Fermi All-sky Variability Analysis [4] and catalogued
as 1FAV J1051+04.

III. DISCUSSION

The variability of both sources display at gamma-
ray energies suggests they are more likely to be
AGN than members of other populations of identi-
fied gamma-ray sources [16]. The gamma-ray spectral
indices are more consistent with those of flat spec-
trum radio quasars (FSRQs) than of BL Lac objects
[2]: FSRQs are on average found to be more variable
than BL Lac objects [2, 16].
Mattox et al. [12, 13] showed that (extragalactic)

gamma-ray sources were more likely to be associated
with brighter radio sources, and in particular those
sufficiently compact to be detectable in VLBI observa-
tions. Radio compactness is generally associated with
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FIG. 2: Time variation of gamma-ray flux of J1049.7+0435
in half-year bins for the period from 2008 August 5 to 2013
October 10. Triangles are upper limits (95% C.L.).
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FIG. 3: Time variation of gamma-ray flux of J1103.2+1145
in half-year bins for the period from 2008 August 5 to 2013
October 10. Triangles are upper limits (95% C.L.).
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a flatter radio spectrum, resulting from synchtrotron
self-absorption at lower frequencies, which is also a
characteristic of Fermi-detected AGN [1]. (Although,
as noted by, e.g., Ref. [7], radio spectral indices de-
termined from single dish observations are affected by
steeper-spectrum radio lobes in some sources, which
disguise the presence of a flat-spectrum radio core.)
We have, therefore, searched for potential counter-

parts in the Green Bank 6-cm (GB6 [9]) catalog and
determined spectral indices between 20 cm and 6cm
using the NRAO VLA Sky Survey (NVSS [6]) catalog.
The closest GB6 radio source to J1049.7+0435 is

GB6 J1050+0432, with an angular separation of 7 ar-
cmin. The source has a flux density of 99±10mJy at
4.8 GHz, and the corresponding 20 cm source, NVSS
J105010+043251, has a flux density of 101.2mJy,
yielding a spectral index α (where S ∝ ν+α) of
0.0. Two fractionally brighter GB6 sources have both
larger angular offsets and signficantly flatter spec-
tra: GB6 J1049+0505, 113mJy, 30 arcmin separation,
α=−0.8; GB6 J1051+0449, 101mJy, 29 arcmin sepa-
ration, α=−0.9. We note that the GB6 and NVSS
flux densities were made some years apart, and so
these spectral indices should be taken as representa-
tive values rather than absolute measurements. As
this declination range is also covered by the Parkes-
MIT-NRAO equatorial survey [10], we can compare
the GB6 value with that PMN J1050+0432, which
has a 4.8GHz flux density of 98±12mJy.
For J1105.2+1145, the closest GB6 source is GB6

J1103+1158, with an angular separation of 14 ar-
cmin. The source has a 4.8GHz flux density of
306±27mJy, with the corresponding 20cm source,
NVSS J110303+115816, having a flux density of
262.6mJy, resulting in a spectral index of 0.1. Other
relatively bright GB6 sources in the area are fur-
ther away and with steeper spectral indices: GB6
J1103+1114, 116mJy, 31 arcmin, α=−0.7; GB6
J1104+1103, 277mJy, 46 arcmin, α=−0.8. A Seyfert
1 galaxy, Mrk 728, is 0.89 deg from J1103.2+1145
and is not likely the counterpart. GB6 J1103+1158
corresponds to the quasar SDSS 110303.52+115816.5,
which lies at a redshift of 0.912 [20]. Furthermore, the
quasar has been detected in the VLBA Calibrator Sur-
vey VLBI observations [18], confirming the presence
of a compact core in this radio-loud AGN.
Catalogued radio positions and flux densities for the

two sources are tabulated in Table II.
We have additionally made snap-shot observations

of J1049.7+0435 and J1103.2+1145 (at their NVSS
positions) with the Australia Telescope Compact Ar-
ray at several epochs in 2013 and 2014, as part of an
on-going program to monitor gamma-ray sources [21]
with the measured flux densities are listed in Table
III. The observations at 17 GHz and 38 GHz were pre-
ceded by a pointing scan on a nearby bright compact
source to refine the global pointing model. Data were
processed in Miriad in the standard manner. Flux

density calibration was bootstrapped to the standard
ATCA flux density calibrator, PKS 1934−638. Errors
are conservatively estimated as 5% at lower frequen-
cies and 10% at highest frequencies, where these in-
clude statistical and systematic errors, with the latter
dominating.
GB6 J1050+0432 has brightened considerably, by

a factor of 2.7, since the GB6 and PMN observations
(which date back to the late 1980s and early 1990s),
and has an inverted spectrum with α ∼ 0.25, strength-
ening the case for an association with J1049.7+0435.
Note also the increased gamma-ray flux in the latest
half year (Fig.2).
GB6 J1103+1158 is a little fainter than the cata-

logued GB6 value, however the ATCA observations
confirm that the spectral index remains flat, at α ∼

−0.1, up to 38GHz. There is no evidence of signifi-
cant variability over the 4 months spanned by these
observations, however comparison with the GB6 flux
density indicates the presence of longer timescale vari-
ability.
We have also examined the ASDC Sky Explorer

(ASDC [5]) and NASA/IPAC Extragalactic Database
(NED [14]) for other possible counterparts, but we
did not find any good candidates nearer than radio
sources mentioned above.
In the light of the above facts, we tentatively iden-

tify both gamma-ray sources with the radio sources
mentioned above. Petrov et al. [19] make a detailed
consideration of the utility of radio observations in
finding counterparts to unidentified Fermi sources.
The associations proposed here would be strength-
ened by improved gamma-ray localisations, and/or ev-
idence of contemporaneous multi-wavelength flaring,
and, in the case of GB6 J1050+0432, with VLBI ob-
servations to determine whether the source contains a
compact, parsec-scale, radio core.

IV. CONCLUSIONS

A search for gamma-rays from NGC 3628 (Arp
317), for which possible starburst activity has been
reported, found no evidence for >100MeV emission.
However, two new GeV sources, Fermi J1049.7+0435
and J1103.2+1145, have been found near the Leo
Triplet region using Fermi-LAT archival data span-
ning 5 years. The fluxes for both sources increase over
the 5 yr period: thus they are not included in 2FGL
catalog. Their flux variability and spectral indices are
compatible with those of gamma-ray detected AGN.
Based on angular separation, radio flux density and
spectral index, we associate J1049.7+0435 with GB6
J1050+0432, and J1103.2+1145 with the quasar GB6
J1103+1158. Further multiwavelength studies are re-
quired to confirm these identifications.
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TABLE II: Possible radio counterparts,

Gamma-ray catalog RA (J2000) Dec (J2000) Radio flux

source (frequency) density (mJy)

J1049.7+0435 NVSS (1.4 GHz) 10 50 10.06 +04 32 51.3 101.2

GB6 (4.8 GHz) 10 50 08.6 +04 32 37 99

J1103.2+1145 NVSS (1.4 GHz) 11 03 03.55 +11 58 16.6 262

GB6 (4.8 GHz) 11 03 03.7 +11 58 20 306

TABLE III: ATCA radio observations (unit: mJy). See text for details.

Gamma-ray source Epoch 5.5 GHz 9.0 GHz 17 GHz 38 GHz

GB6 J1050+0432 2013 Oct 20 276 311 371

2014 Apr 7 430

2014 Sep 14 274 341 275 265

GB6 J1103+1158 2013 May 10 254 238 216 230

2013 Aug 20 254 245

2013 Sep 8 246 230

2014 Apr 7 237 265 173 147

2014 Sep 14 210 210 209 225
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We propose a model to explain the ultra-bright GeV gamma-ray flares observed from the blazar
3C454.3. The model is based on the concept of a relativistic jet interacting with compact gas
condensations produced when a star (red giant) crosses the jet close to the central black hole. The
study includes an analytical treatment of the evolution of the envelop lost by the star within the jet,
and calculations of the related high-energy radiation [16]. The model readily explains the day-long,
variable on timescales of hours, GeV gamma-ray flare from 3C454.3, observed during November 2010
on top of a weeks-long plateau. In the proposed scenario, the plateau state is caused by a strong
wind generated by the heating of the star atmosphere by nonthermal particles accelerated at the jet-
star interaction region. The flare itself could be produced by a few clouds of matter lost by the red
giant after the initial impact of the jet. In the framework of the proposed scenario, the observations
constrain the key model parameters of the source, including the mass of the central black hole:
MBH ' 109M�, the total jet power: Lj ' 1048 erg s−1, and the Doppler factor of the gamma-
ray emitting clouds, δ ' 20. Whereas we do not specify the particle acceleration mechanisms,
the potential gamma-ray production processes are discussed and compared in the context of the
proposed model. We argue that synchrotron radiation of protons has certain advantages compared
to other radiation channels of directly accelerated electrons.

I. INTRODUCTION

3C454.3 is a powerful flat-spectrum radio quasar
located at a redshift zrs = 0.859. This source is very
bright in the GeV energy range; during strong flares,
its apparent (isotropic) luminosity can reach Lγ >∼
1050 erg s−1 [e.g. 1, 2, 22, 23]. The mass of the central
black hole (BH) in 3C454.3 is estimated in the range
MBH ≈ (0.5 − 4) × 109M� [9, 12]. This implies an
Eddington luminosity LEdd ≈ (0.6− 5)× 1047erg s−1,
which is several orders of magnitude below Lγ . Al-
though the large gap within LEdd and Lγ is naturally
explained by relativistic Doppler boosting, the esti-
mates of the jet power during these flares appear, in
any realistic scenario, close to or even larger than the
Eddington luminosity [9].

The GeV emission from 3C454.3 is highly erratic,
with variability timescales as short as 3 hr, as re-
ported, in particular, for the December 2009 flare [2].
The most spectacular flare regarding both variability
and gamma-ray luminosity was observed in Novem-
ber 2010 by AGILEand Fermi/LAT[1, 23] telescopes.
During this high state, with the most active phase
lasting for 5 days, the apparent luminosity in GeV
achieved Lγ ≈ 2 × 1050 erg s−1. Around the flare
maximum, the rising time was tr ≈ 4.5 hr, and the
decay time, tf ≈ 15 hr. The detection of photons

with energies up to ≈ 30 GeV, the short variabil-
ity, and the contemporaneous X-ray flux constrain the
Doppler boosting of the emitter to δmin

>∼ 16 to avoid
severe internal γγ absorption in the X-ray radiation
field [1].

A remarkable feature of the gamma-ray emission
from 3C454.3 is the so-called plateau phase revealed
during the bright flare in 2010. It is characterized by
a long-term brightening of the source, a few weeks be-
fore the appearance of the main flare. Such plateau
states have been observed by Fermi/LATfor three
flares [e.g. 1, 2], with the plateau emission being about
an order of magnitude fainter than that of the main
flare.

Remarkably, the rapid gamma-ray variability of
3C454.3 is accompanied by an activity at lower en-
ergies. The simultaneous multiwavelength observa-
tions of the source during flares have revealed a strong
correlation with optical and X-rays. It has been in-
terpreted as evidence that the gamma-ray source is
located upstream from the core of the 43 GHz radio
source, which is at a distance z < few pc from the
central BH [see, e.g., 13, 14, 24].

Over the recent years, several works have attempted
to explain the flaring gamma-ray activity of 3C454.3
within the framework of the standard synchrotron self-
Compton (SSC) or external inverse-Compton (EIC)
models [9, 11, 15, 21]. In the SSC scenario, it is
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possible to reproduce the spectral energy distribu-
tion (SED) from optical wavelengths to gamma-rays.
In these models most of the jet power is (unavoid-
ably) carried by protons, and only a small fraction
is contained in relativistic electrons and the magnetic
field. The required proton-to-Poynting flux ratio of
Lp/LB ∼ 100 is quite large. Such a configuration
would be hard to reconcile, at least in the gamma-
ray emitting region close to the central BH, with an
undisturbed jet which is launched by the Blandford-
Znajek [8] type (BZ) process, in which the luminosity
of the jet is dominated by Poynting flux and the jet
consists of e±-pairs. In this regard we should men-
tion that recent relativistic magnetohydrodynamical
(MHD) simulations of jet acceleration yield much less
efficiency of conversion of the magnetic energy into
bulk motion kinetic energy; these calculations [17, 18]
predict a quite modest ratio (Lp + Le±)/LB

<∼ 4.

The jet-RG interaction (JRGI) scenario has been
invoked to explain the day-scale flares in the nearby
non-blazar type AGN M87 [6, 10], It has been ap-
plied also to the TeV blazar PKS 2155−304 [5] to
demonstrate that the jet-driven acceleration of de-
bris from the RG atmosphere can explain ultra-fast
variability of very high-energy gamma-ray emission
on timescales as short as τ ∼ 200 s. A distinct
feature of the JRGI scenario is the high magnetiza-
tion (LB/Lp,e � 1) of the relativistic flows located
at sub-parsec distances, where the gamma-ray pro-
duction supposedly takes place. Although the strong
magnetic field, B ≥ 10 G, dramatically reduces the
efficiency of the inverse Compton scattering of elec-
trons, it opens an alternative channel of gamma-ray
production through synchrotron radiation of protons
[3, 20]. The latter can be effectively realized only in
the case of acceleration of protons to the highest pos-
sible energies, up to 1020eV. Thus the second (some-
what “hidden”) requirement of this model is a very
effective acceleration of protons with a rate close to
the theoretical limit dictated by the classical electro-
dynamics [4].

It is interesting to note that also inverse Compton
models can be accommodated, at least in principle,
in the JRGI scenario. Moreover, unlike most of the
leptonic models of powerful blazars, in which the re-
quirement of a very low magnetic field, implying a de-
viation from the equipartition condition by orders of
magnitude, generally is not addressed and explained,
the JRGI scenario can offer a natural way for leptonic
models to be effective assuming that the gamma-ray
emission is produced through the inverse Compton
scattering in shocked clouds originally weakly mag-
netized [see 7].

In this work, we show that the JRGI scenario gives
a viable mechanism for the explanation of the flares
seen in 3C454.3. We also argue that within this model
the plateau state can form due to the interaction of
the jet with a stellar wind excited by nonthermal (ac-

FIG. 1: Sketch for the JRGI scenario, in which a star
moving from left to right penetrates into the jet. The
star external layers are shocked and carried away, and a
cometary tail, origin of the plateu emission, forms. The
acceleration and expansion of the bigger clouds from the
initially blown-up external layers of the star would lead to
the main flare.

celerated) particles that penetrate into the red giant
atmosphere.

II. STAR-JET INTERACTION SCENARIO

In the fast cooling regime, the proper intensity of
the nonthermal emission, i.e. the intensity in the blob
co-moving reference frame, is proportional to the en-
ergy released at the jet-blob interface. This energy
release can be characterized by a simple dynamical
model, which describes the acceleration of the blob
by the jet ram pressure. In this model there are just a
few relevant parameters that describe the basic prop-
erties of the jet and the blob: the jet ram pressure
(Pj) and bulk Lorentz factor (Γj), and the blob mass
(Mb) and radius (rb; or, equivalently, its cross-section:
Sb = πr2

b) [for details, see 5]. The time dependence of
the intensity of the jet/blob interaction corrected for
the Doppler boosting can be treated as a first-order
approximation for the radiation lightcurve.

The mass of the cloud ∆M formed at the initial
stage can be estimated by comparing the jet ram pres-
sure,

P0 '
Lj

cπω2
0

(1)

with the gravitational force. Here, ω0 is the jet cross-
section at the star crossing height. This gives the
following estimate:

∆M =
πP0R

4
∗

GM∗
(2)

where M∗ and R∗ are the RG mass and radius, re-
spectively.
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Since the initial size of the expelled cloud should
be comparable to the size of the star, it is possible to
estimate the cloud expansion time as texp ∝ 2R∗/cs,
where cs is the sound speed of the shocked material:

cs ≈
[
(4πR3

∗/3)γgP0/Mc

]1/2
. The cloud expansion

time is

texp ≈ Aexp

(
Mc

γgR∗P0

)1/2

, (3)

where γg = 4/3 is the plasma adiabatic coefficient,
and according to the RHD simulation by [10], a value
of 1.5 can be adopted for Aexp.

The blob acceleration occurs on a timescale of [5]

tacc ≈

{
z0
c if D < 1

z0
c

1
D if D > 1 .

(4)

The D–parameter that will be often used in the paper
has a simple meaning. It is a dimensionless inverse
mass of the blob:

D ≡ P0πr
2
bz0

4c2MbΓ3
0

. (5)

The above timescale corresponds to the blob accel-
eration in the laboratory reference frame. However,
since the blob gets accelerated towards the observer,
the emission delay, as seen by the observer, should be
approximately corrected by a factor of 1/(2Γ2

0). Thus,
the observed peak of the emission should be delayed
by a time interval of

∆t = texp + tacc/(2Γ2
0) . (6)

The emission produced by lighter clouds allows an
estimation of the time required for the star to cross
the jet. Once the star enters into the jet, the process
of jet-star interaction should proceed steadily, with
the production of these lighter clouds being roughly
constant on average. Thus, the whole duration of
the light cloud-associated emission, if observed, can
be taken as a direct measurement of the jet crossing
time t0 ≈ 2ω0/Vorb, where Vorb

<∼
√

2GMBH/z0 is the
star velocity. Adopting the paradigm of magnetically-
accelerated jets, it is possible to derive a very simple
expression for this timescale:

t0 >∼ 23/2z0/c . (7)

In this way, the duration of the jet-star interaction is
determined by the interaction distance from the cen-
tral BH.

Assuming a fixed efficiency ξ in the blob refer-
ence frame for the transfer of jet power to nonther-
mal gamma rays (where ξ � 1), and correcting for
Doppler boosting, one can estimate the luminosity of
a blob:

Lγ = 4ξcFeP0Γ2
0πr

2
b , (8)

where the correction function Fe depends on time; or,
equivalently, on the blob location in the jet. We note
that the structure of the jet, i.e., the dependence of
the jet Lorentz factor on z, determines the actual de-
pendence of Fe on z.

The maximum value of Fe monotonically depends
on the D parameter, approaching a value of 0.4 if
D >∼ 1 and being ∼ 0.1 for D = 0.1. This relatively
weak dependence allows us to derive the maximum
blob luminosity. Also it is possible to obtain an es-
timate of the total energy emitted by a blob or an
ensemble of sub-blobs as a result of the fragmentation
of the original cloud (Mc =

∑
Mb),

Eγ ' 8ξF̄eMb/cc
2Γ3

0 , (9)

which accounts for the total energy transferred by the
jet to a blob during the acceleration process, Mbc

2Γ0,
and for the anisotropy of the emission due to relativis-
tic effects represented by the factor Γ2

0.

III. THE NOVEMBER 2010 FLARE

A. General structure of the active phase

The total apparent energy of the GeV gamma-
ray radiation detected during the flare observed
from 3C454.3 in November 2010 was about Etot ≈
Lγ∆t/(1 + zrs) ≈ 2.3 × 1055 erg. The exceptionally
high flux during this period allows the derivation of
a very detailed lightcurve, as seen from Figure 1 in
[1]. The nonthermal activity lasted for tfull ∼ 80 days.
The onset of the activity period was characterized by a
plateau stage. During the first tpl ∼ 13 days, a rather
steady flux was detected, with an apparent luminosity
Lpl ≈ 1049 erg s−1. The plateau stage was followed by
an exceptionally bright flare, the total duration which
was tfl ∼ 5 days, with a rise time of tr ∼ 4.5 h. The
maximum flux reached was 7×10−5 ph cm2s−1, which
corresponds to a luminosity of Lγ ' 2 × 1050erg s−1.
The final stage of the flare phase was characterized by
variable emission with a flux approximately a factor
of ∼ 5 weaker than the main flare, but still a factor of
∼ 2 above the plateau level.

The observed luminosity of the plateau phase allow
us to determine a lower limit on the star mass-loss
rate, which can be derived by differentiating equa-
tion (9):

Ṁ∗ ≈ 1023Lpl,49ξ
−1Γ−3

0,1.5 g s−1 , (10)

where Lpl,49 = Lpl/1049 erg s−1.
To evaluate the feasibility of the JRGI scenario

for the 3C454.3 main flare, it is necessary to check
whether the flux, the total energy release, and the
flare delay with respect to the onset of the plateau,
are well described by equations 6, 8, and 9 for a rea-
sonable choice of jet/star properties.
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A total energy budget of the flare of ∼ 2× 1055erg
is feasible, according to equation (9), if

Mc,30Γ3
0,1.5 ≈

0.04Eγ,55

ξF̄e
≈ 0.1

ξF̄e
, (11)

where Mc,30 = Mc/1030 g is the mass of the blown
up RG envelop (i.e. the initially formed cloud). This
requirement appears to be very close to the one pro-
vided by equation 2:

Mc,max ≈
5× 1029

Fe,max
R4

∗,2M
−1
∗,0Lγ,50Γ−2

0,1.5S
−1
b,32 g , (12)

where R∗,2 = R∗/102R� and M∗,0 = M∗/M�, respec-
tively.

The second term in equation 6 is expected to be
short compared to the duration of the plateau phase,
even for D ∼ 0.1, and thus the duration of the ini-
tial plateau phase constrains the expansion time (see
equation (3)):

texp ≈ 5.4× 106F 1/2
e,maxξ

1/2×

M
1/2
c,30R

−1/2
∗,2 L

−1/2
γ,50 Γ0,1.5S

1/2
b,32 s . (13)

[1] found that the emission of the main flare con-
sisted of 5 components (see Figure 2 in that work):
a nearly steady contribution, like a smooth continua-
tion of the plateau emission, and 4 sub-flares of simi-
lar duration and energetics. In the framework of the
JRGI scenario, such a description is very natural. The
steady component would be attributed to light clouds,
continuously ejected by the star, and the four sub-
flares would correspond to much heavier blobs formed
out of the blown-up stellar envelop during the initial
stage. On the other hand, the decomposition of the
main flare in four sub-flares implies a strict limita-
tion on the variability timescale. The flare rise/decay
timescales should be longer than the blob light cross-
ing time corrected for the Doppler boosting. Since the
shortest variability scale was ∼ 5h/(1 + zrs) ∼ 104 s,
the maximum possible size of the emitting blobs can
be estimated as:

rb ≈ 1016Γ0,1.5 cm . (14)

If the jet is magnetically driven, this size constraint
can be expressed through the mass of the central BH:

rb

ω
< 0.5M−1

BH,9 , (15)

which is restrictive only in the case of MBH,9 � 1. For
MBH,9

<∼ 1, the blobs can cover the entire jet without
violating the causality constraint.

In summary, if the flare detected with
Fermi/LATwas produced by an RG entering into the
jet, the jet properties should satisfy to the restrictions

imposed by the flux level, total energy release, and
the duration of the plateau stage, respectively. Inter-
estingly, this set of equations allows the derivation
of a unique solution, which can constrain all the key
parameters through the value of the D parameter:

P0 = 3× 106
F 1.5

e,maxD
1.5

F̄ 2.5
e ξz1.5

0,17

erg cm−3 , (16)

Mc = 4Mb = 5× 1030
F 1.5

e,maxD
1.5

F̄ 2.5
e ξz1.5

0,17

g , (17)

Γ0 = 8

(
F̄ez0,17

Fe,maxD

)0.5

, (18)

and

Sb = 8× 1030
z0.5

0,17F̄
1.5
e

F 1.5
e,maxD

0.5
cm2. (19)

The lower limit on the jet luminosity is

Lj > cSbP0 = 8× 1047z−1
0,17ξ

−1 D

F̄e
erg s−1 , (20)

which exceeds the Eddington limit for the mass of the
central BH MBH ∼ 5 × 108M�. To assess the feasi-
bility of such a strongly super-Eddington jet remains
out of the scope of this paper, although we note that
[19] have presented observational evidence indicating
that such jets may not be uncommon.

The coherent picture emanating from the jet prop-
erties derived above suggests that the JRGI scenario
can be responsible for the flare detected from 3C454.3
for a solution of the problem with a reasonable set of
model parameters. This solution is designed to sat-
isfy the requirements for (i) the total energy; (ii) the
peak luminosity; and (iii) the duration of the plateau
phase. Therefore, some additional observational tests
are required to prove the feasibility of the suggested
scenario.

Finally, the flare raise time, which is related to the
blob acceleration timescale (see equation 4), can be
calculated for the obtained solution. Interestingly, in
the limit of small D-values, this timescale appears to
be independent on D, the only remaining free param-
eter, and matches closely the detected raise time of
tr ∼ 4.5h:

tacc/
(
2Γ2

b

)
' 5h . (21)

This agreement can be treated as a cross-check that
shows the feasibility of the proposed scenario.
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IV. MODELING THE LIGHTCURVE AND
THE SPECTRUM

To check whether JRGI plus synchrotron radiation
can explain the observations in the case of magneti-
cally dominated jets (i.e., k = 1), we have computed
the lightcurve of the November 2010 flare and the SED
for one of its subflares. The radiation output was as-
sumed to be dominated by proton synchrotron, being
external or synchrotron self-Compton neglected due
to the strong magnetic field.

To derive the lightcurve, equation 8 has been used.
In Figure 2, a computed lightcurve that approximately
mimics the November 2010 flare is presented. The
lightcurve has been obtained assuming four subflares
of total (apparent) energy of 1055 erg each, plus a
plateau component with luminosity of 2×1049 erg s−1.
For each subflare, we have adopted D = 0.1. The
normalization of the lightcurve has been determined
adopting the following values: the Lorentz factor
Γ0 = 28, the ram pressure Pj = 3 × 106 erg cm−3,
blob radius rb = 2.7 × 1015 cm and ξ = 0.3. These
parameters imply a minimum jet luminosity of Lj =
2.3× 1048 erg s−1. The remaining parameters for the
emitter are z0 = 1.3×1017 cm and Mb = 1.3×1030 g.
The corresponding mass of the matter lost by the RG
to explain the four subflares is 5×1030 g, not far from
the upper-limit given in equation 2.

To calculate the SED, we have adopted a spectrum
for the injected protons Q ∝ E−p exp(−E/Ecut), and
an homogeneous (one-zone) emitter moving towards
the observer with Lorentz factor Γb = 12. The min-
imum proton Lorentz factor has been taken equal
to the shock Lorentz factor in the blob frame, i.e.
Emin = Γ0/Γbmpc

2. The cutoff energy, Ecut, has been
obtained fixing η = 4 × 103, i.e., a relatively modest
acceleration efficiency. For the maximum proton en-
ergy, i.e. how far beyond the cutoff the proton energy
is considered, we adopted two values: Emax =∞ and
Emax = 3Ecut. Regarding the latter case, we note
that assuming a sharp high-energy cut is very natu-
ral. The injection spectrum was selected to be hard,
p = 1, to optimize the required energetics.

In Figure 3, the SED of a subflare is shown. The
impact of the internal absorption on the gamma-
ray spectrum is negligible, although the emission of
the secondary pairs appears in the energy band con-
strained by optical measurements [14]. For the chosen
model parameters, the synchrotron secondary com-
ponent goes right through the optical observational
constraints, and for slightly higher z0-values, the sec-
ondary emission will be well below the optical points.
Also, we note that the obtained spectrum does not
violate the X-ray upper-limits obtained by Swift.

To illustrate the impact of external γγ absorption,
we have introduced a photon field peaking at 40 eV
with a luminosity 4× 1046 erg s−1, produced in a ring
with radius 1018 cm at z = 0 around the jet base.

FIG. 2: Lightcurve computed adopting the parameters
Lj = 2.3 × 1048 erg s−1, z = 1.33 × 1017 cm Γj = 28,
Mc = 1.3 × 1030 g, rc = 2.7 × 1015 cm, and ξ = 0.3. We
show 4 subflares (dashed lines), plateau background (dot-
dashed line), and the sum of all of them (solid line). The
observational data points and error bars are obtained from
the Fermi/LAT3h binned count rates and photon index us-
ing luminosity distance of DL = 5.5Gpc and assuming a
pure powerlaw spectrum between 0.1 and 5 GeV.

Two photon fields have been adopted, a black body
and one represented by a δ-function, to simulate the
impact of a dominant spectroscopic line. As seen in
Figure 3, the impact of such an external field can be
important. The treatment of the secondary emission
of the produced pairs is beyond the scope of this work.

In addition to optical photons, radio emission was
also detected at the flare epoch and thought to be
linked to the gamma-ray activity [14]. This radiation
is strongly sensitive to the details of the flow dynam-
ics, and at this stage we will not try to interpret radio
observations. However, we note that the energetics
involved in gamma-ray production is very large, and
JRGI comprehends complex magnetohydrodynamical
and radiative processes, so it could easily accommo-
date the presence of a population of radio-emitting
electrons at z ≥ zflare.
Swift X-rays could be also linked to the JRGI activ-

ity. X-rays may come from secondary pairs produced
via pair creation, or from a primary population of elec-
trons(/positrons). However, as with radio data, given
the complexity of the problem we have not tried at
this stage to explain the X-ray emission contempora-
neous to the GeV flare.

V. DISCUSSION

The observations of 3C454.3 with Fermi revealed
several quite puzzling features, in particular the pe-
culiar lightcurve, with a nearly steady plateau phase
that was interrupted by an exceptionally bright flare.
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FIG. 3: Computed SED of the synchrotron emission for
a subflare of the 2010 November. The thick dashed line
shows intrinsic gamma-ray emission for the case of Emax =
∞. Dotted and dot-dot-dashed line shows gamma-ray
spectra corrected for internal absorption only for Emax =
∞ and Emax = 3Ecut, respectively. The thin solid and the
dot-dashed lines correspond to the cases when absorption
is dominated by a black body and a monoenergetic photon
field, respectively. The computed synchrotron SED of the
secondary pairs produced via internal pair creation is also
shown (dotted line). The parameters of the flare are the
same as in Figure 2. The shown observational data are
from Fermi/LAT, Swift [1], and the flux in the R band
[14].

The detected flux corresponds to an apparent lumi-
nosity of 2 × 1050 ergs−1, which almost unavoidably
implies a presence of a very powerful jet [see e.g. 9, 16].
In the case of powerful jets, the JRGI scenario should
proceed in a quite specific way as compared to other
cases already considered in the literature [5]. In par-
ticular, the mass of the material initially removed from
the star might be very large, resulting in rather long
cloud expansion and acceleration timescales, the main
flare being significantly delayed with respect to the
moment of the star entrance into the jet. The plateau
emission would otherwise start just after the jet pen-
etration, and come from the jet crushing of lighter
clouds ejected from the stellar surface while the star
travels through the jet. The duration of the plateau
phase would be determined by the time required by
the main cloud to expand and accelerate.

We have studied the lightcurve obtained with Fermi
in the context of the JRGI scenario aiming to satisfy
three main properties of the flare: total energy, maxi-
mum luminosity and duration of the plateau stage. It
was shown that the key properties of the jet, i.e. the
jet ram pressure (linked to its luminosity) and Lorentz
factor, as well as the cloud/blob characteristics, i.e.
mass and cross section, can be reconstructed as func-
tions of the dimensionless parameter D. It was also
shown that in the limit of small D-values, the parame-
ter space is less demanding concerning the jet luminos-

ity, and the key characteristics of the model saturate
at values independent of D, which allows conclusive
cross-checks of the scenario. In particular, the flare
raise time appeared to be an independent parameter,
with its value of 5 h closely matching the rising time of
of 4.5 h obtained observationally. Furthermore, it was
shown (see [16]) that for the inferred jet properties the
jet-induced stellar wind can provide a mass-loss rate
large enough to generate a steady emission component
with a luminosity comparable to that of the plateau.

Although the analysis of different radiation chan-
nels involves additional assumptions regarding the
spectrum of the nonthermal particles and density of
the target fields, it was possible to show that for mag-
netic fields not far below equipartition (as expected
in a magnetically launched jet) all the conventional
radiation channels can be discarded, and the emission
detected with Fermi can be produced through proton
synchrotron emission (unless η → 1, making electron
synchrotron also feasible). We note that in this case
the emission from pairs created within the blob may
also explain the reported optical enhancement at the
flare epoch.

Since the duration of the expansion phase deter-
mines the delay between the onset of the plateau phase
and the flare itself, it is important to check whether
the suggested scenario is consistent with other flares
registered with Fermi from the source, e.g., in De-
cember 2009 and April 2010 [2, 22]. This issue can
be addressed through a simple scaling that relates the
duration of the plateau phase to the total energy re-

leased during the active phase: tpl ∝ E1/2
tot . Therefore,

for the previous events, with energy releases 1-2 orders
of magnitude smaller than that of the November 2010
flare, a rough estimation of the plateau duration gives
plateau durations between 1.3 and 4 days, consistent
with observations.
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The number of extragalactic sources detected at very hight energy (VHE, E>100GeV) has dramatically increased
during the past years to reach more than fifty. The High Energy Stereoscopic System (H.E.S.S.) had observed
the sky for more than 10 years now and discovered about twenty objects. With the advent of the fifth 28 meters
telescope, the H.E.S.S. energy range extends down to 30 GeV. When H.E.S.S. data are combined with the data
of the Fermi Large area Telescope, the covered energy range is of several decades allowing an unprecedented
description of the spectrum of extragalactic objects. In this talk, a review of the extragalactic sources studied
with H.E.S.S. will be given together with first H.E.S.S. phase II results on extragalactic sources.

1. The H.E.S.S. array

The High Energy Stereoscopic System (H.E.S.S.) is
located near the Gamsberg mountain in Namibia at an
altitude of 1800 meters. H.E.S.S. detects γ-ray pho-
tons by recording the Cherenkov light produced by the
electromagnetic shower resulting from the interaction
of the photons with the atmosphere.

The Phase I of the project was completed in De-
cember 2003. At this time the array was made of
four 12-meters telescopes. Each telescope has a cam-
era composed of 960 Photo-multipliers (PMTs) and
works in stereoscopic mode.

The H.E.S.S. Phase I array has a field of view of 5
degrees, an angular resolution of 0.1 degree for an en-
ergy threshold down to 100 GeV. The array is taking
data for more than 10 years now and has increased
the catalogue of sources detected in the very high en-
ergy range (VHE, E >100 GeV) and our knowledge
of the field. H.E.S.S. has discovered more than 80
objects (galactic or extragalactic, Fig. 1), performed
a deep Galactic plane survey, dark matter searches,
multiwavelength campaigns with other instruments
and studies of the extragalactic background light with
blazars.

One of the aims of H.E.S.S. is the detection of
gamma-ray bursts (GRBs). While no GRB has been
detected so far in the VHE range, more than 20 follow-
up have been performed [3]. H.E.S.S. also monitors
variable and bright objects and responds to target of
opportunity in order to better know the mechanisms
that produce the variability of blazars.

The experiment entered into its Phase II with the
addition of a fifth telescope (named CT5) placed in
the middle of the array. The dish is 32.6 meters by
24.3 meters, equivalent to 28-meters circular dish for
a focal length of 36 meters. The telescope is equipped
with a Alt-Az mount [11]. The camera composed of
2048 PMTs for a total weight of ≈ 3 tons, can record
3600 images per second [9] and is mounted on an auto-
focus system. A picture of this telescope is show on
figure 2. The field of view of this telescope is 3.5
degrees for an angular resolution from ≈ 0.4 degree

Figure 1: Extragalactic and Galactic sources detected in
the VHE range. The gray line is the total of discovered
object while the red one is the contribution of the
H.E.S.S. experiment.

to less than 0.1. The energy coverage of the H.E.S.S.
experiment is then extended down to energies of a few
tens of GeV. Characteristics of the CT5 telescope are
summarized in Table I.

H.E.S.S. Phase II is the first hybrid array of
Cherenkov telescopes and is designed to work in dif-
ferent configurations. Data can be taken by CT5 only
in the so-called Mono mode. The hybrid mode involves
all five telescopes for a better sensitivity in the entire
energy range. Stereoscopic observations with only the
four 12-meters telescopes are still possible. The abil-
ity to split the array in 2 (CT5 Mono mode + the four
12 meters telescopes) allows to increase the observa-
tion time which is rather low for such an experiment
(≈ 1000 hours per year).

In this work, the last results of the H.E.S.S. Phase I
array are presented and new preliminary results of ob-
servations carry in CT5 Mono mode on extragalactic
targets are given.
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Figure 2: The fifth H.E.S.S. telescope.

Table I Characteristics of the CT5 telescope.

Mount type Alt-Az mount

Height of elevation axis 24 m

Dish Dimensions 32.6 m by 24.3 m

equivalent to 28 m circular dish

Focal length 36 m

Total mirror area 614 m2

Photo sensors 2048

Pixel size 42 mm

FoV 3.5 degrees

Camera weight 3.0 tons

2. Recent H.E.S.S. phase I results

2.1. Long term monitoring of
PKS 2155-304

The high frequency peaked BL Lac (HBL) object
PKS 2155-304 is the brightest object of the southern
sky in VHE. This source has been the target of several
campaigns in the past involving H.E.S.S. [1, 4] and
other instruments. This HBL is also famous for the
flare that happened in June 2006 with variation at the
minute time scale [6].

Due to its brightness, the source has been mon-
itored by the H.E.S.S. telescopes since 2004. Data
taken between 2004 and 2012, except the June/July
exposures where the sources underwent a flare, were
analysed using a Hillas-type analysis [7]. The nightly
binned light curve above 300 GeV has been used
for the analysis and the corresponding mean flux is
2.02 × 10−11cm−2 s−1.

The power spectral density (PSD) has been calcu-
lated (Fig 3) and fitted with a power law of index
β. A forward folding method together with a likeli-
hood estimator described in [12] were used to fit the
model to the data. The best fit value is β = 0.9 ± 0.2

Figure 3: Power Spectral density of PKS 2155-304 (red
line and dots) obtained with the H.E.S.S. data. The color
area gives the results of the simulations used to fit the
data.

for the data set presented here which corresponds to
the source being at a low flux state. This has to be
compared with the value found during the 2006 flare
β = 2 but on short time-scales. This may be a sign of
a break in the PSD with a change of β from 2 to 1 or
a change in the PSD between the two flux states.

2.2. The 2012 Flare of PG 1553+113

In March 2012, the HBL PG 1553+113 underwent
a flare observed by H.E.S.S. during 2 nights. This
data set have been used to determine the source red-
shift and possible Lorentz invariance violation (LIV)
effects. The redshift has been constrained to be
z = 0.49 ± 0.04 and an lower limit on the energy
scale at which LIV effects take place has been set to
EQG,1 > 4.10×1017 GeV and EQG,2 > 2.10×1010 GeV
for linear and quadratic LIV effects. More details can
be found in [14] and [8]

3. H.E.S.S. II first results on extragalactic
objects

Since the inauguration on September 2012, CT5 has
been in a commissioning phase. The HBLs PKS 2155-
304 and PG 1553+113 serve as calibration targets.
The analysis of the data was performed using the
Model analysis [10] with cuts adapted for the Mono
observations with CT5.

A. PG 1553+113

This source has a soft spectrum in the VHE en-
ergy range, H.E.S.S. measured a spectral index of
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Figure 4: Excess map (left) and spectral energy distribution (right) of PG 1553+113 obtained with CT5 in
Mono mode. The CT5 SED is given by the blue points and contour. Fermi 2FLG (red) and 1FHL (blue)
results are also presented. The gray points are archival data from [2].

Table II Preliminary results on PG 1553+113 obtained
with CT5 in 2014.

Live Time 15.1 h

Excess 2508 γ

Significance 26.6 σ

Zenith ≈ 35◦

Rate 2.77 ± 0.11γ/min

Table III Preliminary results on PKS 2155-304 obtained
with CT5 in 2014.

Live Time 42.9 h

Excess 4442 γ

Significance 29.7 σ

Zenith ≈ 21◦

Rate 1.72 ± 0.06γ/min

γ = 4.6±0.6 [2]. This makes it well suited for observa-
tions with CT5. A total of 15.1 hours of live time has
been analysed and an excess of more than 2500 events
has been found. This corresponds to 2.77± 0.11γ per
minutes for a significance of 26.6 sigma (Table II).

An excess map around the coordinates of the object
and the resulting spectral energy distribution of the
source are given on figure 4. The spectrum measured
with CT5 is compared with the non contemporaneous
data from the Fermi second source catalogue (2FGL)
[13] and first high energy catalogue (1FHL) [16].

B. PKS 2155-304

PKS 2155-304 is naturally a good target for cali-
bration purposes and has been observed for a total
live time of 42.9 hours in 2013. The analysis yields

an excess of more the 4400 events for a detection at
a 29.7 σ level (Table III). Excess map of the field of
view and SED are shown on figure 5. The 2FGL and
1FHL are also used for comparison.

A large part of the data were taken during a
multiwavelength campaign with NuSTAR and Fermi.
These data were used to build the most precise SED
of this object to date: NuSTAR extended the X-ray
spectrum up to 79 keV and Fermi PASS 8 data were
used. More details and results are given in [15] and in
a forthcoming publication.

4. CT5 as a transients machine

One of the main goals of the H.E.S.S. Phase II is
to study the variability on short time-scales. Figure 6
presents the differential sensitivity of CT5 and Fermi
as a function of time. Below 107 seconds, CT5 is
clearly much more sensitive that the LAT above 25
GeV. This opens a new window for the detection of
GRBs in this energy range. An alert system has been
developed to reply to GCN alerts and an automatic
re-pointing procedure is in place in case of such an
alert. CT5 can, in such case, be on target within a
minute [11] allowing prompt observations.

5. Conclusions

The H.E.S.S. array is taking data now since more
than 10 years and has allowed many discoveries. With
the advent of the Phase II of the experiment, a new
window has been opened in the 30 GeV-100 GeV en-
ergy range. After a commissioning phase, CT5 is now
running running in a normal operation mode.
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Figure 5: Excess Map (left) and spectral energy distribution (right) of PKS 2155-304 obtained with CT5 in
Mono mode. The CT5 SED is given by the blue points and contour. Fermi 2FLG (red) and 1FHL (blue)
results are also presented. The gray points are archival data from [5].

Figure 6: Comparison of the differential sensitivity of the
Fermi-LAT and CT5 as a function of time and for
different energy thresholds.
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A new insight on its spectral energy distribution
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The blazar PKS 2155-304 was the target of a multiwavelength campaign from June to October 2013 which widely
improves our knowledge of its spectral energy distribution. This campaign involved the NuSTAR satellite (3-79
keV), the Fermi Large Area Telescope (LAT, 100 MeV-300 GeV) and the High Energy Stereoscopic System
(H.E.S.S.) array phase II (with an energy threshold of few tens of GeV). While the observations with NuSTAR
extend the X-ray spectrum to higher energies than before, H.E.S.S. phase II, together with the use of the LAT
PASS 8, enhance the coverage of the γ-ray regime with an unprecedented precision. In this work, preliminary
results from the multi-wavelength analysis are presented.

1. Introduction

Several new and upgraded instruments have come
online in the last few years. In the X-ray regime, NuS-
TAR, using true focusing optics, is providing an un-
precedented view of the hard-X-ray sky with its wide
energy range (3-79 keV). In the very-high-energy γ-
ray regime, H.E.S.S. is now operating with five tele-
scopes including the largest Cherenkov telescope ever
constructed. Additionally, a major upgrade to the
Fermi-LAT instrumental response functions (IRFs),
PASS 8 [5], is now being implemented, increasing the
sensitivity on the high-energy γ-ray sky.

The high frequency peaked BL Lac (HBL) ob-
ject PKS 2155-304 was the target of a new multi-
wavelength campaign from April to October 2013 in-
volving these three instruments. This campaign pro-
vides a more complete coverage of the X-ray and γ-ray
range than the previous campaign held in 2008, which
involved Fermi, H.E.S.S. and also ATOM, Swift and
RXTE and lasted for 11 days [1].

NuSTAR observed PKS 2155-304 multiple times,
starting with a ≈40ks observation in April 2013 de-
signed for cross-calibration purposes of various high
energy astrophysical instruments. Seven subsequent
observations (lasting ≈10ks each), in July, August,
and September 2013, were scheduled to be strictly
simultaneous with H.E.S.S., during local moonless
night-time periods at the H.E.S.S. location. Further-
more, some independent observations of PKS 2155-
304 were conducted with H.E.S.S. for calibration and
monitoring purposes. In its normal operation mode,
the Fermi-LAT is observing the full sky and each
source is seen 30 minutes every 3 hours.

2. Observations

2.1. H.E.S.S. Mono-mode

The H.E.S.S. experiment consists of an array of 5
telescopes: four 12m diameter dish telescopes in oper-
ation since 2004 and and a fifth, CT5, a 28m diameter
dish, in operation since 2012. This yields an energy
threshold of the instrument to be of the order of a few
tens of GeV. The results of the first observations con-
ducted with the fifth H.E.S.S. telescope standalone (in
the so-called Mono-mode) are here presented in this
work.
The data have been analysed with the Model analy-

sis [6] with cuts adapted for this telescope. PKS 2155-
304 is detected at a level of 26.4σ in 35 hours of live
time. The spectrum is well described by a simple
power-law with an energy threshold of 98 GeV:

F (E) = (26.1± 1.2)× 10−10cm−2 s−1E
−(3.25±0.08)
∗

with E∗ = E/(196 GeV) the decorrelation energy.
This spectrum is consistent with the source being
at a low flux state, lower than the flux measured in
2008. Figure 1 presents the spectral energy distribu-
tion (SED) measured with CT5.
Variability has been found on the night-by-night

light curve with a fractional excess variance Fvar =
67± 10%, higher than what has been found in 2008.

2.2. Fermi-LAT data

The Fermi-LAT [2] data have been analysed using
the ScienceTools v9R34P1 and the new PASS 8 IRFs
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Figure 1: Spectral energy distribution of PKS 2155-304
obtained with Fermi-LAT in blue and H.E.S.S. in red.
Contours give the 1 σ error band.

yielding an extended energy range with respect to pre-
vious analysis and an increased effective area, bet-
ter PSF and background rejection with respect to the
PASS 7 IRFs.
Photons with an energy from 100 MeV to 500 GeV

region of interest within 15 degrees of the source co-
ordinates were used. Data have been analysed using
a binned maximum likelihood analysis implemented
in gtlike. The sky model has been built using the 4
years catalogue of point sources [10] and the spectrum
is found to be best fitted by a log-parabola model of
the form:

F (E) ∝ E
−(1.73±0.07)−(0.05±0.02) log10E∗

∗

where E∗ = E/(904 MeV), for an integrated flux
above 100 MeV I = (8.15±0.89)×10−8cm−2 s−1 (see
Fig. 1).
The spectrum is found to be consistent with results

obtained with PASS 7 IRFs but with increased statis-
tic. No variability has been found in the Fermi light
curve, nevertheless the flux is lower than the one mea-
sured in 2008 during the first Fermi-H.E.S.S. cam-
paign on this object.

2.3. NuSTAR observations and results

NuSTAR [8] consists of two co-aligned telescopes,
and the data from both telescopes were fitted simulta-
neously to a spectral model using XSPEC. For all ob-
servations, the source was detected at high significance
from the lower end of NuSTAR bandpass (≈3 keV) up
to (typically) 40 keV. The data were reduced using the
standard NuSTAR pipeline (NuSTARDAS) with the
source extracted from a region 80′′ in radius around
the centroid of the source, and the background sub-
tracted from a similarly sized source-free region. Each
pointing was analyzed independently. We found that
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Figure 2: Spectral energy distribution measured by
NuSTAR.

in all cases, the source was adequately fitted with a
power law model.
Flux variability have been found from one observa-

tion to another and the NuSTAR spectrum seems to
be steeper when the source is fainter (ranging roughly
from Γ = 2.5 to 3) - a trend also seen in other HBL
objects studied by NuSTAR.
We also searched for the onset of the inverse Comp-

ton component, expected to appear at some point in
the hard X-ray/soft gamma-ray spectrum. Here, we
searched for statistically significant improvement of
the quality of fit with the addition of a hard (assumed
Γhard = 2) spectral component. There is no clear in-
dication for a presence of such component (primarily
because the cosmic X-ray background and instrumen-
tal background become more significant at higher en-
ergies), and we can limit the flux of this component in
the 20–40 keV band to be less than ∼ 10−12 erg cm−2

s−1 (Fig. 2).

3. Spectral energy distribution

The time-averaged SED of the source measured
from April to October 2013 is presented on Fig 3.
In the optical wavelengths, data from the SMARTs
[4] and Steward Observatory [11] programs have been
used (light blue points). Nine exposures of Swift -XRT
data have been analysed to extend the X-ray spectrum
at lower energies. The archival data from [1] are also
shown for comparison. The source was at a lower flux
state in all wavebands during the 2013 campaign.
A one zone synchrotron self-Compton model [3] has

been used to reproduce the observed data. The emit-
ting population of electrons Ne(γ) is described by
a broken power law with an index p1 = 1.8 below
γ = 4000 and p2 = 4.3 above for a total number of
electrons of 4.1 × 1052. The spherical zone of radius
R = 7.1 × 1016cm is filled with a constant magnetic
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Figure 3: Optical to TeV SED of the object. Optical
data come from SMARTs and Steward Observatory
programs.Swift data have been also analysed. The gray
points are the archival data from [1]. The black line is
the results of the SSC calculation described in the text.

field B = 0.05 Gauss. The emission zone has a bulk
Lorentz factor δ = 20. The extragalactic background
light absorption is taken into account using the model
of [7].
The ratio of the escape time over the synchrotron

cooling time is 0.3, between 0.3 and 3 as recom-
mended by [9]. The particle energy density dominates
the magnetic energy with an equipartition factor of
Ue/Ub ≈ 7.3. The broken power law shape used for
the electrons distrubtion can be fitted in a restricted
energy range by a curve model since the photon spec-
tra is not strictly a broken power law. A more detailed
SSC modelisation will be presented in a forecoming
paper.

4. Conclusion

The HBL PKS 2155-304 has been observed in 2013
with NuSTAR, Fermi-LAT and H.E.S.S. (CT5) allow-
ing the SED to be measured with an unprecedented
precision. The source is found to be at a lower flux
state in the γ-ray regime with respect to the campaign
led in 2008.
No contamination of the X-ray flux by the inverse

Compton component has been found in the NuSTAR
data. The SED is well described be an one zone SSC
model which is self-consistent and with a jet that is
particle dominated.
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The high frequency peaked BL Lac object PG 1553+113 underwent a flaring event in 2012. The High Energy
Stereoscopic System (H.E.S.S.) observed this source for two consecutive nights at very high energies (VHE,
E >100 GeV). The data show an increase of a factor of three of the flux with respect to archival measurements
with the same instrument and hints of intra-night variability. The data set has been used to put constraints on
possible Lorentz invariance violation (LIV), manifesting itself as an energy dependence of the velocity of light in
vacuum, and to set limits on the energy scale at which Quantum Gravity effects causing LIV may arise. With
a new method to combine H.E.S.S. and Fermi large area telescope data, the previously poorly known redshift
of PG 1555+113 has been determined to be close to the value derived from optical measurements.

1. Introduction

PG 1553+113 is a high frequency peaked BL
Lac object located in the Serpens Caput constel-
lation. The object has been detected in VHE by
H.E.S.S. [2] in 2006 and in high energies (HE,
100 MeV<E<300 GeV) by Fermi [1]. The γ-ray
spectrum presents the largest HE-VHE spectral break
measured to date [1, 8]. The source has an unknown
redshift despite several attempts to measure it. The
best estimate to-date, made by spectroscopy [4], is
0.43< z <0.58.
In April 2012, the source underwent a flare reported

by the MAGIC collaboration [3]. Subsequently, the
source has been observed by the H.E.S.S. telescopes.
The data are used in this work to constrain its redshift
and to probe a possible Lorentz invariance violation.

2. Data Analysis

2.1. H.E.S.S. data analysis

The H.E.S.S. telescopes have observed
PG 1553+113 in April 2012 for two nights. Data
were analysed using the Model analysis [5] with
Loose cuts. The object has been detected with a
significance of 21.5σ in 3.5 hours of live time. The
source spectrum is well fitted by a power-law model
of the form:

F (E) ∝ E
−(4.85±0.25)
∗

where E∗ = E/(327 GeV) and the flux is found to
be 3.5 times higher than the measurements made in
2005-2006 [2].

Indications of intra-night variability have been
found with the fit to a constant of the light-curve
yielding a χ2 of 21.34 for 7 d.o.f. (Pχ2 = 3.3× 10−3).
Data taken in 2005-2006 were re-analysed and the

spectrum is, in this case, well fitted by a log-parabola
model:

F (E) ∝ E
−(5.39±0.43)−(3.95±1.40) log10E∗

∗

where E∗ = E/(360 GeV). Both spectra (archival and
flare) are presented on figure 1.

2.2. Fermi-LAT data analysis

The Fermi-LAT data, from 300 MeV to
300 GeV, have been analysed with the Science-
Tools V9R32P5 and instrumental response functions
P7REP SOURCE V15. A region of interest of 15 degrees
has been used and the sky model has been built using
the third Fermi catalog [10].
Data contemporaneous to the H.E.S.S. exposures

taken in 2012 are well fitted by a power-law of index
Γ = 1.72± 0.26. The pre-flare data are defined by the
data taken from August 8, 2008 up to March 1st 2012.
The measured spectrum is described by a log-parabola
model (Fig. 1).
Variability has been probed before, during and af-

ter the flare using a bayesian blocks analysis [9]. No
counterpart to the VHE flare was found in the HE
light curve.

3. Determination of the redshift

The extragalactic background light (EBL) is a field
of infrared photons that interacts with the VHE γ-rays
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Figure 1: Spectral energy distribution in gamma-ray
measured with Fermi-LAT and H.E.S.S. during the flare
(red) and in the pre-flare state (see text) in blue.

on their way to Earth. This absorption leaves a foot-
print on the source spectrum that is used in this work
to constrain its distance using a new bayesian model.
The Bayes theorem reads P (Θ|Y ) ∝ P (Θ)P (Y |Θ)
where Y stands for the data and Θ the parame-
ters. The likelihood, P (Y |Θ), is minimized during
the spectrum determination. The model used here
is a power-law corrected for EBL absorption i.e φ =
N × (E/E0)

−Γ × e−τ(E,z). and then Θ is N , Γ and z.
To construct the prior P (Θ), the following assump-

tions have been made:

• EBL-corrected power-law cannot be harder than
the Fermi measurement, the prior being then a
truncated Gaussian of mean ΓFermi and width
σ that accounts for statistical and systematic
uncertainties of both instruments.

• Softening of this power-law, that arises from
emission effects, is permitted with a constant
probability.

• It is also assumed that distant sources are harder
to detect and that P (z) ∝ exp(−τ(z)).

The EBL absorption is computed using the model of
[6]. Marginalising over the parameters gives a redshift
z = 0.49± 0.04 (Fig. 2) in agreement with other mea-
surement [4] or constraints derived using GeV-TeV
data [8].

4. Lorentz invariance violation (LIV)

Tests for a possible LIV effect were performed by
searching for a non-zero dispersion parameter τn(∼

∆t
(∆E)n ) in the H.E.S.S. data of the flare. This is done

by testing a correlation between arrival times of the
photons and their energies.

A maximum likelihood analysis based on [7], has
been modified to tackle the non-negligible background
present in the data.
For nON events recorded in the ON-source region

with arrival times ti and energies Ei, the likelihood
reads:
L(τn) =

∏nON

i=1 P (Ei, ti|τn) with:

P (Ei, ti|τn) = ws ·PSig(Ei, ti|τn)+(1−ws)·PBkg(Ei, ti)

The probability PSig was mainly determined from
a parametrization of the light curve at low energies
parametrization while PBkg was built assuming a con-
stant background. The factor ws accounts for the rela-
tive weight of signal events with respect to background
events.
Constraints on τn led to lower limits on the Quan-

tum Gravity energy scale EQG. The 95% 1-sided
lower limits for the subluminal case are: EQG,1 >
4.32 × 1017 GeV and EQG,2 > 2.11 × 1010 GeV for
linear and quadratic LIV effects, respectively. Fig-
ure 3 compares these results with other limits from
less distant AGN flares. While the statistics is more
limited here, the distance of the source makes the sen-
sitivity to possible LIV effects comparable to previous
results.

5. Conclusions

The VHE emitter PG 1553+113 underwent a flaring
event in VHE with an increase of its flux by a factor
of 3.5. No counterpart of this flare was found in the
HE regime by Fermi.
This data set has been used to constrain the red-

shift of the source to be z = 0.49 ± 0.04 using a
novel method based on γ-ray data. The flare is
also used to put lower limits on the LIV effect with
EQG,1 > 4.32×1017 GeV and EQG,2 > 2.11×1010 GeV
for linear and quadratic effects.
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Figure 3: Lower limits on EQG,1 from linear dispersion (left) and on EQG,2 from quadratic dispersion (right) for the
subluminal case obtained with AGN as a function of redshift.
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FACT - Monitoring Blazars at Very High Energies
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The First G-APD Cherenkov Telescope (FACT) was built on the Canary Island of La Palma in
October 2011 as a proof of principle for silicon based photosensors in Cherenkov Astronomy. The
scientific goal of the project is to study the variability of active galatic nuclei (AGN) at TeV energies.
Observing a small sample of TeV blazars whenever possible, an unbiased data sample is collected.
This allows to study the variability of the selected objects on timescales from hours to years. Results
from the first three years of monitoring will be presented.

To provide quick flare alerts to the community and trigger multi-wavelength observations, a quick
look analysis has been installed on-site providing results publicly online within the same night. In
summer 2014, several flare alerts were issued. Results of the quick look analysis are summarized.

I. FIRST G-APD CHERENKOV TELESCOPE

The First G-APD Cherenkov Telescope (FACT) has
been operational since October 2011 on the Canary
Island of La Palma. It is located at 2200 meter a.s.l.
at the Observatorio del Roque de los Muchachos next
to the MAGIC Telescopes. Like its two neighbour-
ing telescopes, FACT is a ground-based gamma-ray
telescope using the Imaging Air Cherenkov Technique
(IACT). The project uses the refurbished mount of
HEGRA CT3 and the recoated mirrors of HEGRA
CT1, providing a mirror area of 9.5m2. Figure 1
shows the telescope during the observations of the full
moon in June 2013. In addition, FACT was equipped
with a new drive system and a novel camera using sil-
icon based photosensors (SiPMs, a.k.a. Geigermode
Avalanche Photo Diodes (G-APDs)). The camera
consists of 1440pixels and has a total field of view
of 4.5 degree. Details on the design and construction
of the telescope and the camera can be found in [1].

A. Major Goals

The technological challenge of the project was the
proof of principle of SiPMs in Cherenkov astronomy.
So far, only photo-multiplier tubes (PMTs) have been
used in Cherenkov telescopes. To overcome the limi-
tations for observations during strong moonlight due
to the aging of the PMTs, different photosensors
were considered. SiPMs were selected, as they are
very robust and do not show aging when exposed to
bright light. FACT is the first project which built a
Cherenkov camera equipped with SiPMs and tested it
in regular operation. The camera has now been oper-

FIG. 1: First G-APD Cherenkov Telescope during the ob-
servations of the full moon in June 2013. Credit: Daniela
Dorner

ational since October 2011, and no SiPM has failed or
showed any problem or aging.

The scientific goal of the FACT operations is the
long-term monitoring of bright TeV blazars. At very
high energies (VHE), the available observation time
is limited, as IACTs run in pointing mode and have
a limited field of view. Active galactic nuclei (AGN),
however, are highly variable objects. As the measured
variablity time scales of blazars range from minutes to
years, long-term monitoring is mandatory. Although
the shock-in-jet scenario can explain some features of
the variability, the picture is still inconclusive lacking
continuous data sets sampling a wide range of time
scales. The observation schedule of FACT focusses
on a small sample of bright blazars with the goal to
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obtain an unbiased and even sampling over the entire
visibility period for the sources.

B. Profiting from SiPMs

Several aspects of SiPMs make them the ideal pho-
tosensors for a monitoring instrument. First of all, the
robustness towards bright ambient light allows to ex-
tend the observations into the full moon period. It has
been shown that even when observing the full moon,
showers can still be recorded [3]. Observing during
strong moonlight makes it possible to reduce the gaps
in the light curves.
It is known that the gain of SiPMs depends on the

temperature and the applied voltage and with the lat-
ter on the ambient light. As both the temperature and
the ambient light are changing, a feedback system was
introduced to keep the gain of the SiPMs stable. De-
tails on the studies of the gain stablity and on the
feedback system can be found in [2].
Keeping the gain stable and homogeneous over the

camera, no calibration of the photosensors is needed.
For an independent crosscheck of the calibration,
FACT is equipped with an external light pulser.
Studying the dependence of the trigger threshold

on the ambient light, it is possible to set the trigger
threshold directly according to the measured currents
[2]. Knowing the position of the moon and the ob-
served sources, it is also possible to predict the thresh-
old for each observation [4]. In this way, a constistent
performance of the system is achieved which facilitates
the analysis of the data. Furthermore, the stable per-
formance allows to use the rate of background events
or other parameters for data quality checks as shown
in [5] and [2].

C. Towards Robotic Operation

The stable performance of the detector also allows
for remote and automatic operation of the telescope.
While in the first few months, there was a shift crew
on-site, very soon remote operations started. In addi-
tion, the operation was automatized step by step. In
the meantime, the system can be operated via a web
interface which has been optimized for smartphone-
usage. In Figure 2, a screenshot of the web interface
can be seen. It allows not only to monitor the instru-
ment and all its subsystems, but after authentication
also to control the system. The control has been au-
tomatized such that in the meantime the shifter just
needs to start a script at the beginning of the night,
monitor the system and the weather during the night
and stop the script at the end of the night. Known
issues like communication problems are automatically
taken care off by the script. The shifter only needs to
interfere in case of bad weather or when an unknown

FIG. 2: Smartfact: a web interface to monitor the system
and operate the telescope.

problem appears. In case of emergencies that need
immediate intervention at the system, an agreement
ensures support from the MAGIC shift crew.

II. LONG-TERM MONITORING

A. Scientific Motivation

As blazars show variability on time scales from min-
utes to years, long-term monitoring is mandatory to
uncover the mechanisms driving the variability due to
the propagation of perturbations down the jet. Short
snapshots with more sensitive larger telescopes such
as MAGIC are necessary to understand the underly-
ing physics of the central engine encoded in the short-
est variability time scales. Multi-wavelength observa-
tions are very important to study the spectral aging
of the emission regions during their propagation down
the jet and to reveal the underlying radiation mech-
anisms. The spectral energy distribution (SED) of
these objects exhibits two bumps where the position
of the peaks depends on the type of the object. For
high-frequency peaked blazars, the high energy peak
is located at GeV to TeV energies making them the
most interesting targets for FACT.
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B. Source Sample

Being most sensitive at TeV energies, there is a
limited number of sources which are good candidates
for the long-term monitoring program of FACT. The
two AGN most observed by FACT are Mrk 421 and
Mrk 501 which were detected in 1992 and 1996 by
Whipple [6, 7] and have been observed since then in
several multi-wavelength (MWL) campaigns. How-
ever, in these MWL campaigns the observations are
still rather sparse, e.g. one observation every three to
ten days. The two sources were also part of the Whip-
ple monitoring program where from Mrk 421 878.4
hours in 783 nights were collected in 14 years [8].

In the first three years of operation, FACT
has observed Mrk 421 for 537 hours during
291 nights and Mrk 501 for 924 hours during
372 nights. Also, the sources 1ES2344+51.4,
1ES1959+650, 1ES1218+304, IC 310, 1H0323+342,
RGBJ0521.8+2112 and PKS0736+01 have been
observed. While the first two belong to the regular
monitoring sample, the other sources have been
observed only for 10 to 60 hours. For performance
studies, also a lot of observations of the Crab Nebula
have been carried out.

Including observations during strong moonlight,
each year about 3000 hours of observations are avail-
able. Taking into account bad weather and technical
problems, about 1800 hours per year remain of which
about 1500 hours are physics data.

C. MWL Observations

To draw conclusions on the underlying physics pro-
cesses, it is necessary to study both peaks of the SED.
Because of the variability of the sources, the observa-
tions must be carried out simultaneously. As contin-
uous monitoring is not available in most wavelength
ranges, MWL campaigns and Target of Opportunity
(ToO) observations are appropriate means to obtain
reasonable temporal overlap. Due to its blazar mon-
itoring program and fast data pipeline, FACT can
readily provide suitable triggers for ToO observations.

III. QUICK LOOK ANALYSIS

To provide quick alerts for ToO observations, it is
important to analyse the data quickly. For this, a
quick look analysis (QLA) was set up on La Palma in
December 2012.

A. Setup

Once the data are written on disk, they are immedi-
ately processed by the QLA. To avoid any interference
with the data taking, the data are transfered to an-
other computer, where they are then analysed. The
data are typically recorded and processed in bunches
of five minutes. For technical reasons, also shorter
durations of runs may occur. For the QLA, the data
are binned consequently in five minutes or multiples of
it. The data are processed with an automatic pipeline
where each step automatically starts the next one once
it is finished. As a last step, the results are inserted
into a mysql database from where the plots for a web
interface are produced.

B. Open Access

The results from the QLA are publicly avail-
able at http://www.fact-project.org/monitoring
since September 2013. The data are available in 20-
minute and nightly binning. The results provided on
the website are excess rates. Details on the analysis
and how the excess rates are calculated follow in the
next section. The results shown on the website do
not include any data quality check and also no correc-
tion for the dependence of the threshold on the zenith
distance and ambient light. Therefore, the values are
lower limits in case of larger zenith distance or moon-
light. Nevertheless, they are sufficient to trigger other
observations. Starting from March 2014, official flare
alerts to other instruments have been issued regularly.

C. Analysis

As the offline analysis in the data center, the QLA
is also performed with the Modular Analysis and Re-
construction Software (MARS) [9]. Compared to the
final analysis, the pipeline is optimized to process the
data as quickly as possible.
In case a new analysis version is available, the old

data are not reprocessed with this new version. For
example on May 26th 2014, a new software version
was introduced. For different software versions, the
results can differ slightly.
The steps performed in the QLA, are shortly dis-

cussed in the following paragraphs. For a quick es-
timate of the flux, it is not necessary to calculate a
spectrum using Monte Carlo simulations. Instead, the
excess-rate is used.
a. Calibration As mentioned before, calibrating

the data is not necessary in case the feeback system
keeps the gain stable and homogeneous. When the
QLA was set up, the feedback system was not yet
available in its final version. Therefore, in the first
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version of the QLA the data were calibrated using
data from the external light pulsar. Starting from
May 26th 2014, this calibration is no longer used.
In the step of the calibration, also the signal is ex-

tracted and bad pixels are interpolated.
b. Image Cleaning Based on the extracted sig-

nal and extracted timing information, the images are
cleaned, i.e. pixels only containing noise are removed.
For this, two thresholds are applied for the signal and
a time coincidence window for the arrival time. First,
all pixels with a signal higher than threshold 1 are
kept (core pixels). In addition, all neigbouring pixels
are kept in case their signal is higher than thresh-
old 2. Furthermore, pixels are only kept when their
difference in arrival time to the neighbouring pixel is
smaller than 17.5 ns. The thresholds for the signal
were first 4.0 and 2.5. For the new calibration, the
levels had to be increased to 5.2 and 3.3 to keep the
excess rates roughly the same.
Next, a statistical analysis of the shower images is

done, calculating various image parameters which can
be used to reconstruct the type, the origin and the
energy of the primary particle.
c. Background Suppression In a first step, events

that cannot be reconstructed are removed, i.e. events
which

• consist of only five pixels or less

• have more than three islands

• have Leakage > 0.1 where Leakage is defined
by the ratio of signal in the outermost ring of
pixels in the camera to the total signal

Next, the background suppression cuts are applied
where the following cuts are used:

• 0.18 < SlopeSpreadWeighted < 0.68

• log10(Area) > (log10(Size)− 2) · 1.1− 1.55

• Conccore < 0.13

• ConcCOG < 0.15

where Size and Area the total amount of light in
and the area [10] of the shower image. Conccore and
ConcCOG are the ratio of the the signal in the core
pixel and three pixels next to the center of gravity to
the total signal of the shower image, representing the
concentration of the light in the image. While Slope
is development of the arrival time along a shower axis,
SlopeSpreadWeighted is the spread of the slope along
the main shower axis weighted with the Size.
For the reconstruction of the shower origin, the disp

is calculated [11]. The disp is parametrized as follows:
disp = ξ · (1 − Width/Length) where Width and

Length are the standard deviations of the signal along
the two shower axes. ξ is the sum of the following
correction terms:

FIG. 3: θ2-plot of Mrk 501 from 1.9 hours of data from the
night of 8th to 9th June 2012.

• constant term: 1.14136

• slope term: 0.0681437 · Slope

• leakage term: 2.62932 · log10(Leakage+ 1)

• size term: 0.0507821 · (log10(Size)− 1.51279)2

if (log10(Size) > 1.51279)

d. Excess-Rate Curves Next, θ2 is calculated as
the distance between Dist and disp where Dist is
the distance of the center of gravity to the nominal
source position. Plotting the θ2 distribution, one can
determine whether the source is detected. An exam-
ple can be seen in Figure 3. The on-measurement is
shown as black crosses, the off measurement as gray
area. The vertical dashed line represents the cut in θ2

which determines the signal region. To calculate the
excess, the off-measurement is subtracted from the on-
measurement in the signal region. Deviding this by
the ontime of the observation, the excess rate is ob-
tained which is a measure of the flux. As the trigger
threshold and therefore the energy threshold depend
on the amount of ambient light and the zenith dis-
tance, the same applies for the excess rate.
To study the variability of the sources in detail, ei-

ther the excess rate needs to be corrected for the effect
of zenith distance and ambient light or the flux needs
to be calculated reconstructing the energy with the
help of simulated data. For sending alerts, the excess
rates are sufficient. Knowing the excess rates of the
Crab Nebula, a rough correction of the excess rates
can be made. As a larger zenith distance or more
ambient light decrease the excess rate, the measured
excess rate can be considered as lower limit.

IV. RESULTS

The excess rates calculated in the QLA are used to
get a rough idea of the variability of the sources and
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to trigger ToO observations. Apart from Mrk 421 and
Mrk 501, the other sources did not show any signifi-
cant flares or activity in the last three years. In the
following, the excess rate curves of the former are dis-
cussed. To get an overview of the activity, the excess
rate curves are shown in a nightly binning. As directly
the results of the QLA are shown, no data quality
check or correction of the excess rate is included here.

A. Mrk 421

Although Mrk 421 was first observed in January
2012, here only the QLA results starting from De-
cember 12th 2012 are shown. The excess rate curve
shown in Figure 4 in the top panel includes roughly
500 hours of data. A big flare was observed in April
2013, and in winter 2014/15 the source showed several
times a flux higher than the flux of the Crab Nebula.

B. Mrk 501

Mrk501 was first observed in May 2012. In June
2012, a flare was observed [5, 12]. In Figure 4, only
the QLA results starting from December 12th 2012
are shown. The excess rate curve shown here (lower
panel) includes roughly 740 hours of data. After a
short flare in February 2013, Mrk 501 showed some
moderate activity (around the flux of the Crab Neb-
ula) in summer 2013. In summer 2014, the source
got more active with two flares and an enhanced flux
around 2-3 times the flux of the Crab Nebula.

C. Flare Alerts

In March 2013, FACT officially started sending
alerts to other instruments. Since then, seven flare
alerts have been issued. Between June and August
2014, six times an alert was sent as Mrk 501 met the
trigger criteria of three Crab units. In Figure 5, a
zoom in the excess rate curve to the time range of the
flare alerts is shown. As two alerts on 19th and 21st
of June triggered observations of other instruments,

the big flare on June 24th was also observed by HESS
[13].

V. SUMMARY AND OUTLOOK

FACT using SiPMs has proven to be an ideal setup
for the long-term monitoring of blazars: The robust-
ness of these photosensors allows to extend the ob-
servations into times with strong moonlight closing
the gaps in light curves. Furthermore, the stable per-
formance allows for a high data taking efficiency and
facilitates the analysis.
To foster ToO observations, a quick look analysis

was set up allowing to send flare alerts within a short
time. In 2014, seven flare alerts have been issued.
From Mrk 501 and Mrk 421, several flares and periods
with enhanced flux level have been observed.

The next steps are to include in the quick look anal-
ysis an automatic data quality check and a correction
of the excess rates for the effect that the trigger thresh-
old changes with zenith distance and ambient light.
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FIG. 4: Excess rate curves for Mrk 421 (top panel) and Mrk 501 (bottom panel) starting from December 12th 2012. The
start of a new year is marked with a gray, dashed, vertical line.
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FIG. 5: Excess rate curve of Mrk 501 from June to September 2014.
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Blazar Variability and Evolution in the GeV Regime

S. Tsujimoto, J. Kushida, K. Nishijima, and K. Kodani
Tokai university, Hadano city, Japan, 259-1292

One of the most important problem of the blazar astrophysics is to understand the physical origin
of the blazar sequence. In this study, we focus on the GeV gamma-ray variability of blazars and
evolution perspective we search the relation between the redshift and the variability amplitude of
blazars for each blazar subclass. We analyzed the Fermi-LAT data of the TeV blazars and the bright
AGNs (flux ≥ 4×10−9 cm−2s−1) selected from the 2LAC (the 2nd LAT AGN catalog) data base.
As a result, we found a hint of the correlation between the redshift and the variability amplitude in
the FSRQs. Furthermore the BL Lacs which have relatively lower peak frequency of the synchrotron
radiation and relatively lower redshift, have a tendency to have a smaller variability amplitude.

I. INTRODUCTION

The blazar is the class of the active galactic nu-
clei (AGN) which has the most number of extra-
galactic source in the very-high-energy gamma-ray
regime (E > 100 GeV)[12]. They are character-
ized by double-peaked nonthermal emission with spec-
tral energy distribution (SED) in radio to gamma-
ray regime. Blazars include BL Lacertae objects (BL
Lacs) and flat spectrum radio quasars (FSRQs). In
addition BL Lacs include high-frequency peaked BL
Lac objects (HBLs), intermediate-frequency peaked
BL Lac objects (IBLs) and low-frequency peaked BL
Lac objects (LBLs). In the leptonic model, the low
and high bump of SED is explained by the synchrotron
and the Synchrotron Self Compton (SSC) and/or Ex-
ternal Compton (EC) radiations. The estimation of
EC in the second hump is a matter of great impor-
tance in estimating external photons.

One of the characteristic of the blazar spectra is
blazar sequence. In 1998, Fossati et al. combined
three complete blazar samples[4]; The 2 Jy samples
of FSRQs[8], the radio selected 1 Jy samples of BL
Lacs[6] and the X-ray selected sample(Einstein Slew
Survey) of BL Lacs [2]. The thirty-third sources of
selected sample were detected in high-energy gamma-
ray regime (E > 100 MeV) by the EGRET instru-
ment on-board the compton gamma ray observatory
(CGRO). These sources were devided 5 bins based on
the 5 GHz radio luminosity and averaged the SED
of the each type of the blazars. The made SED
suggested some relationship; first, the synchrotron
peak frequency and the bolometric luminosity have
the anti-correlation. second, the synchrotron peak
frequency and the compton peak frequency have the
positive-correlation. finally, the compton dominance
(the ratio of the inverse Compton to synchrotron lumi-
nosity) and the bolometric luminosity have positive-
correlation. These correlations are known as “the
blazar sequence” in considering the blazar physics.
We aim to reveal the relation between the evolution
process of AGNs and the blazar sequence based on the
systematical study for many blazars .

In this study, we calculated ∼ 100 AGNs (blazars)

to find the difference of the variability amplitude in
blazar types and evolution of the variability amplitude
(activity). We applied the fractional variability am-
plitude (Fvar) to calculate the variability amplitude
considering the error. The Fvar is defined as Eq.(1)
which was given by Vaughan et al. (2003).

Fvar =

√

S2 − σ2
err

F
2 (1)

Note that S2 is the total variance of the light curve,

σ2
err is the mean square of flux error and F

2
is the

square of mean flux. Fvar error (uncertainty) is de-
fined as Eq.(2) by Poutanen et al. (2008).

∆Fvar =
√

F 2
var + err(σ2

NXS)− Fvar (2)

Where err(σ2
NXS) is defined as Eq.(3) by Vaughan et

al. (2003)

err(σ2
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√

√

(

√

2

N

σ2
err

F 2

)2

+





√

σ2
err

N
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(3)
Fvar is often used in computation variability ampli-
tude for each spectral band[7].
In this study, we studied the flux variation of AGNs

with the Fvar on the high-energy gamma-ray regime
to get the variation charactor of each class (type).

II. DATA SELECTION

We selected AGNs from the second LAT AGN cata-
log (2LAC)[3] and TeVCat[12]. Selection criteria were
as follows,

I : It was decided which subclass was belonged to
(HBL or IBL or LBL or FSRQ).

II : It had known redshift.

III : flux ≥ 4× 10−9 cm−2 s−1 in 2LAC.
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TABLE I: Analyzed AGN list [3, 12]

Source Redshift Class Source Redshift Class Source Redshift Class

name z (type) name z (type) name z (type)

Messier 87 0.0044 FRI MS 1221.8+2452 0.218 HBL 4C +55.17 0.899298 FSRQ

NGC 1275 0.017559 FRI PKS 0301-243 0.26 HBL PKS 0823-223 0.91 IBL

Mrk 421 0.031 HBL S2 0109+22 0.265 IBL PKS 0420-01 0.916 FSRQ

Mrk 501 0.034 HBL 1ES 0414+009 0.287 HBL AO 0235+164 0.94 LBL

1ES 2344+514 0.044 HBL S5 0716+714 0.31 IBL S3 0218+357 0.944 Blazar

Mrk 180 0.045 HBL OT 081 0.322 LBL OP 313 0.997249 FSRQ

1ES 1959+650 0.048 HBL 1ES 0502+675 0.341 HBL PKS 0454-234 1.003 FSRQ

AP Lib 0.049 LBL PKS 1510-089 0.361 FSRQ 4C +14.23 1.038 FSRQ

1ES 1727+502 0.055 HBL 3C 66A 0.41 IBL PKS 2201+171 1.076 FSRQ

BL Lacertae 0.069 IBL PKS 0735+17 0.424 LBL PKS 0426-380 1.111 LBL

PKS 2005-489 0.071 HBL 4C +21.35 0.432 FSRQ PKS B1908-201 1.119 FSRQ

RGB J0152+017 0.08 HBL 1ES 0647+250 0.45 HBL OG 050 1.254 FSRQ

1ES 1741+196 0.083 HBL PG 1553+113 0.5 HBL PKS 1551+130 1.30814 FSRQ

W Comae 0.102 IBL GB 1310+487 0.501 FSRQ PKS 0244-470 1.385 FSRQ

1ES 1312-423 0.105 HBL PKS 2326-502 0.518 FSRQ PKS 2023-07 1.388 FSRQ

VER J0521+211 0.108 IBL 3C 279 0.536 FSRQ S4 1030+61 1.40095 FSRQ

PKS 2155-304 0.116 HBL MG2 J071354+1934 0.54 FSRQ PKS 0402-362 1.417 FSRQ

B3 2247+381 0.1187 HBL BZQ J0850-1213 0.566 FSRQ PKS 0250-225 1.419 FSRQ

RGB J0710+591 0.125 HBL PKS 1424+240 0.6035 IBL PKS 1454-354 1.424 FSRQ

H 1426+428 0.129 HBL 4C 31.03 0.603 FSRQ B2 1520+31 1.484 FSRQ

1ES 1215+303 0.13 HBL PMN J2345-1555 0.621 FSRQ PKS 2052-47 1.489 FSRQ

PKS 1717+177 0.137 LBL PKS 1244-255 0.633 FSRQ PKS 2227-08 1.55999 FSRQ

1ES 0806+524 0.138 HBL S4 1849+67 0.657 FSRQ TXS 1013+054 1.7137 FSRQ

1ES 0229+200 0.14 HBL 4C +56.27 0.664 LBL PKS 0215+015 1.721 FSRQ

1RXS J101015.9-311909 0.142639 HBL S5 1803+784 0.68 LBL MG1 J123931+0443 1.76095 FSRQ

TXS 1055+567 0.14333 IBL Ton 599 0.724565 FSRQ MG2 J101241+2439 1.805 FSRQ

3C 273 0.158 FSRQ B2 0716+33 0.779 FSRQ 4C +38.41 1.81313 FSRQ

H 2356-309 0.165 HBL TXS 0106+612 0.785 FSRQ PKS 0805-07 1.837 FSRQ

PKS 0829+046 0.173777 LBL PKS 1622-253 0.786 FSRQ PKS 1502+106 1.83928 FSRQ

1ES 1218+304 0.182 HBL B2 2234+28A 0.795 LBL 4C 01+02 2.099 FSRQ

1ES 1101-232 0.186 HBL PKS 0440-00 0.844 FSRQ PKS 1329-049 2.15 FSRQ

1ES 0347-121 0.188 HBL OC 457 0.859 FSRQ S4 0917+44 2.18879 FSRQ

RBS 0413 0.19 HBL 3C 454.3 0.859 FSRQ PMN J1344-1723 2.506 FSRQ

OX 169 0.211 FSRQ TXS 1920-211 0.874 FSRQ

1ES 1011+496 0.212 HBL PKS 0537-441 0.892 LBL

Table I shows the analyzed AGN list which 102
sources are included in. Source name, redshift, and
class(type) are cited from 2LAC and TeVCat.

The redshift of PKS 1424+240 was referred to
Furniss(2013)[5]. According to the TeVCat[12], the
blazar class of S3 0218+357 (z=0.944) was not deter-
mined but we used it as high redshift VHE gamma-ray
emitter.

III. DATA ANALYSIS

We analysed the Fermi reprocessed pass 7 data
between 2008 August 04 and 2014 June 09, using
the unbinned likelihood analysis with the Fermi Sci-
ence Tools package version v9r33p0 available from
the Fermi Science Support Center (FSSC)[13]. The
likelihood analysis was selected that the events with
photon energies in the range of 0.1-300 GeV and
a Region Of Interest (ROI) of 10 degrees cen-
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FIG. 1: Examples of the gamma-ray light curve about 6 years in 0.1–300 GeV. Blue plots: data points with a bin size of
30 days (bin size of last it is only about 4.4 days). Red allows: 95% C.L. upper limits. Green dotted lines: average flux
of whole period. Left panel: Mrk 421(HBL). Right panel: PKS 0454-234(FSRQ).

tered at the position of Table I sources. We used
“SOURCE” class (“evclass = 2”) including both front
and back events, because the “SOURCE” class is rec-
ommended for off-plane point source analysis by the
likelihood analysis [15]. We excluded events with
zenith angles larger than 100 degrees and time in-
tervals when the rocking angle was larger than 52
degrees. The set of the instrument response func-
tions of “P7REP SOURCE V15” was applied. Mod-
els which were used in this study include the isotropic
diffuse background (iso source v05.txt[14]), galactic
diffuse background (gll iem v05 rev1.fit[14]) and the
Second Fermi LAT Catalog (2FGL) sources in ROI of
10 degrees centered at the position of Table I sources.
The spectrum model was according to the 2FGL. Tar-
get blazars (Table I) were fitted with a Log-Parabola
(LP):

dN

dE
= N0

(

E

E0

)

−(α+βlog(E/E0))

(4)

because LP is typically used for modeling blazar
spectra[16]. Where N0[cm

−2 s−1 MeV−1] is nor-
malization parameter, E0 [MeV] is scale parameter,
−(α+ βlog(E/E0)) is spectrum index. If the parame-
ter β is zero, LP is equal to Powar-Law spectrum. In
this paper we fixed E0 parameter of targets to E0 =
100 MeV.
We judged the flux variation of target sources by

some steps.
Step I: gamma-ray light curves, which width of the
time bins was fixed on 30 days (shortest bin in this
study), was made.
Step II: if calculated Fvar was not required “Selection
Criteria”, we adopted more large bin size (60 days, 90
days, 150 days, and 300 days).

“Selection Criteria” were as follows, I. More than 40
% of the calculated integral flux of each bin were de-
tected. II. Significant (over 2σ) variation was detected
by the χ2 test in the analyzed period. If the selection
criteria I. and II. cleared, Fvar of the target could be
calculated.

IV. RESULTS AND DISCUSSION

Figure 1 shows the light curves of Mrk 421 and PKS
0454-234 as the light curve samples, which are the typ-
ical HBL and FSRQ sources, respectively. The green
dashed lines represent the average flux of whole pe-
riod. Each Fvar and averaged flux were culculated
as Mrk421: Fvar = 39.3 ± 1.3 % averaged flux =
(2.10± 0.22)× 10−7 cm−1 s−1, PKS0454: Fvar = 58.7
± 1.3 % averaged flux = (3.07 ± 0.32) × 10−7 cm−1

s−1. Note, the Fvar calculation was performed only
over the 9 TS bins.
Another Fvars were obtained in the same method

and the Fvar as a function of the redshift is shown
in Fig.2. Square and circle marks indicate TeVCat
and not TeVCat sources, respectively. Each subclass
of blazars are plotted in different colors (Blue:FSRQ,
Red: HBL, Magenta: IBL, Green: LBL, Yellow: FRI,
Black: uncertain type.). In Figure 2, Fvar indicates
the variability amplitude of the GeV gamma-ray light
curve. GeV gamma ray from FSRQs could be detected
at high redshift(z > 0.5) and have the large Fvar. In
addition, HBL and IBL assemble in z < 0.5. From
these features, blazar subclass seems to change along
the increasing redshift.
Peculiar features were as follows;
AO 0235+164 (z = 0.94, LBL) has particularly high
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FIG. 2: The Fvar as a function of the redshift. Square and circle marks indicate TeVCat and not TeVCat sources,
respectively. Each subclass of blazars are plotted in different colors (Blue:FSRQ, Red: HBL, Magenta: IBL, Green:
LBL, Yellow: FRI, Black: uncertain type.).

Fvar (117 ± 2.8) in LBLs. This source was discussed
that it might be FSRQ type blazar [1, 10]; therefore,
high Fvar value of this source might be caused by the
FSRQ like characters. S3 0218+357 (z = 0.944, Un-
certain type) which has the highest Fvar (190 ± 2.8)
in this analyzed sources is a gravitationally lensed
blazar[17], hence the very high Fvar value might be
enhanced by the gravitationally lensed effect.
From Fig. 2, the Fvar as a function of the red-

shift seems connection with FSRQs → LBLs → HBLs
(IBLs). This trend shows possibility of the activity
evolution and blazar class evolution.
Figure 3 shows the Fvar histogram which is pro-

jected in the vertical axis of Fig. 2. The different
colors show each subclass of blazars (Blue: FSRQ,
Red: HBL, Magenta: IBL, Green: LBL, Yellow: FRI,
Black: uncertain type).
However, there are some problems in this study.

First, the middle-high redshift (z > 0.2) low Fvar

sources were not sufficient for discussions without se-
lection effects. Second, this study could not consid-
ered the short time scale variability (< 30days). Thus,
it is necessary to analyze the low Fvar sources and
short time scale.

V. CONCLUSIONS

We selected 102 AGNs (blazars) to reveal the rela-
tion between the evolution process of AGNs and the
blazar sequence. We applied the fractional variability
amplitude (Fvar) to calculate the variability amplitude
considering the error.
The analyzed AGNs were selected from the second

LAT AGN catalog (2LAC)[3] and TeVCat[12]. The
analyzed data was Fermi reprocessed pass 7 data be-
tween 2008 August 04 and 2014 June 09, using the
unbinned likelihood analysis with the Fermi Science
Tools.
From these features, blazar subclass seems to

change along the increasing redshift (connection with
FSRQs → LBLs → HBLs (IBLs)). This trend shows
possibility of the activity evolution and blazar class
evolution. Peculiar features were as follows; AO
0235+164 (z = 0.94, LBL) has particularly high Fvar

(117 ± 2.8) in LBLs. This source was discussed that
it might be FSRQ type blazar [1, 10]; therefore, high
Fvar value of this source might be caused by the FSRQ
like characters. S3 0218+357 (z = 0.944, Uncertain
type) which has the highest Fvar (190 ± 2.8) in this
analyzed sources is a gravitationally lensed blazar[17],
hence the very high Fvar value might be enhanced by
the gravitationally lensed effect.
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FIG. 3: The Fvar distribution. The width of Fvar bin is 20%. The different colors show each subclass of blazars (Blue:
FSRQ, Red: HBL, Magenta: IBL, Green: LBL, Yellow: FRI, Black: uncertain type.).

However, there are some problems in this study.
First, the middle-high redshift (z > 0.2) low Fvar

sources were not sufficient for discussions without se-
lection effects. Second, this study could not consid-
ered the short time scale variability (< 30days). Thus,

It is necessary to analyze the low Fvar sources and
short time scale.
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The Fermi-LAT has observed new γ-ray flares from the blazar B0218+357 during July 2014. While no significant
change in the γ-ray spectrum has been previously observed through the flaring phase in late-2012, during this
recent high activity the source displayed an exceptionally hard spectrum. The latter led to the detection of very
high energy (VHE, E > 100 GeV) γ-rays from B0218+357 by the MAGIC telescopes, establishing this source
as the most distant TeV emitter known to date. In addition to the detection of VHE emission, this blazar is
of particular interest since it is known to be a double-image gravitationally lensed system with a lens delay of
11.46 ± 0.16 days measured in γ-rays. We present the Fermi-LAT study of the July 2014 flares and discuss
them in the context of previous measurements.

1. Introduction

B0218+357 is a blazar at z = 0.944 ± 0.002 [7]
lensed by a galaxy at redshift z = 0.6847 [3]. The
system appears as a double image in radio separated
by 335 milli-arcseconds with a brighter western A and
fainter eastern B images and an Einstein ring [12, 13].
The delay between the two images has been measured
in radio as ∆tr = 10.5 ± 0.2 [2] and 10.1 ± 0.8 days
[6]. Further timing analysis of the radio light curve
from [6] using two independent methods resulted in
two other possible delay values, ∆tr = 9.9+4.0

−0.9 or
11.8 ± 2.3 days [8]. B0218+357 was detected for the
first time in γ-rays by the Fermi Large Area Telescope
[LAT; 1]. Over the initial 4-years of LAT observations,
B0218+357 displayed a γ-ray flux of FE>100MeV =
(2.4 ± 0.9) × 10−8 photons cm−2 s−1 and a photon
index of Γ = 2.28 ± 0.03 [3FGL J0221.0+3556; third
Fermi -LAT Catalog, 3FGL, 14].

2. Gamma-ray flares from B0218+357

During the first six years of Fermi -LAT operations
B0218+357 has displayed two major phases of en-
hanced activity. The first was a long-lasting one that
developed between 2012 June and 2013 March. It was
characterized by a series of prominent γ-ray flares that
persisted over four months. A detailed study of this
period led to the measurements of the first robust γ-
ray lensing delay. Applying an auto-correlation func-

tion (ACF) to the evenly sampled light curve focused
on the 2012-2013 enhanced γ-ray activity, a single
dominant correlation peak was apparent. Its signif-
icance was evaluated to be 9σ. The delay in the γ-
ray data was inferred to be 11.46 ± 0.16 days (1σ).
With the same dataset it was possible to estimate the
flux ratios (A/B), which were found to be consistent
with unity, and similarly, infer a magnification ratio
of about unity [5]. Importantly, during this period no
indication for spectral variability was found. The γ-
ray photon index Γ = 2.30 ± 0.03 was consistent with
the value derived before the start of the flaring; also,
cf. the 3FGL value.

B0218+357 underwent a second enhanced phase
during 2014 July. The flares were between 2014 July
11 and 27 (MJD 56849–56865) remarkably charac-
terized by a distinctive hard spectrum [4]. Based
on a preliminary analysis, on 2014 July 13 and 14
(MJD 56851 and MJD 56852) the source was ob-
served with respective daily averaged fluxes (E >
100 MeV) of (6.5 ± 1.4) × 10−7 photons cm−2 s−1

with Γ = 1.4 ± 0.1 and (6.7 ± 1.5) × 10−7 photons
cm−2 s−1 with Γ = 1.6 ± 0.1. Because the gamma-
ray delay was previously measured, LAT Target of
Opportunity observations were triggered to trace the
expected delayed emission, about 11 days after. Note-
worthy, emission at VHE was subsequently reported
by the MAGIC telescopes at the time of the expected
delayed γ-ray flare [10, 11]. In the following we present
the preliminary analysis of the 2014 LAT dataset.
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Figure 1: Fermi-LAT light curve computed in 6-hr bins at energies E > 300 MeV (lower panel) and the corresponding
photon indices (upper panel). Vertical lines indicate the intervals of the flare (solid) and corresponding delayed emission
(dashed). The two crosses indicate the arrival time of the two >50 GeV events (see Section 3.1 for more details).

3. Hard spectral phase during 2014

3.1. Fermi-LAT analysis

Fermi -LAT data have been analyzed as described in
[5] but restricted to the energy range 300 MeV – 300
GeV to better characterize the hard-spectrum flaring
behavior reported by [4] (ATel #6313). The source
was modeled with a single power law with photon in-
dex free to vary. In the analysis, 95% confidence level
upper limits were computed when the test statistic1

(TS) [9] for the source was TS < 8. A preliminary
study of data between MJD 56849–56865 confirms
the detection of B0218+357. During this interval the
photon index is found to be on average exceptionally
smaller (below 2) with respect to the value of 2.3 re-
ported in previous LAT studies [5]. Noteworthy, two
high energy photons are positionally consistent with
the source: a 95 GeV and a 54 GeV event, detected
at ∼MJD 56852, i.e. at the time of the initial flare.

3.2. Light Curve

Figure 1 presents the 6-hr light curve (>300 MeV)
and the corresponding photon index versus time vari-
ations covering the time interval MJD 56849–56865.

1The TS corresponds roughly to the square of the signifi-
cance assuming one degree of freedom.

A first flaring phase, corresponding to flare of image
A, is well defined by a fast flux increase accompanied
by an exceptional hard spectrum and lasted 1.5 days.
This phase is identified by six consecutive 6-hr source
detections, as denoted in Figure 1 by the two continu-
ous vertical lines between MJD 56851.625–56853.125.
Immediately after this short flare the source returned
to quiescence, displaying only sporadic activity for the
subsequent ∼11 days.

Then, at the time of the expected delayed emission,
the source is observed again as denoted by the series
of bins between the two dashed vertical lines, at MJD
56863.125–56864.625. These detections happen ∼11.5
days later. The six consecutive 6-hr intervals with TS
> 8 are distinguished again by a small photon index
(Γ < 2). This second flaring phase corresponds to the
flare of image B, based on the hard-spectrum signa-
ture. Formally, the ACF computed on the LAT light
curve of 1-day binning between MJD 56849-56865
shows a peak around 11 days (not shown). Though
its statistical significance has not yet been estimated
it is notable that the peak is broadly consistent with
the previous γ-ray delay of 11.46 ± 0.16 days.

We compare the flux measured during the first 1.5-
day flaring episode, beginning at MJD 56851.625, with
the observation shifted by 11.5 days. We derive the
resultant average flux ratio A/B ∼ 4.

eConf C141020.1

243



5th Fermi Symposium : Nagoya, Japan : 20-24 Oct, 2014 3

Photon Index(>300 MeV)
1 1.5 2 2.5

]
-1 s

-2
ph

 c
m

-7
Fl

ux
 (
>3

00
 M

eV
) 
[1

0

0

2

4

6

8

10
Preliminary

Figure 2: Scatter plot of the 6-hr binned fluxes and
photon indices E > 300 MeV for the 1.5-day interval
beginning at MJD 56851.625 (blue) and beginning at
MJD 56863.125 (red), the same intervals reported in
Figure 1 between solid and vertical lines, respectively.

4. Summary

Previous analysis of LAT data for the 2012 flares of
the gravitationally lensed blazar B0218+357 found a
γ-ray delay measurement of 11.46 ± 0.16 days and a
flux ratio estimate between images (A/B) consistent
with ∼1. From a preliminary analysis of the 2014 July
LAT data, we found:

• Flares are characterized by peculiar hard spec-
tra, with photon index Γ < 2;

• Based on the hard spectral signature of the flar-
ing emission, the delay is compatible with the
previous γ-ray delay measurement of 11.5 days;

• The average flux ratio (A/B) over this flaring
episode is ∼ 4: while this factor is different with
respect to the previous γ-ray measurement, it
is interestingly closer to the radio observations
(∼3 or 4) [2, 6];

• A 95 GeV and a 54 GeV photon were detected
by the LAT during the first flare (A image) but
were not observed during the second flare of im-
age B. Nevertheless, the MAGIC detection en-
sures that in the second phase the source emis-
sion extends up to ∼100–200 GeV.
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Time and Space Dependent Stochastic Acceleration Model for the Fermi Bubbles

K. Sasaki, K. Asano, T. Terasawa
University of Tokyo/Institute for the Cosmic Ray Research, Kashiwa, Chiba, Japan

Fermi-LAT reveals two huge gamma-ray bubbles existing in the Galactic Center, called ’Fermi
Bubbles’. The existence of two microwave bubbles at the same region are also reported by the
observation by WMAP, dubbed ’WMAP haze’. In order to explain these components, It has been
argued that the gamma-rays arise from Inverse-Compton scattering of relativistic electrons accel-
erated by plasma turbulence, and the microwaves are radiated by synchrotron radiation. But no
previous research reproduces both the Fermi Bubbles and WMAP haze under typical magnetic fields
in the galaxy. We assume that shocks present in the bubbles and the efficiency of the acceleration
by plasma turbulence, ’stochastic acceleration’, changes with the distance from the shock front.
The distance from the shock front increases with time, accordingly the efficiency of the acceleration
changes with time. We also consider the time development of the electrons escape from the tur-
bulence by diffusive loss. Our model succeed to reproduce both the observed characteristics of the
Fermi Bubbles and WMAP haze under typical magnetic fields.

I. INTRODUCTION

Gamma ray data from the Fermi-LAT reveal
two giant bubbles extending up to ∼ 50◦ above
and below the Galactic disk, called ’the Fermi
Bubbles(FBs)’[1][2]. The spectra of the FBs are
harder than ambient radiation fields, and they have
’sharp edge’, which means sudden change of the
brightness at the boundary. The surface brightness
is almost constant in the FBs, though it doesn’t mean
the FBs have constant volume emissivities. There
also exists the microwave bubbles in the same region,
dubbed ’the WMAP haze’[3]. These huge structures
may suggest past large-scaled activities in the Galac-
tic Center(GC), near the massive black hole Sgr A∗.

Two representative models have been argued in or-
der to explain both the FBs and the WMAP haze.
’Hadronic model’ reproduces the FBs by the gamma
ray from the π0-decay process, and the WMAP haze
by the radiation from the secondary electrons[4][5]. In
the Hadronic model, protons are accelerated by the
Diffusive Shock Acceleration(DSA) or other process,
and they make π0 after collision with cosmic-ray pro-
tons. π± are also made in this process, and they decay
to e±. These secondary particles radiate microwave in
the magnetic field by the synchrotron radiation.

In contrast, ’Leptonic model’ explains the FBs by
the gamma ray from the Inverse Compton scatter-
ing(IC) process, and the WMAP haze by the syn-
chrotron radiation from the relativistic electrons[6][7].
In the Leptonic model, it is assumed that electrons
are accelerated by the second order Fermi accelera-
tion(stochastic acceleration) by plasma turbulence or
molecular clouds, in order to explain hard spectra of
the FBs. These relativistic electrons give their en-
ergy to the ambient photons by the IC process, and
they are observed as gamma ray. Some electrons radi-
ate microwaves by the synchrotron radiation, and the
WMAP haze are made.

However, both Hadronic and Leptonic model have

problems. Hadronic models require so much energy ∼

1057 erg, and estimated microwave spectrum conflicts
with the WMAP data[5]. In the leptonic models, it
is difficult to explain the WMAP haze under typical
galactic magnetic field(B ∼ 4 µG), so it is required
strong magnetic field in the large scale[7].
So we construct the extended model based on the

stochastic acceleration model by Mertsch & Sarkar[7].
Their model assumes that electrons are accelerated by
the turbulence whose acceleration efficiency decreases
with the distance from the shock front. But they don’t
consider the time development of the electron spec-
trum, and presume that electrons are at steady states.
They also neglect the contribution of the electrons es-
cape from the turbulence. So we extend their model
by considering both time development and electrons
out of the turbulence. In the sec.II, we explain our
acceleration model. And in the sec.III, we show the
results of our numerical calculation.

II. MODELS

We assume thet there is the shock front near the
edge of the FBs and the plasma turbulences are drifted
from the shock front with time by the advection at
V = vpro.
In order to calculate the electron spectrum, we solve

the Fokker-Planck equation,

∂n

∂t
−

∂

∂p

(

p2Dpp
∂

∂p

n

p2

)

+
n

tesc
+

∂

∂p

(

dp

dt
n

)

−Qinj = 0

(1)
where the momentum diffusion coefficient Dpp in

the second term is described[7]

Dpp(ξ) = p2
8πDxx(ξ)

9

∫ kd(ξ)

1/L

dk
k4W (k, ξ)

v2F(ξ) +D2
xx(ξ)k

2

(2)
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which represents the farther from the shock, the
weaker the acceleration efficiency becomes.
In (2) p is energy, k is wavenumber, vF(ξ) is

the velocity of the fast-mode wave, and W (k, ξ) =
(u2/4π)L−2/3k−11/3 is the energy density of the Kol-
mogorov turbulence. Dxx(ξ) is the spatial diffusion
coefficient. The dimensionless parameter ξ ≡ x/L(x
is the distance from the shock front, and L is the tur-
bulence size) represents how far from the shock front.
The third term describes the diffusive loss from

the turbulence, and then tesc is accounted for tesc =
L2/Dxx.
The forth term of (2) corresponds to the energy loss

of the synchrotron radiation and the IC scatering,

(

dp

dt

)

cool

= Psyn + PIC (3)

Psyn =
4

3
cσTγ

2β2UB (4)

PIC =
4

3
cσTγ

2β2Uph × fKN (5)

UB = B2/8π where B = 4 µG, and Uph is shown
in Figure 1. fKN ≤ 1 is the factor due to the Klein–
Nishina effect,which is numerically evaluated. In our
models, vpro is fixed vpro = 250 km sec−1, which cor-
responds to sound speed at kT ∼ keV.
We presume that injection rate is constant,

Qinj(p) ≡ Q0 δ(p− p0) (6)

where the spectrum shape of injected electron is as-
sumed to be δ-function, ninj(p) ∝ δ(p − p0). In this
paper,we use cp0 = 108 eV.
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FIG. 1: Background Photon Fields[8].We use the black
solid line(R = 2 kpc,z = 5 kpc) as Uph.

We consider the effect of time development, so we
assume that the distance from the shock front changes

with time like ξ = x/L = vprot/L, and then Dpp be-
comes the function of the time t. We also consider the
contribution of the electrons out of the turbulence, so
we solve the equation of these electrons

∂nesc

∂t
+

∂

∂p

(

dp

dt
nesc

)

−Qesc
inj = 0 (7)

where Qesc
inj is equal to the escape rate from the tur-

bulence Qesc
inj = n/tesc.

To verify the effect of the escape, we calculate the
spectrum of electrons under three cases. ’No escape
model’ is the model in which we neglect the escape
term n/tesc(the limit tesc → ∞). In the ’Cut escape
model’, we consider the effect of escape but we don’t
deal with electron out of the turbulence(like[7]). So
in the Cut escape model, we solve only (1), and don’t
solve (7). We consider the electrons out of the tur-
bulence in the ’With escape model’, then we solve
both (1) and (7), and finally calculate sum of them
ne = n+ nesc.
After the calculation of the spectrum of the elec-

trons, we estimate the Intensity from those electrons
and compare with the data of the Fermi-LAT and the
WMAP. In the next section sec.III, we show the re-
sults of our calculation.

III. RESULTS

Our results are shown in the Figure 2. We cal-
culate equation (1) under the three cases at variable
parameters L and Q0 for t = 2kpc/vpro ≃ 8 Myr.
vpro = 250kmsec−1 and B = 4µG are fixed. The result
of ’No escape model’ is shown in blue solid line, ’Cut
escape model’ is shown in red solid line, and ’With
escape model’ is shown in black solid line. The data
points in [9] are adopted.
Gamma ray data of the Fermi-LAT are nicely re-

produced in all cases. But the microwave data of
the WMAP are reproduced only by ’With escape
model’(Figure 2). This is because of increasing of low
energy particles due to escape from the turbulence. In
this case the turbulence size L = 10 pc, smaller than
that of in [7] L = 2 kpc. If we reproduce the WMAP
data in other cases, stronger magnetic field is required
at large scale.

IV. SUMMARY

We reproduce both the Fermi Bubble and the
WMAP haze under typical galactic magnetic field
B = 4µG by considering the effect of time dependence
and electrons which escape from the turbulence. ’Cut
escape model’ which is similar to the model of previ-
ous research Mertsch & Sarkar [7] reproduce gamma
ray data well, but predicted microwave emission is not
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FIG. 2: left: Photon spectrum under three cases. right: Photon spectrum at gamma ray region. ’No escape model’(blue
solid), ’Cut escape model’(red solid), ’With escape model’(black solid) are all shown.The data points are from [9].

enough at B = 4µG. Our results suggest that smaller
turbulence size is better for reproducing microwave
observation, because of more easily escaping from the
turbulence.
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VERITAS Observations of the Unidentified Point Source
HESS J1943+213

K. Shahinyan for the VERITAS Collaboration
University of Minnesota, Minnesota Institute for Astrophysics, Minneapolis, MN, 55455

The H.E.S.S. Galactic plane scan has revealed a large population of Galactic very high energy (VHE; E > 100
GeV) emitters. The majority of the galactic sources are extended and can typically be associated with pulsar
wind nebulae (35%) and supernova remnants (21%), while some of the sources remain unidentified (31%) [1].
A much smaller fraction of point-like sources (5 in total, corresponding to 4%) are identified as gamma-ray
binaries. Active galactic nuclei located behind the Galactic plane are also a potential source class. An active
galaxy could be identified in the VHE regime by a point-like appearance, a high variability amplitude (up to a
factor of 100) and a typically soft spectrum (due to absorption by the extra-galactic background light). Here we
report on VERITAS observations of HESS J1943+213, an unidentified point source discovered to emit above
470 GeV during the extended H.E.S.S. Galactic plane scan [2]. This source is thought to be a distant BL Lac
object behind the Galactic plane and, though it exhibits a steep spectrum it is a weak GeV source, only recently
detected using 5 years of Fermi-LAT data [3]. Deep VERITAS observations at high elevations result in the
most significant VHE detection of this object so far, with an excess above 200 GeV of more than 18σ. We
use variability and spectral analyses of VERITAS data on HESS J1943+213 in a multi-wavelength context to
address the source classification.

1. Identity of HESS J1943+213

HESS J1943+213 was first discovered in very-high-
energy (VHE; E > 100 GeV) gamma rays during the
H.E.S.S. Galactic plane scan [2]. Due to its point-
like appearance in VHE gamma rays, three possible
source classes were suggested: gamma-ray binary, pul-
sar wind nebula (PWN), and BL Lac object (blazar).

Assuming the source is a gamma-ray binary, ref. [2]
used the lack of detection of a massive (O- or B-type)
companion star to estimate a distance limit of greater
than ∼25 kpc. This distance would place the binary
well beyond the extent of the Galactic disk and would
imply an X-ray luminosity 100-1000 times higher than
known gamma-ray binaries. Such a distance limit is
therefore problematic, and this scenario is disfavored.
In addition, the point-like appearance in the X-rays
and the soft VHE spectrum with a power-law index of
Γ=3.1 ± 0.3 (in contrast to the softest known PWN
index of 2.7) motivated ref. [2] to argue against the
PWN scenario, leaving the blazar hypothesis. The
authors found all observations to be consistent with
the blazar scenario. The point-like nature in both
X-rays and VHE, the soft VHE spectral index, and
a preliminary IR spectrum showing lack of emission
lines are expected for a blazar. Moreover, the hard X-
rays observed with INTEGRAL IBIS and Swift BAT
instruments show no evidence of a cutoff up to an
energy of ∼195 keV. If the source is a blazar, it would
be categorized as an extreme high-synchrotron-peak
BL Lac object (extreme HBL), a class of blazars with
the synchrotron peak located at energies >1 keV [4].

Since the discovery publication, the identity of
HESS J1943+213 has been the topic of an ongoing
debate. 1.6-GHz VLBI observations of the HESS
J1943+213 counterpart with the European VLBI Net-
work produced a detection that was claimed to show

extension, with FWHM angular size of 15.7 mas (the
expected size for a point source is 3.5 mas) [5]. Based
on this measurement, the brightness temperature of
the counterpart was estimated to be 7.7×107 K and
was used to argue against the blazar scenario, as
the expected brightness temperature of HBLs is in
the 108–109 K range. In addition, ref. [5] employed
a 1′ feature observed in the 1.4-GHz VLA C-array
configuration image to support the PWN hypothesis,
with the assertion that the angular size of the fea-
ture is consistent with a Crab-like PWN placed at
a distance of 17 kpc. On the other hand, ref. [6]
argued in favor of an extreme HBL by constructing
a spectral energy distribution and drawing compar-
isons to a known extreme HBL, 1ES 0347-121. More
recently, ref. [3] bolstered the extreme HBL case by
observing the near-infrared (K-band) counterpart of
HESS J1943+213, claiming potential detection of an
elliptical host galaxy with 10% probability the ob-
ject is a star. Using 5 years of data, they also ob-
tain the first significant detection of the source with
Fermi LAT (within 2σ positional uncertainty) in the
1–300 GeV energy regime. Nonetheless, there is yet to
be a definitive identification of the HESS J1943+213
source class.

Here we present results from VERITAS observa-
tions of HESS J1943+213 and discuss implications for
the debate regarding the source identity.

2. VERITAS Observations

Very Energetic Radiation Telescope Array System
(VERITAS) is an array of four 12-m imaging at-
mospheric Cherenkov telescopes, located in Arizona,
USA at an elevation of ∼1270 m. The camera for
each telescope is composed from 499 photo-multiplier
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Figure 1: Significance sky map of VERITAS observations

of HESS J1943+213.

tubes, with a field of view of approximately 3.5◦.
VERITAS is able to reliably reconstruct VHE gamma
rays with energies between 100 GeV and 30 TeV [7],
with the sensitivity to detect a 1% Crab Nebula flux
source at 5σ in 25 hours. The systematic uncertainty
in the energy determination is within the 15–20%
range.

VERITAS observed HESS J1943+213 between May
27, 2014 (MJD 56804) and July 2, 2014 (MJD 56840)
with 27.8 hours of total live time. Observations took
place at elevations between 63◦ and 80◦, leading to
∼18σ source detection above 200 GeV.

3. Results

Figure 1 shows the significance sky map near HESS
J1943+213, including the detected source. The source
location is consistent with the catalog position of
HESS J1943+213. A preliminary VERITAS differ-
ential energy spectrum of the source is shows in Fig-
ure 2. The high elevation observations allow for a
lower energy threshold and lead to a spectrum that ex-
tends down to 200 GeV, compared with 470 GeV from
H.E.S.S. observations. The source spectrum is fit by
a power-law function with an index of Γ=2.5 ± 0.16
in the energy range 200 GeV–2 TeV. The VERITAS
spectrum of HESS J1943+213 appears harder than
the spectrum from H.E.S.S. (Γ=3.1 ± 0.3), though a
more rigorous comparison is necessary, as the energy
ranges differ between the two detections.

The flux of (1.30 ± 0.20) × 10−12 cm−2 s−1 mea-
sured with VERITAS above 470 GeV is consistent
with a flux of (1.25 ± 0.20) × 10−12 cm−2 s−1 from the

Figure 2: Differential energy spectrum of HESS

J1943+213 with VERITAS, between 200 GeV and

2 TeV, with results from a fit to a power-law function.

H.E.S.S. detection. Additionally, no flux variability is
seen within VERITAS observations.

As VERITAS is able to observe HESS J1943+213
at a much higher elevation than H.E.S.S., the detec-
tion rate of the source with VERITAS is 3.4σ/

√
hour,

compared with 1.8σ/
√

hour with H.E.S.S., allowing
VERITAS to test for variability on a factor of four
shorter timescales.

4. Discussion and Outlook

The agreement between fluxes measured approxi-
mately five years apart with VERITAS and H.E.S.S.
and a lack of a variability detection in other energy
bands is surprising if HESS J1943+213 is a blazar.
Blazars are known to vary at all energies and at a wide
range of timescales [8]. Although the stable flux of the
source observed to date does not rule out the blazar
hypothesis, continued non-detections of variability are
becoming a growing challenge for this scenario.

VERITAS can probe timescales that are a factor
of four shorter than those available to H.E.S.S and
therefore represents the best VHE dataset available
for searches of flux and spectral variability from this
source. Advanced analysis techniques will provide an
even higher sensitivity and allow for an additional fac-
tor of two improvement in the minimum variability
timescale that can be tested.

The VERITAS-measured spectrum of HESS
J1943+213, albeit preliminary, exhibits a harder
index than the H.E.S.S. spectrum. The soft spectral
index from H.E.S.S. constitutes one of the key pieces
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of evidence against the PWN hypothesis. Thus, in
conjunction with the lack of detectible variability
in the VHE regime, the harder VERITAS spectrum
may be counted in favor of the PWN hypothesis.

VERITAS will continue observations of HESS
J1943+213 and will monitor the source for potential
variability. In addition, the upcoming PASS 8 Fermi-
LAT data will allow for an improved detection and
a spectrum of the source in GeV gamma rays, pro-
viding a significantly better handle on the gamma-ray
peak of the HESS J1943+213 spectral energy distribu-
tion. Multi-wavelength studies of the source, includ-
ing studies of its spectral energy distribution will be
essential for definitively identifying the source class.
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VERITAS Observations of Very High Energy Blazars and Potential for

Cosmological Insight

A. Furniss for the VERITAS Collaboration
Stanford University, Stanford, CA, 94305 USA

Gamma-ray blazars are among the most extreme astrophysical sources, harboring phenomena
far more energetic than those attainable by terrestrial accelerators. These galaxies are understood
to be active galactic nuclei that are powered by accretion onto supermassive black holes and have
relativistic jets pointed along the Earth line of sight. The emission displayed is variable at all wave-
lengths and timescales probed thus far, necessitating contemporaneous broadband observations to
disentangle the details of the emission processes within the relativistic jets. The very high energy
(VHE; E ≥100 GeV) photons emitted by these sources are detectable with ground-based imag-
ing atmospheric Cherenkov telescopes such as VERITAS. As these photons propagate extragalactic
distances, the interaction with the diffuse starlight that pervades the entire Universe results in a
distance and energy dependent gamma-ray opacity, offering a unique method for probing photon
densities on cosmological scales. These galaxies have also been postulated to be potential sources
of ultra-high-energy cosmic rays, a theory which can be examined through deep gamma-ray obser-
vations of sources which probe moderate gamma-ray opacities. Within this work, I will highlight
ongoing research regarding the broadband emission from VERITAS-observed VHE blazars, as well
as the potential to use them for cosmological insight.

I. VERITAS

VERITAS is an array of four imaging atmospheric
Cherenkov telescopes in southern Arizona, each with
a 3.5◦ field of view. The array is sensitive to very-
high-energy (VHE) gamma-ray photons with energies
from ∼70 GeV to more than 10 TeV and can detect a
1% Crab-Nebula-flux source at 5 standard deviations
(σ) in less than 28 hours. The telescope array uses
12-meter reflectors to focus dim, blue/UV Cherenkov
light from gamma-ray and cosmic-ray interactions in
the atmosphere onto cameras composed of 499 photo-
multiplier tubes (PMTs). More details on the VERI-
TAS instrument can be found in [1] and [2].

II. STUDYING COSMOLOGY WITH VHE

BLAZARS

Blazars are a type of active galaxy with a relativis-
tic jet pointed toward the observer. These sources are
perplexing objects which contain some of the most
energetic particle processes in the Universe. These
extreme sources produce non-thermal spectral en-
ergy distributions (SEDs), characterized by two broad
peaks. The origin of the lower-energy peak is rela-
tively well understood, resulting from the synchrotron
radiation of relativistic leptons in the presence of
a tangled magnetic field. The higher-energy SED
peak is commonly attributed to inverse-Compton up-
scattering by the relativistic leptons within the jet
of either the synchrotron photons themselves, namely
synchrotron self-Compton (SSC) emission, or a pho-
ton field external to the jet, namely external Comp-
ton (EC) emission. Alternative models attribute the
higher-energy peak of blazar emission to hadronic

pion production and the resulting cascade emission,
which can provide convincing evidence that sufficient
hadronic acceleration is at work within VHE blazars
to make them reasonable source of UHECRs.

VHE gamma rays that propagate through the in-
tergalactic medium are absorbed by low energy ex-
tragalactic background light (EBL) photons via pair
production, γ+γ → e++e−[3]. The absorption mod-
ifies the intrinsic VHE gamma-ray spectra of extra-
galactic objects and limits the distance out to which
these sources should be detectable by VHE instru-
ments. The modification of the emitted spectrum is
energy and redshift-dependent, making the distance
to extragalactic VHE sources a vital parameter for the
accurate interpretation of the observed VHE spectra.

The absorption of VHE gamma rays by the EBL is
estimated using the model-specific (e.g. [4–6] gamma-
ray opacity, τ(E, z), and the intrinsically emitted flux,
Fint, is estimated from the observed flux, Fobs, us-
ing the relation Fint = Fobs × eτ(E,z). Although
the EBL cannot be directly measured due to strong
foreground sources, alterations to intrinsically emitted
VHE blazar spectra by absorption by the EBL have
been used to estimate the spectral properties of the
EBL [7, 8], providing upper limits on the IR photon
density which are consistent with the strict observa-
tional lower limits set by galaxy counts.

Recent work has indicated that the EBL density is
closer to the observational lower limits than the in-
directly set upper limits [9, 10]. Interestingly, there
are VHE observations which, when corrected for ab-
sorption by even the lowest density EBL models, show
indications of spectral hardening at the highest ener-
gies, but are strictly in agreement with the Γ = 1.5
spectral limitation (where dN/dE ∝ E−Γ) described
in, e.g., [7].
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The onset of spectral hardening at the highest en-
ergies in sources which probe moderate opacities is
clearly predicted by theories which include secondary
emission from UHECR extragalactic propagation and
interaction with intervening diffuse photon fields such
as the EBL and CMB. If VHE blazars eject sufficiently
accelerated protons, photo-pion production with these
photon fields can initiate cascades along the line of
sight, producing a hard spectral feature at the highest
energies from secondary gamma rays, as described in
[11]. Detected gamma-ray emission can be definitively
associated with these secondary emission processes us-
ing the spectral shape and variability characteristics
that are observed in the gamma-ray band. For distant
sources, it is expected that the secondary component
would contribute a significant portion of the observed
gamma-ray signal, particularly at the highest ener-
gies, where intrinsic gamma rays are attenuated over
the long path length through the EBL, as explored in
[12]. Any hard component displayed by extragalactic
VHE sources should lack variability due to intrinsic
variations in flux being washed out over a variety of
path lengths - a useful observable for checking the fea-
sibility of the secondary line-of-sight UHECR emission
scenario.

Studying VHE blazars also enables the investigation
of the magnitude of the intergalactic magnetic field
(IGMF) through the study of the cascade emission
along the source line of sight. The large scale magnetic
fields that may exist in the regions between galaxies is
known as the IGMF. Although the origin of this mag-
netic field is still unknown, and could have been gener-
ated at several points in the evolution of the early uni-
verse [13], the current IGMF has been proposed as the
seed field for strong (10−6 G) fields observed in galax-
ies and galaxy clusters. Recent studies indirectly place
upper (10−9 G) and lower (10−20 G) limits on the
strength of the IGMF [14, 15]. Tighter constraints,
and possible insight on any large scale structure (e.g.
correlation length) on the field strength are necessary
to constrain models explaining the IGMFs origin. The
inclusion of this affect in emission models can enable
an indirect probe to the IGMF through the inspec-
tion of extragalactic gamma-ray point source diffusion
beyond the instrumental PSF. There have also been
studies on the possibility that for bright blazars the
pair cascade energy is dissipated in heating of the in-
tergalactic medium [16, 17], a process that may need
to be taken into account when using VHE blazars to
study the IGMF and a topic where observations of
bright VHE blazars which are significantly attenuated
by EBL absorption can provide insight.

Notably, there is an additional, more exotic, mech-
anism potentially affecting gamma-ray propagation
over extragalactic distances. A hard high-energy
gamma-ray tail similar to that produced from UHECR
interactions (or over-estimated absorption by the
EBL) would result if VHE photons oscillate into

axion-like particles (ALPs), allowing propagation
through the EBL without interaction [18]. Evidence
for an effect of just this sort has recently been claimed
[19].
Motivated by the potential studies of extragalac-

tic gamma-ray photon propogation and the inter-
acting cosmological fields, VERITAS has collected
deep observations of three distant VHE blazars (PKS
1424+240 at z > 0.6035, PG 1553+113 at z > 0.395
and 3C 66A at 0.3341 < z < 0.41). We discuss the
VERITAS observations, source characteristics and the
flux correction for absorption by the EBL here.
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FIG. 1: Two broadband SEDs of PKS1424+240, corre-
sponding to a relatively high (upper panel) and a low
(lower panel) state. Within the inset, the VHE data are
corrected for absorption using the low-opacity Gilmore et
al. 2012 EBL model for z = 0.6. The LAT data above 100
MeV, contemporaneous with the VERITAS observations
in each year are shown along with the spectral results from
full LAT observations. The Swift XRT and UVOT obser-
vations of a relatively low and high state are also shown.

III. VERITAS OBSERVATIONS OF DISTANT

VHE BLAZARS

A. PKS 1424+240

PKS1424+240 (VERJ1427+237) is a distant very
high energy (VHE; E ≥ 100 GeV) blazar at z ≥

0.6035 [20]. At this minimum distance, the intrinsic
VHE emission is significantly absorbed by the EBL.
VERITAS observations of PKS1424+240 were per-
formed over three seasons and are reported in [21].
The first season (MJD 54881-55003) provides 28 hours
of quality-selected livetime and is reanalyzed here,
showing results consistent with those reported in [22].
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The second season encompasses 14 quality-selected
hours of observation between MJD 55598 and 55711,
while the third season includes data spanning MJD
56334 to 56447, and provide 67 hours of quality-
selected livetime with a threshold of 100 GeV, enabled
by a camera upgrade in 2012.
The contemporaneous broadband SEDs of PKS

1424+240 for the relatively high state observed in
2009 and the relatively low state of 2013 are shown
in Figure 1. When the observed VHE spectrum of
PKS1424+240 is corrected for the minimal absorp-
tion by the EBL, it appears that the source displays a
complex spectral structure (insets of Figure 1). With
the marginal (∼ 2σ) hardening at the highest energies,
it is challenging to model the source emission with a
standard SSC emission scenario.

Energy [TeV]

-110 -110×2 -110×3 -110×4 -110×5

]
-1

 s
-2

 d
N

/d
E

 [T
eV

 m
2

E

-810

-710

Low Flux State: Observed
Low Flux State: z=0.33
Low Flux State: z=0.41
High Flux State: Observed
High Flux State: z=0.33
High Flux State: z=0.41

3C66A: High/Low Flux State Deabsorbed Spectra using Gilmore, 2012 EBL Model

FIG. 2: VHE spectra of 3C 66A in both the low (solid
black) and high (dotted black) flux state. The elevated
state was observed over three days in October of 2008 (6
hours of livetime; MJD 54747-54749), while the low state
is results from integrated observations between 2008 and
2014 (52 hours of livetime; MJDs 54361-54746 & 54750-
56604). The observations are corrected for the expected
absorption by the [4] EBL model, assuming the upper
(blue) and lower (green) redshift limits of z = 0.41 and
z = 0.33, respectively.

B. 3C 66A

As a bright gamma-ray source which was for a long
time purported to be at a redshift of 0.44 from a erro-
neous spectroscopy measurements [23–25], 3C66A is
of great interest to the high-energy astrophysics com-
munity. Motivated by the featureless optical spec-
tra displayed by the source, far-ultraviolet spectra
were collected with COS onboard HST. Intergalactic
medium absorption features within the spectra were
used to place a firm lower limit on the blazar redshift
of z ≥ 0.3347. Additionally, an upper limit is set by
statistically treating the non-detection of additional

absorbers beyond z = 0.3347, indicating a redshift
of less than 0.41 at 99% confidence and ruling out
z ≥0.444 at 99.9% confidence [26].
This BL Lac object was first detected at VHE by

VERITAS in 2008 [27, 28]. VERITAS observations in
October of 2008 showed the source to be in an ele-
vated state, displaying VHE emission at the level of
6% of the Crab (6 hours of livetime between MJD
54747-54749; dashed black line in Figure 2). Con-
tinued observation of the source were completed be-
tween 2008 and 2014, resulting in 52 hours of ex-
posure while the source displayed a lower flux state
of ∼2% of the Crab Nebular (MJDs 54361-54746 &
54750-56604; solid black line Figure 2). The high
and low states displayed by 3C 66A can both be fit
with a curved log parabola of the form E2dN/dE =
N0(E/E0)

−Γ−βlog(E/E0) (with E0= 270 GeV) where
N0 = (11.8 ± 1.3) × 10−8 and (2.82 ± 0.28) × 10−8

TeV m−2 s−1 , Γ = 3.07 ± 0.4 and 2.30 ± 0.43 and
β = 5.2±2.1 and 4.8±1.8 for the high and low states,
respectively. The log-parabolic fit is preferred over a
simple power-law fit at the ∼ 3σ level for both the low
and high states.
With detection of 3C 66A out to 400 GeV in the low

state, and 500 GeV in the high state, the gamma-ray
opacity being probed by the source can be estimated
for the redshift lower and upper limits according to
the low density EBL model from [4]. For the low
state, τ(z = 0.33, 400 GeV)=1.4 and τ(z = 0.41, 400
GeV)=1.8. For the high state, τ(z = 0.33, 500
GeV)=1.8 and τ(z = 0.41, 500 GeV)=2.5.

C. PG 1553+113

PG1553+113 is readily detected in the high-energy
(100 MeV to 100 GeV) and VHE gamma-ray regimes.
VERITAS is capable of detecting PG 1553+113 above
100 GeV with a significance of 5σ after ∼43 minutes of
exposure, given its average flux of 6.9 % Crab. With-
out a firm spectroscopic redshift due to a featureless
optical spectrum, recent UV measurements using the
COS on HST have yielded the strictest redshift con-
straint on the source to date, setting a firm lower limit
of z ≥ 0.395 [29].
The observed VHE spectrum displayed in Figure 3

(left panel) results from 95 hours of observation, and
is shown along with contemporaneous Fermi obser-
vations. These observations are detailed in [30]. The
VERITAS spectrum is measured between 160 and 560
GeV, and is well defined by a differential power law
with index 4.33 ± 0.09. The combined contempora-
neous Fermi LAT and VERITAS data between 100
MeV and 560 GeV are well fit with a power-law with
an exponential cutoff at 101.9±3.2 GeV. Part of the
cutoff at this energy may be instrinsic, but it is ex-
pected that a significant fraction of the cutoff is due
to absorption by the EBL. Through EBL absorption-
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FIG. 3: Left: Fermi-LAT spectrum of PG 1553+113 (grey shaded area and open data points) plotted along with the
VERITAS-observed spectrum (solid black data points and line). The highest-energy Fermi-LAT spectral bin is shown
with a 95% confidence level upper limit. The best fit to the combined spectrum using a power law with an exponential
cutoff are shown with a dashed line. Right: The absorption-corrected VHE spectrum (filled circle data points) a redshift
of z = 0.53 and the EBL model from [4]. The solid curve represents the best fit to the intrinsic VHE spectrum using a
power law with an exponential rise and was the fit used to set the upper limit on the source redshift. The dashed curve
shows the best fit to the absorption-corrected gamma-ray spectrum.

correction using the model from [4], and the physically
motivated requirement that the gamma-ray spectrum
does not display an intrinsic exponential rise, the VHE
spectrum measured by VERITAS allows a robust up-
per limit on the distance to the source of z ≤ 0.62
(Figure 3, right panel).

IV. CONCLUSIONS

PKS 1424+240, 3C 66A and PG 1553+113 are all
relatively bright VHE emitting blazars at significant
redshifts. The bright VHE emission and significant
distances have motivated deep VERITAS observations
over multiple years . The steady emission allows spec-
tral reconstruction up to hundreds of GeV, making
the sources good targets for the study of VHE pho-
ton interaction with EBL photons along the line of
sight. Improvement of our understanding of VHE
blazar emission, VHE photon propagation across ex-

tragalactic distances and the cosmoligical fields which
VHE photons interact with will continue to motivate
VERITAS observations of these unique sources.
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Blazar 3C 454.3
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Sean Pike
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We present the light curve data of a remarkable blazer 3C 454.3 (z=0.859) in optical, X-ray, and gamma-ray
bands. Since January 2008, we have been monitoring this object using the 50 cm MITSuME, a optical telescope,
and detected several flares including extraordinary and simultaneous flares in the γ-ray and optical bands in
November 2010. Additionally, the Monitor of All-sky Image (MAXI) has been observing 3C 454.3 continuously
since August 2009. Using these data and gamma-ray flux observed with Fermi-LAT, we discuss features and
correlations of flux variations between the energy bands.

1. INTRODUCTION

The flat-spectrum radio-loud quasar 3C 454.3
(z=0.859; Jackson and Brown, 1991) is a well known
object as one of the most active and brightest sources
in the gamma-ray sky. Optical and radio observations
revealed that they are ascribed to strongly Doppler-
boosted emission from relativistic electrons in a jet of
plasma. The jet is oriented within ∼2◦ to the line of
sight (Jorstad et al. 2005). The ”small and big blue
bump” has been detected by Raiteri et al. (2007) in
the optical to ultraviolet band. The small blue bump
is probably a mixture of a iron lines, Mg II lines, and
Balmer continuum from the broad line region [Ogle et
al. 2011]. On the other hand, the big blue bump is in-
terpreted as a signature of the thermal accretion disk
(eg. Pian et al. 1999). The X-to-γ-ray radiation from
3C 454.3 is commonly understood to be produced
in the plasma jet through an Inverse-Compton (IC)
scattering process off the same electrons that yield
the radio to optical synchrotron emission. whereas,
the origin of the seed photons for the IC scattering
is not clear yet. Namely, (i) same synchrotron pho-
tons (SSC), (ii) photons coming from outside the jet
(EC), or (iii) both of these would be possible to being
seed photons. The X-ray range is most complicated
because it might contain the high-energy tail of the
synchrotron emission besides IC scattering component
(Abdo et al. 2010). One example of the SED of 3C
454.3 is shown in Figure 1 (quoted from Vercellone et
al. 2010).

Perhaps one of the most powerful tool to uncover
the emission mechanism of the jet is time variabil-
ity. Observing the with multi-wavelength for long pe-
riod, and investigating correlations between different
energy bands, we can build up a physical picture of
the jet and its surroundings.

In this paper, we firstly show the light curve data
in three energy bands, optical, X-ray, and γ-ray ob-

Figure 1: The SED of 3C 454.3 during the period MJD
= 54673-54693. The thin sold, dotted, dashed,
dot-dashed, and the triple-dot-dashed lines represent the
accretion disk component, the SSC component, EC on
the accretion disk, and EC on the broad line region
(BLR), respectively (Vercellone et al. 2010). The sum of
those the individual components is drawn by the thick
solid line.

tained by MITSuME and SMARTS1, MAXI/GSC2,
and Fermi/LAT3 respectively, secondly present some
results of time domain analysis, and finally discuss
about correlations of flux variations between these en-
ergy bands briefly.

1http://www.astro.yale.edu/smarts/glast/home.php#
2http://maxi.riken.jp/top/
3http://fermi.gsfc.nasa.gov/ssc/data/access/lat/
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Figure 2: The 7-years light curves of 3C 454.3 from
MITSuME and SMARTS (R-band), X-ray (2-4 keV) flux
from MAXI/GSC, γ-ray (0.1-300 GeV) flux from
Fermi/LAT. In the shadowed area on the X-ray light
curve, contaminating by a nearby X-ray source is
suspected.

2. THE DATA AND ANALYSIS

2.1. Light Curves in Multi Wavelength

Figure 2 shows the variation of R-band flux from
MITSuME (Akeno Observatory, red points) and
SMARTS (Bonning et al. 2012, black points), X-ray
(2-4 keV) flux from MAXI/GSC, and γ-ray (0.1-300
GeV) daily averaged flux from Fermi/LAT. For con-
verting the R-band magnitude to the flux, we assume
that the 0 mag in R-band correspond to a flux of
1.42 × 10−5ergcm−2s−1 (Sasada et al. 2011). In the
middle panel, the gray shaded region indicates the in-
terval which may be contaminated by the nearby X-
ray source IM Peg (see the ATel #6296). To see the
X-ray flux variations easily, we summed the daily flux
data points until satisfying the following condition at
each data points: Flux/Error ≥ 5.
Variations, especially activities like flares, are seen

to be completely correlated across the three energy
bands. On the other hand, looking closely to varia-
tions in the light curves in the point of view of flare
amplitudes, the X-ray band seems to show lower vari-
abilities than the optical band and γ-ray bands. While
it is certainly affected by a binning size, it was also
noticed in Vercellone et al. (2010). Additionally, in
the optical band and γ-ray band, flux responses origi-
nated from same events (same times) can be different
from a flare to another. We will present a detailed
analysis on this point in section 2.4.

2.2. Color-Magnitude Variation in Optical
bands

Color-magnitude analysis is useful for investigating
the property of spectral behavior of the optical varia-
tion. We show the R-I color indices as a function of I-
band magnitude in Figure 3. 3C 454.3 shows flux fluc-
tuation on a very short time scales (a few hours), so we
used the R and I data taken simultaneously using the
MITSuME tri-color camera for constructing the color
magnitude diagram. As pointed out by Villata et al.
(2006), this diagram shows the redder-when-brighter
behavior which is interpreted as the contribution of a
stable ”blue” component, i.e. the thermal radiation
from the accretion disk (big blue bump) lying under
the variable ”red” component i.e. the synchrotron ra-
diation from the relativistic electrons in the jet. When
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Figure 3: R-I color vs. I-band magnitude for 3C 454.3.
Colors indicate the date of the observation in units of
MJD as shown in the right bar. The
redder-when-brighter trend and the plateau are shown in
this digram.
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the jet emission dominates that of the accretion disk,
a plateau from R-magnitude ∼14 towards the bright-
est end will emerge in the color-magnitude diagram.
It should be note that the magnitude of plateau have
changed from ∼0.65 mag to ∼0.5 mag in a time be-
tween MJD ∼55500 and MJD ∼56800. This may in-
dicate that some physical parameter of the accretion
disk or the synchrotron emitting electrons (or both of
these) are dramatically changed within this term.

2.3. The Ratio of The Optical and The
Gamma-ray Flux

Studies about 3C 454.3 have revealed a close con-
nection between the optical and γ-ray flux behavior
not only in high activity states but also in non-flaring
state (e.g. Bonning et al. 2008; Abdo et al. 2010a).
Assuming photons in optical bands are produced by
the synchrotron radiation of the relativistic electrons
in the jet and γ-ray photons are produced through
the IC scattering process by the same electrons, we
can represent observed flux variations in these energy
bands as

Fopt ∼ Neδ
3+α0B1+α0 (1)

Fγ ∼ Neδ
4+2αgUext, (2)

t thus the flux ratio of the optical band and the γ-ray
is predicted as following:

Fopt

Fγ
∼ B1+α0U−1

extδ
α0−2αg−1, (3)

where Ne is total number of emitting electron, δ is
Doppler factor of an synchrotron emitting plasma, α0

and αg are the spectral indices in the optical and γ-ray
bands, respectively, B is magnetic field in the emit-
ting region, and Uext is the external seed photon field
(Chatterjee et al. 2012).
Flux ratios calculated using the R-band flux and

γ-ray flux pairs observed on same days are shown in
Figure 4. From this figure,we can notice a trend that
the flux ratio Fopt/Fγ becomes small as the source be-
comes bright. There seems to be some time lag in this
tendency (the decrease of the ratio lags the increase of
the brightness), and this point will be investigated in
section 2.3.1. If the variation is only due to a change
in Ne, the ratio Fopt/Fγ will be constant because the
ratio does not depend on Ne, as shown in Eq.(3) .
In addition, as can be appreciated from Eq.(1) and
Eq.(2), if the variation arose from a change in B or
Uext, the optical and the γ-ray variations will not be
correlated. Therefore, this supposition is inconsistent
with the previous research results, except the so called
”γ-ray orphan” optical-UV flare (eg. Vercellone et al.
2011). For these reason, this trend may indicates that
the Doppler factor δ plays a big role in the flux fluc-
tuation in the optical and γ-ray bands. The origin of
flux variation will also be discussed in section 2.5.

Figure 4: The R-band light curve in the last 6 years
observation with the corresponding ratio Fopt/Fγ as a
function of time is shown in top and middle panel. In
this analysis, we selected only the combination data of
the R-band and the γ-ray to calculate the ratio between
these energy bands, hence the number of data point is
less than the original data (shown in Figure 2). Note
that the unit of Fopt and Fγ is [erg/cm2/s] and
[photons/cm2/s], respectively, thus the ratio Fopt/Fγ is
not a dimensionless quantity. The bottom panel is the
ratio as a function of brightness level of the R-band and
color indicates the date of the observation in units of
MJD - 50000 as shown in the right bar.

2.3.1. Z-transformed Discrete Cross Correlation Function
analysis

To investigate the time lag between the flux ra-
tio Fopt/Fγ and the brightness of the optical band,
we employed the Z-transformed Discrete Cross Cor-
relation Function (ZDCF) introduced by Alexander
(1997). This method can correct several biases of
the discrete correlation function of Edelson & Krolik
(1988) by using Fisher’s z-transform and equal popu-
lation binning (see the original paper for more detail).
The calculated ZDCF between the flux ratio Fopt/Fγ

versus the optical band flux Fopt during MJD = 55400
– 55550 is shown in Figure 5. In this period the most
prominent change of the ratio and brightness was seen
as shown in Figure 4. A positive time lag indicate that
the variation of the flux ratio is delayed with respect
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Figure 5: The R-band light curve in MJD = 55400-55550
with the corresponding ratio Fopt/Fγ as a function of
time is shown in top and middle panel. The bottom
panel is the ZDCF of the flux ratio Fopt/Fγ and R-band
light curve during that interval. The time delay is
defined as positive if the flux ratio variations lead that at
R-band flux.

to that of the brightness, thus the decrease of the flux
ratio lags by typically about 20 day with respect to
the increase of the flux in the optical band. The max-
imum likelihood 1σ error estimate calculated for the
points between time-lags = −40 to 40 days is 22.00
+4.12
−7.49 days. The physical meaning of this value is not
clear at present. In a qualitative manner, however, we
find the behavior of the flux ratio has the following
two features: (i) fluctuations on relatively short time-
scales (a few days) coincides with flare like activities,

Figure 6: The decomposed light curves of R-band and
γ-ray into individual flares are drawn by the dotted
curve. The gray solid curve corresponds to summed flux
of the modeling light curves, black open circles dente the
observed light curve, the gray dotted line shows a
residual flux, and same colors indicate that these flares
were yielded by a same event in each panel.

and (ii) a relatively long time-scale decreasing trend
in active phase (MJD >

∼ 55490) in the middle panel of
Figure 4. The 22.00 day lag found above is probably
related to the latter feature, the long-term decreasing
trend of the flux ratio associated with the large swings
of the optical flux.
For the behavior of the flux ratio, described above

as (i) and (ii), we can interpret this by a existence
of parameters which change on long time scales (>50
days) besides the Doppler factor δ. Namely, if the ex-
ternal seed photon field Uext increase or if magnetic
field in a emitting region decreases gradually, the flux
ratio will turn downward as shown in Figure 4 accord-
ing the changes in these parameters. In addition, it is
also possible that the baseline of the Doppler factor
progressively increases as an angle between the line
of sight and the direction of the jet progressively de-
creases.

2.4. flare analysis

The fluctuations in the optical and γ-ray light
curves of blazars can be interpreted as a superposition
of individual flares caused by same kind of events lying
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on a steady baseline flux (e.g. Abdo et al 2010c, Chat-
tergee et al. 2012). For the optical band, for example,
the steady component and the flaring component can
be interpreted as thermal radiation from the accretion
disk and synchrotron radiation in the jet, respectively.
In order to investigate properties of the variable com-
ponent, we decompose the light curves into individual
flares represented by the following function:

F (t) = Fc + F0

(

e
t0−t

Tr + e
−

t0−t

Td

)−1

, (4)

where Fc is an assumed constant flux level underlying
the flare, F0 is the amplitude of the flare, t0 is the
epoch of the peak of the flare, and Tr and Td are the
rise and decay time of the flare. F0 was constrained
to be equal to the lowest value of the flux during the
focusing interval. In our analysis, we assume Tr = Td

because the acceleration and cooling time scales of
the relativistic electrons are expected to be substan-
tially shorter than the light-crossing timescale of the
synchrotron emitting region. Figure 6 shows the op-
tical and γ-ray light curves for the period containing
the brightest γ-ray flare in the Fermi observation from
3C 454.3. The individual flares presented by dashed
lines of same colors in the R-band and the γ-ray light
curves indicate that these variations were produced by
the same origin. One can see that almost all flares are
correlated in this period but flux responses in these en-
ergy bands originated from same events may be very
different. On the other hand, the duration times of
these flares are roughly equal. These aspects might
be representing the origin of the observed flares. As-
suming that the sub-equal duration time of the op-
tical and γ-ray flares is caused by a light-travel time
in a same emitting region and the difference of flux
response is made by a variance of physical parame-
ters in the emitting region such as δ or B, each flare
observed might be yielded by different blobs of denser
plasma possessing almost same size with substantially
different parameters.

2.5. Gamma-ray/Optical Correlation

As shown in Eq.(1) and (2), the optical flux Fopt

and the γ-ray flux Fγ are related to each other through
several parameters. For example, if the flux variation
is due to a change in total number of emitting elec-
tron Ne, Fγ ∝ Fopt, and if it is due to a change in

the Doppler factor δ, Fγ ∝ F
(4+2αg)/(3+α0)
opt . To inves-

tigate this relationship, we calculate the slope of the
distribution in the Log(Fopt) vs. Log(Fγ) space. Data
points in the Figure 7 show the observed γ-ray and
the optical fluxes for the two substantially bright pe-
riods: MJD = 55434 - 55532 (upper panel), and 55680
- 56910 (bottom panel). Color contours indicate the
density of data points and the lines denote the regres-
sion relation between the fluxes in those two bands,
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Figure 7: Log(Fopt) - Log(Fγ) dependences durring MJD
= 55434-55532 and MJD = 56800-56910. Color contours
indicate the density of data points and the solid line
denote the numerical relation between the fluxes in those
two energy bands.

e.g., Fγ ∝ FX
opt, where X is the slope of Log(Fopt)

vs. Log(Fγ). In MJD = 55434 - 55532 and MJD
= 56800 - 56910, parameter X is calculated as 1.79
and 1.46, respectively. According to Ackermann et
al. (2010), in MJD = 55060 - 55160, OIR spectral
index from SMARTS light curve is 1.55 ± 0.05, and
the γ-ray spectral index is 1.5 ± 0.1. For α0 = 1.55
and αg = 1.5, we can obtain the relation Fγ ∝ F 1.54

opt .
Thus, if we assume that the spectral index was largely
unchanged and the γ-rays are produced by EC pro-
cesses, this result seems to imply that the variation is
mainly due to a change in δ and support the sugges-
tion in section 2.3.
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3. SUMMARY AND CONCLUSIONS

In this paper, we present the long-term light curve
data of 3C 454.3 in three energy bands i.e. optical
(R-band), X-ray (2-4 keV), and γ-ray (0.1-300 GeV)
provided by MITSuME and SMARTS, MAXI/GSC,
and Fermi/LAT, and reveal several time variability
properties using the optical and the γ-ray flux data.
Our main conclusions are as follows.

1. Using R-band and I-band data from MITSuME,
the redder-when-brighter behavior and the ”sat-
uration” effect from R-magnitude ∼14 towards
the brightest end are confirmed by the color-
magnitude diagram. These results were pointed
out by some previous research (e.g. Raiteri et
al. 2008, Zhai et al. 2011). The remarkable re-
sult in this research is the finding of a sign of
change in the plateau magnitude. The physical
parameter of the accretion disk or the relativistic
electron in the jet might have changed gradually
and significantly.

2. We investigate a relation between the optical-
band flux Fopt and the flux ratio of it to the
γ-ray flux Fopt/Fγ . The flux ratio becomes de-
creasing as the source becomes brightening, and
this might indicate that the Doppler factor of
an synchrotron emitting plasma is playing the
most important role in the variations in the op-
tical and γ-ray flux from 3C 454.3. More de-
tailed analysis is performed for the period of
MJD = 55400 to 55550. During this period,
the flux ratio shows the interesting behaviors,
namely, (i) steep dropping corresponding with
the flares of the optical and the γ-ray, and (ii)
slow declining during the highly active phase
(MJD >

∼ 55490). It might be interpreted by an
existence of a change of physical parameters in
the jet besides the Doppler factor δ or increas-
ing of baseline of the Doppler factor gradually
for some reasons. In addition, the ∼ 20 days
time-lag between the flux ratio and the optical
flux variation is detected. A Interpretation of
this phenomenon will be addressed in a future
paper.

3. We performed a decomposition of the optical
and γ-ray light curves of 3C 454.3 during its

large flaring activity (MJD = 55490-55540). Al-
most all flares are correlated in this period,
though flux responses vary significantly from one
event to the other. This might indicate that the
size of plasma blobs which radiate the optical
and the γ-ray photons are almost same while
those parameters besides its size are diverse.

4. For the two bright periods of 3C 454.3, we inves-
tigate the numerical relationship between Fopt

and Fγ , and Fγ ∝ F 1.79
opt and Fγ ∝ F 1.46

opt are
obtained in MJD = 55434 - 55532 and MJD =
56800 - 56910, respectively. These are roughly
consistent with Fγ ∝ F 1.54

opt which is expected if
the variation is due to a change in the Doppler
factor δ.
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A strong radio brightening at the jet base of M87 in the period of the
elevated TeV γ-ray state in 2012
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The nearby radio galaxy M87 offers a unique opportunity for exploring the connection between γ-ray production
and jet formation at an unprecedented linear resolution. However, the origin and location of the γ-rays in this
source is still elusive. Based on previous radio/TeV correlation events, the unresolved jet base (radio core) and
the peculiar knot HST-1 at >120 pc from the nucleus are proposed as candidate site(s) of γ-ray production.
Here we report our intensive, high-resolution radio monitoring observations of the M87 jet with the VLBI
Exploration of Radio Astrometry (VERA) and the European VLBI Network (EVN) from February 2011 to
October 2012, together with contemporaneous high-energy γ-ray light curves obtained by the Fermi Large
Area Telescope. During this period, an elevated level of the M87 flux is reported at TeV with VERITAS.
We detected a remarkable flux increase in the radio core with VERA at 22/43 GHz coincident with the VHE
activity. Meanwhile, HST-1 remained quiescent in terms of its flux density and structure in the radio band.
These results strongly suggest that the TeV γ-ray activity in 2012 originates in the jet base within 0.03 pc
(projected) from the central supermassive black hole.

1. Introduction

The nearby radio galaxy M87 accompanies one of
the best studied AGN jets. Its proximity (16.7 Mpc)
and brightness have enabled detailed studies of this
jet over decades through radio, optical and to X-
ray at tens of parsec scale resolutions. Further-
more, the inferred very massive black hole (MBH ≃

(3 − 6) × 109 M⊙) yields a linear resolution down to
1 milliarcsecond (mas) = 0.08 pc = 140 Schwarzschild
radii (Rs) (for MBH = 6×109 M⊙), making this source
an ideal case to probe the relativistic-jet formation
at an unprecedented compact scale with Very-Long-
Baseline-Interferometer (VLBI) observations (e.g., Ly
et al. 2007; Kovalev et al. 2007; Hada et al. 2011;
Asada & Nakamura 2012; Doeleman et al. 2012;
Hada et al. 2013). M87 is now widely known to

show γ-ray emission up to the very-high-energy (VHE;
E > 100 GeV) regime, where this source often ex-
hibits active flaring episodes. The location and the
physical processes of such emission have been a mat-
ter of debate over the past years, and there are two
candidate sites which can be responsible for the VHE
γ-ray production. One is a very active knot HST-1
which is located at more than 100 pc from the nu-
cleus (Stawarz et al. 2006; Cheung et al. 2007; Harris
et al. 2009). This argument is based on the famous
VHE flare event in 2005, where HST-1 underwent a
large radio-to-X-ray outburst jointly with a VHE flare.
In contrast, the other candidate is the core/jet base,
which is very close to the central black hole. This
argument is based on the VHE event in 2008, where
the core/VHE showed a remarkable correlation in the
light curves. There was another VHE event in 2010,
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but this is rather elusive. Coincident with the VHE
event, Chandra detected an enhanced flux from the
X-ray core (Harris et al. 2011; Abramowski et al.
2012), and VLBA observations also suggested a possi-
ble increase of the radio core flux (Hada et al. 2012).
However, Giroletti et al. (2012) found the emergence
of a superluminal component in the HST-1 complex
near the epoch of this event, which is reminiscent of
the 2005 case.

Recently, the VERITAS Collaboration has reported
new VHE γ-ray activity from M87 in early 2012 (Beil-
icke et al. 2012). While there were no remarkable
flares like those in the previous episodes, the VHE flux
in 2012 clearly exhibits an elevated state at a level of
∼9σ (Φ>0.35TeV ∼(0.2–0.3)×10−11 photons cm−2 s−1)
over the consecutive two months from February to
March 2012. The observed flux is a factor of ∼2
brighter than that in the neighboring quiescent peri-
ods. Therefore, this event provides another good op-
portunity for exploring the location of the VHE emis-
sion site by jointly using high-resolution instruments.

2. Observations

Here we report a multi-wavelength radio and
MeV/GeV study of the M87 jet during this period us-
ing the VLBI Exploration Radio Astrometry (VERA,
Fegure 1), the European VLBI Network (EVN), the
Submillimeter Array (SMA) and the Fermi-LAT. We
especially focus on the VLBI data in the radio bands;
with VERA, we obtained the high-angular-resolution,
dense-sampling-interval, phase-referencing data set at
22 and 43 GHz during the VHE activity in 2012: with
the supportive EVN monitoring, we obtained a com-
plementary data set at 5 GHz, which enables a high-
sensitivity imaging of the M87 jet. A collective set
of these radio data allows us to probe the detailed
physical status and structural evolutions of M87 by
pinpointing the candidate sites of the γ-ray emission
i.e., the core and HST-1. For more details regarding
the radio data analysis, see Hada et al. (2014).

The LAT data reported here were collected from
2011 February 1 (MJD 55593) to 2012 September 30
(MJD 56200). During this time, the Fermi observa-
tory operated almost entirely in survey mode. The
analysis was performed with the ScienceTools soft-
ware package version v9r32p5. The LAT data were
extracted within a 10◦ region of interest centred at
the radio location of M87. Only events belonging to
the ‘Source’ class were used. The time intervals when
the rocking angle of the LAT was greater than 52◦

were rejected. In addition, a cut on the zenith angle
(< 100◦) was applied to reduce contamination from
the Earth limb γ rays, which are produced by cos-
mic rays interacting with the upper atmosphere. The
spectral analysis was performed with the instrument

Figure 1: Layout of the VLBI Exploration of Radio
Astrometry (VERA).

response functions P7REP SOURCE V15 using an un-
binned maximum-likelihood method implemented in
the Science tool gtlike. A Galactic diffuse emission
model and isotropic component, which is the sum of
an extragalactic and residual cosmic ray background,
were used to model the background. The normaliza-
tions of both components in the background model
were allowed to vary freely during the spectral fitting.

We evaluated the significance of the γ-ray signal
from the sources by means of the maximum-likelihood
test statistic TS = 2∆log(likelihood) between models
with and without a point source at the position of
M87 (Mattox et al. 1996). The source model used in
gtlike includes all of the point sources from the sec-
ond Fermi-LAT catalog (2FGL; Nolan et al. 2012)
that fall within 15◦ of the source. The spectra of
these sources were parametrized by power-law func-
tions, except for 2FGL J1224.9+2122 (4C 21.35) and
2FGL J1229.1+0202 (3C 273), for which we used a log-
parabola as in the 2FGL catalogue. A first maximum-
likelihood analysis was performed to remove from the
model the sources having TS < 25 and/or the pre-
dicted number of counts based on the fitted model
Npred < 3. A second maximum-likelihood analysis
was performed on the updated source model. In the
fitting procedure, the normalization factors and the
photon indices of the sources lying within 10◦ of M87
were left as free parameters. For the sources located
between 10◦ and 15◦, we kept the normalization and
the photon index fixed to the values from the 2FGL
catalogue.

Integrating over the period from 2011 February 1 to
2012 September 30 (MJD 55593–56200), the fit with
a power-law model in the 0.1–100 GeV energy range
results in a TS = 134, with an integrated average flux
of (2.22 ± 0.43) ×10−8 ph cm−2 s−1 and a photon
index of Γ = 2.25 ± 0.10. Taking into account the
detection significance over the whole analysed period,
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Figure 2: Multi-wavelength light curves of M87 between 2011 February and 2012 December. The vertical shaded area
over the plots indicates a period of elevated VHE emission reported by Beilicke et al. (2012).

we produced the γ-ray light curves with 1-month and
2-month time bins. This choice of binning is compat-
ible with those adopted in the previous M87 studies
with LAT data (Abdo et al. 2009; Abramowski et al.
2012), and also reasonable for a comparison with the
observed month-scale VHE activity in 2012. For each
time bin, the spectral parameters for M87 and for all
the sources within 10◦ from it were frozen to the value
resulting from the likelihood analysis over the entire
period. In the light curve with the 2-month time bins,
if TS < 10, 2σ upper limits were evaluated, while only
bins with TS > 10 are selected in the light curve with
the 1-month time bins. We describe the results of the
LAT light curves in Section 4.2.

Dividing the 1-month bins with higher flux in 5-
day sub-bins, the highest flux of (10.4±4.8)×10−8 and
(8.6±3.4)×10−8 ph cm−2 s−1 was detected on 2011
October 12-16 and 2012 January 16-20, respectively

(these sub-bin data also show TS>10). By means of
the gtsrcprob tool, we estimated that the highest
energy photon emitted from M87 (with probability >

90% of being associated with the source) was observed
by LAT on 2011 April 7, at a distance of 0.09◦ from
the source and with an energy of 254.0 GeV, extending
into the VHE range.

2.1. Results

In Figure 2 we show a combined set of light
curves of M87 from radio to MeV/GeV γ-ray between
MJD 55400 and MJD 56280. Thanks to the dense,
complementary coverages of VERA and EVN, we re-
vealed the detailed evolutions of the radio light curves
for both the core and HST-1. The most remarkable
finding in these plots is a strong enhancement of the
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Figure 3: VERA 43 GHz images of the M87 jet during the elevated VHE state in 2012.

radio core flux at VERA 22 and 43 GHz, which oc-
curred coincidentally with the elevated VHE state. At
22 GHz, we further detected a subsequent decay stage
of the brightness at the last three epochs. Also at
43 GHz, we detected possible saturation of the flux
increase near the last epoch. Meanwhile, the EVN
monitoring confirmed a constant decrease of the HST-
1 luminosity. Figure 3 describes VERA 43-GHz im-
ages during the VHE active period, which indicate
the flux enhancement within the central resolution el-
ement of 0.4 mas, corresponding to a linear scale of
0.03 pc or 56 Rs. We also note that the SMA data
at 230 GHz also appear to show a local maximum in
its light curve during the period of the elevated VHE
state.

Another notable finding is a frequency-dependent
evolution of the radio core flare. The VERA light
curves clearly indicate that the radio core brightens
more rapidly with a larger amplitude as frequency in-
creases. At 43 GHz, the flux increased up to ∼70%
for the subsequent 2 months at an averaged rate of
∼35%/month, and afterward the growth seems to be
saturated. On the other hand, the core flux at 22-
GHz progressively increased up to ∼50% for the sub-
sequent 4 months at a slower rate of ∼12%/month.
At 5 GHz, by contrast, the core remained virtually
stable within the adopted error of 10%. This is the
first time that such a frequency-dependent nature of
the radio flare is clearly confirmed in the M87 jet. We
also detected a core-shift between 22 and 43 GHz by
using the VERA dual-beam astrometry technique (see
Hada et al. 2014), where the amount of the shift was
similar to the value obtained in the previous core-shift
measurement (Hada et al. 2011).

Regarding the MeV/GeV regime, the LAT light

curves were stable up to February 2012, and we did
not find any significant flux enhancement during the
period of the VHE activity. After March 2012, how-
ever, no significant emission was detected for the sub-
sequent 6 months in the 1- and 2-month binned data,
suggesting a change in the HE state after the VHE
event. This indicates a decrease in the HE flux (by
a factor of ∼ 2) after the VHE event, in agreement
with the level of decrease observed at VHE in 2012
April-May (Beilicke et al. 2012).

3. Discussion and summary

Following the 2008 episode this is the second time
where a VHE event accompanied a remarkable radio
flare from the core. Meanwhile, the radio luminosity
of the HST-1 region was continuously decreasing, and
we did not find any hints of the emergence of new com-
ponents from HST-1 as seen in 2005 and 2010. These
results strongly suggest that the VHE activity in 2012
is associated with the core at the jet base, while HST-
1 is an unlikely source. We note that these remark-
able flares are very rare also in radio bands (Acciari
et al. 2009), so it is unlikely that an observed joint
radio/VHE correlation is a chance coincidence, while
the low statistics of the LAT light curves still do not
allow conclusive results on the HE/VHE connection.

What kinds of mechanisms are responsible for the
VHE production in the M87 core? Some of the exist-
ing models ascribe the VHE production to extremely
compact regions near the central black hole (e.g.,
Neronov & Aharonian 2007; Lenain et al. 2008; Gi-
annios et al. 2010; Barkov et al. 2012). These models
well explain the rapid (a few days) variability observed
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in the previous VHE flares in 2005, 2008 and 2010.
However as far as we consider the case in 2012, the size
of the associated region expected from these models
seems to be smaller than that suggested by VLBI and
the observed longer timescale of the VHE variability.
Indeed, a contemporaneous mm-VLBI observation at
230 GHz during the 2012 event also suggests the pos-
sible extended nature for the flaring region (>∼0.3 mas;
Akiyama et al. submitted).

Another popular scenario for the M87 VHE pro-
duction comes from a blazar-type, two-zone emission
model where the VHE emission originates in the up-
stream part of a decelerating jet (Georganopoulos et
al. 2005) or in the layer part of the spine-sheath
structure (Tavecchio & Ghisellini 2008). However in
their steady state models, whether the models can
explain the observed simultaneous radio/VHE corre-
lation or not has not been well investigated yet be-
cause the emission regions associated with radio and
VHE are spatially separated from each other. In
this respect, a simple, homogeneous one-zone syn-
chrotron self-Compton jet model examined by Abdo
et al. (2009) would be interesting to note since one
can in principle accept coincident radio/VHE correla-
tions.

Our multi-frequency radio monitoring additionally
revealed a frequency-dependent evolution of the ra-
dio light curves for the M87 core. Such a behavior
is often explained by the creation of a plasma con-
densation, which subsequently expands and propa-
gates down the jet under the effect of synchrotron-self-
absorption (SSA). The stronger SSA opacity at the jet
base causes a delayed brightening at lower frequencies,
and the light curve at each frequency reaches its max-
imum when the newborn component passes through
the τssa(ν) ∼ 1 surface (i.e., the radio core at the
corresponding frequency). In this context, by jointly
using the observed time-lag (∆t43−22) and core-shift
(∆rproj,43−22), we can estimate an apparent speed of
the propagating component such that βapp,43→22 =
∆rproj,43−22

c∆t43−22
. This results in a speed about ∼0.04c–

0.22c, suggesting that the newborn component is sub-
relativistic. This is significantly smaller than the
super-luminal features appeared from the core during
the previous VHE event in 2008 (1.1c; Acciari et al.
2009), where the peak VHE flux is >

∼5 times higher
than that in 2012. If we assume that propagating
shocks or component motions seen in radio observa-
tions reflect the bulk velocity flow, this may suggest
that the stronger VHE activity is associated with the
production of the higher Lorentz factor jet.

We are currently upgrading our M87 monitoring
project by using the KVN and VERA Array (KaVA;
Niinuma et al. 2014), which dramatically improves jet
imaging capability thanks to the increase of the num-
ber of telescopes/baselines plus the addition of shorter
baselines. This will enable us to constrain the jet kine-

matics and radio/VHE connection more precisely.
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Blazars are thought to possess a relativistic jet that is pointing toward the direction of the Earth and the elect

of relativistic beaming enhances its apparent brightness. They radiate in all wavebands from the radio to the

gamma-ray bands via the synchrotron and the inverse Compton scattering process. Numerous observations are

performed but the mechanism of variability, creation and composition of jets are still controversial.

We performed multi-wavelength monitoring with optical polarization for 3C 66A, Mrk 421, CTA 102 and

PMN J0948+0022 to investigate the mechanisms of variability and research the emission region in the relativistic

jets. Consequently, an emergence of new emission component in flaring state is suggested in each object. The

most significant aspect of these results is its wide range of sizes of emission regions from 1014 − 1016 cm, which

implies the model with a number of independent emission regions with variety sizes and randomly orientation.

The ”shock-in-jet” scenario can explain high PD and direction of PA in each objects. It might reflect the

common mechanism of flares in the relativistic jets.

1. INTRODUCTION

Blazars are highly variable active galactic nuclei
(AGN) which emit radiation at all wavelengths from
radio to gamma-rays. They have strong relativistic
jets aligned with the observer’s line of sight and are
apparently bright due to relativistic beaming. Out-
standing characteristics of blazars are their rapid and
high-amplitude intensity variations or flares. Blazar
consists of several sub-classes. BL Lac objects are de-
tected to have weak emission line of equivalent width
< 5 Å in the observer’s optical band definition. In con-
trast, flat spectrum radio quasars (FSRQs) shows rel-
atively strong emission lines. Blazars also can be clas-
sified into three types, based on their peak frequency
of synchrotron radiation νSpeak [3]; low-synchrotron-

peaked blazars (LSP; for sources with νSpeak < 1014

Hz), intermediate-synchrotron-peaked blazars (ISP;
for 1014 Hz < νSpeak < 1015 Hz) and high-synchrotron-

peaked blazars (HSP; for 1015 Hz < νSpeak). Due to
relativistic effect, radiation from jets dominates the
overall spectral energy distribution and hence, their
spectra in the optical band are featureless compared
with other AGNs. From this reason, blazar is one of
most suitable objects to study the jets.
Polarized radiation from blazars is one of the evi-

dence of synchrotron radiation in low energies and it
also varies drastically. The polarization of blazars is
of interest for understanding the origin, confinement,
and propagation of jets [4, 21]. Mead et al. (1990)[18]
performed a large-sample study of blazars in the op-
tical band and showed that high polarization degree
(PD) and variability of polarization are common phe-
nomena in blazars. Ikejiri et al. (2011)[10] reported
statistical photopolarimetric observations of blazars

with a daily timescale, and suggested that lower lu-
minosity and higher peak frequency of synchrotron
radiation objects (such as HSP blazar) had smaller
amplitudes in their variations both in the flux, color,
and PD. The author also reported the about 30% of
blazars showed correlation between the optical flux
and PD. Numerous observations are performed but
the mechanism of variability, creation and composi-
tion of jets are still controversial.
In efforts to find a common mechanism of jets, we

performed observations on various types of AGNs. Si-
multaneous multi-wavelength and optical polarimetric
observations are powerful tools to probe the emission
region in jets, thus we performed wide-band multi-
wavelength (from radio to TeV gamma-ray) observa-
tions of relativistic jets in several types of AGNs with
various timescales (from minute to year) to study of
structures and emission regions of relativistic jets.

2. Observations

We constructed the framework of multi-wavelength
and optical polarimetric observations of relativistic
jets in AGNs with the Fermi Gamma-ray Space Tele-
scope, Monitor of All-sky X-ray Image [MAXI; 17],
the Swift Gamma-Ray-Burst Explorer [8], the Kanata
optical and near infrared telescope, Optical and In-
frared Synergetic Telescopes for Education and Re-
search (OISTER), and Mizusawa VLBI Observatory.
We performed four objects observation with optical

flux and polarization to see the relations between po-
larization angle (PA) and the direction of radio jets in
the flaring state. In efforts to find a common mecha-
nism of jets, we selected the different types of AGNs
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to see the difference between them. This study fo-
cused on four AGNs; ISP blazar 3C 66A, HSP blazar
Mrk 421, FSRQ CTA 102 and radio-loud narrow-
line Seyfert 1 galaxy (RL-NLSy1) PMN J0948+0022.
Note that RL-NLSy1 is not the class of blazar but
it thought to possess relativistic jet [2]. Some ra-
dio galaxies also known as GeV gamma-ray emitter
and those class of AGNs might play an important role
to probe the emission region in the relativistic jets
(e.g., [20]). Individual results are reported in Itoh
et al. (2013a)[12], Itoh et al. (2015, submitted to
the PASJ)[15], Itoh et al. (2013b)[13] and Itoh et al.
(2013c)[14] respectively. We selected the flare with
good correlation between polarized flux and total flux
in optical band.

3. Summary of case studies

In this section, we summarize our studies of individ-
ual blazar, Temporal variability in optical flux, po-
larization flux and PA are shown in figure 1. Table
I shows a summary of differential angle (∆DA) be-
tween position angle of radio jet measured by VLBI
or VLBA ([5], [19], [7] and [6])

A. 3C 66A

We studied the long-term variations of 3C 66A over
2 years in the GeV band with Fermi and in the optical
(flux and polarization) and near infrared band with
the Kanata telescope. In 2008, we find a correlation
between the gamma-ray flux and the optical proper-
ties. This is in contrast to the later behaviours during
2009–2010, a weak correlation along with a gradual
increase of the optical flux. We conclude that the dif-
ferent behaviors observed between the first year and
the later years might be explained by postulating two
different emission components. ∆DA shown in Table I
indicates that the position angle of radio jet is close to
the average PA. It should be noted that a correlation
between PD and total flux is significant in 2009.

B. Mrk 421

We observed the long-term variability of Mrk 421
from optical to X-ray band using the Swift, MAXI,
and Kanata telescope from 2010 to 2011. In 2010, the
variability in the X-ray band is clearly large, while
the optical and UV flux shows gradual decreasing.
Polarization properties also show the unique variabil-
ity in 2010. The variation on the Stokes parameter
QU plane suggested the presence of the proper po-
larization. On the other hand, the variability in the
X-ray band is small in 2011, although the variabil-
ity in the optical and UV band is relativistically large
compared with that in 2010. We speculated that Mrk

421 has different variability mechanisms between 2010
and 2011 and emergence of a new emission component
which have systematic difference of polarization at dif-
ferent periods. ∆DA indicates that PA is aligned to
the parsec scale jet in 2010. We also found a good
correlation between optical flux and polarized flux in
2010. These behaviours are similar to that in 3C 66A.

C. CTA 102

We densely monitored CTA 102 in the optical and
near-infrared bands for the subsequent ten nights us-
ing OISTER, following Fermi-LAT detection of the
enhanced gamma-ray activity. On MJD 56197 (2012
September 27, 4-5 days after the peak of bright
gamma-ray flare), a polarized flux showed a transient
increase, while a total flux and PA remained almost
constant during the “orphan polarized-flux flare”. We
also detected an intra-night and prominent flare on
MJD 56202. Emergence of a new emission compo-
nent with high PD up to 40% would be responsible
for the observed two flares, and such a high PD in-
dicates a presence of highly ordered magnetic field
at the emission site. The observed directions of PA
is perpendicular to the jet. The total and polarized
fluxes showed quite similar temporal variations, but
PA again remained constant during the flare.

D. PMN J0948+0022

We performed optical photopolarimetric monitoring
of the RL-NLSy1 galaxy PMN J0948+0022 on 2012
December to 2013 February triggered by the flux en-
hancement in near infrared and γ-ray bands. Thanks
to one-shot polarimetry of the HOWPol installed to
the Kanata telescope, we have detected very rapid
variability in the polarized-flux light curve on MJD
56281 (2012 December 20). The rise and decay times
were about 140 sec and 180 sec, respectively. The
PD reached 36±3% at the peak of the short-duration
pulse, while PA remained almost constant. The high
PD provides a clear evidence of synchrotron emission
within a highly ordered magnetic field at the emission
site. These results provide new observational evidence
that highly ordered magnetic field is present inside a
very compact emission region of the order of ∼ 1014

cm and imposes severe constraint on theoretical stud-
ies unless central black hole mass is much smaller than
currently considered. we found that PA in MJD 56202
is aligned to the parsec scale jet. Temporal profiles of
the total flux and PD showed highly variable but well
correlated behavior and discrete correlation function
analysis revealed that no significant time lag of more
than 10 min was present.
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Figure 1: Light curves for each source. From top to bottom, the histories of the total flux in the RC band, the
polarized flux, and the polarization angle (PA) are shown. Note that the time scale of CTA 102 and PMN J0948+0022
(bottom two sources) are different from that in 3C 66A and Mrk 421. Details of each light curve are reported in [12],
[13], [14] and [15]

Table I Summary of differential angle for each object.

Object name AGN type ∆DA
1 [deg]

3C 66A BL Lac (ISP) 0± 5

Mrk 421 BL Lac (HSP) 10± 10

CTA 102 FSRQ 80± 10

PMN J0948+0022 RL-NLSy1 5± 5

1: Differential angle between the position angle of radio
jet and optical polarization angle.

4. Discussion

A common characteristic among BL lac objects and
RL-NLSy1 is that PA aligned with a direction parallel
to the jet (see TableI). This phenomenon is well ex-
plained with the framework of “shock-in-jet” scenario,
in which high PD and direction of PA are well ex-
plained with compressed emission region by the inter-

nal shocks. This phenomena is explained with below
mechanism; a compressed shock that is perpendicu-
lar to the jet flow results that the electric polarization
vector to be perpendicular to the emission blob and
aligned with the jet axis. Impey et al. (2011)[11] re-
ported that about 60% quasars shows alignment of
the position angle of jet and polarization angle. Es-
pecially, author found that in 10 out of 11 BL Lac
objects shows good alignment. It should be noted
that these measurements of PA were collected with-
out considering the flux state. Similar tendencies in
hourly-scale variability were reported in other BL Lac
objects [e.g., AO 0235+164, 9]. On the other hand,
CTA 102 which is classified as FSRQ shows a different
tendency. The difference of relation between PA and
direction of the jet might be reflecting a difference
of jets between BL lac objects and FSRQs. In gen-
eral, FSRQs thought to have weaker shocks and/or a
stronger underlying magnetic fields such as large-scale
helical magnetic fields. Given this complicated situa-
tion, the measured PAs significantly different from the
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jet direction can still be accounted for by the “shock-
in-jet” scenario. Therefore, it is suggested that the
“shock-in-jet” is a common phenomena in relativis-
tic jets, which independent on the synchrotron peaks,
types of AGNs and timescale. Similar relations be-
tween PA and direction of the radio jet are reported
in measurements of radio polarization [16]. It might
reflect the common mechanism of flares in the rela-
tivistic jets but we need more sample to confirm this
trend.
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Flat spectrum radio quasars (FSRQs) are bright active galactic nuclei surrounded by gas clouds within a UV-
visible intense radiation field that form the so-called broad line region (BLR). These objects emit relativistic
jets from a region close to the central supermassive black hole and through the BLR. The Fermi-Large Area
Telescope (Fermi-LAT) is sensitive to gamma-ray photons from ∼30 MeV to more than 300 GeV. We have
performed spectral analysis of bright FSRQs in a 5.5 year (2008-2014) data sample collected by Fermi-LAT,
using the new Pass 8 event selection and instrument response function. Also, our study of flaring episodes in a
limited time range brings interesting results while compared to the full 5.5 year data samples.

1. Modelling the BLR radiation field

FSRQs constitute a class of active galactic nuclei
(AGNs) with a dense BLR in which gamma rays
with energy >

∼ 10 GeV are absorbed due to electron-
positron pair creation, if produced deep inside the
BLR. Indeed, BLR is expected to be denser in FS-
RQs compared to the BL Lac class.
Operating since 2008, the Fermi satellite has

amassed more than 6 years of data, continuously sur-
veying the whole sky [3]. The sensitivity of Fermi-
LAT is ideal for the study of the gamma-ray absorp-
tion inside FSRQs in the 100 MeV-300 GeV range.
From constraints on gamma-ray absorption we may
infer limits on the location of the gamma-ray emis-
sion region in the FSRQ jets.
We expect > 10 GeV photons of FSRQs to un-

dergo absorption in the BLR, where the target photon
with energy ǫ is a UV photon from the BLR radiation
field. As most of these photons are expected to come
from the emission lines, we use a model that includes
the 6 strongest lines (NV, Lyα, OVI Lyβ, CIII NIII,
NeVIII OIV, HeII Lyα) between ∼10 to 41 eV [13].
We model these lines using a Breit-Wigner distri-

bution, given by:

BW (ǫ) =
ni ωi

2 π[(ǫ− ǫi)2 + (ωi/2)2]
, (1)

where ni and ωi are the number density and width,
respectively, for a given line i.
Under the commonly used relations LBLR =

0.1 Ldisc and RBLR =
√
Ldisc [4, 7], where LBLR

is the luminosity of the BLR, RBLR its radius, and
Ldisc the luminosity of the accretion disc. The pho-
ton density ni of the radiation field for each line i can
be written:

ni[cm
−3] ≃ 1.66×1011

(

Li

1045erg s−1

)(

1017cm

ǫi,eV R2
BLR

)

.

(2)

The opacity is derived from [5, 8] and is expressed
as a function of E and z:

dτγγ
dx

(E, z) =
r20
2

[

m2c4

E(1 + z)

]2

×

6
∑

i=1



niωi

∫ ∞

m2c4

E(1+z)

ϕ̄
[

ǫE(1+z)
m2c4

]

dǫ

[(ǫ − ǫi)2 + (ωi/2)2]ǫ2



 , (3)

where r0 is the classical electron radius, m the elec-
tron mass.
The τγγ opacity in the BLR is then calculated as

following:

τγγ(E, z) = a×RBLR ×
dτγγ
dx

(E, z), (4)

assuming the gamma rays are produced within
a × RBLR, where RBLR is the outer radius of BLR,
and a < 1. Since this absorption happens at some dis-
tance from the supermassive black hole, this corrective
factor that we called “a” represents the fraction of the
BLR responsible for the absorption.
In Table I are displayed the line properties of the

average spectrum of quasars we used in our model,
as they were given in [13]. Since the He II Lyα line
has quite large uncertainties, we arbitrary fixed its
EW and relative flux to be equal to the ones of N V
(uncertainty represented by (*)).
Very high energy gamma rays travelling from

far distances undergo absorption in the extragalac-
tic background light (“EBL”, mainly composed of
infrared-UV radiation). This absorption is to be con-
sidered above 10 GeV and has been implemented in
our studies, from the model presented in [6].
Evidence of absorption in the BLR for some FSRQs

have been reported in [11, 12].
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Figure 1: Opacity τγγ(E, z) versus Energy, for 3C 454.3.
The opacity sum on the 6 lines is drawn in plain black.

Table I Properties of 5 main lines of the average
spectrum of quasars as compiled in [13], and He II Lyα
as we defined it for this study.

Line ǫ (eV) EW (eV) Relative flux

NV 10.0 0.16 0.22

Lyα 10.2 0.71 1.00

OVI Lyβ 12.04 0.19 0.191

CIII NIII 12.65 0.09 0.081

NeVIII OIV 15.90 0.08 0.047

HeII Lyα 40.81 0.16* 0.22*

2. Data processing and model fitting

We have analysed data of 7 bright gamma-ray
FSRQs. Plots of the spectral energy distributions
(SEDs) under the label “5.5 years” have been pro-
cessed from 4 August 2008 till 30 April 2014. The
sources we present in this paper are listed in Table II,
LII and BII being respectively the Galactic latitude
and longitude in decimal degrees.
Data were processed using the Pass 8 data repre-

sentation (P8 SOURCE V4), and the Science Tools
version v9-34-01. Signal is reconstructed from each
source using the unbinned likelihood tool1, applied to
LAT data in the 0.1-300 GeV energy range, within a
region of interest (ROI) of 10◦ radius. A source region
extended to an additional 10◦ annulus accounted for
all the point sources of the Second Fermi-LAT source

catalog [9], and for the Galactic diffuse emission (tem-
plate 4years P8 V2 scaled) and the isotropic diffuse
emission (isotropic source 4years P8V3).
We computed the SEDs for all the sources of the

selected sample with the Pass 8 data representation.
Additionally, for the two brightest objects of our

1http://fermi.gsfc.nasa.gov/ssc/data/analysis/
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Figure 2: Comparison of the SED of 3C 454.3, produced
with the Pass 7 (magenta) and Pass 8 (green) data sets.

FSRQ sample, i.e. 3C 454.3 and PKS 1510-089, we
also computed the SEDs with the PASS 7 reprocessed
dataset (P7REP SOURCE V15) and verified the con-
sistency of the results with respect to the PASS 8 ones.
Although some bin-to-bin fluctuations appear due to
energy wise event migrations, the two SEDs (Pass 7
and Pass 8) for both the sources are compatible (as
shown in Figure 2 for 3C 454.3).

A first set of fits was performed from 100 MeV
till the highest energy data point (excluding up-
per limits), using a log-parabola (LP: dN(E)/dE =
N0 (E/E0)

−α−β log(E/E0)), with E0 kept fixed at
297.6 MeV, and where “log” is the natural loga-
rithm), a broken power law (BPL: dN(E)/dE =
N0 (E/Eb)

−Γi , with i = 1 if E < Eb

and i = 2 if E > Eb), and a power law
with an exponential cutoff (PLEC: dN(E)/dE =
N0 (E/Ep)

−ΓPLEC exp(−E/Ec), with Ep kept fixed
at 412.7 MeV). Other sets of fits were performed by
adding exponential factors to model the EBL absorp-
tion [6] and the opacity of the BLR.

As the fits presented in the Sections 3 and 4 are bin-
ning dependant, the values of the fit parameters vary
from one choice of binning to another. Narrow data
binning could held spurious fluctuations, while wide
data-binning could hide features. In order to estimate
this systematic effect, we do the following: a first LP
fit is performed on the SED, while keeping all param-
eters fixed to the values obtained by the unbinned
likelihood analysis, and a χ2/ndf is returned. A sec-
ond LP fit is performed with N0, α and β kept free,
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Table II Characteristics of the 7 FSRQs used in this paper. Sources are ordered by decreasing flux in the 1-100 GeV
energy range. Values of the luminosity in the broad line region (LBLR) are taken or derived from [10, 14].

Name RA Dec LII BII Redshift Flux 2FGL Flux 1FHL Photon index LBLR

(J2000.0) (J2000.0) (deg.) (deg.) z 1-100 GeV 10-100 GeV 1FGL (1044erg.s−1)

3C 454.3 22 53 57.7 +16 08 53.1 86.11 -38.19 0.859 9.65e-8 1.35e-9 2.46619 33.00

PKS 1510-08 15 12 50.5 -09 06 00.9 351.28 40.13 0.360 4.06e-8 7.35e-10 2.40756 5.62

4C +21.35 12 24 54.5 +21 22 46.9 255.08 81.65 0.434 3.54e-8 7.43e-10 2.54717 15.80

3C 279 12 56 11.0 -05 47 20.1 305.1 57.06 0.536 2.56e-8 5.37e-10 2.32061 3.10

PKS 0454-234 04 57 03.1 -23 24 52.0 223.7 -34.9 1.003 2.27e-8 2.99e-10 2.20649 3.70

B2 1520+31 15 22 09.8 +31 44 14.3 50.16 57.02 1.484 1.76e-8 4.27e-10 2.42125 8.00

PKS (B)1424-418 14 27 56.2 -42 06 18.6 321.44 17.26 1.522 1.47e-8 2.9e-10 2.31004 8.91

Eb kept fixed to the value returned by the unbinned
likelihood analysis. We compare the fits to validate
that the binned fit is compatible with the unbinned
fit, though results differ. These systematics could be
overcome by implementing an unbinned analysis for
all fitted models in future.
Our modelling study is then done by fitting the

SEDs using the LP, BPL and PLEC function that all
now include EBL. These fits will be reported in the
Sections 3 and 4, and compared to the fits that in-
clude both EBL and BLR absorption. The latter fits
are written as LPτ , BPLτ , and PLECτ .
The observed spectrum Fobs(E) will then be ulti-

mately written:

Fobs(E) = e−τEBL(E,z) e−a τγγ(E,z) Fint(E), (5)

where Fint(E) is the LP, BPL or PLEC fitting func-
tion. Parameter a is kept free in the [10−5, 1] range to
account for the fraction of radius of the BLR in which
gamma rays may be absorbed.
The fitting procedure using the absorption models

is implemented by interpolation of both the τEBL and
τγγ graphs. While comparing each “EBL + BLR ab-
sorption” fit (LPτ , BPLτ or PLECτ) with the “EBL
+ no BLR absorption” fit (LP, BPL or PLEC), and
if both fits have a χ2/ndf <

∼ 1, we obtain a p-value
which indicates the discrepancy between the fit with
model and the fit without model, for a given function.

3. Results on the 5.5 years of data

We present now the results on the 7 bright FSRQs
during the 5.5 years period previously defined in Sec-
tion 2. Data under the label “5.5 years” are processed
from 4 August 2008 till 30 April 2014. In Figure 3
are presented the SEDs of 3C 454.3, PKS 1510-089,
TXS 1520+31 and PKS 1424-41. Some of the fits are
not visible, mainly the BPL and PLEC. The reason
is that they are overwritten by the BPLτ and PLECτ
functions, for which the parameter a is very small.

We would consider having evidence for absorption
in the BLR if we get all of the following:

• at least one good quality fit among one of the fits
with EBL+BLR absorption (LPτ , BPLτ and
PLECτ);

• parameter “a” with a relatively small error bar;

• a small p-value or a bad fit of the corresponding
function with only EBL absorption (LP, BPL or
PLEC).

In Table III are displayed the fit parameters of the
7 sources, along with the p-values used to compare
the models (with versus without absorption). In blue
bold face are the parameters that suggest a possible
BLR absorption, as some of the above conditions are
partially met for 3C 454.3 (with a p-value of 6.2×10−4

/ 3.9 σ C.L.), and for TXS 1520+31 (with a p-value of
9.3×10−3 / 2.6 σ C.L.). We have no hint of absorption
for the other sources we studied.

4. Results on high state/flaring episodes

Data were analysed during flaring/high state peri-
ods for the following sources:

• 3C 454.3 (high state and giant flare) during 02
Nov-05 Dec 2010 (MJD 55502.5-55535.5)[1];

• PKS 1510-089 during 19 Feb-04 Apr 2012 (MJD
55976.0-56021.0), along with MAGIC data from
the same period (MAGIC data points taken
from [2]);

• PKS 1424-41 during 30 Sep 2012-27 Jul 2013
(MJD 56200.0-56500.0), as a combined series of
4 successive radio flares).

During these outburst episodes, the gamma-ray
emission region can have a different location compared
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Figure 3: SEDs of 3C 454.3, PKS 1510-089, TXS 1520+31 and PKS 1424-41. BPL and PLEC fits are often hidden
beneath BPLτ and PLECτ .

to the quiescent state. In this section we present the
results obtained on these three high states (Figure 4
and Table IV). Under the same criteria than the ones
used in Section 3, we still find no evidence of BLR ab-
sorption, though we still have a hint of it for 3C 454.3
with a p-value of around 2.2 × 10−3 for the discrep-
ancy between the BPL and BPLτ fits (significance of
about 3 σ). Due to the unusual shape of the SED of
PKS 1424-41 during this series of 4 flares, all fits have
a large χ2 value.

Though we dispose of less photons in the data anal-
ysis of flaring episodes, during strong and long flares,
it could be possible to constrain the location of the
gamma-ray production region if it is deep enough in-
side the BLR.
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Figure 4: SEDs of 3C 454.3, PKS 1510-089 and PKS 1424-41 during the outburst periods. PLEC fits are hidden
beneath PLECτ for 3C 454.3 and PKS 1424-41. The flare of PKS 1510-089 was studied along with MAGIC data above
∼90 GeV and the combined LAT-MAGIC SED was fitted only with LP and LPτ function (LP hidden beneath LPτ ).

5. Conclusions and perspectives

We find that the gamma-gamma absorption in the
BLR is not significant enough to claim discovery for
the models of BLR and spectral functions we have in-
vestigated. There are hints of absorption in case of 3C
454.3 and TXS 1520+31 with significance of the order
of 3σ. An implication of our results could be that the
gamma-ray emission zone in FSRQs might be located
outside or at the outer edge of the BLR. However, fur-
ther investigation on binning effects on the SED fits
are required. Future work is also expected to improve
the modelling of the BLR.
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Parameter Model 3C 454.3 PKS 1510-089 4C +21.35 3C 279 PKS 0454-234 TXS 1520+31 PKS1424-24

LP unbinned α 2.248 ± 0.005 2.294 ± 0.008 2.240 ± 0.009 2.254 ± 0.010 2.067 ± 0.013 2.273 ± 0.013 2.090 ± 0.008

LP unbinned β 0.0897 ± 0.0024 0.0513 ± 0.0036 0.0445 ± 0.0044 0.0588 ± 0.0053 0.0793 ± 0.0053 0.0689 ± 0.0059 0.0753 ± 0.0039

PL Eb 298 ± 4.4 258 ± 6.4 317 ± 10.8 284 ± 10.2 358 ± 16.9 281 ± 11.2 620 ± 23.8

function LP α 2.240 ± 0.008 2.292 ± 0.030 2.274 ± 0.025 2.266 ± 0.027 2.070 ± 0.019 2.274 ± 0.026 2.077 ± 0.015

(without BLR LP β 0.0980 ± 0.0039 0.0511 ± 0.0093 0.0404 ± 0.0092 0.0539 ± 0.0099 0.0761 ± 0.0087 0.0687 ± 0.0110 0.0713 ± 0.0088

absorption BPL Γ1 2.242 ± 0.345 2.363 ± 0.030 2.280 ± 0.028 2.332 ± 0.029 2.138 ± 0.016 2.317 ± 0.033 2.066 ± 0.010

model) BPL Γ2 2.856 ± 2.108 2.673 ± 0.075 2.521 ± 0.057 2.690 ± 0.098 2.681 ± 0.064 2.791 ± 0.121 2.564 ± 0.087

BPL Eb 1307 ± 5211.8 2387 ± 971.5 1439 ± 573.3 2738 ± 979.1 3062 ± 0.3 2036 ± 674.1 2947 ± 573.6

PLEC ΓPLEC 2.241 ± 0.016 2.386 ± 0.034 2.340 ± 0.035 2.324 ± 0.032 2.088 ± 0.024 2.308 ± 0.038 2.028 ± 0.013

PLEC Ec 8250 ± 721.2 40228 ± 13971.0 52905 ± 28547.3 26932 ± 8335.2 14581 ± 2929.5 14378 ± 3950.2 16459 ± 2097.1

LPτ α 2.243 ± 0.008 2.294 ± 0.033 2.274 ± 0.025 2.268 ± 0.029 2.082 ± 0.017 2.289 ± 0.033 2.079 ± 0.013

LPτ β 0.0876 ± 0.0051 0.0498 ± 0.0117 0.0404 ± 0.0092 0.0526 ± 0.0130 0.0590 ± 0.0103 0.0506 ± 0.0162 0.0542 ± 0.0142

function BPLτ Γ1 2.250 ± 0.012 2.312 ± 0.037 2.251 ± 0.031 2.301 ± 0.031 2.006 ± 0.025 2.272 ± 0.045 2.052 ± 0.011

(with BLR BPLτ Γ2 2.738 ± 0.049 2.583 ± 0.056 2.507 ± 0.048 2.590 ± 0.109 2.283 ± 0.034 2.518 ± 0.069 2.403 ± 0.066

absorption BPLτ Eb 1225 ± 142.9 1152 ± 372.0 1062 ± 379.5 1616 ± 743.9 544 ± 101.1 769 ± 315.1 2052 ± 1.2

model) PLECτ ΓPLEC 2.241 ± 0.016 2.386 ± 0.034 2.341 ± 0.035 2.324 ± 0.032 2.088 ± 0.024 2.308 ± 0.038 2.028 ± 0.013

PLECτ Ec 8251 ± 721.4 40239 ± 13864.7 52946 ± 27502.4 26936 ± 8309.2 14582 ± 2917.7 14381 ± 3982.3 16463 ± 2088.6

LPτ 0.00516 ± 0.00185 0.00147 ± 0.01118 0.00001 ± 0.00139 0.00232 ± 0.02143 0.02140 ± 0.01007 0.01500 ± 0.00943 0.00745 ± 0.00515

a BPLτ 0.00666 ± 0.00195 0.00785 ± 0.00735 0.00001 ± 0.00167 0.00919 ± 0.01496 0.03641 ± 0.00891 0.02002 ± 0.00881 0.00558 ± 0.00488

PLECτ 0.00001 ± 0.00055 0.00001 ± 0.00529 0.00001 ± 0.00151 0.00001 ± 0.00682 0.00001 ± 0.00606 0.00001 ± 0.01584 0.00001 ± 0.00248

LP unbinned 36.419 (30) 7.454 (17) 18.821 (16) 5.288 (16) 14.783 (16) 8.988 (15) 36.173 (16)

χ2(ndf) LP 29.316 (27) 7.278 (14) 13.009 (13) 4.609 (13) 11.516 (13) 6.448 (12) 22.826 (13)

without abs. BPL 45.647 (26) 9.963 (13) 11.269 (12) 7.290 (12) 28.960 (12) 8.826 (11) 19.366 (12)

model PLEC 42.999 (26) 13.115 (13) 21.817 (12) 7.422 (12) 17.094 (12) 5.158 (11) 17.037 (12)

χ2(ndf) LPτ 17.591 (26) 7.245 (13) 13.017 (12) 4.582 (12) 6.526 (12) 3.181 (11) 20.495 (12)

with abs. BPLτ 25.071 (25) 7.242 (12) 9.870 (11) 5.694 (11) 4.282 (11) 2.069 (10) 17.474 (11)

model PLECτ 43.017 (26) 13.117 (13) 21.823 (12) 7.424 (12) 17.095 (12) 5.159 (11) 17.042 (12)

∆χ2 LP/PLτ 1.173e+01 3.360e-02 7.208e-03 2.747e-02 4.989e+00 3.267e+00 2.331e+00

(ndf) BPL/BPLτ 2.058e+01 2.720e+00 1.399e+00 1.596e+00 2.468e+01 6.757e+00 1.892e+00

PLEC/PLECτ 1.812e-02 1.888e-03 6.614e-03 1.464e-03 1.646e-03 6.277e-04 4.025e-03

LP/LPτ 6.166e-04 8.546e-01 9.323e-01 8.684e-01 2.551e-02 7.070e-02 -

p-value BPL/BPLτ - 9.908e-02 2.369e-01 2.064e-01 - 9.337e-03 -

PLEC/PLECτ - - - - - - -
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Table IV Fitting parameters and derived significances for the 3 flares we studied in our FSRQ sample. We mention (*)
when a reached the lower edge of the fitting interval.

Parameter Model 3C 454.3 PKS 1510-089 PKS1424-24

(Nov-Dec 2010) (Feb-Apr 2012) (Sep 2012-Jul 2013)

LP unbinned α 2.152 ± 0.008 ¡ 2.268 0.027 2.022 ± 0.010

LP unbinned β 0.0895 ± 0.0036 0.0451 0.0108 0.0766 ± 0.0052

PL Eb 286 ± 8.9 260 6.0 940 ± 35.4

function LP α 2.153 ± 0.016 2.299 0.040 2.069 ± 0.014

(without BLR LP β 0.0879 ± 0.0088 0.0569 0.0117 0.1134 ± 0.0120

absorption BPL Γ1 2.140 ± 0.022 2.367 0.038 2.010 ± 0.003

model) BPL Γ2 2.617 ± 0.036 2.867 0.076 2.530 ± 0.055

BPL Eb 921 ± 0.4 2603 912.7 3062 ± 1.6

PLEC ΓPLEC 2.183 ± 0.034 2.269 0.049 1.903 ± 0.021

PLEC Ec 9981 ± 2111.4 7921 2586.5 8361 ± 1117.7

LPτ α 2.157 ± 0.018 2.299 0.022 2.069 ± 0.014

LPτ β 0.0764 ± 0.0116 0.0569 0.0065 0.1134 ± 0.0120

function BPLτ Γ1 2.156 ± 0.029 - 1.900 ± 0.019

(with BLR BPLτ Γ2 2.518 ± 0.050 - 2.426 ± 0.036

absorption BPLτ Eb 921 ± 0.2 - 1375 ± 0.2

model) PLECτ ΓPLEC 2.183 ± 0.034 - 1.903 ± 0.021

PLECτ Ec 9983 ± 2113.2 - 8361 ± 1135.7

LPτ 0.00703 ± 0.00551 0.04667 0.04550 0.00001 ± 0.00132

a BPLτ 0.01059 ± 0.00591 - 0.00001 ± 0.00320

PLECτ 0.00001 ± 0.00629 - 0.00001 ± 0.00108

LP unbinned 4.553 (14) 67.828 (17) 79.634 (15)

χ2(ndf) LP 4.041 (11) 20.807 (14) 37.481 (12)

without abs. BPL 13.158 (10) 15.137 (13) 101.358 (11)

model PLEC 6.912 (10) 37.461 (13) 77.643 (11)

χ2(ndf) LPτ 0.928 (10) 20.807 (13) 37.489 (11)

with abs. BPLτ 3.780 ( 9) - 24.648 (10)

model PLECτ 6.914 (10) - 77.652 (11)

∆χ2 LP/PLτ 3.113e+00 6.395e-11 7.583e-03

(ndf) BPL/BPLτ 9.378e+00 - 7.671e+01

PLEC/PLECτ 1.586e-03 - 9.270e-03

LP/LPτ 7.769e-02 - -

p-value BPL/BPLτ 2.195e-03 - -

PLEC/PLECτ 0.000e+00 - -
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The physical origin of the X-ray emission in powerful quasar jets has been a long-standing mystery. Though
these jets start out on the sub-pc scale as highly relativistic flows, we do not have any direct measurement of
their speeds on the kpc scale, where the vast distances from the core necessitate in situ particle acceleration. If
the jets remain highly relativistic on kpc scales, then the X-rays could be due to inverse-Compton upscattering
of CMB photons. However, the IC/CMB explanation predicts a high level of gamma-ray emission, which should
be detectible by the Fermi/LAT. We have searched for and ruled out this emission at a high level of significance
for the well-known sources 3C 273 and PKS 0637-752, suggesting the X-rays are synchrotron, though of unknown
origin. These recent results with Fermi also suggest that the kpc-scale jets in powerful quasars are significantly
slower than have been presumed under the IC/CMB model. I will discuss the surprising implications of these
findings for the energetics and radiative output of powerful quasars as well as their impact on their environment.

In August 1999, the Chandra X-ray Observatory
observed its first celestial target, quasar PKS 0637-
752, during the initial focusing of the telescope
[Schwartz et al. 2000, Chartas et al. 2000]. Along
with the bright quasar core, Chandra unexpectedly
detected X-rays from the kilo-parsec scale relativis-
tic jet (previously known from radio imaging, Fig-
ure ). Unlike the synchrotron spectrum of lower-
power FR I jets like M87 which easily extend up to
X-ray energies [e.g. Wilson and Yang 2002], the syn-
chrotron spectrum of powerful quasar jets (includ-
ing PKS 0637-752) generally peak at or below the
IR/Optical band. The X-rays detected in the kpc-
scale jet of PKS 0637-752 were orders of magnitude
brighter than expected from the radio-optical syn-
chrotron spectrum, or indeed from either synchrotron
self-Compton (SSC) or inverse Compton upscattering
of ambient CMB photons (IC/CMB) under equipar-
tition conditions [Chartas et al. 2000]. Further, the
X-ray spectrum of the jet was remarkably hard, with
a photon index of 1.76 ± 0.1.

Proper motions measurements of sub-parsec scale
jets of powerful quasars with Very Long Baseline
Interferometry (VLBI) have detected superluminal
proper motions which imply that these jets start out
highly relativistic, with Lorentz factors (Γ) of 10-50
[Jorstad et al. 2005, Lister et al. 2009]. Though it
had long been supposed based on population stud-
ies that jets decelerate and are at most mildly rel-
ativistic by the time they reach the kpc scale [e.g.
Arshakian and Longair 2004, Mullin and Hardcastle

2009], no direct measurements have confirmed this.
Tavecchio et al. [2000] and Celotti et al. [2001] thus
suggested that the X-rays from the jet in PKS 0637-
752 could be explained by IC/CMB emission if the
jet remained highly relativistic (Γ ∼10), and was
pointed at a fairly small angle to our line of sight (6◦).
This produces a much larger Doppler boosting factor
(δ ∼10) and enables the IC/CMB X-rays to match the
observations.

Over the past decade and a half since the
launch of Chandra, dozens more kpc-scale quasar
jets with anomalously hard and/or high X-rays
have been detected [e.g. Sambruna et al. 2001,
2002, Siemiginowska et al. 2003, Sambruna et al.
2004, Marshall et al. 2005, Harris and Krawczynski
2006, Siemiginowska et al. 2007, Marshall et al. 2011,
Kharb et al. 2012, Godfrey et al. 2012]. The IC/CMB
model has been by far the most popular explana-
tion of these X-rays, though problems have been
noted [Hardcastle 2006]. Besides the unconfirmed
fast speeds required on the kpc scale, IC/CMB of-
ten requires the jet to be pointed very close along
our line-of-sight, leading to a deprojected jet length
longer than 1 Mpc, the upper limit for jets ob-
served in the plane of the sky. Further, the elec-
trons responsible for upscattering the CMB into
the Chandra band are at much lower energies than
are traced by radio observations. This extension
of the electron energy distribution is energetically
costly, in some cases leading to ‘super-Eddington’
jet power requirements [Dermer and Atoyan 2004,
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Uchiyama et al. 2006]. These problems lead to the
suggestion that the X-rays could alternatively be syn-
chrotron emission from a second electron population
in the jet, albeit of unknown origin [Hardcastle 2006,
Uchiyama et al. 2006, Jester et al. 2006, Harris et al.
2004, Kataoka and Stawarz 2005]. he fundamental
problem up to now has been that fitting the radio-to-
X-ray spectral energy distribution (SED) alone cannot
distinguish between the IC/CMB and synchrotron ex-
planations for the X-rays [Cara et al. 2013]. The dif-
ference in power requirements between the two mech-
anisms is great, as is the extremely different idea of
jet structure that they imply. Discriminating between
these models is essential to make progress on the ac-
tual impact of jets on their environment.

Figure 1: Upper Panel: Chandra X-ray image of
PKS 0637-752, with ATCA 17 GHz radio contours
overlaid. Lower Panel: Optical image of PKS 0637-752,
taken with ACS/WFC on HST (F475W filter) with
ATCA 17 GHz radio contours overlaid.

Georganopoulos et al. [2006], hereafter G06, sug-
gested that Fermi Large Area Telescope (LAT) obser-
vations could confirm or rule out the IC/CMB mech-
anism for the X-rays, by detecting (or not) the high
level of gamma-ray emission this mechanism requires.
We have previously looked for this gamma-ray emis-
sion from the jet of 3C 273, and ruled out IC/CMB
gamma-rays from (the brightest) knot A alone at the
>95% level, and from knots A through D1 combined
at the >99.9% level [Meyer and Georganopoulos 2014,
hereafter M14].

At this meeting, we reported new Fermi obser-
vations of PKS 0637-752 which show that the ex-
pected steady gamma-ray emission from the IC/CMB
mechanism is also ruled out by deep upper limits at
the 99.9% level. We also present updated limits for
3C 273, showing that the expected gamma-rays from

IC/CMB are now ruled out at the 99.99% level in more
than one Fermi energy band. We will briefly discuss
the implications of these measurements on two fronts.
First, we show that a second synchrotron component
is the only likely scenario left to explain the X-rays in
these jets. Secondly, we find that irrespective of the X-
ray emission mechanism, the deep upper limits at GeV
energies place interesting constraints on the Doppler
beaming factors which implies that these jets are not
highly relativistic on the kpc scale. We will discuss
the surprising implications of slow, synchrotron X-ray
jets on our understanding of the total radiative output
of quasars, especially at TeV energies.

1. methods

1.1. The Fermi Test of IC/CMB

As first noted by G06, the shape of the IC/CMB
spectrum is constrained to match the synchrotron
spectrum, with a shift in frequency and luminosity
solely determined by the factor B/δ where δ is the
Doppler beaming factor and B the magnetic field
strength. From G06, we have:

νc
νs

=
νCMBδ

2γ2

eBδγ2/[2πmec(1 + z)]
(1)

Lc

Ls

=
32πUCMB(1 + z)4δ4

3(Bδ)2
, (2)

where νc and νs (Lc, Ls) are the observed Comp-
ton and synchrotron frequencies (luminosities) emit-
ted by electrons of Lorentz factor γ, e and me are
the electron charge and mass, and νCMB = 1.6×1011

Hz is the CMB peak frequency at z = 0. However, if
the observed X-ray fluxes are to be produced by the
IC/CMB mechanism, then the value of B/δ is already
uniquely determined by the requirement to match the
X-ray flux level, at which point there is no freedom
at all in the rest of the spectrum. The peak of the
IC/CMB spectrum will fall in the GeV band. Note
that this prediction is not predicated on any particu-
lar (e.g., equipartition) magnetic field strength.

The Fermi/LAT lacks the spatial resolution to de-
tect the jet separately from the gamma-ray bright
quasar core, which is only 10′′ away – the Fermi/LAT
68% containment radius is on the order of tenths of a
degree to degrees. However, in powerful quasars the
inverse Compton core emission generally peaks at a
few MeV, producing a soft, and extremely variable
spectrum in the Fermi band, with long periods of rel-
ative quiescence. Indeed, PKS 0637-752 was detected
in the 2nd Fermi source catalog [2FGL, Nolan et al.
2012] as both a very soft (photon index of Γp=2.71)
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and highly variabile source (variability index = 347).
In contrast, the IC/CMB emission from the large
scale jet is expected to be harder and completely non-
variable. The latter property allows us to combine
the Fermi data taken only when the quasar core is
in a low state to try to detect or place limits on the
IC/CMB emission.

1.2. Fermi Analysis of PKS 0637-752

We first combined the all-sky weekly LAT event
and spacecraft files for weeks 9 through 325 of the
Fermi mission, corresponding to Fermi Mission
Elapsed Time (MET) from 239557417 to 430608212
and calendar dates 4 August 2008 to 24 August 2014.
In order to analyze the region around PKS 0637-752,
we used the publicly available ‘quickAnalysis’ script.
The public scripts mentioned here are available at
http://fermi.gsfc.nasa.gov/ssc/data/analysis/user/.
to run the Fermi analysis tools and generate the
filtered event file, livetime cube, and exposure
map, using a region of interest (ROI) of 10◦ and
an otherwise default configuration. The starting
source list was generated from the publicly available
make2FGLxml script, which generates the xml file
pre-populated with 2FGL catalog sources. We used
a binned maximum Likelihood to get an initial fit
for all the catalog sources in our ROI. We also
included sources a further 5◦ out from our ROI, but
always fixed to the catalog values. PKS 0637-752 was
detected with a very high test-statistic (TS, roughly
significance squared) value of 289, a 100 MeV to
100 GeV photon flux of 3.16×10−8 s−1 cm−2, and a
photon index Γp = 2.64, similar to the value reported
in the 2FGL catalog.

Figure 2: Left: An initial TS map of the region around
PKS 0637-752, showing the excess TS present in 0.5◦

pixels over the best-fit likelihood model using 2FGL
catalog sources. The large circle marks the position of
PKS 0637−752. The smaller circles mark the positions of
the six new sources not present in the 2FGL catalog
(corresponding to regions of excess TS with pixel values
>20). Right: The updated TS map (same FOV and
binning) after the six sources were localized and fit with
a binned likelihood.

Table I New sources in ROI of Targets

0637-752 3C 273
RA2k Dec2k TS RA Dec TS
(deg) (deg) (deg) (deg)
82.43046 -72.74572 57.5 192.82676 -2.00263 70.7
81.13040 -69.60575 60.5 190.96827 -2.29561 82.3
78.98804 -72.72570 28.6 187.15935 -3.29476 60.2
86.33797 -70.34640 39.6 184.47577 -0.48239 92.5

119.70430 -80.70430 9.9 193.43690 3.47391 224.6
118.83300 -80.32970 16.1 192.63313 2.25116 65.7

We checked for additional significant sources within
7◦ of PKS 0637-752 but not in the 2-year LAT catalog
by making a TS residual map. Rough starting posi-
tions of apparent new significant sources were mea-
sured from the TS map by hand, only considering as
candidates those with a central pixel value (TS) > 20.
Each new source was added to the XML model file as a
powerlaw, and an initial spectral parameter fit derived
via binned likelihood. We then refined the position of
each source one at a time while the spectral parame-
ters were held fixed. The existing tool, gtfindsrc,
only works for unbinned likelihood analysis, so we
built our own binned version of the tool which works
in the same way. Using the frozen model, we used the
python minimize function in the scipy package (L-
BFGS-B method) to optimize the log-likelihood value
versus the RA and Dec position, given a reasonable
range of about 1 degree around the starting positions
noted by hand. For the 7◦ ROI around PKS 0637-752,
six new sources were added to the model, and an up-
dated TS map run from this larger source list shows
that the excess TS previously seen is now gone (right
panel of Figure 2). A list of the new sources with their
location and TS value is given at left in Table I.

PKS 0637-752 is a significant Fermi source, and was
detected in the 2nd Fermi catalog, as 2FGL J0635.5-
7516. Our approach to detecting and/or setting lim-
its on the IC/CMB gamma-ray emission exploits the
variability of the blazar core which cannot be spatially
resolved separately from the large-scale jet due to the
poor angular resolution of Fermi. During times when
the blazar is quiescent, the hard, steady emission from
IC/CMB will either appear as a steady plateau, or
else the upper limits generated will place constraints
on the level of the IC/CMB emission. In order to
build a lightcurve of the core, the full 6-year dataset
is divided into bins of equal good time interval (GTI)
time, totalling 10.5 days. We then used our updated
(2FGL + 6 new) model described above and ran a
binned likelihood to fit PKS 0637-752 as a power-law
source, with sources more than 5◦ away fixed. The re-
sulting lightcurve for the core over the full time range
is shown in Figure 3, with the 100 MeV - 100 GeV
photon flux shown on top and the corresponding TS
shown below. The clear variability in the light curve
indicates that the total Fermi flux is dominated by
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the core.

We next began a ‘progressive binning’ analysis, in
which the lightcurve bins were ordered from lowest to
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Figure 3: Upper: Lightcurve of PKS 0637-752. The total
100 MeV - 100 GeV photon flux for PKS 0637-752 in
10.5-day (total GTI) bins versus the mean Mission
Elapsed Time (MET) of the bin. Upper limits are shown
where TS<10. The red verticle lines show the end-time
for the 1FGL and 2FGL catalogs. Lower: The TS value
corresponding to the same bin as above.
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Figure 4: The results of the progressive binning analysis
on PKS 0637-752. The upper axis gives the νFν flux
while lower axis gives the total number of bins combined
(where ordering is based on TS value and not time
order), starting from the 27 bins with TS<0.01. The
points give the upper limits (colored dots) or detected
fluxes (TS>10, black triangles) for each of the five Fermi

energy bands (red, orange, green, cyan, navy from lowest
to highest energy). Errors on the detected fluxes are only
shown for the lowest-energy bin for clarity but are similar
across bins. For the highest-energy bin (10 - 100 GeV) no
detection is ever made. The increasing fluxes indicate
that the quasar core is being detected in the other bands.

highest TS value. Of the entire set of 75 time bins,
27 showed a TS level consistent with zero for the lo-
cation of PKS 0637-752 (upper limits in lower panel
of Figure 3). Starting from these 27 bins combined,
we progressively combine the event files for the lowest
bins plus the next lowest bin in TS, at each step opti-
mizing the fit of PKS 0637-752 and the sources within
5◦ with a binned likelihood. We repeated adding the
next-highest bin and getting the maximum likelihood
fit until all bins had been added together. Note that
this re-combining of the lightcurve in a discontinuous
way is appropriate for deriving a limit on the large-
scale jet because the IC/CMB emission is predicted to
be completely non-variable, and thus there is no risk of
any selection effect via variability. The variable core
clearly clearly dominates the flux levels determining
the ordering, and is disconnected from the jet in any
case. At each step we evaluated the TS and flux level
in the five canonical Fermi energy bands of 0.1-0.3,
0.3-1, 1-3, 3-10 and 10-100 GeV, calculating the 95%
upper limit flux value when TS<10 in any given bin.
Previous work on 3C 273 has shown that the exact or-
dering of the bins (whether by using the TS value or
the total flux or upper limit value for the bin) does not
significantly affect the resulting upper limits (M14).

As shown in Figure 4, the highest energy bands gave
upper limits which decreased with the increasing ex-
posure as more bins are added, where we have color-
coded the upper limits in the 5 energy bands, and
black triangles indicate a significant detection in the
band. The decrease in upper limits sometimes going
faster than 1/

√
t and ‘jumpy’ behavior is expected

in the case of very low backgrounds and low count
rates. Note that in the lower-energy bins, where the
PKS 0637-752 quasar core dominates due to its soft
spectrum, the upper limits reach a minimum rather
quickly, and generally increase before becoming de-
tections. It must be noted that the detected Fermi
emission in these bands is from the quasar core, not
the large-scale jet, based on the soft spectrum, and
the fact that the emission level rises as more bins are
added (showing that the source is indeed variable and
that the bins are ordered by flux level). While the 4th
energy band detected points do not rise as quickly as
the first three, the flux level is far above the upper
limit derived after 50 bins, so cannot be the steady
emission of the large-scale jet, which must be below
this limit. The highest bin never shows a significant
detection of either component.

1.3. Fermi Analysis of 3C 273

We re-analyzed the Fermi data for 3C 273 using
the 6-year dataset to compare with the results from
M14 using 4.5 years of data, as the core remained
relatively quiescient over the additional time elapsed.
We followed the same procedure as outlined above for
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Figure 5: Left: The SED for the large-scale jet of PKS 0637-752. Data for the four brightest X-ray detected knots
combined is shown as black points. The SED of the X-ray brightest knot, wk8.9, is plotted with blue points. Right:
The SED for the knots of 3C 273, with black points for knots A and B1 combined, and blue for X-ray brightest knot A
only. For both plots, the Fermi 95% upper limits are shown in red.

PKS 0637-752, finding six new sources within 7◦ of the
position of 3C 273, listed at right in Table I. The core
of 3C 273 was detected with a TS of 17504, with a 100
MeV - 100 GeV photon flux of 3.68×10−7 s−1 cm−2

and Γp = 2.67. A lightcurve was made using bins to-
taling 10.5 days in GTI time, and ordered according
to TS (a total of 88 bins). The progressive-binning
was started from the single lowest bin, with the next-
highest bin continually added as described above until
all bins were added. At each step the flux (or 95% up-
per limit) was calculated for the five canonincal Fermi

energy bins.

2. Results: Testing the IC/CMB Model

We show in Figure 5 the radio to X-ray SEDs
for the jet of both PKS 0637-752 (left) and 3C 273
(right). For PKS 0637-752 we have taken both the
Chandra X-ray and Hubble Space Telescope (HST) in-
frared and optical data (NICMOS, WFPC2 and ACS)
from Mehta et al. [2009]. We have also re-derived the
Spitzer infrared fluxes for the brightest complex of
knots (wk7.8, wk8.9, wk9.7, wk10.7), following the
same methods reported in Uchiyama et al. [2005]. We
have also measured updated radio fluxes based on a
re-analysis of archival and new ATCA data at 4.8,
8.4, and 17.8 GHz. For 3C 273, data is taken from
Jester et al. [2006, 2005] and Uchiyama et al. [2006]
and references therein.

In both figures, we consider two scenarios: the
first combines the photometry of the brightest/nearest
knots to the core in order to test the IC/CMB predic-
tion (black points and lines). In 3C 273, Jester et al.
[2005] have already shown that only knots A and
B1 have X-ray indices similar to their radio indices
(which is required for IC/CMB), so our “combined

knot” scenario includes only these two knots. For
PKS 0637-752, we use all the bright X-ray knots just
before the turn in the jet (wk7.8, wk8.9, wk9.7, and
wk10.6) where one might assume that some decelera-
tion likely takes place. The second scenario assumes
that the X-rays from the weaker knots are already
not from IC/CMB, and so only the photometry of
the X-ray brightest knot is plotted (knot A in 3C 273
and wk8.9 in PKS 0637-752, plotted as blue points
and lines). The thin solid lines through radio-optical
points show a (phenomenological) synchrotron spec-
trum fitting the data, while the heavy line shows the
corresponding IC/CMB curve to match the X-ray flux
levels. As shown, for both jets, the 95% upper lim-
its in several bands violate the IC/CMB predictions
under either scenario.

We report in the upper part of Table II a sum-
mary of the Fermi data analysis for PKS 0637-752
and 3C 273. We list the definition of the energy bins
in columns 2-5, followed by the deepest 95% upper
limit flux level (in νFν) reached in our progressive
binning for each energy bin in column 6. The corre-
sponding number of bins co-added is given in column
7. In column 8 we list the flux predicted under the
IC/CMB at the frequency given in column 5. This
flux corresponds to the IC/CMB model prediction for
the combination of knots wk7.8, wk8.9, wk9.7, and
wk10.7 in PKS 0637-752, and knots A and B1 for
3C 273. In the former case, we do not include the
only other X-ray detected not (wk5.7) because it is
not consistently detected at other wavelengths. For
3C 273, only knots A and B1 have X-ray spectra con-
sistent with their radio spectra, so the knots further
downstream are assumed to be producing X-rays via
synchrotron emission. In column 10, we have calcu-
lated at what significance level our observations rule
out the level of predicted IC/CMB flux given in col-
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Table II Results of the Fermi Data Analysis

Source Band E1 E2 log Freq. 95% Limit Bins Combined Knotsa* Single Knotb†
(GeV) (GeV) (Hz) (erg s−1 cm−2) Added FIC/CMB % Ruled FIC/CMB % Ruled

(erg s−1 cm−2) Out (erg s−1 cm−2) Out
(1) (2) (3) (4) (5) (6) (7) (8) (9) (10) (11)

0637-752 1 0.1 0.3 22.6 1.05×10−12 29 9.0×10−13 92.9 3.6×10−13 ...
2 0.3 1 23.1 3.17×10−13 32 8.8×10−13 99.8 3.6×10−13 94.5
3 1 3 23.6 1.80×10−13 27 7.4×10−13 99.98 3.2×10−13 98.7
4 3 10 24.1 1.43×10−13 50 5.3×10−13 99.95 2.5×10−13 98.6
5 10 100 24.7 2.09×10−13 75 2.3×10−13 95.9 1.3×10−13 ...

3C 273 1 0.1 0.3 22.6 2.72×10−11 1 2.1×10−12 ... 1.6×10−12 ...
2 0.3 1 23.1 4.63×10−12 2 2.8×10−12 ... 2.1×10−12 ...
3 1 3 23.6 8.20×10−13 5 3.6×10−12

>99.99 2.8×10−12
>99.99

4 3 10 24.1 4.46×10−13 31 4.5×10−12
>99.99 3.5×10−12

>99.99
5 10 100 24.7 3.56×10−13 30 5.2×10−12

>99.99 4.1×10−12
>99.99

umn 9. For the final two columns, we also give the
predicted flux under IC/CMB and the significance-
level that we can rule it out, but only for the X-ray
brightest knot of each jet (wk8.9 and knot A, respec-
tively). As shown, the IC/CMB model is ruled out at
a > 99.9% level for PKS 0637-752 and at > 99.99%
level for 3C 273.

3. Discussion

These two cases where the IC/CMB origin for the
X-rays has been unambiguously ruled out join with
that of PKS 1136-135, where high UV polarization has
shown that the second component (UV to X-ray) must
be synchrotron in origin, since significant polarization
is not expected in the IC/CMB scenario [Cara et al.
2013]. we focus the rest of the paper on the impli-
cations for jet physics if the X-ray flux in quasar jets
is synchrotron emission from a separate, high-energy
electron population.

A synchrotron origin for the X-rays is not in con-
flict with any of the data in hand, and further, re-
laxes many of the ‘uncomfortable’ constraints of the
IC/CMB model. Very small angles to the line of sight
are not required, and the total jet power required is
considerably less [Dermer and Atoyan 2004], as the
electron energy distribution need not be extended to
very low values. The main objection to a second com-
ponent heretofore has simply been its unexplained na-
ture; Schwartz et al. [2000] notes that there is no rea-
son why a second population of high-energy electrons
should be co-spatial with the first. However, this co-
occurance of two very different electron populations,
if the correct interpretation, is obviously a very im-
portant clue to the particle acceleration mechanism
in large-scale jets, of which we still know little.

An interesting consequence follows for our account-
ing of the large-scale-jet contribution to various back-
grounds, especially at TeV energies. Jet one-sidedness

clearly indicates that the kpc-scale jets are at least
mildly relativistic, and thus IC/CMB emission must
occur at some level. Due to the very low background
in the highest-energy Fermi bands, the flux limits
reachable by Fermi ’s sky-scanning mode of operation
should allow us to eventually either detect this emis-
sion or put very strong limits on the factor of B/δ
which characterizes the flow on the kpc scale. The cur-
rent Fermi upper limits already constrain δ <∼ 7.8 for
3C 273 and δ <∼ 6.5 PKS 0637-752, under the assump-
tion of equipartition magnetic fields, where we take Bδ
= 1.5×10−5 G for PKS 0637-752 from Tavecchio et al.
[2000] and Bδ=1.0×10−4 for 3C 273 from G06. These
limits are already low enough to have interesting con-
sequences for our understanding of the total radiative
output of AGN jets on the kpc scale.

It is generally assumed that the radiative output
of quasar jets is dominated by that occurring at the
‘core’, the base of the jet which is presumed to be very
near the black hole (or ∼ parsecs away at most) and
is therefore unresolved even in VLBI imaging. Cer-
tainly, the observed fluxes are dominated by this part
of the jet due to Doppler beaming whenever the jet
is pointed fairly along our line-of-sight. This is de-
picted in Figure 6, where the core points of both jets
are shown as gray circles, and the jet photometry as
gray triangles (flux scale on right axis). The lumi-
nosity scale at left applies to these points only un-
der the incorrect assumption of isotropy. If we cor-
rect these values for beaming, we get the real ‘angle-
integrated’ total power output from the core and the
jet, plotted as a dark blue dashed line and the gray
shaded area, respectively. VLBI observations of su-
perluminal motions place a lower limit on Γ=15 for
the cores of both 3C 273 and PKS 0637-752, respec-
tively [Lister et al. 2013, Edwards et al. 2006]. We
have applied a correction (multiplying by 1/δ2) as-
suming δ=15 for the cores of both jets to give the
angle-integrated core luminosity (dark blue dashed
line). To calculate the angle-integrated luminosity of
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Figure 6: (Note: Figure description below applies to both panels; 3C 273 is shown at left and PKS 0637-752 is shown
at right). The Core flux points are shown as gray circles with phenomenological SED fit through the points as a thin
gray line (big blue bump shown as black dashed line and not included in the beamed emission fits). In comparison, the
core points are shown as gray triangles. The flux scale at right only applies to solid curves in the figure. The
impression of the total dominance of the core flux is mainly a product of the beaming difference between the two
components, as seen when beaming-corrected (angle-integrated) luminosities are plotted, rather than those assuming
isotropy. Blue dashed line is the core fit times 1/δ2 with δ = 15 for both jets. The gray zone is the range of possible
beaming-corrected SEDs for the knots given our current constraints on δ for the knots. Finally, the light blue shaded
area is the range of IC/CMB emission possible given the same δ constraints. Note that the TeV emission in particular
is already constrained to be much higher than is typical for ‘TeV blazars’ (≈ 1041 erg s−1).

the knots, we apply a lower limit value of δ = 1.9
which comes from statistical arguments based on pop-
ulations [Arshakian and Longair 2004], which gives
the dotted-line upper edge to the gray shaded area,
while the current δ limits from Fermi give the lower
dashed-line limit. The true angle-integrated luminos-
ity of the knots is thus somewhere in the gray zone.

It is interesting to note that the knots are appar-
ently not insignificant in total output when compared
to the core. Definite conclusions will require tighter
constraints on the δ factors of both the core and the
knots, but it is possible that large-scale jets contribute
more than the core in the UV to X-rays, in addition
to their general dominance in the radio (which was
already well known). Large-scale jets could thus be
an important contributor to some astrophysical back-
grounds.

A further observation follows from the realization
that the X-rays are synchrotron in origin: the elec-
trons producing the synchrotron X-rays will them-
selves upscatter the CMB to produce a GeV to TeV
spectrum. The angle-integrated total power in the
IC/CMB component is shown in Figure 6 as a light
blue shaded area. Note that the bounds in this case
are flipped; the upper δ limit forms the upper edge of
the allowed zone. Even in the minimum δ=1.9 case,
these jets are already constrained to produce fluxes in
excess of 1041 erg s−1 which is the typical total ra-
diative output for the canonical low-power FR I type
‘TeV blazars’. We have not applied an EBL correction
to these spectra merely to illustrate the total intrinsic

output. However, EBL absorption is very important
at TeV energies, and would make direct observation of
this TeV component very difficult. Even assuming the
most optimistic case of δ=7.8 for 3C 273, at redshift
0.158 the EBL absorption [Finke et al. 2010] is already
high enough that it would take at least 100 hours of
observations by the future CTA mission to detect the
beamed IC/CMB component at TeV energies. Thus it
is unlikely that many anomalous X-ray jets will have
a synchrotron origin for the X-rays directly confirmed
via TeV observations, though if Fermi begins detect-
ing the IC/CMB component, an upturn at the highest
energies might be visible in a few cases. The remain-
ing best direct observation is via polarization – either
in the UV, for those that show the second component
emerging there, or with future X-ray polarimiters. Fi-
nally, we note that as long as Fermi continues to oper-
ate, the low background at the highest energies should
allow continually improving constraints on the δ fac-
tors of large-scale jets.
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Flaring γ-ray emission from high redshift blazars
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High redshift blazars are among the most powerful objects in the Universe. Although they represent a significant
fraction of the extragalactic hard X-ray sky, they are not commonly detected in γ-rays. High redshift (z>2)
objects represent <10% of the AGN population observed by Fermi so far, and γ-ray flaring activity from these
sources is even more uncommon. The characterization of the radio-to-γ-ray properties of high redshift blazars
represent a powerful tool for the study of both the energetics of such extreme objects and the Extragalactic
Background Light. We present results of a multi-band campaign on TXS0536+145, which is the highest redshift
flaring γ-ray blazar detected so far. At the peak of the flare the source reached an apparent isotropic γ-ray
luminosity of 6.6×1049 erg/s, which is comparable with the luminosity observed from the most powerful blazars.
The physical properties derived from the multi-wavelength observations are then compared with those shown by
the high redshift population. In addition preliminary results from the high redshift flaring blazar PKS 2149-306
will be discussed.

1. Introduction

The population of high redshift (z > 2) blazars
represents a small fraction (<10%) of the extragalac-
tic γ-ray sky. They are mainly associated with flat
spectrum radio quasars (FSRQ), although a few BL
Lacs with z > 2 are present in the third catalog of
active galactic nuclei detected by the Large Area
Telescope (LAT) on board the Fermi satellite after
the first four years of scientific observations [6].
The number counts drop when higher energies are
considered. In the first LAT catalog of γ-ray sources
above 10 GeV (1FHL) only seven objects with z > 2
are detected [5].
Although the detection of high redshift blazars during
a γ-ray flare is even more uncommon, the characteri-
zation of the radio-to-γ-ray properties of high redshift
blazars represent a powerful tool for the study of
both the energetics of such extreme objects and the
Extragalactic Background Light (EBL). During γ-ray
flaring episodes the spectra of FSRQ sometimes show
a moderate hardening [17], allowing us to explore
energies that are usually strongly attenuated due to
the intrinsic source spectrum.
So far, 10 blazars at z > 2 have been detected during
γ-ray flaring activity. Among these objects there are
TXS 0536+145 at z = 2.69, and PKS2149-306 at
z = 2.34. TXS 0536+145 was not part of the Fermi-
LAT first (1FGL) and second source (2FGL) catalogs
[1, 14], indicating its low activity state during the
first two years of Fermi-LAT observations. On 2012
March 22 it underwent a γ-ray flare, becoming the
γ-ray flaring object at the highest redshift observed
so far [16].
PKS2149-306 was detected by Fermi-LAT in a flaring
state on 2013 January 4 [9], with a daily γ-ray flux

about 25 times higher than the average source flux
reported in the 2FGL catalog [14].
The high activity states observed in both sources
triggered multiwavelength monitoring observations
aimed at characterizing the variability in the vari-
ous bands of the electromagnetic spectrum and at
determining the spectral energy distribution of these
extreme objects.

2. TXS 0536+145

2.1. Fermi-LAT data

We analyzed Fermi-LAT data collected during the
first five years of scientific observations, from 2008 Au-
gust 4 (MJD 54682) to 2013 August 4 (MJD 56508).
We considered an energy range between 0.1 and 100
GeV, and we followed the standard LAT analysis pro-
cedures (for more details see [16]).
TXS 0536+145 was not detected during the first two
years of observations. The 2σ upper limit estimated
over this period is 10−8 ph cm−2 s−1. During the
third and fourth years of observations, the source was
detected with a flux of (4.2 ± 0.6)×10−8 ph cm−2 s−1

and a photon index Γ = 2.37±0.09. On 2012 March 22
the source was observed during a γ-ray flare, when it
reached a flux of (1.0 ± 0.3)×10−6 ph cm−2 s−1 and
a photon index Γ = 2.05 ± 0.08, indicating a hard-
ening of the spectrum. This flux corresponds to an
apparent isotropic luminosity of 6.6×1049 erg/s. Be-
fore this flare, the source was first detected in γ-rays
on 2012 January showing an enhancement of its high-
energy activity, but without reaching a similar peak
flux (Fig. 1).
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Figure 1: Integrated Fermi-LAT light curve (0.1-100
GeV) of TXS0536+145 between 2011 August 4 and 2013
August 4 with 1-month time bins. Adapted from [16].

The analysis of the Fermi-LAT data with E > 10 GeV
collected between 2011 August and 2013 August could
not detect the source at such high energies. We eval-
uated the 2σ upper limit as 9.3×10−11 ph cm−2s−1

(assuming Γ = 2.37).

2.2. Radio properties

Monitoring campaigns of TXS 0536+145 with the
Very Long Baseline Array (VLBA) at 8.4, 15, and 24
GHz, and with the European VLBI Network (EVN)
at 22 GHz were triggered by the γ-ray flare with the
aim of studying changes in the parsec-scale structure
and the flux density variability related to the central
region of the source. The observations were per-
formed between 2012 April and 2013 October. The
source has a core-jet structure (Fig. 2). The radio
emission is dominated by the compact bright core
component, which accounts for about 90 per cent of
the total flux density at 8.4 GHz, and about 95 per
cent at 15 and 24 GHz. The jet emerges from the
main component with a position angle of about 180◦,
then at ∼ 1.5 mas (i.e. ∼ 12 pc) it slightly changes
orientation to about 160◦ and extends to ∼ 6 mas
(i.e. ∼ 48 pc).
The flux density variability is ascribed to the core
region, while the jet is not variable. The radio light
curves show a flux density increase about 2-3 months
after the γ-ray flare, with longer delay occurring at
lower frequencies. The spectral index of the core
computed between 8.4 and 15 GHz shows a softening
of the spectrum from α ∼ −1.0 just after the flare, to
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Figure 2: VLBA image at 8.4 GHz of the source
TXS0536+145. The peak flux density is 438.8
mJy/beam, while the first contour is 0.4 mJy/beam and
corresponds to three times the off-source noise level
measured on the image plane. The contours increase by a
factor of 2. The restoring beam is plotted in the
bottom-left corner. Adapted from [16].

α ∼ 0.11 a few months later (upper panel of Fig. 3).
The light curve at 15 GHz shows a possible double
hump similar to that observed in γ-ray light curve
(bottom panel of Fig. 3).
No new superluminal component was observed after
the flare. This may be related to the high redshift
of the target. In fact, only superluminal components
with a speed higher than 35c would have been picked
up during the 16-month monitoring campaign.

2.3. Swift data and SED

Triggered by the flaring activity, Swift observed
TXS0536+145 a few days after the 2012 March γ-ray
flare, and the source was found in a high state in
X-rays. The X-ray flux decreases of a factor of two
a couple of weeks after the peak. An additional
observation was carried out a few months later, when
the source was in a similar low activity state. In the
past, the source was not detected by the ROSAT
all-sky survey. Therefore, this is the first detection of
TXS 0535+145 in X-rays.
Due to severe Galactic absorption and the short
exposures, the source was not detected by UVOT in

1The radio spectral index is defined as Sν ∝ ν−α
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Figure 3: Light curve at 15 GHz (top) and the spectral
index computed between 8.4 and 15 GHz (bottom) for
TXS0536+145. Adapted from [16].

any filter.
The hard X-ray flux of this source turned out to be
below the sensitivity of the BAT instrument for such
short exposures, and therefore the source was not
detected. The source was not present in the Swift

BAT 70-month hard X-ray catalogue [8].
The spectral energy distribution (SED) of
TXS 0536+145 in flaring activity is well fitted
by a synchrotron/external Compton model where the
seed photons upscattered to high energies may be
those from the dusty torus (see e.g., [16]). Due to the
rather poor optical coverage, the model parameter
are not well constrained.

3. PKS 2149-306

The FSRQ PKS2149-306 was observed by Fermi-
LAT during a flaring episode on 2013 January 4
and preliminary results were reported in [9]. This
source was part of the 2LAC [4], indicating on
average a higher level of γ-ray activity with respect
to TXS 0536+145.
We analyzed Fermi-LAT data collected during the
first six years of scientific observations, from 2008
August 4 (MJD 54682) to 2014 August 4 (MJD
56873). As in the case of TXS 0536+145, we consid-
ered an energy range between 0.1 and 100 GeV, and
we followed the standard LAT analysis procedures.
The source was clearly detected by Fermi-LAT for
most of the period with one-month integration time
(Fig. 4). A first significant increase of activity was
observed in 2011 February. During the strong flaring
activity observed in 2013 January, the source reached
a daily peak flux of (3.0±0.4)×10−6 ph cm−2 s−1,

Figure 4: Integrated Fermi-LAT light curve (0.1-100
GeV) of PKS 2149-306 between 2011 August 4 and 2013
August 4 with 1-month time bins. Adapted from [10].

and showed a hardening of the spectrum. This
value corresponds to an apparent peak luminosity of
1.5×1050 erg/s. A dedicated multiwavelength anal-
ysis of PKS2149-306 is ongoing aiming at studying
the high-energy SED, also in perspective of the next
generation of high-energy telescopes.

4. Discussion and conclusions

High redshift flaring blazars are among the most
luminous objects in the Universe. The high redshift
FSRQ TXS0536+145 and PKS2149-306 underwent a
huge γ-ray flare, reaching an apparent isotropic lumi-
nosity (0.1-100 GeV) of 6.6×1049 erg/s and 1.5×1050

erg/s, respectively. Such values are comparable to
the luminosity observed in the high-redshift gravita-
tionally lensed blazar PKS1830-211 detected during
a flare (Lγ ∼ 3 × 1049 erg/s; [3]), as well as in the
brightest flaring blazars, like 3C 454.3 (Lγ ∼ 2× 1050

erg/s; [2]), PKS1510-089 (Lγ ∼ 4× 1048 erg/s; [15]),
and PKS1622-297 (Lγ ∼ 4× 1048 erg/s; [13]).
We compared the γ-ray properties of TXS 0536+145
and PKS2149-306 with those shown by the popula-
tion of high redshift (z > 2) γ-ray sources from the
2LAC [4]. The photon index and the luminosity in
the low activity state of the targets are in agreement
with those of the other high-z objects. During the
flaring state both sources showed a hardening of the
spectrum. A similar behaviour was observed in the
high-z flaring blazar 4C+71.07 [7].
Despite the harder spectrum, no significant emission
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above 10 GeV is observed for TXS 0536+145. Al-
though this value is consistent with current EBL mod-
els (e.g. [12]), the low statistics do not allow us to at-
tribute the spectral curvature to this effect [16]. The
improved sensitivity of the LAT at a few GeV with
Pass 8 data will be important for characterizing in
more detail the γ-ray spectrum of the high-redshift
blazar population.
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Fermi-LAT Upper Limit for NGC 4151 and its Implications for Physics
of Hot Accretion Flow
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We present preliminary results of our analysis of the Fermi-LAT data from the direction of NGC 4151. We
find a new γ-ray source with a statistical significance σ > 5, shifted by 0.5◦ from the position of NGC 4151.
Apparently, the source was bright only during a 1.5-year period between December 2011 and June 2013 and it
strongly contaminated the signal from NGC 4151. Therefore, we neglect this period in our analysis. We find
two additional, persistent γ-ray sources with high σ, shifted from NGC 4151 by ∼ 1.5◦ and 5◦, whose presence
has been recently confirmed in the Third Fermi Catalog. After subtracting the above sources, we still see a weak
residual, with σ <

∼
3, at the position of NGC 4151. We derive an upper limit (UL) for the γ-ray flux from NGC

4151 and we compare it with predictions of the ADAF model which can explain the X-ray observations of this
object. We find that the Fermi UL strongly constrains non-thermal acceleration processes in hot flows as well
as the values of some crucial parameters. Here we present the comparison with the hot flow models in which
heating of electrons is dominated by Coulomb interactions with hot protons. In such a version of the model,
the γ-ray UL, combined with the X-ray data, constrains the energy content in the non-thermal component of
proton distribution to at most a few per cent, rules out a weak (sub-equipartition) magnetic field and favors a
rapid rotation of the supermassive black hole.

1. INTRODUCTION

Low-luminosity AGNs, with the luminosities below
∼ 0.01LEdd, are likely to be powered by optically
thin, hot accretion flows (a.k.a. ADAFs, see e.g. [12]).
The two-temperature structure is a key property of
ADAFs, as such flows are supported by the proton
pressure. In their innermost parts, the hot protons
have energies above the threshold for pion production.
As estimated e.g. in [6,8], the decay of pions leads to
substantial fluxes of γ-rays, which may be probed in
nearby AGNs at the current sensitivity of Fermi-LAT
surveys. The Fermi-LAT data for radio-quiet AGNs
were analyzed in [10] (two years of data) and [2] (three
years) and the derived upper limits are already quite
stringent compared to expectation. In [11]we revisit
the issue of searching the signatures of hadronic emis-
sion from hot flows and the related implications for
hot-flow models. We perform the detailed analysis of
nearby, low-luminosity Seyfert galaxies using over 6
years of Fermi-LAT data and we compare the results
with the model predictions for a complete range of the
model parameters. In this contribution we report our
preliminary results for one of the best-studied AGNs,
NGC 4151.
NGC 4151 is one the X-ray brightest AGNs, with

the bolometric L ∼ 0.01LEdd, showing no signa-
tures of a relativistically distorted reflection compo-
nent (constraints on the width of Fe Kα line imply
the lack of an optically thick material within at least
the innermost ∼ 100Rg) as well as showing a spectral
similarity to black hole binaries in their hard states
(also most likely powered by hot flows), see e.g. [4].
All these properties make it a relevant objects for test-

ing the hot flow scenario. Below we use the black hole
mass M = 3.8 × 107M⊙ from the stellar dynamical
mass measurement [9].

2. LAT DATA ANALYSIS

We analyzed the data from the direction of NGC
4151, comprising 6.4 years of Fermi-LAT observations
carried out between 2008 August 4 and 2015 January
10. Events we selected from a region with the ra-
dius of 10◦ centered on the position of NGC 4151.
We performed the unbinned likelihood analysis us-
ing the v9r33p0 Fermi Science Tools with CALDB
instrument response functions. We used the standard
templates for the Galactic (gll iem v05 rev1.fits)
and the isotropic (iso source v05 rev1.txt) back-
grounds. In our initial model of the region we took
into account only the sources from the Second Fermi
Catalog (2FGL) [7], i.e. our model included the same
sources as those used in [2]. 2FGL J1209.6+4121
(marked by the red circle in Fig. 1a) is the 2FGL
source closest to NGC 4151, with the distance of ≃ 2◦.
Fig. 1a shows the TS map of the region, built af-

ter subtracting the 2FGL sources. The map reveals
residual structures indicating the presence of addi-
tional point-like sources, marked by the green cir-
cles. For each of these objects we use the gtlike and
gtfindsrc tools to find its significance, best-fit posi-
tion and spectral parameters; the results are given in
Table I. Sources S1 (beyond the map in Fig. 1) and S3
have been recently reported in 3FGL [1], with param-
eters very similar to these estimated in our analysis.
S2 is not reported in 3FGL, however, this source is
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Figure 1: Test-statistic maps of the 5◦ × 5◦ region around the position of NGC 4151 (yellow circle) with the pixel size of
0.125◦ (left) and 0.15◦ (right). The left map was generated from the data from the total 6.4 years and only the sources
from 2FGL were subtracted from this map (the only 2FGL source in this region of the sky is marked by the red circle);
the green circles indicate new sources revealed in our analysis. The right map was generated from the data taken before
December 2011 and after June 2013 and the sources from 3FGL (red circles) were subtracted from this map.

Table I New sources introduced in the model of the
region around NGC 4151, not reported in 2FGL. (1)
Source (see Fig. 1), (2) 3FGL name, (3) gtlike TS
values, (4) and (5) gtfindsrc coordinates. Results for S2
were obtained using the data taken between December
2011 and June 2013; for the remaining sources the total
data set for 6.4 years was used.

(1) (2) 3FGL name (3) TS (4) RA (5) DEC

S1 3FGL J1220.2+3434 191 185.06 34.57

S2 not reported 30 182.86 38.95

S3 3FGL J1203.2+3847 32 180.81 38.79

S4 not reported 22 184.90 36.93

critical for the analysis of a signal from NGC 4151,
as its distance of ∼ 0.5◦ is comparable (or smaller
below ∼ 1 GeV) to the LAT point spread function.
Therefore, we check properties of this source in more
details.
By using gtsrcprob we find that the position of

S2 is determined mostly by 4 photons with energies
between 10 and 20 GeV which arrived from the same
direction (within 10 arcmin) between December 2011
and June 2013. At lower energies, neglecting the four
events with E > 10 GeV, we also see the signature of
increased activity of S2 during that period, in the form
of an extended residual covering the nominal positions
of NGC 4151 and S2.
In the TS map built for the data neglecting the

above period (see Fig. 1b) we do not see a strong

signal at the S2 position, we therefore conclude that
S2 strongly dominated the emission from the region
around NGC 4151 only during the 1.5 year out of the
total 6.4 considered years. Note that S2 is not re-
ported in 3FGL which includes sources detected with
TS > 25 using the data taken during the four years
up to 2012 July (i.e. covering only ∼ 30% of the time
of the increased activity of S2).

For our further analysis we neglect the data taken
during the 1.5 year when S2 was bright. We subtract
the sources reported in 3FGL and we get the TS map
shown Fig. 1b. The map shows a weak residual, which
can be fully compensated for by adding the source at
the nominal position of NGC 4151 and gtlike gives
TS ≃ 8 for such a source. At its very low statistical
significance, it is not possible to assess whether it rep-
resents a background fluctuation or an actual emission
from the studied object; it may also contain some con-
tribution from emission of S2 in its lower luminosity
states.

We then derive the 95% confidence level upper limit
(UL) for the integrated photon flux from NGC 4151
neglecting the data between December 2011 and June
2013. The pion decay spectra can be approximated by
a simple power-law only in limited energy ranges (see
Fig. 2 below), therefore, we assume relevant values of
the photon index, Γ, and find the UL in the 0.3–1
GeV range to compare with the π0-decay spectra for
the thermal distribution of protons, and in the 1–10
GeV to compare with the model assuming a power-
law distribution of protons. The results are given in
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Figure 2: Spectra received by a distant observer from a hot flow around the black hole with M = 4× 107M⊙ for
a = 0.95, β = 9, δ = 10−3 and ṁ = 0.3. The black solid line shows the component formed by the cooling of electrons
(mostly thermal Comptonization). The blue and red solid lines show the component formed by π0-decay for thermal
and power-law (with s = 2.1) distribution of protons, respectively; the thin dashed lines show the corresponding
spectra of the hadronic component in the rest frame of the flow (the spectra shown by solid lines are affected by the
GR transfer and γγ absorption).

Table II 95% C.L. upper limits for the photon flux (3)
and γ-ray luminosity (4) for the energy ranges given in
column (1) and the assumed value of γ given in
column(2).

(1) Energy (2) Photon (3) UL: F (4) UL: Lγ

range [GeV] index [phot/cm2/s] [erg/s]

0.3 - 1 4 6× 10−10 6.5× 1039

1 - 10 2.1 1.5× 10−10 3.1× 1039

1 - 10 2.7 1.3× 10−10 1.9× 1039

Table II.

3. GAMMA-RAY EMISSION FROM HOT
FLOWS AND COMPARISON WITH NGC
4151

In [5,6] we present a precise model for emission
from hot flows, taking into account the relevant lep-
tonic and hadronic processes, and using (1) a fully
general relativistic (GR) description of both the ra-
diative and hydrodynamic processes; (2) an exact,
Monte Carlo computation of global Comptonization;
(3) seed photons input from nonthermal synchrotron
emission of π±-decay electrons; (4) an exact computa-
tion of the absorption of γ-ray photons in the radiation
field of the flow. The model is parametrized by: the
black hole mass, M , the dimensionless accretion rate,
ṁ = Ṁc2/LEdd, the ratio of gas to magnetic pressure,
β, the fraction of the dissipated energy which heats
directly electrons through MHD processes, δ, and the
spin parameter, a = J/(cRgM), where J is the black
hole angular momentum and Rg = GM/c2. We take
into account models with thermal and with power-law
distrubutions of protons; in the latter the power-law
index, s, is also a free parameter.

Here we focus on models with small δ, i.e. with
electrons heated by Coulomb interactions. We briefly
summarize properties crucial for our final conclusions;
Fig. 2 shows example spectra of radiation produced in
a hot flow by thermal Comptonization and by π0 de-
cay.
(i) The nonthermal synchrotron radiation from π±-
decay electrons gives the dominating input of seed
photons for Comptonization and it allows to reconcile
the hot-flow model with the AGN X-ray data. It also
provides an attractive explanation of spectral differ-
ences between AGNs and black-hole transients within
the same physical model, see [5].
(ii) For bolometric L ∼ (0.001− 0.01)LEdd, the size of
the γ-ray photosphere (inside which the flow is opaque
to γ-rays) equals several Rg. As a result, for models
assuming thermal protons, the γ-ray flux detected by
a distant observer is reduced by several orders of mag-
nitude, because the γ-rays are produced mostly inside
the photosphere. We note that [8] assessed compa-
rable X-ray and γ-ray fluxes from flows surrounding
rapidly rotating black holes. However, they neglected
the GR transfer and γγ absorption; taking into ac-
count these effects we get, for thermal protons, the
γ-ray fluxes smaller by ∼ 3 (large β) to ∼ 5 (small β)
orders of magnitude than the X-ray flux.
(iii) In models assuming a thermal distribution of pro-
tons, the γ-ray flux is extremely sensitive to the value
of β. In flows with smaller β (larger B), a larger frac-
tion of the accretion power is used to build up the
magnetic field strength; therefore, the energy heating
the particles, and hence the proton temperature, is
smaller. As for thermal protons the γ-ray luminosity,
Lγ , is extremely sensitive to the proton temperature,
the above effect leads to the difference by 2 – 3 orders
of magnitude between Lγ for a strong (in equipartition
with gas) and weak magnetic field.
(iv) The proton temperature increases with a and
hence the γ-ray emissivities strongly depends on a for
thermal protons. However, the largest difference be-
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Figure 3: The γ-ray (1–10 GeV) luminosity Eddington
ratio as a function of the X-ray (2–10 ken) luminosity
Eddington ratio. The squares and circles show the hot
flow model predictions for the nonthermal proton

distribution with s = 2.1. The Fermi UL was obtained for
the assumed Γ = 2.1 in the 1–10 GeV range (see Table 2)
and the average X-ray luminosity was estimated from the
Swift-BAT data. The red circles are for a = 0.998, β = 1,
ṁ = 0.1 and 0.3; the blue squares are for a = 0.95, β = 9,
ṁ = 0.3 and 0.8.
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Figure 4: The same as in Fig. 3 but the model points are
for the thermal distribution of protons and the γ-ray
Eddington ratio is determined for the 0.3–1 GeV range;
Γ = 4 was assumed for the Fermi UL.

tween the emissivities occurs within the photosphere
and, therefore, the dependence of the observed Lγ on
a is reduced by γγ absorption. On the other hand,
a sufficiently strong input of seed photons from the
emission of π±-decay electrons requires either a rapid
rotation of the black hole or a significant content of
nonthermal protons.

Using the publicly available Swift-BAT data [3] we
find the average X-ray luminosity of NGC 4151 be-
tween 2009 and 2014 (we find that it corresponds to
the intermediate state as defined in [4]), which then
allows us to compare the Lγ predicted by the model
with the Fermi UL. The results are shown in Figs 3
and 4. For the power-law distribution of protons (Fig.
3) the UL is over an order of magnitude lower than the
model prediction, which constrains the energy content
in the nonthermal component of the proton distribu-

tion to at most a few per cent.
For the thermal distribution of protons (Fig. 4), the

Fermi UL is sufficiently low to exlude models with
large β, which, taking into account the above, rules
out any version of the model with a weak magnetic
field. For an equipartition value of β ∼ 1 the predicted
flux is below the UL value.
Then, the Fermi data favor a strongly magnetized

plasma with a weak content of nonthermal protons.
For such a case, a high spin value is required for a suf-
ficiently strong flux of seed photons from nonthermal
emission of pion-decay electrons.

4. SUMMARY

We thoroughly analyzed the γ-ray data from a re-
gion around NGC 4151, which led us to identification
of new γ-ray sources. After subtracting their contri-
bution, we get a weak residual signal at the position of
NGC 4151. At its low statistical significance, σ <

∼
3,

it is not possible to assess its nature.
Comparison of the derived upper limits with the

model predictions allows to constrain several crucial
quantities which illustrates the potential of Fermi

measurements in probing the properties of flows pow-
ering AGNs at low luminosities.
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A panchromatic view of relativistic jets in γ-ray emitting narrow-line
Seyfert 1 galaxies
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Before the launch of the Fermi satellite only two classes of Active Galactic Nuclei (AGN) were known to generate
relativistic jets and thus to emit up to the γ-ray energy range: blazars and radio galaxies, both hosted in giant
elliptical galaxies. The first four years of observations by the Large Area Telescope (LAT) on board Fermi

confirmed that these two populations represent the most numerous identified sources in the extragalactic γ-ray
sky, but the discovery of variable γ-ray emission from 5 radio-loud Narrow-Line Seyfert 1 (NLSy1) galaxies
revealed the presence of a possible emerging third class of AGN with relativistic jets. Considering that NLSy1
are thought to be hosted in spiral galaxies, this finding poses intriguing questions about the nature of these
objects, the knowledge of the development of relativistic jets, and the evolution of radio-loud AGN. In this
context, the study of the radio-loud NLSy1 from radio to γ-rays has received increasing attention. Here we
discuss the radio-to-γ-rays properties of the γ-ray emitting NLSy1, also in comparison with the blazar scenario.

1. Introduction

Relativistic jets are the most extreme expression of
the power that can be generated by a superluminal
black hole (SMBH) in the center of an active galac-
tic nucleus (AGN), with a large fraction of the power
emitted in γ-rays. Before the launch of the Fermi

satellite only two classes of AGN were known to gen-
erate these structures and thus to emit up to the γ-
ray band: blazars and radio galaxies, both hosted in
giant elliptical galaxies [11]. The first 4 years of obser-
vation by the Large Area Telescope (LAT) on board
Fermi confirmed that the extragalactic γ-ray sky is
dominated by radio-loud AGN, being mostly blazars
and some radio galaxies [4]. However, the discovery
by Fermi-LAT of variable γ-ray emission from a few
radio-loud narrow-line Seyfert 1 (NLSy1) galaxies re-
vealed the presence of a possible third class of AGN
with relativistic jets [1].

NLSy1 are a class of AGN identified by [43] and
characterized by their optical properties: narrow per-
mitted lines (FWHM (Hβ) < 2000 km s−1), [OIII]/Hβ
< 3, and a bump due to Fe II (e.g., [44]). They also
exhibit strong X-ray variability, steep X-ray spectra,
relatively high luminosity, and substantial soft X-ray
excess (e.g., [31]). These characteristics point to sys-
tems with smaller masses of the central black hole
(106–108 M⊙) than blazars and radio galaxies, and
higher accretion rates (close to or above the Edding-
ton limit). NLSy1 are generally radio-quiet (radio-
loudness R < 10), with only a small fraction (< 7%;
[34]) classified as radio-loud. Objects with high val-
ues of radio-loudness (R > 100) are even more sparse
(∼2.5%), while generally ∼15% of quasars are radio-
loud. Considering also that NLSy1 are thought to
be hosted in spiral galaxies, their detection in γ-rays

Figure 1: Fermi-LAT (E > 100 MeV) light curve of SBS
0846+513 obtained during 2012 April 1 - August 28 with
7-day (black circles) and 1-day (red triangles) time bins.
Arrows refer to 2-σ upper limits. Upper limits are
computed when TS <10. Adapted from [21].

poses intriguing questions about the nature of these
sources, the production of relativistic jets, the mech-
anisms of high-energy emission, and the cosmological
evolution of radio-loud AGN.

2. The γ-ray view of NLSy1

Five radio-loud NLSy1 galaxies have been de-
tected at high significance by Fermi-LAT so far: 1H
0323+342, SBS 0846+513, PMN J0948+0022, PKS
1502+036, and PKS 2004−447 [1, 4, 16], with a red-
shift between 0.061 and 0.585. The average apparent
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Figure 2: XMM-Newton EPIC pn (black), MOS1 (red)
and MOS2 (green) data of PMN J0948+0022 shown as a
ratio to a power law with Γ = 1.48. Adapted from [22].

isotropic luminosity of these sources in the 0.1–100
GeV energy band is between 1044 erg s−1 and 1047

erg s−1, a range of values typical of blazars [18]. This
may be an indication of a small viewing angle with
respect to the jet axis and thus a high beaming factor
for the γ-ray emission, similarly to blazars. Several
strong γ-ray flares were observed from SBS 0846+513
(Fig. 1) and PMN J0948+0022, reaching a peak ap-
parent isotropic γ-ray luminosity of ∼1048 erg s−1,
comparable to that of the bright FSRQ [21, 23, 27].
In particular, SBS 0846+513 and PMN J0948+0022
showed a γ-ray flaring activity combined with a mod-
erate spectral evolution [16, 27], a behaviour that
was already observed in bright flat spectrum radio
quasars (FSRQ) and low-synchrotron-peaked BL Lacs
[2]. Variability and spectral properties of these two
NLSy1s in γ-rays indicate a blazar-like behaviour. An
intense γ-ray flaring activity was observed by LAT
also from 1H 0323+342 [13]. This is another indica-
tion that radio-loud NLSy1 are able to host relativistic
jets as powerful as those in blazars.

3. X-ray properties

The X-ray spectra of NLSy1 are usually charac-
terized by a steep photon index (ΓX > 2, [31]).
On the contrary, a relatively hard X-ray spectrum
was detected in the Swift/XRT observations of SBS
0846+513 [16, 20], PMN J0948+0022 [22, 23, 27, 28],
1H 0323+342 [19], and PKS 1502+036 [17]. This sug-
gests a significant contribution of inverse Compton ra-
diation from a relativistic jet, similar to what is found
for FSRQ.
The high qualityXMM-Newton observation of PMN

J0948+0022 performed in 2011 May allowed us to
study in detail its X-ray spectrum, as reported in [22].
The spectral modelling of the XMM-Newton data of
PMN J0948+0022 shows that emission from the jet
most likely dominates the spectrum above ∼2 keV,

while a soft X-ray excess is evident below ∼2 keV
(Fig. 2). The origin of the soft X-ray excess is still an
open issue both in radio-quiet and radio-loud AGN
(e.g., [29]). Such a Seyfert component is a typical fea-
ture in the X-ray spectra of radio-quiet NLSy1, but
it is quite unusual in jet-dominated AGN, even if not
unique (e.g., PKS 1510-089; [33]). In the case of PMN
J0948+0022, the statistics did not allow us to dis-
tinguish between different models for the soft X-ray
emission. Models where the soft emission is partly
produced by blurred reflection, or Comptonisation of
the thermal disc emission, or simply a steep power-
law, all provide good fits to the data. A multicolor
thermal disc emission also gives a comparable fit, but
the temperature is too high (kT = 0.18 keV) and is
incompatible with a standard Shakura & Sunyaev ac-
cretion disc [22].

4. Radio properties

On pc scale a core-jet structure was observed for
SBS 0846+513 [16] (Fig. 3), PKS 2004−447 [41], PKS
1502+036 [17], and PMN J0948+0022 [22, 30], al-
though the jet in the two latter sources is significantly
fainter than that observed in the former two sources.
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Figure 3: 15.3 GHz VLBA image of SBS 0846+513. On
the image we provide the peak flux density, in
mJy/beam, and the first contour intensity (f.c., in
mJy/beam) that corresponds to three times the noise
measured on the image plane. Contour levels increase by
a factor of 2. The beam is plotted on the bottom left
corner of the image. Component W1 is the core region,
W2 is a knot, and E is the jet structure. Adapted from
[20].
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Figure 4: The separation between the core component of
SBS 0846+513 and the knot ejected in 2009 as a function
of time. The solid line represents the regression fit to the
15 GHz VLBA MOJAVE data, while the dotted lines
represent the uncertainties from the fit parameters.
Dashed lines indicate the beginning and the peak of the
radio flare. Adapted from [21].

The analysis of the 6-epoch data set of SBS 0846+513
collected by the MOJAVE programme during 2011-
2013 indicates that a superluminal jet component is
moving away from the core with an apparent angular
velocity of (0.27±0.02) mas yr−1 (Fig. 4), correspond-
ing to (9.3±0.6)c [20]. This apparent superluminal
velocity indicates the presence of boosting effects for
the jet of SBS 0846+513. On the contrary, VLBA ob-
servations did not detect apparent superluminal mo-
tion at 15 GHz for PKS 1502+036 during 2002−2012,
although the radio spectral variability and the one-
sided jet-like structure seem to require the presence of
boosting effects in a relativistic jet [17].

Strong radio variability was observed at 15 GHz
during the monitoring of the OVRO 40-m telescope
of PMN J0948+0022 [22, 23], PKS 1502+036 [17],
and SBS 0846+513 [16, 20]. An inferred variability
brightness temperature of 2.5×1013 K, 1.1×1014 K,
and 3.4×1011 K was obtained for PKS 1502+036,
SBS 0846+513, and PMN J0948+0022, respectively.
These values are larger than the brightness tempera-
ture derived for the Compton catastrophe [45], sug-
gesting that the radio emission of the jet is Doppler
boosted. On the other hand, a high apparent bright-
ness temperature of 1013 K, comparable to that of the
γ-ray NLSy1, was observed for TXS 1546+353. How-
ever, no γ-ray emission has been detected from this
source, so far [42]. Moreover, an intensive monitor-
ing of these γ-ray NLSy1 from 2.6 GHz to 142 GHz
with the Effelsberg 100-m and IRAM 30-m telescopes

Figure 5: SED and models for the 2013 and 2011 activity
states of PMN J0948+0022. The filled circles are the
data from the 2013 flaring state, and the open squares
are the data from the 2011 intermediate state taken from
[22]. The dashed curve indicates the disc and coronal
emission, and the dotted line indicates the thermal dust
emission. Solid lines represent models consistent with
scattering dust torus radiation, while the dashed-dotted
curve represents a model consistent with the scattering of
BLR radiation. Arrows refer to 2σ upper limits on the
source flux. The VERITAS upper limits are corrected for
EBL absorption using the model of [26]. Adapted from
[23].

showed, in addition to an intensive variability, spec-
tral evolution across the different bands following evo-
lutionary paths explained by travelling shocks, typical
characteristics seen in blazars [8].

5. Multifrequency variability and SED
modelling

The first spectral energy distributions (SED) col-
lected for the four NLSy1s detected in the first year of
Fermi operation showed clear similarities with blazars:
a double-humped shape with a first peak in the
IR/optical band due to synchrotron emission, a sec-
ond peak in the MeV/GeV band likely due to inverse
Compton emission, and an additional component re-
lated to the accretion disc in UV for three of the four
sources. The physical parameters of these NLSy1 are
blazar-like, and the jet power is in the average range
of blazars [1].
For PMN J0948+0022 we compared the broad-

band SED of the 2013 flaring activity state with that
from an intermediate activity state observed in 2011
(Fig. 5). Contrary to what was observed for some
FSRQ (e.g., PKS 0537−441; [21]) the SED of the
two activity states, modelled as synchrotron emission
and as an external Compton scattering of seed pho-
tons from a dust torus, could not be modelled by
changing only the electron distribution parameters.
A higher magnetic field is needed for the high activity
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Figure 6: Multifrequency light curve for SBS 0846+513
during 2011 December - 2013 January. The data sets
were collected (from top to bottom) by Fermi-LAT
(γ-rays, 0.1−100 GeV; in units of 10−7 ph cm−2 s−1),
Swift-XRT (0.3−10 keV; in units of 10−13 erg cm−2 s−1),
Swift-UVOT (w2 and u bands; in units of µJy) and
OVRO (15 GHz; in units of mJy). Arrows refer to 3σ
upper limits on the source flux densities for the w2 and u
bands, and to 2σ upper limits on the source fluxes for the
γ-ray light curve. Adapted from [20].

state, consistent with the modelling of different activ-
ity states of PKS 0208−512 [14]. We also modelled
the 2013 flaring state assuming Compton-scattering
of broad line region (BLR) line radiation. The model
reproduces the data as well as the scattering of the
IR torus photons. However, we note that the BLR
scattering model requires magnetic fields which are
far from equipartition.

We also compared the SED of SBS 0846+513 during
the flaring state in 2012 May with that of a quiescent
state. Similar to PMN J0948+0022, the SED of the
two different activity states, modelled by an exter-
nal Compton component of seed photons from a dust
torus, could be fitted by changing the electron distri-
bution parameters as well as the magnetic field [20].
A significant shift of the synchrotron peak to higher
frequencies was observed during the 2012 May flaring
episode, similar to FSRQ (e.g., PKS 1510−089; [15]).
Contrary to what is observed in PMN J0948+0022,
no significant evidence of thermal emission from the
accretion disc has been observed in SBS 0846+513.

A complex connection between the radio and γ-ray
emission was observed for SBS 0846+513 and PMN
J0948+0022, where γ-ray and radio flares have not a
similar behaviour, as discussed in detail in [20, 22, 28].

Optical intraday variability has been reported for
PMN J0948+0022 by [32, 35, 38], sometimes asso-
ciated with a significant increase of the optical polar-
isation percentage, indicating a relativistic jet as the
most likely origin for the optical emission in this ob-
ject.
At Very High Energy (VHE; E > 100 GeV), VER-

ITAS observations of PMN J0948+0022 were carried
out during 2013 January 6–13, after the γ-ray flare
observed by Fermi-LAT on 2013 January 1. These
observations resulted in an upper limit of F>0.2TeV

< 4×10−12 ph cm−2 s−1 [23]. The lack of detection
at VHE could be due to different reasons: 1) The dis-
tance of the source (z = 0.5846) is relatively large and
most of the GeV/TeV emission may be absorbed due
to pair production from γ-ray photons of the source
and the infrared photons from the extragalactic back-
ground light (EBL). However, we must note that the
most distant FSRQ detected at VHE up to now, 3C
279 [5] is at a comparable distance. 2) The VERI-
TAS observations were carried out a few days after
the peak of the γ-ray activity, thus covering only the
last part of the MeV/GeV flare. 3) Considering the
similarities with FSRQ, a BLR should be present in
these NLSy1. The presence of a BLR could produce
a spectral break due to pair production, suppressing
the flux beyond a few GeV and preventing a VHE de-
tection. However, the detection at VHE of the FSRQ
3C 279, PKS 1510−089 [3, 7], and 4C +21.35 [6] have
shown that the spectrum of some FSRQ extends to
VHE energies during some flares, indicating that the
γ-rays may be produced outside the BLR during those
high-activity periods. The same scenario may apply
to the γ-ray emitting NLSy1.

6. Radio-loudness, host galaxy, and jet
formation

The mechanism at work for producing a relativistic
jet is not clear. In particular, the physical parame-
ters that drive the jet formation is still under debate.
By considering that NLSy1 are thought to be hosted
in spiral galaxies (e.g., [25]) the presence of a rela-
tivistic jet in these sources seems to be in contrast to
the paradigm that such structures could be produced
only in elliptical galaxies (e.g., [37]). The most power-
ful jets are found in luminous elliptical galaxies with
very massive central BH and low accretion rates (e.g.,
[39, 46]). This was interpreted as an indirect evidence
that a high spin is required for the jet production,
since at least one major merger seems to be neces-
sary to spin up the SMBH. At the same time, low
accretion rates, which are associated with geometri-
cally thick advection dominated accretion flows, may
be important in jet formation by creating large-scale
poloidal magnetic fields [48].
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Therefore one of the most surprising facts related to
the discovery of NLSy1 in γ-rays is the development
of a relativistic jet in objects with a relatively small
BH mass of 107-108 M⊙. However, it is worth noting
that the mass estimation of the BH in these sources
may have large uncertainties due to the effect of radi-
ation pressure [36] and the possible disc-like structure
of their BLR [24]. [12] modelling the optical/UV data
of some radio-loud NLSy1 with a Shakura & Sunyaev
disc spectrum have estimated higher BH masses than
those reported in the past, for PMN J0948+0022 and
PKS 1502+036 comparable to the values estimated for
blazars. This may solve the problem of the minimum
BH mass predicted in different scenarios of relativis-
tic jet formation and development, but introduces a
new problem. How is it possible to have such a large
BH mass in a class of AGN usually hosted in spiral
galaxies? Only very sparse observations of the host
galaxy of radio-loud NLSy1 are available up to now.
Among the NLSy1 detected by LAT only for the clos-
est one, 1H 0323+342, the host galaxy was clearly
detected, suggesting two possible scenarios: the spiral
arms of the host galaxy [52] or the residual of a galaxy
merger [9, 49]. Therefore the possibility that the pro-
duction of relativistic jets in these objects could be
due to strong merger activity, unusual in disc/spiral
galaxies, cannot be ruled out.
The accretion rate (thus the mass) and the spin of

the BH seem to be related to the host galaxy, lead-
ing to the hypothesis that relativistic jets can form
only in elliptical galaxies [10, 37]. We noted that the
BH masses of radio-loud NLSy1 are generally larger
than those in the whole sample of NLSy1 (MBH ≈(2–
10)×107 M⊙; [34, 50]), even if still small if compared
to radio-loud quasars. The larger BH masses of radio-
loud NLSy1 with respect to radio-quiet NLSy1 may
be related to prolonged accretion episodes that can
spin-up the BHs. In this context, the small fraction of
radio-loud NLSy1 with respect to radio-loud quasars
could be an indication that not in all the former the
high-accretion regime lasted long enough to spin-up
the central BH [47].
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[10] Böttcher, M., & Dermer, C. D. 2002, ApJ, 564,
86

[11] Blandford, R. D., & Rees, M. J. 1978, in BL Lac
Objects ed. A. M. Wolfe, 328

[12] Calderone, G., Ghisellini, G., Colpi, M., Dotti,
M. 2013, MNRAS, 431, 210

[13] Carpenter, B., & Ojha, R. 2013, The As-
tronomer’s Telegram, 5344

[14] Chatterjee, R., Fossati, G., Urry, C. M., et al.
2013, ApJ, 763, L11

[15] D’Ammando, F., Raiteri, C. M., Villata, M., et
al. 2011, A&A, 529, 145

[16] D’Ammando, F., Orienti, M., Finke, J., et al.
2012, MNRAS, 426, 317

[17] D’Ammando, F., Orienti, M., Doi, A., et al. 2013,
MNRAS, 433, 952

[18] D’Ammando, F., Tosti, G., Orienti, M., Finke, J.
2013, 2012 Fermi Symposium proceedings - eConf
C121028

[19] D’Ammando, F., Carpenter, B., Ojha, R. 2013,
The Astronomer’s Telegram, 5352

eConf C141020.1

301



6 5th Fermi Symposium : Nagoya, Japan : 20-24 Oct, 2014

[20] D’Ammando, F., Orienti, M., Finke, J., et al.
2013, MNRAS, 436, 191

[21] D’Ammando, F., Antolini, E., Tosti, G., et al.
2013, MNRAS, 431, 2481

[22] D’Ammando, F., Larsson, J., Orienti, M., et al.
2014, MNRAS, 438, 3521

[23] D’Ammando, F., Orienti, M., Finke, J., et al.
2015, MNRAS, 446, 2456

[24] Decarli, R., Dotti, M., Fontana, M., Haardt, F.
2008, MNRAS, 386, L15

[25] Deo, R. P., Crenshaw, D. M., Kraemer, S. B.
2006, AJ, 132, 321

[26] Finke, J., Razzaque, S., Dermer, C. 2010, ApJ,
712, 238

[27] Foschini, L., Ghisellini, G., Kovalev, Y. Y., et al.
2011, MNRAS, 413, 1671

[28] Foschini, L., Angelakis, E., Fuhrmann, L., et al.
2012, A&A, 548, A106

[29] Gierlinksi. M. & Done, C. 2004, MNRAS, 349, L7
[30] Giroletti, M., Paragi, Z., Bignall, H., et al. 2011,

A&A, 528, L11
[31] Grupe, D., Komossa, S., Leighly, K. M., Page, K.

L. 2010, ApJS, 187, 64
[32] Itoh, R., Tanaka, Y. T., Fukazawa, Y., et al. 2013,

ApJ, 775, L26
[33] Kataoka, J., Madejski, G., Sikora, M., et al. 2008,

ApJ, 672, 787
[34] Komossa, S., Voges, W., Xu, D., et al. 2006, AJ,

132, 531
[35] Liu, H., Wang, J., Mao, Y., & Wei, J., 2010, ApJ,

715, L113
[36] Marconi, A., Axon, D. J., Maiolino, R., et al.

2008, ApJ, 678, 693
[37] Marscher, A. 2009, in Lecture Notes in Physics

794, ed. T. Belloni, 173
[38] Maune, J. D., Miller, H. R., Eggen, J. R. 2013,

ApJ, 762, 124
[39] McLure, M. L., Willott, C. J., Jarvis, M. J., et

al. 2004, MNRAS, 351, 347
[40] Nolan, P., Abdo, A. A., Ackermann, M., et al.

2012, ApJS, 199, 31
[41] Orienti, M., D’Ammando, F., Giroletti, M.

2012, 2012 Fermi & Jansky Proceedings - eConf
C1111101

[42] Orienti, M., D’Ammando, F., Larsson, J., et al.
in preparation

[43] Osterbrock, D. E., & Pogge, R. W. 1985, ApJ,
297, 166

[44] Pogge, R. W. 2000, New Astron. Revs, 44, 381
[45] Readhead, A. C. S. 1994, ApJ, 426, 51
[46] Sikora, M., Stawarz, L., Lasota, J.-P. 2007, ApJ,

658, 815
[47] Sikora, M. 2009, AN, 330, 291
[48] Sikora, M., Begelman, M. C. 2013, ApJ, 764, L24
[49] Leon-Tavares, J., Kotilainen, J., Chavushyan, V.,

et al. 2014, ApJ, 795, L58
[50] Yuan, W., Zhou, H.-Y., Komossa, S., et al. 2008,

ApJ, 685, 801
[51] Zhou, H.-Y., Wang, T.-G., Yuan, W., et al. 2006,

ApJS, 166, 128
[52] Zhou, H.-Y., Wang, T.-G., Yuan, W., et al. 2007,

ApJ, 658, L13

eConf C141020.1

302



ar
X

iv
:1

50
3.

02
89

0v
1 

 [
as

tr
o-

ph
.H

E
] 

 1
0 

M
ar

 2
01

5
5th Fermi Symposium : Nagoya, Japan : 20-24 Oct, 2014 1

Suzaku X-Ray Monitoring of Gamma-Ray-Emitting Radio Galaxy, NGC
1275
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Kensei Shiki
Hiroshima University/Hiroshima High Energy & Optical/Infrared Astrophysics Laboratory, Higashi-Hiroshima,
Hiroshima, 739-8526

NGC 1275 is a gamma-ray-emitting radio galaxy at the center of the Perseus cluster. Its multi-wavelength
spectrum is similar to that of blazers, and thus a jet-origin of gamma-ray emissions is believed. In the optical
and X-ray region, NGC 1275 also shows a bright core, but their origin has not been understood, since a disk
emission is not ruled out. In fact, NGC 1275 exhibits optical broad emission lines and a X-ray Fe-K line,
which are typical for Seyfert galaxies. In our precious studies of NGC 1275 with Suzaku/XIS, no X-ray time
variability was found from 2006 to 2011, regardless of moderate gamma-ray variability observed by it Fermi-
LAT [1]. We have continued monitoring observations of NGC 1275 with Suzaku/XIS. In 2013-2014, MeV/GeV
gams-ray flux of NGC 1275 gradually increased and reached the maximum at the beginning of 2014. Correlated
with this recent gamma-ray activity, we found that X-ray flux also increased, and this is the first evidence of
X-ray variability of NGC 1275. Following these results, we discuss the emission component during the time
variability, but we cannot decide the origin of X-ray variability correlating with gamma-ray. Therefore, for
future observation, it is important to observe NGC 1275 by using Fermi gamma-ray, XMM-Newton, NuStar,
ASTRO-H X-ray, CTA TeV gamma-ray and Kanata optical telescope.

1. Introduction

Active Galactic Nucleus(AGN) is one of high energy
objects. AGN are thought to be composed of massive
black hole, emission-line region around the black hole,
absorption of torus, and bidirectional plasma AGN
jets. AGN observed in wide wavelength range from
radio to gamma-ray and appearance of AGN and the
time variation are different for each wavelength. How-
ever, detailed structure of AGN and radiation mecha-
nism of AGN jet have not been clear with past various
observations. Radio galaxes which is one of types of
having AGN are very important to study AGN jet
phenoneta.
NGC 1275 as shown in Figure 1 is an elliptical

galaxy, locating at the center of the Perseus cluster.
A viewing angle of apparent jet is about 30-55 de-
gree [2]. NGC 1275 is known as an AGN and classi-
fied as a radio-loud Seyfert galaxy or a radio galaxy.
In recent years, Fermi detected GeV gamma-ray emis-
sion for the first time and NGC 1275 is the brightest
in gamma-ray among radio galaxies [3] [4].

Figure 1: The pictures of NGC 1275. (left) Optical band.
There are many galaxies.(middle) Radio band. We can
see the structure of AGN jet. (right) X-ray band. At the
center of this picture, we can see the nucleus.

NGC 1275 has been observed various wavelength.
Fermi observation shows the time variation of GeV

gamma-ray flux with several months scale and the
gamma-ray flare was also reported [4] [5] [6]. From
the above Fermi observations, it is suggested that the
gamma-ray emission does not come from Perseus clus-
ter via the cosmic ray interactions. Furthermore, TeV
gamma-ray was detected with MAGIC [7] . Recently,
from light curve of Fermi gamma-ray and MAGIC
KVA optical R-band from 2010 to 2011, variability
correlation between GeV gamma-ray and optical R-
band was found [8].

Therefore, a radio-loud gamma-ray emitting Seyfert
galaxy NGC 1275 is very attracting to study
these structure. The SED of NGC 1275 nucleus
can be explained by synchrotron self-Compton(SSC)
model [3] [1]. The SED of NGC 1275 jet component
rely on the radio and gamma-ray band because of op-
tical and X-ray emission from jet has not been clear.
So, it is important to search X-ray jet flux that could
change SSC model parameters.

In the X-ray band, Einstein detected a point-like
source [9]. However, the past observations could
not constrain the X-ray spectrum. Recently, XMM-
Newton and Chandra observed NGC 1275 and could
resolve the nucleus emission spacially. From the re-
sults of XMM-Newton observation, a photon index
of NGC 1275 is 1.65 and a flux is 1.43 ±0.29 ×
10−11erg/cm2/s in 0.5-8 keV band [10] and the results
of Chandra observation, a photon index is 1.6±0.1 and
a flux is 6.1× 10−12erg/cm2/s in 0.5-5 keV band [11].
However, the number of observations are small, simul-
taneous observations with Fermi are poor, and Chan-
dra data suffer from pile-up for the nucleus because
of the hosting Perseus cluster is very bright. From
Swift/BAT spectrum of NGC 1275, AGN emission is
reported to be marginally detected, but Swift/BAT
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could not resolve the nucleus spatially. A photon in-
dex is 1.7+0.3

−0.7 and a flux is 1×10−11erg/cm2/s in 15-55
keV band [12].
Therefore, we tried to search nucleus emitting of

Perseus cluster by using archival Suzaku/XIS data.
Suzaku/XIS has observed the Perseus Cluster every
half year with 40ks. From Yamazaki+13[1], they
search variability correlation between Suzaku/XIS X-
ray and gamma-ray flare, and there seem no cor-
relation between X-ray and gamma-ray from 2008
to 2011.From the results of Suzaku/XIS observation,
photon index is 1.6-1.8 and this result is consistent
with the XMM-Newton resutls. Recently, from 2013
to 2014, a big GeV gamma-ray flare occurred as shown
in bottom of Figure 4 in orange arrow region. So, we
tried to extend the analysis of Suzaku/XIS observa-
tion data to stury the variability correlation with a
big GeV gamma-ray flare. If we find the variability
correlation between X-ray and gamma-ray, it is a key
to solve the AGN emission mechanism.

2. Analysis of Suzaku/XIS data of NGC
1275

Here is the method of the analysis of Suzaku/XIS
data of NGC 1275. Suzaku PSF cannot resolve NGC
1275 nucleus well. So, we extracted the AGN emission
by imaging spectroscopy. First, we created images at
2-3, 3-4, 4-5, 5-6, 6-7, 7-8, 8-9, 9-10, 10-12 keV energy
band and derived radial count profiles. For example,
Figure 2 is X-ray radial profiles and images in 9-10
keV band (left) and 2-3 keV band (right). We can
find that the hard X-ray AGN emission is seen at the
center region in 9-10 keV band.

Figure 2: X-ray radial profile and image (left) 9-10 keV
band (right) 2-3 keV band

Figure 3 is the ratio of these two radial profile. Hard
X-ray is clearly seen at the center region. We fitted
this profile with Gaussian and quadratic function as

f(x) =
2n√
2πσ

exp

[

−
1

2

(x

σ

)2
]

+ d
[

a(x− b)2 + c
]

.

(1)
Here, Gaussian express the emission from the AGN at
the center region and quadratic function express the

emission from Perseus cluster at the outside region.
We subtracted the model-cluster component from the
data, and obtained the AGN photon counts. We an-
alyzed the data from 2006 to 2014 and derived an
X-ray light curve. This method is not usual, and we
confirmed whether the results of using this method are
good or not by applying the same way to brazar 3C
454.3. From comparing with the results of standard
way and above way, we got the consistent results with
Chandra, XMM-Newton and Swift/BAT observations
results as same as Yamazaki+13 [1].

Figure 3: (9-10 keV)/(2-3 keV) ratio of radial profile.
(left) At the center region, AGN emission is dominant.
(right) By fitting with f(x), we obtained the AGN photon
counts.

3. Results and discussion

3.1. Suzaku/XIS X-ray Light Curve of
NGC 1275

The top of Figure 4 is Suzaku X-ray light curve
from 2006 to 2011. Compared with Suzaku X-ray and
Fermi gamma-ray light curve(as shown in bottom of
Figure 4), we can see brightening of the nucleus in
the X-ray band in 2013-2014 in orange arrow region,
correlating with GeV gamma-ray flare. This is the
first evidence of X-ray variability of NGC 1275. X-
ray spectrum is consistent with the XMM-Newton re-
sults. However, it is not clear how the X-ray spectrum
varied, because of Suzaku/XIS PSF. In 2010-2011 at
the blue arrow region in bottom of Fig. 4, there are
no correlation and this result is consistent with Ya-
mazaki+13 [1].

3.2. Disccussion of Origin of X-ray
Variability

We consider what is the origin of X-ray variability.
Figure 5 is XMM-Newton spectra of NGC 1275 in
2006. From Fig. 5, the spectrum is well described
by the simple power-law with a photon index of 1.73
and a Fe-K line of equivalent width of 70 keV. This
is similar to that of Seyfert galaxies. Because of weak
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Figure 4: Light curve of NGC 1275 (top) 2006-2014
Suzaku X-ray (bottom) 2008-2014 GeV gamma-ray
(archival light curve supplied by GSFC). The bin size of
the horizontal axis are collect between top and bottom.

correlation between X-ray and gamma-ray in 2008-
2011, disk/corona emission seems to be dominant in
the X-ray band.

Figure 5: XMM-Newron X-ray Spectrum of 2006.

On the other hand, what is the origin of X-ray
variability correlating with gamma-ray? The possi-
ble origin is jet emission or disc/corona emission. If
disc/corona emission is the origin of X-ray variabil-
ity correlating with gamma-ray, NGC 1275 would be-
come a rare object from which both disk/corona emis-

sion and jet emission from X-ray to gamma-ray band.
We can study the disk/jet connection from the X-ray
and gamma-ray correlation. Optical lines are repro-
cess of disk/corona emission, while X-ray traces the
disk/corona emission directly.
If jet emision is the origin of X-ray variability cor-

relating with gamma-ray, variable X-ray component
would be a low energy tail of inverse Compton. We
can trece a precise SED variability from X-ray to
gamma-ray to constrain the flare mechanism. In the
near future, we can trace the jet flare from X-ray and
gamma-ray, with NuStar, ASTRO-H, Fermi, and CTA
as shown in Figure 6.

Figure 6: SED of the NGC 1275 nucleus [1] and
observation region with each satellites.

We infer that the following X-ray spectral com-
ponents for NGC 1275, disk/corona, reflection, and
jet, as shown in Figure 7 (left). If we could obtain
the X-ray spectral variability of harder-when-brighter
as shown in Fig. 7 upper right, the variable compo-
nent is jet inverse compton. If softer-when-brighter as
shown in Fig. 7 lower right, the variable component is
disk/corrona emission. So, future X-ray observations,
for example, XMM-Newton, NuStar, ASTRO-H, are
importan. In addition, it is important to observe NGC
1275 by observed optical region.

4. Conclusions

We analyzed Suzaku/XIS observation data of NGC
1275. From 2013 to 2014, brightening of the nucleus
in the X-ray band was found, correlating with GeV
gamma-ray flare. This is the first evidence of X-ray
variability of NGC 1275. However, we cannot find
what the variability component is, disc/corrona or
jet. For future prospects, in addition to Fermi ob-
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Figure 7: Inference of X-ray
components(disc/corrona(red), jet(blue), and
reflection(purple)) for NGC 1275 and correlation between
variable component and energy band.

servation, it is important to observe NGC 1275 by
using XMM-Newton, NuStar, ASTRO-H. CTA TeV
gamma-ray observation is also important to under-
stand the gamma-ray flare. We are also continuing to
monitor NGC 1275 by Kanata optical telescope. By
using simultaneous multi wavelength spectra, we want
to find the detail structure of AGN.
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1H0323+342 is one of narrow-line radio-loud Seyfert 1 galaxies (RL-NLS1), which is a new class
of gamma-ray emitting AGNs. Narrow-line Seyfert 1 galaxies (NLS1) have a small-mass black hole,
but its mass accretion rate is almost as high as Eddington limit. Therefore, by observing NLS1s,
we can know the evolution of supermassive black holes at the center of galaxies. Some of NLS1s are
radio-loud and we call them RL-NLS1. From past observations, multi-wavelength spectrum of RL-
NLS1s is similar to that of typical blazars; the synchrotron emission in the lower energy band up to
the optical band, and inverse Compton scattering of low energy photons from disk, torus, and broad
line region. X-ray band is a transittion region between the synchrotron and inverse Compton, and
also there is a possible disk/corona emission. Therefore, we studied the energy-dependence of time
variability of the X-ray emission of 1H0323+342, which have been observed by Suzaku in 2009 and
2013, in order to constrain the emission mechanism. We found that the lower energy below 1 keV and
the higher energy above 7 keV show a different variability from the middle energy band, indicating
at least two emission components in the X-ray band. X-ray spectrum is not a simple power-law,
but requires an additional features; a broken power-law plus flat hard component, or a power-law
plus a relativistic reflection component. Each spectral component seems to vary independently.

I. NALLOW-LINE RADIO-LOUD SEYFERT 1
GALAXY (RL-NLS1)

Narrow-line Seyfert 1 galaxy (NLS1) is a class of ac-
tive galactic nuclei (AGN). The width of optical emis-
sion lines is narrower than that of Seyfert 1 galaxies,
and NLS1s do not exhihit strong X-ray absorption like
Seyfert 2 galaxy. In the X-ray spectrum, there is of-
ten a large soft-excess. NLS1s are identified by the
following three characteristics.

1. FWHM (Hβ) < 2000 kms−1 (Goodrich 1989)

2. [OIII] / Hβ < 3 (Osterbrock & Pogge 1985)

3. strong permitted Fe II emission lines (Boroson
& Green 1992)

NLS1s have a small-mass black hole, but its mass
accretion rate is almost as high as Eddington limit
(Marconi et al. 2008). We can study the evolution of
supermassive black holes at the center of galaxies by
observing NLS1s.

A. Nallow-line radio-loud Seyfert 1 galaxy
(RL-NLS1)

Most of NLS1s are radio-quiet (R < 10, R : radio
loudness, ratio of 5 GHz radio to B-band flux densi-
ties) (Kellermann et al. 1989), but 7 % of NLS1s are
radio-loud (R > 10) and 2.5 % are very radio-loud (R
> 100) (Komossa et al. 2006), and they are called as
radio-loud narrow-line Seyfert 1 galaxies (RL-NLS1).
With early Fermi observation, GeV gamma-ray

emission has been discovered from PMN J0948+0022,
one of RL-NLS1s (Abdo et al. 2009a). After that,
GeV gamma-ray emission was found from other three

RL-NLS1s (Abdo et al. 2009b), so it is found that
RL-NLS1s generally emit GeV gamma-rays. From
past observations, the multi-wavelength spectrum of
RL-NLS1 is similar to that of typical blazars; the
synchrotron emission in the lower energy band up to
the optical band and the inverse Compton scatterred
X-ray and gamma-ray emission of low energy pho-
tons from disk, torus, and broad line region. X-ray
band is a transition region between the synchrotron
and the inverse Compton, and also there is a possible
disk/corona emission.

As described above, X-ray emission mechanism of
RL-NLS1s is uncertain. Therefore, we studied the
energy-dependence of time variability of the X-ray
emission of a RL-NLS1s 1H 0323+342, which have
been observed by Suzaku in 2009 and 2013.

II. DATA ANALYSIS

A. Energy-dependence of time variability

Fig.1 is a light curve of 1H 0323+342 observed by
Suzaku in 2013. 1H 0323+342 varies with a time scale
of several ks, but the soft X-ray band below 1 keV
shows a independent behavior from the other bands
. Fig.2 shows correlations of count rates between 2–3
keV and other bands. The lower energy below 2 keV
and the higher energy above 7 keV show a different
variability from the middle energy band, suggesting
that there are at least two spectral components in the
X-ray band.
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FIG. 1: Suzaku X-ray light curves of 1H 0323+342 in var-
ios energy bands. Band1 : 0.5–1 keV (black), band2 :
1–2 keV (red), band3 : 2–3 keV (green), band4 : 3–5
keV (blue), band5 : 5–7 keV (orange), band6 : 7–10 keV
(magenta), band7 : Fe-k line region (cyan). Definition of
bright and dark period is also shown for spectral analysis.
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FIG. 2: Correlations of count rates between band3 (2–3
keV) and other energy bands in 2013

B. Spectral fitting

First, we fit the X-ray spectrum of 1H 0323+342
with the absorbed power-law model, but there re-
main redisuals at the higher and lower energy region
(χ2/dof = 1017.26/528) and thus the spectrum is not
a simple power-law shape (Fig. 3).

1. Jet emission model

To reduce the redisual in Fig.3, we added a broken
power-law model This model of one hard power-law
and one broken power-law represents a jet emission
of inverse Compton and synchrotron, respectively. As
in Fig.4 and Fig.5, X-ray spectra can be fitted with
this model for 2009 and 2013 (Table I). The breaking
energy becomes around 0.7 keV.
Next, we analyzed the spectra of three periods dur-

ing the 2013 observation as in Fig.1, defined by bright-

FIG. 3: Redisuals of fitting of the 1H 0323+342 spectra in
2013 with the absorved power-law model.

FIG. 4: Fitting the 2009 spectrum with a broken power-
law plus a power-law model (jet emission model).

ness in 2013. Only a broken power-law component
varied, suggesting a fast variable synchrotron emission
if the jet emission model is correct. This behavior is
similar to blazars.

2. Disk emission model

When we look at the residual fitted with jet emis-
sion model in 2013 (Fig.5) in detail, there is a fea-
ture like a broad Fe line around 6 keV. Therefore, we
fit the 2013 spectrum with an additional Fe-K line

photon breaking photon photon χ2/dof

index 1 energy (keV) index 2 index

2009 1.3±0.1 0.80±0.03 2.1(fix) 1.5(fix) 602.10/496

2013 0.33±0.36 0.63±0.02 2.1(fix) 1.5(fix) 975.22/536

TABLE I: Fitting parameters of jet emission model in 2009
and 2013
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FIG. 5: Fitting the 2013 spectrum with a broken power-
law plus a power-law model (jet emission model).

(E = 6.5 keV, width = 0.5 keV), together with the
above jet emission model (Fig.6). Fe line intensity is
(1.2±0.4)×10−5 counts/s/cm2 (2.7σ statistical signif-
icance) and χ2/dof = 908.28/528; the fit improved.

FIG. 6: Fitting with an additional Fe-K line (E=6.5keV,
width=0.5keV), together with the above jet emission
model.

Then, we try to fit the spectra with a single power-
law model plus a relativistic reflection model. The
relativistic refelction component represents a reflec-
tion of a power-law incident photons by the ionized
accretion disk around a rotating black hole. We call
this disk emission model. In this case, the spectra
are also be fitted (Fig.7 and Fig.8). The broad Fe
line feature is represented by the relativistic reflection
component. The broken-like feature around 0.7 keV
is represented by the Fe-L line complex.
We also try to fit the spectra of two periods de-

fined in fig 1 with disk emission model, as jet emission
model. As a result, a ”powerlaw” component varied.
If disk model is correct, the variability is almost at-

tributed to the disk/corona component and the reflec-
tion component is stable. This behavior is similar to
other Seyfert galaxies.

FIG. 7: Fitting the 2009 spectrum with disk emission
model. See the text in detail.

FIG. 8: Fitting the 2013 spectrum with disk emission
model. See the text in detail.

III. SAMMARY AND FUTURE WORKS

We suggests that X-ray emission of 1H 0323+342
has at least two emission components, based on
energy-dependence of time variability. If the X-ray
emission of 1H 0323+342 is dominated by jet emis-
sion, a variable component is a synchrotron, and it
is similar to other blazers. If the emission is domi-
nated by disk/corona emission, disk/corona emission
varies while disk reflection is stable, this is similar
to Seyfert galaxies. We cannot distinguish these two
models by current data. Therefore an extensive study
by ASTRO-H observations with high energy resolu-
tion and good sensitivity in wide X-ray band is hope-
ful.
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cut-off energy(keV) fold energy (keV) photon index a Inclination (degree) Fe/solar Xi χ2/dof

2009 0.1(fix) 1000(fix) 2.02±0.02 0.998±0.02 84.3±1.4 4.55±1.00 10.0(fix) 640.69/493

2013 0.1(fix) 20(fix) 1.92±0.017 0.998±0.014 84.6±1.07 5.00±1.25 10.0(fix) 984.40/534

TABLE II: Fitting parameters of disk emission model in 2009 and 2013

[1] Abdo A.A. et al. 2009a ApJ., 699, 976
[2] Abdo A.A. et al. 2009b ApJ., 707, L142
[3] Boroson T.A. & Green R.F. 1992 ApJS 80, 109
[4] Goodrich R.W. 1989 ApJ., 342, 224
[5] Kellermann K.L. et al. 1989 AJ., 98, 1195

[6] Komossa S. et al. 2006 AJ., 132, 531
[7] Marconi A. et al. 2008 ApJ., 678, 693
[8] Osterbrock D.E. & Pogge R.W. 1985 ApJ., 297, 166
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Kanata optical and X-ray monitoring of Gamma-ray emitting
Narrow-Line Seyfert 1 and Radio galaxies

K. Kawaguchi, Y. Fukazawa, R. Itoh, Y. Kanda, K. Shiki, K. Takaki
Department of Physical Science, Hiroshima University, Higashi-Hiroshima, Hiroshima 739-8526, Japan
Y.T. Tanaka, M. Uemura, H.Akitaya
Hiroshima Astrophysical Science Center, Hiroshima University, Higashi-Hiroshima, Hiroshima 739-8526,
Japan

Broadband spectrum of AGN consists of multiple components such as jet emission and accretion disk emission.
Temporal correlation study is useful to understand emission components and their physical origins. We have
performed optical monitoring using Kanata telescope for 4 radio galaxies and 6 radio-loud Narrow-Line Seyfert
1 (RL-NLSy1): 2 gamma-ray-loud RL-NLSy1s, 1H 0323+342 and PMN J0948+0022, and 4 gamma-ray-quiet
RL-NLSy1s. From these results, it is suggested that RL-NLSy1s show a disk-dominant phase and a jet-dominant
phase in the optical band, but it is not well correlated with brightness.

1. Introduction

Active Galactic Nucleus (AGNs) emit electromag-
netic radiation from radio up to TeV gamma-ray
ranges. Spectral Energy Distribution (SED) of blazars
is often dominanted by 2 component, synchrotron
emission and Inverse Compton from a relativistic
jet. However, SED of misaligned radio-loud AGNs
is complicated due to disk/corona emission. In
addition to the above two components, we can see
disk emission from near-infrared to ultraviolet bands
and corona emission in X-ray band. Because it
is difficult to separate these components, optical
emission mechanism is still unclear.
Radio galaxy is radio-loud AGN which has a relative
large viewing angle. Thanks to high sensitive obser-
vation by Fermi Gamma-Ray Space Telescope/ Large
Area Telescope (LAT), correlation study between
optical and MeV/GeV gamma-ray bands has become
available, but correlation between optical and X-ray
bands is still unclear.
Narrow-Line Seyfert 1(NLSy1) is a subclass of Seyfert
1 galaxies. Most of NLSy1 is radio-quiet, but a few
objects( 7%) are radio-loud. Recently, Fermi-LAT
detected MeV/GeV gamma-ray emission from radio-
loud NLSy1 (RL-NLSy1) and now RL-NLSy1 is a
new class of gamma-ray emitting AGNs. Radio-
loud NLSy1 shows fast and strong variability like
blazars. The most gamma-ray bright NLSy1 PMN
J0948+0022 showed minute-scale optical variability,
correlated with polarization degree[4]. This indicates
that synchrotron emision from the jet is dominant
in the optical band, but other study shows disk
emission is also dominant in the optical band[1].
Hence emission mechanism in the optical band in
RL-NLSy1 is still unclear.

Table I Target lists

Radio galaxies

3C 111 3C 120

3C 390.3 NGC 1275

Gamma-ray loud NLSy1s

PMN J0948+0022 1H 0323+342

Gamma-ray quiet NLSy1s

FBQS J1629+4007 FBQS J1644+2619

SDSS J1722+5654 SDSS J1450+5919

2. Observation

We have performed optical monitor with the
Kanata optical telescope. We use MAXI, Swift-BAT
and Fermi-LAT public data for X-ray and gamma-ray
monitor.
We selected famous and X-ray bright objects for ra-
dio galaxies. For RL-NLSy1, we selected gamma-
ray loud objects and a few gamma-ray quiet objects.
These gamma-ray quiet objects are reported to have
a blazar-like radio structure and high brightness tem-
perature by Komossa et al. (2006)[2] Doi et al.
(2011)[6] and Doi et al. (2012)[7]. So if these gamma-
ray quiet NLSy1 has a relativistic jet, flares in the
optical band are expected.

3. Results

Radio galaxies

Fig 1–4 show the results for radio galaxies. Each figure
show optical R-band(top), V-band(second) magnitude
by Kanata, 2-20 keV daily X-ray count rate by MAXI
(third), and 15-150 keV weekly count rate by Swift-
BAT (bottom). The gaps in MAXI light curves are
the period when objects are not in FOV of MAXI.
There is no Swift-BAT public data for 3C 390.3. We
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can see a clear flux variability in the optical band for
3C 111 and 3C 120, but no object shows a significant
X-ray flux variability.

Gamma-ray loud NLSy1s

Fig 5 and 6 show the light curves of gamma-ray loud
NLSy1. Each figure shows optical R-band (top), opti-
cal R-band polarization degree (middle), and 0.1-300
GeV gamma-ray (bottom). We can see some flares
in optical and gamma-ray bands. Fig 7 and 8 show
the correlation between optical flux and gamma-ray
flux. We cannot see any clear correlation between
these bands.
Fig 9 and 10 show the correlation between flux and
polarization degree (PD) in the optical band. In
PMN J0948+0022, optical flux and PD are not corre-
lated and maximum PD reaches more than 10%. 1H
0323+342 shows high optical PD when optical flux is
high. But optical PD value is low in the whole period
(less than 5%).

Gamma-ray quiet NLSy1s

Fig 11–14 shows the results for gamma-ray quiet
NLSy1. Each figure show optical R-band light curve
(top) and V-band light curve (bottom). Only FBQS
J1644+2619 shows daily-scale flux variability around
MJD=56560. In this period, optical flux increases
about 0.4 mag in 3 days both in R-band and V-band.

4. Discussion

No radio galaxies show a clear correlation between
optical and X-ray bands. Probably this is due to low
signal-to-noise ratio of X-ray light curves. We need
more sensitive monitoring for X-ray study.
For gamma-ray loud NLSy1s, a jet-dominant phase
or a disk-dominant phase is inferred to appear in
addition to quiet phase. As shown in Fig 15, (1) in

quiescence, disk emission seems to be dominant in
optical band. (2) Jet-dominant phase is suggested
to appear as flares in both optical and gamma-ray
with an increase of an optical polarization degree. (3)
Disk-dominant phase is indicated to be a quiet phase
or an optical flare without polarization increase.
Optical polarization and variability time-scale are im-
portant information to study emission mechanism in
the optical band. Jet emission is polarized and shows
a short-term variability. Further dense monitoring
observations are needed to conclude the above.
For gamma-ray quiet NLSy1s, only FBQS
J1644+2619 shows rapid flux variability. Previ-
ous studies in the radio band for FBQS J1644+2619
shows characteristics similar to blazars. Also, this
object is listed in the 3rd FGL catalog as a new
gamma-ray source. Optical short-term variability
supports that this object shows a synchrotron emis-
sion in the optical band during the flare, like Fig. 15
(2) jet-dominant phase.
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Figure 1: Light curve of a radio galaxy 3C 111
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Figure 2: Light curve of a radio galaxy 3C 120
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Figure 3: Light curve of a radio galaxy 3C 390.3
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Figure 11: Light curve of a gamma-ray quiet NLSy1

FBQS J1629+4007

Figure 12: Light curve of a gamma-ray quiet NLSy1

FBQS J1644+2619

Figure 13: Light curve of a gamma-ray quiet NLSy1 SDSS

J1722+5654

Figure 14: Light curve of a gamma-ray quiet NLSy1 SDSS

J1450+5919

Figure 15: optical emission phases for RL-NLSy1s
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Fermi-LAT and Multi-wavelength Monitoring of the Broad Line Radio Galaxy

3C 120

Y. T. Tanaka1, A. Doi2, Y. Inoue2, C. C. Cheung3, L. Stawarz2,4, Y. Fukazawa5, M. A. Gurwell6,

M. Tahara7, J. Kataoka7, and R. Itoh5, on behalf of the Fermi-LAT collaboration
1Hiroshima Astrophysical Science Center, Hiroshima University, Higashi-Hiroshima, 739-8526, Japan
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3Space Science Division, Naval Research Laboratory, Washington, DC 20375-5352, USA
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We present six-year multi-wavelength monitoring result for broad-line radio galaxy 3C 120. The
source was sporadically detected by Fermi-LAT and after the MeV/GeV γ-ray detection the 43 GHz
radio core brightened and a knot ejected from an unresolved core, implying that the radio-gamma
phenomena are physically connected. We show that the γ-ray emission region is located at sub-pc
distance from the central black hole, and MeV/GeV γ-ray emission mechanism is inverse-Compton
scattering of synchrotron photons. We also discuss future perspective revealed by next-generation
X-ray satellite Astro-H.

I. BROAD LINE RADIO GALAXY 3C 120

3C 120, known as broad-line radio galaxy (BLRG)
at z = 0.033, is classified as Fanaroff-Riley Class I
(FR I) radio galaxy based on the radio morphology.
Since the viewing angle of the jet is not as small as
blazars (whose jets are directed toward the Earth),
both thermal disk and non-thermal jet components
are present in the broad band spectrum. In this re-
gard, 3C 120 and also 3C 111 are ideal objects to in-
vestigate the disk-jet connection. For example, from
long-term Very Long Baseline Array (VLBA) and X-
ray monitorings, X-ray dimmings are found to be fol-
lowed by radio knot ejections [1, 2, 11]. This phe-
nomenon is understood by a scenario that the disk ma-
terials suddenly fall onto the central black hole (BH)
and then they are ejected as a jet [e.g., 11].

It is reported that three BLRGs, namely 3C 111,
3C 120, and 3C 390.3, showed blue-shifted Fe
XXV/XXVI K-shell absorption lines in the Suzaku
X-ray spectrum [19]. This feature is interpreted as
highly ionized gas outflow whose velocity is of the or-
der of 0.1c. Since 3C 120 and 3C 111 are also de-
tected by Fermi-LAT, these sources are ideal objects
to study a physical link between accretion disk, ultra-
fast outflow, and jet. Indeed, Tombesi et al. [20, 21]
performed detailed study of 3C 111 by using X-ray
and VLBA data [see also 3].

Location of jet dissipation region is a long-standing
matter of debate. To unveil this problem, multi-
wavelength light curve and high spatial resolution
VLBA images provide useful information. Here, we
show Fermi Large Area Telescope monitoring result,
together with 230 GHz Sub-Millimeter Array (SMA)
and 43 GHz VLBA ones. Based on the light curves
and broadband spectrum from radio to MeV/GeV γ

rays, we show that jet dissipation took place at sub-
pc scale from the central BH and MeV/GeV γ rays
would be produced by synchrotron self Compton pro-
cess, rather than inverse-Compton scattering of exter-
nal photons from broad line region and dusty torus.
Details are described in Tanaka et al. [18].

II. FERMI-LAT AND MULTI-WAVELENGTH

OBSERVATIONS

Fig 1 shows the Fermi-LAT, 230 GHz SMA, and
43 GHz VLBA light curves. After the Fermi-LAT
detection, VLBA light curve showed brightening.
Closed-up light curves between MJD 56100 and 56500
are displayed in Fig. 2. MeV/GeV γ-ray emission is
followed by core brightening and knot ejection.
Fig 3 shows a broadband spectrum from radio to

GeV band. Swift/UVOT and XRT data points ob-
tained during the GeV flaring state are also plotted
together. Radio, sub-mm, and MeV/GeV fluxes are
nicely fitted by one-zone synchrotron-self-Compton
modeling (see Section III), while optical-UV and X-
ray fluxes are obviously above the jet component and
are reasonably represented by accretion-related disk
model by Koratkar & Blaes [10].

III. DISCUSSION

We first assume that the MeV/GeV γ-ray enhance-
ment and radio knot ejection event are physically con-
nected. Then, our observation (the γ-ray detection
before the core brightening and subsequent knot ejec-
tion) indicates that γ-ray emission region is located
inside the VLBA core. From long-term X-ray and
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FIG. 1: Fermi-LAT (30-day bin), SMA, and VLBA light curves for 3C 120 since 2008 August. Gray triangles in the top
panel show 90% confidence level flux upper limits when TS < 9. Zoom-up light curve between MJD 56100 and 56500
are shown in Fig. 2. Taken from Tanaka et al. [18].

VLBA monitoring over six years, [1] derived the dis-
tance from the central BH to 43 GHz VLBA core as
∼0.5 pc. Then, we can infer the location of the γ-
ray emission region from the time lag (∼ 60 and ∼ 35
days) and viewing angle of ∼ 20.5◦ as ∼ 0.1 and ∼ 0.3
pc from the central BH.

MeV/GeV γ rays are thought to be produced by
inverse Compton scattering. There are three can-
didate photons sources; synchrotron photons, pho-
tons from broad line region, and hot dusty torus.
Since the γ-ray emission region is located far beyond
the broad line region of RBLR = 0.019 − 0.024 pc,
which is derived by reverberation mapping [13], we
can safely neglect the contribution of BLR photons
as targets. By using reasonable parameter values, we
obtain LERC/LSSC ≈ 0.1, indicating that synchrotron
self Compton is favored [see 18, for details].

To derive the physical quantities, we performed
SED modeling. See Tanaka et al. [18] for the derived
parameter values, but here we briefly summarize the
important points. The ratio of comoving electron and
magnetic field density is obtained as u′

e/u
′

B ∼ 0.4, sug-
gesting almost equipartition. Total radiated power es-
timated from SED modeling is Lrad ∼ 4.9 × 1044 erg
s−1. Given the observational fact that Ljet ≃ Lrad for
AGN jets [12], we obtain Ljet ≈ 5× 1045 erg s−1. On
the other hand, total power of accreting plasma Lacc

is estimated as Lacc ≈ 10Ldisk = 2 × 1045 erg s−1.
Hence, we obtain Ljet ≃ Lacc, meaning the jet launch
is extremely efficient [e.g. 5, 15, 17].

Finally, we mention a future perspective. Next-
generation X-ray satellite Astro-H [16] is scheduled

to be launched in 2015/2016. Ultra-high-resolution
spectroscopy by micro-calorimeter SXS and simulta-
neous broadband spectral measurement by SXI, HXI,
and SGD will provide new information about a physi-
cal link between accretion disk, ultra-fast outflow, and
jet. In particular, highest sensitivity of SGD at 50–
600 keV will enable us to detect the jet component
in soft γ-ray band, as was detected by Suzaku from
Centaurus A core by [4]. Hence, simultaneous Fermi-
LAT and VLBA observations are also complementary
and allow us to precisely derive physical parameters
(such as electron distribution and magnetic field) at
the emission region by SED modeling.

IV. SUMMARY

We presented six-year multi-wavelength light curve
since the launch of Fermi-LAT in 2008 August[22].
Under the assumption that MeV/GeV γ-ray flux
increase is physically connected by the subsequent
VLBA core brightening and knot ejection, we de-
rived the γ-ray emission region is located at ∼ 0.1
and ∼ 0.3 pc from the central BH. We conclude that
synchrotron-self-Compton process is preferred as a γ-
ray emission mechanism. Future Astro-H observation
will provide unique opportunity to study physical re-
lation between accretion disk, ultra-fast outflow and
relativistic jet.
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[13] Pozo Nuñez, F., Haas, M., Ramolla, M., et al. 2014,

A&A , 568, AA36
[14] Sahakyan, N., Zargaryan, D., & Baghmanyan, V.

2015, A&A , 574, AA88
[15] Saito, S., Stawarz,  L., Tanaka, Y. T., et al. 2013,

ApJL , 766, LL11
[16] Takahashi, T., Mitsuda, K., Kelley, R., et al. 2012,

Proc. SPIE , 8443, 84431Z
[17] Tanaka, Y. T., Stawarz,  L., Thompson, D. J., et al.

2011, ApJ , 733, 19
[18] Tanaka, Y. T., Doi, A., Inoue, Y., et al. 2015, ApJL ,

799, LL18
[19] Tombesi, F., Sambruna, R. M., Reeves, J. N., et al.

2010, ApJ , 719, 700
[20] Tombesi, F., Sambruna, R. M., Reeves, J. N.,

Reynolds, C. S., & Braito, V. 2011, MNRAS , 418,
L89

[21] Tombesi, F., Sambruna, R. M., Marscher, A. P., et al.
2012, MNRAS , 424, 754

[22] Similar Fermi-LAT analysis paper for 3C 120 by Sa-
hakyan et al. [14] was posted on the arXiv during the
review process of our original paper Tanaka et al. [18].

eConf C141020.1

319



5th Fermi Symposium : Nagoya, Japan : 20-24 Oct, 2014 1
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We present Fermi-LAT and multi-frequency, multi-epoch VLBA data for the TeV blazar Mrk 421. We collected
the data during a long and intensive multi-frequency campaign in 2011. We study the gamma-ray light curve,
the photon index evolution and their connection to the radio data on sub-parsec scales, including total intensity,
polarized flux density, polarization angle, spectral index, and rotation measure both in the core and the jet
region. The VLBA data were obtained at 15 and 24 GHz for 12 epochs and at 43 GHz for 23 epochs, thus
providing the best temporal and spatial coverage in the radio band ever achieved for a TeV blazar. We provide
significant constraints on the jet Doppler factor, the presence of proper motion, the magnetic field configuration,
and an intriguing connection between variability in the radio data and the gamma-ray light curve: the total
intensity and polarized core emission reach a peak simultaneously to the main gamma-ray peak, followed by
a rotation of the polarization angle at low frequency. Opacity-related, long wavelength polarization swings
are also detected later in the year, possibly related to secondary peaks in the gamma-ray light curve, setting
constraints on the physics of the gamma-ray zone.

1. INTRODUCTION

Multi-wavelength variability studies provide an ex-
traordinary opportunity to break degeneracies be-
tween the various blazar emission models [8, 11, 15],
which predict flux variations (at a given energy band)
with particles of different energies, cooling times, and
cross sections for different processes [7]. However,
the complexity in resolving the underlying processes
occurring in blazars can only be achieved through
a well-sampled dedicated monitoring from radio to
gamma rays lasting several years. Indeed, some of the
latest and most interesting results on blazars come
precisely from variability studies from well-sampled
coordinated years-long multi-instrument observations
[1, 6, 13]. Unluckily, these multi-instrument observa-
tions were performed on flat spectrum radio quasars,
but not on TeV BL Lac objects [with the exception
of BL Lacertae, 12], perhaps owing to the fact that
these sources were challenging to observe in radio
and gamma rays. The advent of Fermi-LAT and the
current generation of Cherenkov telescopes (H.E.S.S.,
MAGIC and VERITAS) permits the accurate and sys-
tematic (regardless of the activity level) monitoring of
the high energy bump, where a large fraction of the
blazar emission is produced. In addition, recent works
have shown that TeV blazars can be successfully im-
aged with the VLBA at up to 43 GHz, revealing the
core and the inner jet structure with great accuracy
[14]. Therefore, the currently available instrumenta-
tion allows to study these sources with an unprece-
dented level of detail, which has the potential to shed
light on the understanding of these complex objects.

In order to address the challenge involved in break-
ing the degeneracy between models, we have orga-

nized the most ambitious multifrequency monitoring
to date of the famous TeV BL Lac object Mrk 421,
covering sub-mm (SMA), optical/IR (GASP), UV/X-
ray (Swift, RXTE, MAXI), and gamma rays (Fermi-
LAT, MAGIC, VERITAS). We summarize here the
main results of the multi-frequency, multi-epoch, full
polarization VLBA observations and of the gamma-
ray Fermi-LAT monitoring through 2011 [3, 9, 10].

Throughout this paper, we adopt H0 = 70 km sec−1

Mpc−1, ΩM = 0.25 and ΩΛ = 0.75, in a flat Uni-
verse, so that at the redshift of Mrk 421 (z = 0.031),
1 mas = 0.59 pc. Spectral and photon indexes α and
Γ are defined such that the radio flux density and the
gamma-ray photon flux are proportional to ν−α and
E−Γ, respectively; angles are measured from north
through east.

2. OBSERVATIONS

2.1. Radio observations

We observed Mrk 421 with the VLBA for 12 times
(once per month) throughout 2011 at 15, 24, and
43 GHz; at the latter frequency, we expanded our
dataset with 11 more observations obtained through
the VLBA-BU-BLAZAR monitoring program. We
carried out a full calibration and analysis describing
the evolution with time of total intensity and polar-
ized flux density, and of their combinations such as
spectral index and rotation measure. Core and in-
ner jet are spatially resolved and separately analyzed.
Spatial resolution is as good as 0.2 pc at 43 GHz and
sensitivity just below 1 mJy/beam.
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Figure 1: VLBA images of Mrk 421 at 15 GHz (top, 2011
January), 24 GHz (middle, 2011 February), and 43 GHz
(bottom, 2011 April).

Figure 2: Mrk 421 43 GHz core parameters as a function
of time. From top to bottom panel: gamma-ray light
curve (0.1 to 100 GeV, in 10−8 ph cm−2 s−1 units, shown
for comparison), total intensity flux density, polarized
flux density, fractional polarization, EVPA. In the total
flux density panel (second panel from top), filled circles
indicate data from the main set of observations, empty
triangles indicate additional data from the
VLBA-BU-BLAZAR monitoring project.

2.2. Gamma-ray observations

We analyzed gamma-ray data from the Large Area
Telescope on board Fermi, which continuously scans
the whole sky in the energy range 100 MeV < E <300
GeV. We analyzed the data with the ScienceTools
software package version v9r32p5, using instrument
response functions P7REP SOURCE V15 and follow-
ing the standard procedures1. Mrk 421 is bright
enough to be significantly detected in every weekly
bin, and we obtained photon flux and photon index
for every bin.

3. RESULTS

We present sample images at the three frequencies
in total intensity and polarization in Figure 1. In
the following subsections, we describe the main results
about the radio emission from the core (Sect. 3.1) and
jet (Sect. 3.2), and the unresolved gamma-ray source
(Sect. 3.3).

3.1. Radio core

The core is the most prominent feature in the radio
images. It is bright and compact at all epochs and

1http://fermi.gsfc.nasa.gov/ssc/data/analysis/

documentation/Cicerone/

eConf C141020.1

321



5th Fermi Symposium : Nagoya, Japan : 20-24 Oct, 2014 3

Figure 3: Mrk 421 core rotation measure (top panel) and
intrinsic EVPA (bottom panel) as a function of time
throughout 2011.

frequencies and it shows variability in total intensity
and polarization. We show its light curve and the time
evolution of its polarization properties in Figure 2,
along with the gamma-ray light curve that is described
later on (Sect. 3.3).

The radio core light curve showed a broad peak
around 2011 February-March at all frequencies. This
peak is particularly prominent at 43 GHz, thanks to
the improved sampling offered by the additional 11
observations from the Boston University blazar mon-
itoring project. In particular, the core flux density
reached its peak of S43 = 415 mJy on 2011 March 1
at 43 GHz. The core spectrum is generally flat, with
average spectral indexes α24

15 = 0.16 and α43
24 = 0.43.

The spectral index shows a flatter when brighter be-
haviour.

The core polarization properties are also variable:
the polarization fraction varies as a function of both
frequency (being ∼ 1% at 15 and 24 GHz and ∼ 2% at
43 GHz) and time, with a (3.6 ± 0.5)% peak on 2011
March 29. The electric vector position angle (EVPA)
χ has some fluctuations, which are more prominent at
low than at higher frequency. At 43 GHz, it oscillates
slightly with a mean value of 144◦ and a standard
deviation of 17◦, being overall well aligned to the jet
axis. At 15 GHz, we detect two prominent 90◦ flips in
July and September, most likely due to opacity; even
after correcting these values, there is larger variability
with a mean of 119◦ and a standard deviation of 29◦.

Epoch by epoch, we performed a χ vs λ2 fit to de-
termine the rotation measure RM and the intrinsic
EVPA χ0 in the source, under the assumption that
the frequency dependence of the observed EVPA’s is
due to Faraday rotation effect. The evolution of RM
and χ0 is shown in Figure 3. The RM values oscillate
between −3000 and 2000 rad m−2.

Figure 4: Mrk 421 15 GHz jet parameters as a function
of time. From top to bottom panel: total intensity flux
density, polarized flux density, fractional polarization,
EVPA.

3.2. Radio jet

The VLBA data clearly detect a one-sided jet at all
three frequencies. The jet extends for about 5 mas
(3 pc) in PA −35◦ at 15 GHz and somewhat less as
frequency increases. In Figure 4, we show the total
intensity and polarized flux density, the fractional po-
larization, and the EVPA of the jet emission at 15
GHz, from top to bottom.

We do not detect any prominent variation in neither
the jet’s structure nor its total intensity flux density.
In particular, we did not detect any significant super-
luminal motion of components [3, 10]; as a matter of
fact, we do not detect well defined, compact jet com-
ponents at all. At a reference distance of 1.5 mas from
the core, the jet-counterjet brightness ratio is R > 30.
The spectrum is steeper than in the core.

In polarization, we detect emission from the jet at
15 and 24 GHz, with a fractional polarization value
that is much larger than in the core (∼ 15%). How-
ever, given the steep spectrum of the jet and its low
surface brightness, at 43 GHz the polarized emission is
below the noise level. The EVPA in the jet is remark-
ably stable, with a mean of 61◦ and a standard devi-
ation of just 9◦. Given the jet axis PA of −35◦, this
means that the EVPA is nearly orthogonal to the di-
rection of the flow, and the magnetic field well aligned
with it.

3.3. Gamma-ray source

Mrk 421 is point like at the Fermi angular reso-
lution. This is not only true for the angular scales
probed by the VLBA observations presented here but
also when we consider the total extent of the source
as mapped by compact interferometers best suited to
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Figure 5: Mrk 421 gamma-ray parameters as a function
of time. Top: photon flux; bottom: photon index. The
dashed lines indicate the 1-yr mean value.

map a possible large scale diffuse emission [5]. How-
ever, the variability time scales observed for the high
energy emission and the broadband spectral energy
distribution modelling [2] clearly suggest that most of
the gamma-ray photons are produced in a compact
region of size smaller than the radio core itself.

During 2011, the mean photon flux and the pho-
ton index are F = (17.4 ± 0.5) × 10−8 ph cm−2 s−1

and Γ = 1.77 ± 0.02, respectively. The light curve
on weekly time bins shown in Figure 5 (top panel)
reveals variability, with three peaks in 2011 March,
September, and November. The brightest week is
that between 2011 March 5 and 11, (MJD 55 625-
55 631), with a gamma-ray flux as large as (38±11)×
10−8 ph cm−2 s−1. The photon index on the other
hand is quite stable and we do not find any evidence
for spectral variability (see Figure 5, bottom panel).

4. DISCUSSION

The results from the radio observations suggest that
the jet is not strongly Doppler boosted already on par-
sec scale. This stems from the low brightness temper-
ature estimated both from the variability time scales
(TB, var ∼ 2.1 × 1010 K) and the core size and flux
density (TB ∼ 1011 K) [10]. On the contrary, TeV
variability on time scales of about 30 minutes [4], and
both hadronic (synchrotron proton blazar) or leptonic
(one-zone synchrotron self-Compton scenario) fits to
the broadband spectral energy distribution require
Doppler factors δ in excess of ∼ 10, and possibly as

Figure 6: DCF results for Mrk 421, considering
gamma-ray Fermi data and 43 GHz VLBA data. Black
line: observed data; gray curves: 99.7% confidence level
threshold obtained from the combination of different
PSD slopes.

large as δ = 50 [2]. This so-called “Doppler factor
crisis” characterizes also other TeV blazars; the most
natural way to solve this crisis is to localize the radio
and the gamma-ray emission zones in different regions;
typically, a velocity structure of the jet is assumed, ei-
ther along or across the jet axis.

In our case, we have the possibility to compare the
radio and gamma-ray light curves and to carry out a
discrete cross-correlation function (DCF) analysis for
the two datasets. In particular, we carried out a DCF
analysis over a range of radio-gamma ray delays be-
tween −100 and +100 days, with a bin of 15 days. We
find a peak for the correlation (0.54) is obtained for
∆t = 0 day delay. In order to assess the significance
of this peak, we generated 3000 fake light curves with
the same mean and standard deviation as the observed
light curves but with variable power spectral densities
(PSD). We show in Figure 6 the results of our DCF
analysis on the real data compared to those obtained
for various combinations of the simulated ones. In
particular, the peak is significant at the > 99.7% con-
fidence level for the combinations of light curves with
short time scale gamma-ray variability (βγ−ray < 1.5)
and longer time scale radio variability (1 < βr < 2.5).

As for the magnetic field configuration in the radio
core and jet, we found somewhat discrepant results.
The core B-field perpendicular to the jet axis is typ-
ical of shocked regions; in the jet, the magnetic field
is aligned with the jet axis; possible interpretations
of this result include stretching of an initially trans-
verse magnetic field by a layered velocity structure
and an helical field with a small pitch angle. Finally,
we note that the variability features in the polarized
flux light curve indicate also a connection between
magnetic field and gamma-ray emission.
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ernment of Andalućıa (Spain) grant P09-FQM-4784.
The research at Boston University was supported in
part by NASA through Fermi grants NNX08AV65G,
NNX08AV61G, NNX09AT99G, NNX09AU10G, and
NNX11AQ03G, and by US National Science Founda-
tion grant AST-0907893.

References

[1] Abdo, A. A., Ackermann, M., Ajello, M., et al.
2010, Nature, 463, 919

[2] Abdo, A. A., Ackermann, M., Ajello, M., et al.
2011, ApJ, 736, 131

[3] Blasi, M. G., Lico, R., Giroletti, M., et al. 2013,
A&A, 559, A75

[4] Gaidos, J. A., Akerlof, C. W., Biller, S., et al.
1996, Nature, 383, 319

[5] Giroletti, M., Giovannini, G., Taylor, G. B., &
Falomo, R. 2006, ApJ, 646, 801

[6] Jorstad, S. G., Marscher, A. P., Larionov, V. M.,
et al. 2010, ApJ, 715, 362

[7] Krawczynski, H., Coppi, P. S., & Aharonian, F.
2002, MNRAS, 336, 721

[8] Krawczynski, H., Sambruna, R., Kohnle, A., et
al. 2001, ApJ, 559, 187

[9] Lico, R., Giroletti, M., Orienti, M., et al. 2014,
A&A, 571, A54

[10] Lico, R., Giroletti, M., Orienti, M., et al. 2012,
A&A, 545, A117

[11] Maraschi, L., Fossati, G., Tavecchio, F., et al.
1999, ApJ, 526, L81

[12] Marscher, A. P., Jorstad, S. G., D’Arcangelo,
F. D., et al. 2008, Nature, 452, 966

[13] Marscher, A. P., Jorstad, S. G., Larionov, V. M.,
et al. 2010, ApJ, 710, L126

[14] Piner, B. G., Pant, N., & Edwards, P. G. 2010,
ApJ, 723, 1150

[15] Tavecchio, F., Maraschi, L., & Ghisellini, G.
1998, ApJ, 509, 608

eConf C141020.1

324



ar
X

iv
:1

50
4.

01
90

8v
1 

 [
as

tr
o-

ph
.H

E
] 

 8
 A

pr
 2

01
5

5th Fermi Symposium : Nagoya, Japan : 20-24 Oct, 2014 1

Suzaku and Fermi Observations of Gamma-Ray Bright Radio Galaxies:
Origin of the X-ray Emission and Broad-Band Modeling
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We performed a systematic X-ray study of eight nearby γ-ray bright radio galaxies with Suzaku for understanding
the origin of their X-ray emissions. The Suzaku spectra for five of those have been presented previously, while
the remaining three (M 87, PKS 0625−354, and 3C 78) are presented here for the first time. Based on the Fe-K
line strength, X-ray variability, and X-ray power-law photon indices, and using additional information on the
[O III] line emission, we argue for a jet origin of the observed X-ray emission in these three sources. We also
analyzed five years of Fermi Large Area Telescope (LAT) GeV gamma-ray data on PKS0625−354 and 3C 78
to understand these sources within the blazar picture. We found significant γ-ray variability in the former
object. Overall, we note that the Suzaku spectra for both PKS0625−354 and 3C 78 are rather soft, while the
LAT spectra are unusually hard when compared with other γ-ray detected low-power (FR I) radio galaxies.
We demonstrate that the constructed broad-band spectral energy distributions of PKS 0625−354 and 3C 78
are well described by a one-zone synchrotron/synchrotron self-Compton model. The results of the modeling
indicate lower bulk Lorentz factors compared to those typically found in other BL Lac objects, but consistent
with the values inferred from modeling other LAT-detected FR I radio galaxies. Interestingly, the modeling also
implies very high peak (∼ 1016 Hz) synchrotron frequencies in the two analyzed sources, contrary to previously-
suggested scenarios for FR I/BL Lac unification. We discuss the implications of our findings in the context of
the FR I/BL Lac unification schemes.

1. Introduction

This contribution is based on Fukazawa et al.
[2015]. Here, we very briefly describe the di-
gest. Fermi Large Area Telescope (LAT) established
that radio galaxies are bright gamma-ray emittors
[Abdo et al. 2010]. However, inner jet emission has
been detected mainly in the radio and GeV gamma-
ray band for most object, due to bright stellar and
accretion disk components in the optical and X-ray
band; Spectral Energy Distribution (SED) of jet emis-
sion is often unclear, even for Cen A and NGC 1275.
Thus, X-ray detection of jet emission is important for
SED modeling.
Suzaku X-ray satellite has observed 8 nearby GeV-

emitting radio galaxies listed in Abdo et al. [2010];
some of observations are originally proposed by our-
selves. Most of Suzaku results has been published,
and some of them exhibit a Fe-K line (3C 111, 3C 120,
NGC 1275, Cen A) and others do not (NGC 6251,
M 87). Here we report Suzaku and Fermi results on
PKS 0625−354 and 3C 78[Fukazawa et al. 2015].

2. X-ray Results

Figure 1 shows Suzaku X-ray spectra of
PKS 0625−354 and 3C 78. Quality of X-ray spectra
are better than ever for both objects. We fitted their
spectra by one or two plasma model plus power-law

model. The former represents a soft thermal emission
associated with host galaxies. The spectra are well
fitted by this modeling, and the power-law photon
index is 2.25±0.02 and 2.32±0.04 for PKS 0625−354
and 3C 78, respectively. This value is relatively
larger for Seyfert galaxies whose X-ray emission is
dominated by disk/corona emission. Fe-K line is
not detected for both; an upper limit of equivalent
width (EW) of Fe-K line is 7 eV and 75 eV for
PKS 0625−354 and 3C 78, respectively. X-ray time
variation during one Suzaku observation is weak or
little. We compared X-ray peoperties with those of
Seyfert galaxies, together with other GeV-emitting
radio galaxies. Fe-K line EWs of PKS 0625−354
, 3C 78, M 87, NGC 6251 are smaller tha those of
typical Seyfert galaxies as shown in figure 2. Fe-K
line is emitted when the X-ray emission from the
central disk/corona region is reflected by the dust
torus with a large reflection angle. Therefore, a
weak or no Fe-K line indicates that the X-rays are
not a disk/corona emission but likely a beamed
jet emission. X-ray luminosity of PKS 0625−354 is
higher than that of typical Seyfert galaxies with a
smilar [O III] luminosity. Combined with studies
of other X-ray properties, such as spectral index,
variability, X-ray emission of low excitation radio
galaxies (LERG), which are considered to have a low
mass accretion rate, is likely to be a jet emission.
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Figure 1: Suzaku spectra of PKS0625−354 and 3C 78.
The black, red, and green symbols are XIS-F, XIS-B, and
HXD-PIN spectra, respectively. The solid line represents
the best-fit total model, while the dashed and dotted
lines are the apec and power-law model components,
respectively. The bottom panels show the residuals in
units of σ.

3. GeV Gamma-ray results and SED

We analyzed Fermi LAT 5 years data of
PKS 0625−354 and 3C 78. For the analysis, LAT
Science Tools version v9r32p5 was utilized with the
P7REP SOURCE V15 Instrument Response Functions
(IRFs). Both radio galaxies are clearly visible in
the 0.2 to 300 GeV LAT counts maps. We extracted
the data within a 12×12deg2 rectangular region cen-
tered on each object. The binned likelihood fitting
with the gtlike tool was performed. The field back-
ground point sources within 14.5◦ from each source,
listed in the LAT 2 year catalog [Nolan et al. 2012],
were included. The standard LAT Galactic emis-
sion model was used (gll iem v05.fits) and the
isotropic diffuse gamma-ray background and the in-
strumental residual background were represented as a
uniform background (iso source v05.txt). A like-

Figure 2: Fe-K line EW plotted against the X-ray
luminosity for our sample of radio galaxies (red circles)
and Seyfert galaxies (black triangles) analyzed by
Fukazawa et al. [2011]. The data points with only the
lower error bar represent upper limits.

lihood analysis was performed with the energy infor-
mation binned logarithmically in 30 bins in the 0.2–
300 GeV band, and the spatial information binned
with 0.15×0.15deg2 bin size.

Gev gamma-ray spectra of both galaxies show a
flat power-law with a photon index of 1.72±0.06 and
2.01±0.16 for PKS 0625−354 and 3C 78, respectively.
Studies of time variability show a flare-like event for
PKS 0625−354 and no significant variation for 3C 78.
Figure 3 and 4 shows a SED of both galaxies, based
on our Suzaku and Fermi data and other available
data. SEDs are well modellded by the one-zone syn-
chrotron self-Compton model from Finke et al. [2008].
Compared with other GeV-emitting radio galaxies
whose results were also all done by the same model
of Finke et al. [2008], lower bulk Lorentz factors of
2–6 are preferred when compared to those of typical
blazars. An unique property of PKS 0625−354 and
3C 78is a higher breaking energy of electron spectrum.
This is attributed to higher SED-peaking energies of
both galaxies (figure 3, 4). Considering this prop-
erty, we plot the Synchrotron peak luminosity against
the Synchrotron peaking frequency as shown in fig-
ure 5, where most of other data of blazars and radio
galaxies are taken from Meyer et al. [2011]. For this
plot, Meyer et al. [2011] states the high-E peaked ob-
jects are only the most aligned jet objects with radia-
tively inefficient accretion and decelerating weak jet.
However, PKS 0625−354 and 3C 78are outliers of this
model, and thus they are at odds with the FR-I/BL
Lac unification.
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Figure 3: SEDs of PKS 0625−354 . Black circles indicate
the Suzaku X-ray and Fermi-LAT γ-ray data presented in
this paper, green diamonds are archival data. The thick
curves denote the synchrotron/SSC model fits with two
different variability timescales, as given in the legend.
The solid curves include γγ absorption with the EBL
model of ?, while the dashed curves do not. The thin
blue curves are the elliptical galaxy template.
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Figure 4: SEDs of 3C 78. Same as figure 3.

it

Figure 5: Relation between synchrotron peak frequencies
and peak luminosities of PKS 0625−354 and 3C78,
together with other sources from our sample of radio
galaxies (red circles). For a comparison, radio galaxies,
BL Lacs, and FSRQs from Meyer et al. [2011] are also
plotted (black circles, triangles, and crosses, respectively).
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The joint likelihood is a simple extension of the standard likelihood formalism that enables the estimation of
common parameters across disjoint datasets. Joining the likelihood, rather than the data itself, means nuisance
parameters can be dealt with independently. Application of this technique, particularly to Fermi-LAT dwarf
spheroidal analyses, has already been met with great success. We present a description of the method’s general
implementation along with a toy Monte-Carlo study of its properties and limitations.

1. Introduction

Several recent studies [Ackermann et al. 2011,
2012a,b, 2014a,b] by the LAT Collaboration success-
fully apply the joint likelihood technique, combining
constraints for searches ranging from galaxy cluster
emission to effects of large extra dimensions. In the
following, we introduce the technique from a more
generic standpoint and compare/contrast it with other
common methods of data combination. We proceed
with the aid of a toy Monte-Carlo (MC) to demon-
strate the method’s properties and explore some in-
teresting behavior.

2. Likelihood analysis, Joint likelihood,
and basic data stacking

2.1. Likelihood

The likelihood incorporates information regarding
both model and experiment into a function whose
maximization provides an estimate of the true param-
eter values. It can be expressed as

L(α|D) = P (D|α), (1)

where P is the probability of outcome, D, given the
parameter α. Parameters are often separated into
those of interest, µ, and nuisance, θ, in order to profile
or marginalize the latter.

We will focus on the specific form of L to be a
binned Poisson probability function so that

L(µ,θ|D) =
∏
k

λnk

k e−λk

nk!
, (2)

where the symbols λ(µ,θ) and n represent the pre-
dicted and observed counts in a given bin, k. The pa-
rameters (µ̂, θ̂) which yield the greatest value for L are
known as the maximum likelihood estimate (MLE).

When testing a hypothesis, the MLE likelihood
must be compared with that of the null hypothesis,
i.e. a model lacking the effect(s) of interest, where
µ ≡ µ0. Typically, we compare the logarithms of the
two likelihoods with a measure called the Test Statis-
tic:

TS = −2 ln

(
L(µ̂0, θ̂|D)

L(µ̂, θ̂|D)

)
. (3)

When its distribution is known, the TS can be mapped
to a p-value associated with the alternative hypothe-
sis. In most cases, it obeys the asymptotic theorem
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Figure 1: A typical delta log-likelihood profile for a
single-parameter source with no signal.

[Chernoff 1954] and follows a χ2/2 with degrees of
freedom equal to the number of free signal parame-
ters (assuming signal is constrained to be positive).
There are scenarios (some are mentioned in Section
4 and Ackermann et al. [2014a]) where this does not
hold, and one must derive the TS behavior from a set
of control data, e.g. with Monte-Carlo.

Once the distributions are known, confidence inter-
vals can be set for parameters by exploring the log-
likelihood space surrounding the MLE. Figure 1 illus-
trates a typical delta log-likelihood profile for a sim-
ple system where there is only one free parameter that
controls the strength of the new phenomenon. Within
the asymptotic regime, confidence limits would be set
at levels corresponding to the χ2 probability density
function, e.g. a difference of 2.71 from the maximum
indicates 90% one-sided coverage.

2.2. Joint Likelihood

To make use of a joint likelihood, one presumably
has N datasets which share some signal parameter(s),
µ. The procedure for joining is analogous to the way
binned probabilities make up L — simply take the
product of each set’s likelihood [Conrad 2015]. Ex-
plicitly,

Ljoint(µ,θ|D) =

N∏
d=1

L(µd,θd|Dd) (4)

This construction is clean in the sense that the data
sets remain disjoint. Each could have different back-
grounds, exposures, or have even come from different
instruments. All these characteristics (nuisance pa-
rameters) are accounted for in the individual likeli-
hoods.

2.3. Data stacking

Alternative methods for combining data exist, the
most basic of which being to evaluate the likelihood
of the data set union. That is, instead of

N∏
d=1

L(µd,θd|Dd), (5)

we evaluate the stacked data likelihood:1

L(µ,θ| ∪D). (6)

Here, data sets are lumped together and then the
hypothesis test is performed with respect to a model
which is also the sum of individual expectations.
Switching to Pearson’s χ2 and keeping the notation
from the previous section, a stacked test statistic
might look like this:

χ2
stack(µ,θ) =

∑
k [
∑
d nd,k −

∑
d λd,k(µ,θ)]

2∑
d,k λd,k(µ,θ)

(7)

As before, parameters are adjusted to optimize (in
this case minimize) the χ2. Significance and confi-
dence intervals are directly interpreted according to
the expected probability density function.

Although easily done, it is not difficult to envision
problems with such a strategy. Data sets with weak
signal-to-noise wash out when combined with those
which are larger, though not necessarily more con-
straining. This method throws away information and
is therefore not optimal.

One can do better by combining residuals, i.e.

χ2
resid(µ,θ) =

∑
d,k

[nd,k − λd,k(µ,θ)]
2

λd,k(µ,θ)
(8)

This is a much more viable alternative to the joint
likelihood method. Depending on the situation, how-
ever, its implementation can be tricky. For example,
suppose that the predicted number of events also de-
pends on some nuisance parameter, ε (e.g. time or
exposure). Uncertainties on this parameter can be
accounted for by adding an additional term to χ2

resid
if they can be modeled as Gaussian. If not, there is no
obvious way to include them in the data stacking ap-
proach, whereas modifying the likelihood is straight-
forward for any known model of the nuisance param-
eter uncertainty.

3. Properties

3.1. Toy Model

To illustrate the fundamental properties of the
method, we employ a simple toy MC model for com-

1A common example would be the addition of counts maps.
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Figure 2: Confidence intervals on the shared signal
parameter, µ, derived for two single-bin data sets with
signal-to-background ratios of 1:1 and 1:10. For an
increasing number of total counts, 1000 MC realizations
determine the median intervals for each method of
combination. Bands represent the 68% containment
among realizations.

bining constraints: single-bin data sets with Poisson
counts generated according to

λd(µ,θ) = µ · sd + bd (9)

µ = {µ, sd}
θ = {bd}

Each set may have a different number of total events
and has a background determined by the nuisance pa-
rameter, b. Signal is determined from an individual,
sd, and common scale factor parameter, µ. The latter
is the value we wish to estimate.

3.2. Confidence Interval, Coverage, and
Power.

As a starting point, we investigate the combination
of two sets with signal-to-background ratios of 1:1 and
1:10. Fig. 2 illustrates how the confidence intervals
behave as a function of total events for the χ2

stack,
χ2
resid, and Ljoint formulations. In all scenarios, the

coverage adheres to the nominal value and the lim-
its improve in approximate proportion to the square
root of the set size. As expected, we see that the χ2

formed from residuals out-performs the simple stack
(by yielding a tighter interval), and matches the joint
likelihood.

The TS distribution of the two-set joint likelihood
is depicted in Fig. 3. Note that the distribution is
halved (with the remaining stacked at zero TS) when
the signal parameter is constrained to be greater than
zero.

3.3. Effects of Additional Data Sets

Increasing the number of data sets comprising the
joint likelihood naturally improves the power and

Figure 3: TS distribution of two-set joint likelihood for
both unconstrained and positive-only signal fits, along
with the corresponding expected asymptotic
distributions.

Figure 4: Behavior of toy-model upper limits with the
addition of sets. Signal-to-background is 1:10 with 100
total events.

tightens the limits, albeit at a rate dependent on their
signal-to-noise ratios. As long as the model uncertain-
ties remain consistent, sets can be added indefinitely
with no ill effect on the sensitivity. As an example,
see Fig. 4, where 95% confidence upper limits are cal-
culated with a cumulative number of toy-model sets.
Each set is identical, with signal-to-noise equal to 1:10
with 100 total events. In this regime, limits improve
with the square root of the number of sets, N.

In certain situations the joint upper limits can im-
prove even more rapidly. Any time ln[Ljoint] ∝ µ holds
throughout the allowed range of µ, the constraints
scale in direct proportion to N. For example, a very
low background might give a Poissonian likelihood,
resulting in linear log-space behavior. Forming the
joint likelihood in log-space consists of adding these
profiles together. For the case of a set of linear func-
tions, the limit level is then proportional to the sum
of the slopes, i.e.

µUL ∝

(∑
d

∂Ld
∂µ

∣∣∣
µ=0

)−1

. (10)

The sum can be reduced to N in the case of set of
profiles with identical slopes. See Fig. 5 where a low
background induces an appreciable effect.
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Figure 5: Behavior of upper limits with the addition of
data sets, with very low background [(s, b) = (1,0.1)] and
the constraint that s > 0.

Figure 6: The inflation of TS as two equivalent data sets
gradually overlap.

4. Caveats

4.1. Overlapping Data Sets

It is best to avoid overlap between data sets. If
they do, then where there is signal, the TS will be
erroneously increased by double-counting (Figure 6),
approximately in direct proportion to the percentage
of overlap [See also appendix of Ackermann et al.
[2014b]]. When constructing a TS distribution, the
significance derived from low-probability fluctuations
will be similarly inflated. See Figure 7, where this is
demonstrated using the preceding toy model. The up-
ward skew there indicates that type II errors are more
common than usual, effectively lowering the sensitiv-
ity of the study.

Figure 7: Effect on the null distribution from a 50%
overlap correlation between a two-set joint likelihood.

5. Discussion and Conclusions

The technique of joint likelihood, already widely
used among Fermi-LAT Collaboration analyses, pro-
vides a straightforward and universal tool for combin-
ing constraints from astrophysical targets and other
disjoint data sets. We demonstrate that it matches
the performance of residual stacking, and note that
it often requires less effort to implement. We model
and describe the method’s behavior in two interest-
ing regimes: first for very low background and second
for the case of overlapping data sets. The possible
applications of the technique have by no means been
exhausted and we encourage its continued use. Lastly,
we plan to expand on studies of the method’s behavior
in an upcoming publication.
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Above tens of GeV, γ-ray observations with the Fermi Large Area Telescope (LAT) can be dominated by
statistical uncertainties due to the low flux of sources and the limited acceptance. We are developing a new
event class which can improve the acceptance: the “Calorimeter-only (CalOnly)” event class. The LAT has three
detectors: the tracker, the calorimeter, and the anti-coincidence detector. While the conventional event classes
require information from the tracker, the CalOnly event class is meant to be used when there is no usable
tracker information. Although CalOnly events have poor angular resolution and a worse signal/background
separation compared to those LAT events with usable tracker information, they can increase the instrument
acceptance above few tens of GeV, where the performance of Fermi-LAT is limited by low photon statistics. In
these proceedings we explain the concept and report some preliminary characteristics of this novel analysis.

1. Introduction

The Fermi Large Area Telescope (Fermi LAT )
is an instrument on the Fermi γ-ray telescope oper-
ating from 20 MeV to over 300 GeV. The instrument
is a 4 × 4 array of identical towers, each one consist-
ing of a tracker–converter (TKR), based on Silicon
detector layers interleaved with Tungsten foils, where
the photons have a high probability of converting to
pairs, which are tracked to allow reconstruction of the
γ-ray direction and a segmented calorimeter (CAL),
made of CsI crystal bars, where the electromagnetic
shower is partially absorbed to measure the γ-ray en-
ergy. The tracker is covered with an anti-coincidence
detector (ACD) to reject the charged-particle back-
ground. Further details on the LAT, its performance,
and calibration are given by [1] and [2].

Most of the science done with Fermi LAT spans
photons with energies from 50 MeV to about 10 GeV,
where the sensitivity of the instrument is good and the
available number of detected photons high. However,
there are many sources which emit γ-rays above a few
tens of GeV. These energies that are almost accessi-
ble by the current generation of Imaging Atmospheric
Cherenkov Telescopes (IACTs). Even though the de-
tection area of LAT is small (in comparison to that of
IACTs), Fermi LAT provides all-sky coverage and a
very high duty cycle, which are crucial characteristics
for producing γ-ray source catalogs and study source
variability in an unbiased way. A prime example is
the the first Fermi LAT catalog of >10 GeV sources
(1FHL) [3], which contains 514 sources, out of which
∼100 sources have already been detected at very high
energies(>100 GeV, or VHE), and ∼200 additional
sources have been identified as good candidates to be
VHE emitters and be detected with IACTs.

Figure 1: Schematic diagram of the Large Area
Telescope. The telescopes dimensions are
1.8m × 1.8m × 0.72m. [1]

The performance of Fermi LAT above 10 GeV
is excellent. The angular resolution and sig-
nal/background separation is best at the highest pho-
ton energies, where one only suffers from a slight dete-
rioration of the energy resolution due to the fact that
the showers are no longer contained in the calorimeter.
However, the steep falling photon flux with energy of
most γ-ray sources, together with the relatively small
effective area of LAT (∼1m2), results in a substan-
tial limitation due to the very low number of detected
photons (e.g., in the 1FHL, many sources were char-
acterized with only 4–5 photon events over a back-
ground signal of 0–1 event). The low statistics from
γ-ray sources is going to be an even larger problem for
the second Fermi high-energy LAT catalog (2FHL,
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in preparation), which is expected to consist on γ-ray
sources detected above 50 GeV (instead of 10 GeV).

In these proceedings we report an analysis which
can help increase the photon statistics at few tens of
GeV, hence improving the ability to perform science
at the highest LAT energies, where the IACTs start
operating. The methodology is still being developed.
Here we only present the concept and report some
preliminary characteristics.

2. The Calorimeter-only (CalOnly)
Fermi-LAT analysis

The regular Fermi LAT event classes require us-
able information from the TKR. This is a sensible
approach, given that the TKR information is crucial
to determine accurately the incoming direction of the
γ-ray event. The LAT TKR comprises only ∼1.5 ra-
diation lengths (on axis), which means that a large
fraction of γ-rays from the astrophysical sources are
discarded at the very beginning of the analysis because
they do not convert in the TKR, or they convert in
the bottom layers and the TKR information is not
sufficient for a proper determination of the incoming
direction of the γ-ray event. This situation is depicted
in Figure 2.

In the standard LAT analysis, the CAL is essen-
tially used for signal/background separation (together
with the TKR and ACD) and to determine the en-
ergy of the γ-rays and electrons. The LAT has a ho-
doscopic calorimeter, consisting of 16 towers with 8
layers of 12 crystals each because of three driving rea-
sons. First, shower profiling improves energy recon-
struction. Next, shower topology contains valuable
information for signal/background separation. Last,
it realizes independent event acceptance and recon-
struction.

To create a usable event class without using TKR
information, one must determine the incoming direc-
tion of the γ-rays with sufficient resolution (a few de-
grees) while keeping a reasonable background rejec-
tion (∼0.999).This would increase the number of avail-
able high-energy events for performing γ-ray astron-
omy. The above mentioned (non-standard) LAT anal-
ysis, dubbed Calorimeter-only (CalOnly) analysis, is
currently being developed by the Fermi LAT collab-
oration, and is aimed to deliver yet another class of
events, the CalOnly event class, which may be added
to the other photon event classes coming from the reg-
ular LAT analysis. For the CalOnly analysis, it fully
reconstructs the electromagnetic showers and deter-
mine its main axis, which points to the direction of
the incoming γ-ray event.

Since the main event trigger for LAT is based on
the TKR, those events with no usable TKR informa-
tion have a low chance of being recorded and trans-

Figure 2: The left panel depicts two events that convert
to electron pairs in the TKR (from the broken lines to
the solid lines in these figures). These events would be
used in the regular Fermi LAT analysis. The right panel
shows two events without usable TKR information. One
is a side-entering event that goes through a small fraction
of the TKR. The other one crosses the entire TKR, but
converts to an electron pair in the CAL. These two
events would be rejected and not be used for regular
LAT analysis. These are the type of events which could
be recovered with a dedicated analysis that does not
require TKR information, the so-called CalOnly events.

ferred to the ground. However, large energy deposi-
tions in CAL generate a trigger that is fully indepen-
dent of TKR, and on-board event selection records
events that deposit energy larger than 20 GeV in CAL.
Consequently, the CalOnly event class will only be ef-
fective above a few tens of GeV.

2.1. Pass 8

The development of the CalOnly analysis is done in
the context of Pass 8, which is the new iteration of the
LAT event-level analysis package. Pass 8 was orig-
inally designed to address the effect of coincidences
with cosmic rays (‘ghost’ events), but quickly evolved
in a comprehensive revision of the instrument simu-
lation, the event reconstruction, and the background
rejection, with the goal of improving all the aspects of
the LAT performance: larger acceptance, better angu-
lar and energy resolution, and extension of the energy
reach below 100 MeV and in the TeV range.

The details on the Pass 8 analysis chain can be
found in [4]. The CAL reconstruction begins with a
clustering stage that tries to isolate the genuine γ-ray
shower from smaller energy deposition due to ghost
events. At this point we can exploit the segmentation
of the CAL to identify the energy deposition centroid
and the shower axis (via a moment analysis) that,
for CalOnly, corresponds to the photon incoming di-
rection. This direction is propagated to the ACD (in
addition to the tracks from the tracker) in order to as-
sociate energy deposition in the tiles and discriminate
charged particle without the TKR direction. This is
one of the main improvements introduced with Pass
8 and proved to be very useful even if its separation
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Figure 3: The left, middle and right panels show the logarithm of the CAL first cluster transverse profile RMS, the
logarithm of χ2 of the profile fit computed over a 100mm radius cylinder around the trajectory, and the logarithm of
combined energy and position deviation in ACD respectably. The last one needs some more description. It is the
number of sigmas less than an expected MIP signal, combined with the number of sigmas the track propagation is
away from tile or ribbon most likely to veto the first CAL cluster and the number of sigmas the energy deposited in the
ACDs is away from the expected amount. If the value of this combined quantity is zero, then the log10 of this quantity
is set to -4. This is more likely to happen to MIPs than for γ-rays. If there are no tracks associated to ACD signals,
this quantity is set to +4. Charge particles are likely to have smaller values than the γ-rays.

capability is limited by the angular resolution of the
CAL, that is obviously worse than that of the TKR..

Another important improvement in the CAL re-
construction is the energy measurement that, for
CalOnly, is based on a full three-dimensional fit of
the shower energy deposition. This method needs a
precise modeling of the longitudinal and lateral de-
velopment of showers inside the CAL and a reference
axis. The latter, usually taken from the tracker, can
be obtained from the aforementioned moment analysis
with a small change in performance.

The last step of the Pass 8 development is the high-
level analysis that links together all the outputs of
the reconstruction and classify events as good γ rays
or not. This is the core of the CalOnly development
and is described in next section.

2.2. Signal / Background separation

The Fermi LAT needs to reject a cosmic-ray back-
ground that outnumbers the signal (γ rays) by many
orders of magnitude, and hence an efficient sig-
nal/background separation (rejecting 103−4 of the
background events) is required to be able to per-
form γ-ray astronomy. The LAT background consists
mostly on protons and electrons, but also on alpha
particles and heavy nuclei. As the γ-ray energy in-
creases, we have a natural improvement in the sig-
nal/background ratio due to the fact that most γ-ray
sources have spectra that can be parameterized with
power-law indices harder than 2.5 (often even harder
than 2.0), while the spectra of the proton background
follows a power-law index of ∼2.7 and that of the elec-
trons a power-law index of ∼3.1.

The rejection of the background cosmic-ray events
in the CalOnly analysis is based on the different topol-
ogy of electromagnetic and hadronic showers, and the
ACD signals produced by the charged particles. It
is worth noting that, while protons and heavy nuclei
can be effectively distinguished from γ rays using only
information from the CAL, the electrons/positrons
produce electromagnetic showers that are essentially
identical to those of the γ rays, and hence the informa-
tion from the ACD is crucial to be able to reject elec-
trons. The left and middle panels in Figures 3 show
the normalized MC distributions of two CAL-related
parameters that can effectively distinguish between
electromagnetic (gammas and leptons) and hadronic
showers. In order to be able to reject the leptons, one
needs the help of ACD-related parameters, as depicted
in the right panel in Figure 3.

In order to maximize the separation of signal and
background, instead of making simple cuts in the dis-
tributions of CAL and ACD parameters as the ones
shown above, we perform the analysis through a multi-
variate analysis (MVA) that uses a large number of
CAL and ACD parameters. For the most effective
background rejection, we applied the Boosted Deci-
sion Tree (BDT), one of the methods of multi-variate
analysis. In this method, we train many classifica-
tion trees with Monte Carlo (MC) data, for which
can identify unambiguously what is signal and what
is background. We are using the ROOT-based TMVA
package to train the classification tree analysis [5]. We
build the trees and then evaluate the gamma-likeness
of each event. Next we can cut on the gamma-likeness
and get the events classified as signal or background.
By selecting events with a very high gamma-likeness,
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Figure 4: Efficiency of MC γ events (blue) and rejection
of MC background events (red) vs. cut value of a
classifier output.

one can increase the purity of the selected data set,
but at the expense of reducing the number of γ-ray
candidates. This is represented in Figure.4. The op-
timal value to increase the signal/background is typ-
ically obtained for a cut value between 2 and 3 (de-
pendent on the energy range and incidence angle of
the γ-ray considered).

At the present time we are optimizing the classi-
fication tree by modifying the input CAL and ACD
parameters (including creating new composite vari-
ables), as well as by building the classification trees in
different modes. Consequently, the results presented
in this proceedings should be considered as prelimi-
nary, and likely reporting a lower limit of the actual
performance of the CalOnly analysis.

2.3. Quality of the reconstructed events

In this section we address the quality of the re-
constructed CalOnly events (after signal/background
separation) using dedicated MC simulations of γ-ray
events.

Two basic quantities are being evaluated: the an-
gular and the energy resolution. Given that the thick-
ness of the calorimeter increases rapidly with the in-
cidence angle, one expects a different performance for
low and high incidence angle γ rays. In this section
we define low (high) incidence angle as smaller (larger)
than 53 degrees (cos(53◦) ∼ 0.6) and evaluate the per-
formance for these two cases. And naturally, as it
occurs in the regular Fermi LAT analysis, the perfor-
mance can also vary with the energy of the incoming
γ ray. Here we define low (high) energy as being in
the range ∼30-100 GeV (∼100-300 GeV), and evalu-
ate the performance for these two energy bands.

Figure 5 shows the normalized distributions in the
error of the reconstructed directions for low/high en-
ergy bands and incidence angles. The angular resolu-
tion can be defined as the 68% containment in those

distributions (PSF68), which would result in ∼2 de-
grees for high inclination γ rays, and ∼3–4 degrees for
low inclination γ rays (with a relatively small depen-
dence on the energy). The PSF68 for regular LAT
photons (i.e. with usable TKR information) at these
energies is ∼0.1–0.2 degrees, which is more than one
order of magnitude better than for CalOnly photons.

Figure 5: Normalized histograms of the angular distances
between reconstructed and MC direction of CalOnly
events in 2 inclination angle × 2 energy bins.

Figure 6: Normalized histograms of the dispersions in
the reconstructed energy of MC CalOnly events in 2
inclination angles × 2 energy bins.

Figure 6 shows the normalized distributions in the
error of the reconstructed energies for low/high energy
bands and incidence angles. The energy resolution
can also be defined as the 68% containment on these
distributions, and using the largest distance from the
peak position to the edge of the 68% containment.
The energy resolution is ∼ 3−4% for high inclination
and ∼ 10 − 15% for low inclination γ-rays, with little
dependence on the energy of the event. This perfor-
mance is very close to that of regular LAT photons.
The quality of the energy reconstruction is mainly
connected to the path length of shower axis (related
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to the shower containment) and the accuracy of the
shower direction reconstruction. While the latter is
worse for CalOnly events, this class can benefit from
a larger field of view and therefore longer trajecto-
ries. It must be noted that both direction and energy
resolution can be improved with a dedicated selection
of good quality events, at the price of a lower effec-
tive area. The best trade off between these conflicting
requirements is still to be evaluated.

3. Conclusions

Pass 8 provides an unprecedented framework to de-
velop an analysis that uses events without usable TKR
information.

The CalOnly event class, currently under devel-
opment within the Fermi-LAT collaboration, could
be used to increase the acceptance of Fermi LAT
above few tens of GeV (where the performance is pho-
ton statistics limited), by recovering for astronomical
studies γ-ray events without usable TKR information.
This implies that CalOnly events will have a worse
signal/background separation and angular resolution,
when compared to the regular LAT events. However,
they can have a better energy resolution, if consider-
ing the high incidence angle events.

The CalOnly event class may be particularly rele-
vant in the following two scientific topics:

• Search for line-signals potentially coming from
Dark Matter annihilation (because of the larger
number of events and the excellent energy reso-
lution for the large-incident angle events)

• Study of transient events like GRBs and AGN
flares (because of the larger number of events
and the valuable increase in the temporal cover-
age of the source)
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Fermi Communications and Public Outreach 
L. Cominsky, A. Simonnet and the Fermi E/PO team 

Sonoma State University, Rohnert Park, CA, 94928 USA 
 

The Sonoma State University (SSU) Education and Public Outreach (E/PO) group participates in the planning 

and execution of press conferences that feature noteworthy Fermi discoveries, as well as supporting  

social media and outreach websites. We have also created many scientific illustrations for the media, tools  

for amateur astronomers for use at star parties, and have given numerous public talks about Fermi discoveries. 

 
1. PRESS CONFERENCES AND PRESS 

RELEASES 
 
Beginning with the activities leading up to the launch 

of Fermi on June 11, 2008, there have been many press 

conferences, media telecons, press releases and news 
features that showcase the discoveries and news about 

Fermi. Table I summarizes the number of news releases 

and features issued each year since launch, as well as 

each year's top stories that were showcased in press 

briefings or media telecons. Many of the press briefings 

occurred at scientific conferences including: the 

American Astronomical Society (AAS) winter and 

summer meetings, the American Physics Society (APS) 

April meeting, the AAS High Energy Astrophysics 

Division (HEAD) meeting, and the American 

Geophysical Union (AGU) annual meeting. For 
complete links see  
http://fermi.gsfc.nasa.gov/ssc/library/news/ 

1.1. Science Magazine Covers 

Fermi discoveries in 2009 and 2014 were the subject of 

cover stories in Science magazine. Illustrations by 

Aurore Simonnet that depicted the discoveries were 

chosen for cover art. The 2009 publications featured 
Fermi observations of pulsars while the 2014 cover 

portrayed GRB 130427A, one of the brightest gamma-

ray bursts ever seen. This GRB was observed by many 

experiments on Earth and in space, including Fermi. 

Figure 1 shows the Science cover art illustrating GRB 

130427A. 

1.2. Fermi Pulsar Interactive Explorer 

Developed by SSU’s Kevin John, this interactive map 

illustrated the Fermi pulsar discoveries that were 

highlighted in a media telecon on 3 November 2011. For 
each pulsar observed by Fermi, the interactive provides 

the pulse rate, location and a user-friendly description of 

the pulsar’s significant observations. The pulsar videos 

in this interactive have been viewed more than 145,000 

times to date. The pulsar interactive can be viewed at: 
http://www.nasa.gov/externalflash/fermipulsar/ 

 
Figure 1:  Science magazine cover from 3 January 2014 

illustrating GRB 130427A, a "shockingly bright"           

gamma-ray burst 

1.3 YouTube and SVS Videos 

   NASA Goddard’s Scientific Visualization Studio 

(SVS) employs many talented animators and illustrators 

that help explain Fermi’s scientific discoveries to the 

public. Many press briefings, media telecons, press 

releases and news features include illustrations and video 
products that help to explain the extreme Universe that 

Fermi observations are revealing. Since launch, the 

number of views of Fermi videos on the SVS website 

(http://svs.gsfc.nasa.gov) has exceeded 3.4 million. 

Table II lists Fermi SVS videos with more than 100,000 

views, along with viewing statistics and the SVS 

reference numbers. 

   Beginning in 2011, animated media products that were 

created to illustrate press releases and briefings have 

been uploaded to NASA’s YouTube channel. Table III 

lists Fermi YouTube videos with more than 50,000 
views, along with viewing statistics and the YouTube 

reference codes. 
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2. PUBLIC OUTREACH 

  From the top of Mt. Tamalpais to seniors in Oakmont to 

amateur astronomers all across the USA, E/PO lead Lynn 

Cominsky has given dozens of public lectures about 

blazing galaxies, monstrous black holes and the extreme 
Universe as seen by Fermi. Other US Fermi team 

members who have given many public talks include LAT 

Principal Investigator Peter Michelson, Project Scientist 

Julie McEnery, Deputy Project Scientist David Thompson, 

and team member Roopesh Ojha. 

  The “make your own pulsar model” activity is one of 

Fermi’s most popular public engagements, and was 

originally featured on the back of the Fermi lithograph and 

in the Supernova Educator’s Guide, both developed by the 

SSU E/PO team. This shining model is suitable for kids of 

all ages, and teaches about pulsars as well as about simple 
circuit design, using a battery and an LED. It has been 

showcased at the American Astronomical Society student 

engagement events for the past three years, as well as at 

many public open house events, including the SLAC-

KIPAC open house, school science fairs, and the North 

Bay Discovery Days. Figure 2 shows Lucy and Abby 

Dilbeck demonstrating the pulsar model at a recent SLAC-

KIPAC Open House.  

 

 

 

 
 

 

 

2.1. Epo’s Chronicles 

From 2008 - 2013, the SSU E/PO team produced over 200 

weekly “eposodes” of Epo’s Chronicles, a web comic that 
illustrated the adventures of Alkina and her sentient 
spaceship Epo. Alkina and Epo traveled through the 

galaxy, learning about space science and searching for 

their origins. Translated from English into French, Italian 

and Spanish, these popular comic strips were viewed by 

thousands each month. During 2012 (the last complete 

year of the webcomic), over 80,000 unique IP addresses 

viewed the site. External evaluations of Epo’s Chronicles 

indicated that “Participants particularly liked the “Web 

2.0” aspect of the comic, and the use of links to learn more 

and pursue various topics in a multimedia platform.” In 
addition, the “artwork was highly praised.” Figure 3 shows 

one of the comics related to Fermi. 

Figure 2: Lucy and Abby Dilbeck demonstrate 

how to make your own model pulsar 
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2.2. Citizen Science through a Fermi-LIGO 
Collaboration 

  The collaboration between Fermi and the Laser 

Interferometer Gravitational-wave Observatory’s 
Einstein@Home project was advertised with a postcard-

sized handout inviting participants to try to discover a 

gamma-ray pulsar using Fermi data. Several have been 

discovered by citizen scientists running the 

Einstein@Home program on their home computers as a 

screen saver. The postcard is shown in Figure 4. 

 

 

 
 

2.3. Fermi Skymap Poster 

The poster shown in Figure 5 was created in 2012 by 

Aurore Simonnet for distribution at the Fermi Symposium 

in Rome. Eight major Fermi discoveries are called out 

from the iconic image of the high-energy gamma-ray sky 

as seen by the Large Area Telescope through 2011. The 

discoveries that are illustrated include: 

• CTA1, the first gamma-ray-only pulsar 

• Nova V407 Cygni, the first gamma-ray nova 

• Repeated gamma-ray flares from the active 

galaxy 3C454.3 

• Resolved GeV gamma rays from the supernova 

remnant W44 

• Giant gamma-ray lobes emanating from the 

center of the Milky Way now known as the 

Fermi bubbles 

• Resolved extended gamma rays surrounding the 

active galaxy Centaurus A 

• Flaring gamma-ray emission and changing x–ray 

emission from the Crab nebula, previously 

thought to be a constant “standard candle” 

• GRB 090510A, the distant short gamma-ray burst 

that was used to set limits on the foaminess of 

spacetime  

 

Figure 3: Epo's Chronicles special "eposode" about Fermi 

Figure 4: Einstein@Home postcard inviting the public to 

search for pulsars in the Fermi data 
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2.4. Amateur Astronomers 

  Public outreach is often conducted by amateur 

astronomers through star parties held nation-wide. The 

Fermi E/PO team co-sponsored the SUPERNOVA! toolkit 

for use by these passionate advocates for astronomy. Since 

2008, when the toolkit went into national distribution, it 

has reached over 138,000 attendees through more than 

1300 events. Of these events, 680 events reported 

including almost 25,000 minorities and over 39,000 
women/girls.  

2.5. Fermi Exhibits 

  The Fermi exhibit booth has undergone many 

transformations over the years. The most recent booth 

graphics feature the Fermi skymap silhouetted with an 

image of the satellite as shown in Figure 6. The exhibit 

booth is often accompanied by the Fermi banner stand, 

which features a blueprint style graphic that illustrates the 

project logo, the satellite, the flags of the participating 
countries, and the skymap. The exhibit booth and/or the 

banner have been used at venues including the AAS winter 

meetings, the USA Science and Engineering Festival, and 

the Goddard Jamboree. 

  The SSU E/PO team has a multi-mission exhibit booth 

drawn in the style of Epo’s Chronicles that includes  

 

 

 

images of Alkina and other characters from the web 
comic. This booth has been used extensively at educator  

and student events, including California Science Teachers 

Association annual meetings, Expanding Your Horizons, 

SSU Seawolf Day, and the North Bay Science Festival. 

2.6. Social Media 

  Fermi’s presence in the world of social media includes a 

Facebook page and the Twitter feed @NASAFermi. Since 

launch, there have been 300 tweets from @NASAFermi, 

and the feed has over 35,000 followers. The Fermi 

Facebook page has over 30,000 likes and can be found at: 
http://www.facebook.com/nasafermi. 

2.7. International Year of Astronomy 

  The year 2009 was the International Year of Astronomy 

(IYA). Public outreach events occurred throughout the 

world, and the Fermi E/PO team participated in many of 

them, including the creation of special illustrated 

lithographs featuring the objects of the month as explained 
by Alkina from the Epo’s Chronicles webcomic. Over 

18,000 of these lithographs were distributed nationwide 

through amateur astronomy clubs through NASA’s Night 

Sky Network.  

  Another special creation was an Epo’s Chronicles 

podcast distributed through the 365 Days of Astronomy  

 

Figure 5: Two-year Fermi skymap with highlights printed in 2012 
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website. This podcast was downloaded over 6000 times 

following its initial release on 16 September 2009. 

    SSU E/PO created a traveling exhibit of IYA images 

that circulated around the San Francisco Bay Area during 
2009. This small exhibit was featured at 20 venues, with 

an estimated viewing by over 100,000 participants. A 

larger IYA exhibit appeared at the California Academy of 

Sciences and San Jose Tech Museum, with estimated 

viewing of 50,000 at each location. 

2.8. Black Hole Shows 

   “Black Holes: The Other Side of Infinity” and the PBS 

NOVA show “Monster of the Milky Way” were produced 

in partnership with Swift, the National Science Foundation, 
the Denver Museum of Nature & Science, PBS NOVA 

and Tom Lucas Productions. Premiering in 2006, the 

planetarium show has been featured in over 30 venues and 

has reached millions of people world-wide. Narrated by 

Liam Neeson, this full-format digital dome show included 

state-of-the art scientific visualizations of black holes and 

warped spacetime created by experts at the National 

Center for Supercomputer Applications at the University 

of Illinois Urbana-Champaign. The PBS NOVA show was 

initially seen by over 10 million viewers and has aired 

many times since then. It is still available for viewing on 

the PBS website. The black hole shows were initially seed-
funded by Fermi E/PO and Lynn Cominsky served as a 

scientific director. 

 

 

 

2.9. Printed Materials 

   Many printed materials were developed by the Fermi 

E/PO team for distribution to the general public. Table IV 
summarizes the number of these items that were handed 

out during 2000 - 2013. Prior to the renaming of the 

mission in late 2008, these products listed the satellite 

name as GLAST (Gamma-ray Large Area Space 

Telescope) rather than Fermi. 

   The Fermi sticker features a colorful image of the 

satellite on the front along with text describing the mission 

on the back. It is shown in Figure 7. 

   The Fermi lithograph features an illustration of the 

satellite on the front, and an explanation of the overall 

scientific objectives of the mission on the back. 
Instructions for the “make your own pulsar” activity are 

also included. 

   The Fermi fact sheet is a four-page color brochure that 

describes the science of the mission, as well as providing 

tables that summarize the instrumental parameters and the 

mission participants. 

   The Fermi brochure describes in detail the science that 

Fermi does and explains how it does it. The description 

includes the instruments, background information on 

gamma-ray astronomy and detection methods. It also 

describes pre-launch thinking about about active galaxies, 

gamma-ray bursts, solar flares, gamma-rays from dark 
matter and other highly energetic sources seen in the 

Universe. 

Figure 6: Current Fermi exhibit booth graphics 
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The Fermi paper model provides a short description of the 

scientific instruments on board the satellite, as well as 

links to other resources about its instruments. There is also  
a short description of how Fermi detects gamma rays with 

the Large Area Telescope as well as the Gamma-ray Burst 

Monitor detectors. The product includes three pages of 

parts that can be cut out and easily assembled using 

common household items. 

   The Fermi Race Card game challenges two teams of 

players to strategically maneuver to be the first to 

assemble the parts of the satellite and then use it to 

observe five astronomical objects. As players build their 
satellites they must overcome hurtles and obstacles thrown 

at them by their opponents while doing the same in order 

to slow their opponents down. To win, players must 

successfully have their operational Fermi satellite observe 

five gamma-ray emitting objects. 

   The black hole frequently-asked questions (FAQ) 

brochures answers eight of the most commonly asked  

questions about black holes, and explains how Fermi 

studies black holes. The FAQ brochures were distributed 

to attendees at many of the planetaria who experienced 

“Black Holes: the Other Side of Infinity.” 

 

2.10. Tesla Coil Show 

From 2000-2012, Fermi E/PO provided funding to support 

the Tesla Coil show put on by scientists and students from 

the University of California, Santa Cruz Institute for 

Particle Physics. These popular shows reached thousands 

of students annually. 
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GAMMA-400 is a new space mission which will be installed on board the Russian space platform Navigator. It
is scheduled to be launched at the beginning of the next decade. GAMMA-400 is designed to study simultane-
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the spectra of cosmic-ray electrons + positrons and nuclei, thanks to excellent energy and angular resolutions.
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1. INTRODUCTION

GAMMA-400 (Galper et al. [2013]) is a Russian
space mission, approved by the Russian space agency,
with an international contribution. Foreseen to be
launched at the beginning of the next decade, the
satellite will be positioned on a circular orbit at
∼200000 km. This specific orbit, combined with
a pointing mode observational strategy, allows to
perform continuous observations of a source with-
out Earth occultation. During its first year of mis-
sion, GAMMA-400 is planned to observe the Galactic
plane.
Designed as a dual experiment, GAMMA-400 will
be able to study gamma rays, from 100 MeV up to
several TeV, as well as cosmic rays, electrons up to
20 TeV and protons and nuclei up to the “knee”
(1015-1016 eV). It will search for possible dark mat-
ter signal thanks to an unprecedented energy reso-
lution that will permit to detect features associated
to dark matter annihilation or decay in the spectra
of sources such as the Galactic Center. GAMMA-
400 will also study gamma-ray sources such as ac-
tive galactic nuclei, supernova remnants, pulsars and
gamma-ray bursts (GRBs). The GRB study will be
performed using both the main instrumentation, de-
scribed in the next section, and the Konus-FG detec-
tors. Six Konus-FG will be installed on GAMMA-400
to study GRBs in the 10 keV - 15 MeV energy range
with a field-of-view of 2π sr. Four of these detectors
will be able to reconstruct the direction of the incom-
ing photons with an accuracy between 0.5◦ and 3◦,
while the remaining two will serve as spectrometric
detectors.
GAMMA-400 will address the remaining issues re-
garding cosmic-rays origin, acceleration and propaga-
tion by studying the high energy all electron spectrum,
with a 2% energy resolution, and the cosmic-ray ele-
mental spectra up to the knee, with high statistics and
energy resolution.
Some of the GAMMA-400 performance, and the scien-
tific objectives that will be addressed, are summarized
in tab. I.

Performance Scientific Objectives

Energy Res. ∼ 1% γ DM

∼ 2% e± CRs origin

∼ 35% p CRs propagation

Angular Res. ∼0.6◦ @ 1 GeV CRs origin

∼0.02◦ @ 100 GeV Transients

∼0.006◦ @ 1 TeV EBL

GF > 3 m2sr DM

CRs origin

CRs propagation

Table I Summary of the GAMMA-400 performance and
scientific topics.

2. GEOMETRY

The GAMMA-400 apparatus, of which a schematic
view is presented in fig. 1, will comprise:

• A converter/tracker (C) where the impinging
gamma ray creates an electron-positron pair
subsequently detected by Silicon layers;

• A calorimeter composed partially by CsI(Tl)
slabs and Silicon sensors (CC1, also referred to
as pre-shower in the following) and partly by
CsI(Tl) cubes (CC2, also referred to as calorime-
ter in the following);

• An Anticoincidence system covering both the
sides and the top of the detector (AC top and
lat) to reject the charged particles for gamma-
ray observations;

• A Time-of-flight system composed by four layers
of scintillating materials (S1 and S2) to discrim-
inate upgoing particles, such as backsplashed
particles from the calorimeter, and downgoing
particles;

• A charge identification system (LD), to discrim-
inate between the different elements interacting
inside the detector;

• A neutron detector (ND) and scintillation de-
tectors (S3 and S4), used to improve the elec-
tron/hadron rejection factor.

A comparison between the tracker and calorimeter of
Fermi and GAMMA-400 is presented in tab. II.

2.1. Tracker

The tracker is divided into four towers. Each tower
is composed by ten planes of single-sided Silicon de-
tectors. The first eight planes are interleaved by a
0.1 X0 of Tungsten, absent in the last two planes, for
a total of ∼1 X0 in the whole tracker. The tung-
sten, where present, and two Si layers, for the x and
y view, are mounted on a honeycomb Al support. A
2 mm gap separates two different trays. Each Si layer
is composed by an array of 5×5 tiles each of which
has a 9.7×9.7 cm2 area. Five tiles are wired-bonded
together to form a ∼49 cm long ladder. The sensors
are single-sided strip detectors with a strip pitch of 80
µm and a read-out pitch of 240 µm. The read-out of
the strips is analog, similar to the one used by AGILE
(Tavani et al. [2001]). This read-out system permits
to retain the information on the energy released in-
side the strip, allowing to reach a low error on the hit
position (less than 40 µm) as well as using the tracker
Si planes as a charge identifier. Thanks to this detec-
tor configuration, GAMMA-400 will be able to achieve
an angular resolution at low energy comparable to the
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Fermi GAMMA-400

Tracker Dimension (cm2) ∼140×140 ∼97×97

Radiation Length 12 planes: 0.03 X0 8 planes: 0.1 X0

4 planes: 0.18 X0 2 planes: no W

2 planes: no W

Pitch (µm) 228 80

Readout Pitch (µm) 228 240

Readout Digital Analog

Calorimeter Vertical R.L. (X0) 8.6 23 (CC1 not included)

Vertical I.L. (λI) 0.4 1.1 (CC1 not included)

Segmentation 96 Bars × Tower 9408 Cubes

2.7×2.0×32.6 cm3 3.6×3.6×3.6 cm3

Table II Comparison between the tracker and calorimeter of Fermi (Atwood et al. [2009]) and GAMMA-400

Figure 1: Schematic view of the apparatus. From top to
bottom: converter-tracker (C), anticoincidence system
(AC top and lat), time-of-flight system (S 1 to 4),
calorimeter (CC1 and CC2), charge identification system
on the side of the calorimeter (LD) and neutron detector
(ND). The dimensions values are in mm.

one of Fermi front (Atwood et al. [2009]), as can be
noticed at the left of fig. 2, even with a more than
doubled tungsten thickness.

2.2. Pre-shower

The pre-shower is composed by two planes of
CsI(Tl) slabs interleaved by single-sided Si detectors,
two layers for the x and y view. The Si layers are
equal in pitch, dimensions and read-out to the Si lay-
ers inside the tracker. The total radiation length of
the detector is of ∼ 2 X0.
Each CsI(Tl) plane is divided in an array of 20×3
slabs, each with a volume of 33.3×5×2 cm3. The ori-

entation of the slabs on the first plane is perpendicular
to the orientation on the second plane in order to have
the separate x and y view.
The 50 cm lever arm between the tracker and the pre-
shower, combined with the finely pitched Si in both
detectors, allows to reach an optimal angular resolu-
tion at high energy, as shown on the left of fig. 2.
A direction reconstruction can be also performed us-
ing only information from the pre-shower, helping in
increasing the total effective area of the instrument.

2.3. Calorimeter

The design of the calorimeter is based on a novel
configuration. It is composed by 28×28×12 cubes of
CsI(Tl), each with a side of 3.6 cm. This particular
segmentation permits to reconstruct the shower cre-
ated by particles coming not only from above but also
from the sides of the detector, greatly increasing the
geometrical factor (GF) of the instrument. The pla-
nar GF is 10.1 m2sr which, taking into consideration
the quality cuts necessary to the reconstruction, cor-
responds to an effective GF of more than 3 m2sr.
The expected electron/proton rejection factor is of the
order of 105 with an energy resolution for protons in
the 100 GeV-100 TeV energy range, between 30% and
40%.
The energy resolution for gamma rays, using also the
tracker, reaches 1% at 10 GeV, as shown at the right
of fig. 2.
The possibility of reconstructing the shower of parti-
cles coming also from the sides of the detector can be
exploited also for gamma-ray observations. Thanks to
an angular resolution of the order of some degrees, a
more than 2π sr field-of-view and a considerable effec-
tive area, the GAMMA-400 calorimeter can indeed be
used to provide a trigger for observations of transients
from the ground. A prototype of the calorimeter, pho-
tograph shown in fig. 3, has already been tested at the
CERN SPS (Mori et al. [2013]).
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Figure 2: Comparison between the angular (left) and energy (right) resolutions of Fermi-LAT (URL [2013]) and
GAMMA-400, using information from both calorimeter and tracker (Galper et al. [2013]).

Figure 3: The calorimeter prototype inside the Al frame.
The photodiodes, as well as the kapton readout cables,
are visible on the first layer (Mori et al. [2013]).

3. CONCLUSIONS

GAMMA-400 is a space mission dedicated to the
study of both gamma rays and cosmic rays, electrons,
protons and nuclei. Thanks to the configuration of its
detectors it will have an unprecedented energy resolu-
tion and an optimal angular resolution. GAMMA-
400, considering its performance, will use a multi-
messenger approach to search for possible dark matter

signal as well as to try solving the remaining issues on
the cosmic-rays origin, acceleration and propagation
mechanisms. The launch of the satellite is currently
scheduled for the beginning of the next decade.
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GAMMA-400 is a new space mission, designed as a dual experiment, capable to study both high energy gamma
rays (from ∼100 MeV to few TeV) and cosmic rays (electrons up to 20 TeV and nuclei up to ∼1015 eV).
The full simulation framework of GAMMA-400 is based on the Geant4 toolkit. The details of the gamma-ray
reconstruction pipeline in the pre-shower and calorimeter will be outlined. The performance of GAMMA-400
(PSF, effective area) have been obtained using this framework. The most updated results on them will be
shown.

1. INTRODUCTION

GAMMA-400 (Galper et al. [2013]) is a Russian
space mission, approved by the Russian space agency,
with an international contribution. Foreseen to be
launched at the beginning of the next decade, the
satellite will be positioned on a circular orbit at
∼200000 km. This particular orbit, combined with
a pointing mode observational strategy, permits to
perform continuous observations of a source without
Earth occultation. During its first year of opera-
tion, GAMMA-400 is planned to observe the Galactic
plane.
Designed as a dual experiment, GAMMA-400 will be
able to study gamma rays, from 100 MeV up to several
TeV, as well as cosmic rays, electrons up to 20 TeV
and protons and nuclei up to the knee (1015-1016 eV).
It will search for possible dark matter signal thanks to
an unprecedented energy resolution that will permit to
detect features associated to dark matter annihilation
or decay in the spectra of sources such as the Galac-
tic Center. GAMMA-400 will also study gamma-ray
sources such as active galactic nuclei, supernova rem-
nants, pulsars and gamma-ray bursts (GRBs).
GAMMA-400 will address the remaining issues re-
garding cosmic-rays origin, acceleration and propaga-
tion by studying the high energy all electron spectrum,
with a 2% energy resolution, and the cosmic-ray ele-
mental spectra up to the knee, with high statistics and
energy resolution.
A gamma-ray reconstruction pipeline using only the
pre-shower or the calorimeter will be presented in the
following. The reconstruction pipeline is part of a
larger framework based on the Geant4 (Agostinelli
et al. [2003]) toolkit. The framework contains tools
to create the geometry, simulate the particle interac-
tions inside the apparatus, digitize the output of the
simulations and analyze the results as well as an event
displayer.

2. GEOMETRY

The GAMMA-400 apparatus, of which a schematic
view is presented in fig. 1, will comprise:

• A converter/tracker (C) where a gamma ray in-
teracts with a tungsten layer (8 layers, 0.1 X0

Figure 1: GAMMA-400 physical scheme. The dimensions
values are in mm.

each) creates an electron-positron pair subse-
quently detected by single-sided Silicon layers
(10 layers);

• A calorimeter composed partially by two planes
of CsI(Tl) slabs and Silicon (CC1, also referred
to as pre-shower in the following) and partly by
CsI(Tl) cubes (CC2, also referred to as calorime-
ter in the following), arranged in a 28×28×12
array;

• An Anticoincidence system covering both the
sides and the top of the detector (AC top and
lat) to reject the charged particles for gamma-
ray observations. The possibility to retrieve also
timing information from the AC is currently un-
der study;

• A Time-of-flight system composed by four layers
of scintillating materials (S1 and S2) to discrim-
inate upgoing particles, such as backsplashed
particles from the calorimeter, and downgoing
particles;

• A charge identification system (LD), to discrim-
inate between the different elements interacting
inside the detector;
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Figure 2: Angular resolution (left) and effective area (right) of GAMMA-400, using its different detectors. The results
on the effective area are compared with the performance of Fermi-LAT (URL [2013])

• A neutron detector (ND) and scintillation de-
tectors (S3 and S4), used to improve the elec-
tron/hadron rejection factor.

3. DIRECTION RECONSTRUCTION

The reconstruction of the direction of an incoming
gamma ray with the GAMMA-400 apparatus can be
performed using either the combination of informa-
tion from the tracker, pre-shower and calorimeter or
only one of these detectors. While the results of the
reconstruction using also information from the tracker
are presented in, e.g., Galper et al. [2014], the recon-
struction using only the pre-shower or the calorimeter
will be discussed in the following.

3.1. Pre-shower Only Reconstruction

A direction reconstruction can be performed using
information from only the pre-shower. The require-
ment is for both Si planes to be hit. On each plane
a median weighted on the energy is computed. The
resulting points are fit through a straight line. The
method is iterated several times, excluding the hits
outside a cylinder centered along the found direction
and reducing the cylinder radius at each iteration.

3.2. Calorimeter Only Reconstruction

Thanks to the novel configuration of the calorime-
ter, it is possible to reconstruct the shower created
by particles coming not only from the top but also
from the side of the detector as well as their original
direction. The direction reconstruction method is
similar to the one described in sec. 3.1, but it starts
with a rough estimation of the original direction of
the incoming particle. This estimation is needed
to define the inclination of the planes on which the

points to fit are computed. The planes are defined as
perpendicular to the direction result of the fit of the
three cubes with the highest energy release. Since
only a rough estimation is needed, the inclination of
the planes is rounded to the nearest π/4 multiple.
At least three hit planes are necessary for the recon-
struction. No requirement on the containment of the
shower are applied. Once the planes are found, an
average weighted on the energy is performed on each
of them to find the barycenter. The barycenters on
different planes are fit and the method is iterated by
excluding the hit outside a cylinder centered on the
found direction and reducing the cylinder radius after
each iteration.

3.3. Results

The events that contributes to the calorimeter
only and pre-shower only angular resolution and
effective area are the events lacking of an overall
reconstruction. The overall reconstruction, making
use of the tracker, is indeed better and these other
events are used to improve the effective area rather
than the angular resolution. The sum of the three
different effective areas gives an estimation of the
total effective area of the instrument.
The angular resolution of the pre-shower improves
with the energy because the identification of the
hit in the pre-shower is made easier by the higher
energy of the pair. Since no requirements on the
containment of the shower in the calorimeter are
applied, the angular resolution of the calorimeter
only reconstruction decreases at high energy.
The different effective area between GAMMA-400
and Fermi is due not only to the different recon-
struction algorithm but also to the difference in the
geometrical area of the two instrument.

eConf C141020.1

350



4 5th Fermi Symposium : Nagoya, Japan : 20-24 Oct, 2014

4. CONCLUSIONS

GAMMA-400 is a dual experiment dedicated to
the study of both gamma rays and cosmic rays,
electrons, protons and nuclei. It is possible to
reconstruct the direction of the incoming gamma
ray using information not only from the tracker, as
shown in Galper et al. [2014], but also from only the
pre-shower or the calorimeter. The results of these
type of reconstruction can be used to increase the
total effective area of the instrument, at the expense
of the angular resolution. The calorimeter, because
of a novel configuration, is capable of reconstruct
the direction of particles coming also from its sides,
resulting in a more than 2π sr field-of-view. It can
then be used to provide a trigger for observations of
transients from the ground with telescopes such as
the future CTA.
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Wide-Field MAXI (WF-MAXI: Wide-Field Monitor of All-sky X-ray Image) is a proposed mission to detect and
localize X-ray transients including electro-magnetic counterparts of gravitational-wave events such as gamma-
ray bursts and supernovae etc., which are expected to be directly detected for the first time in late 2010’s by
the next generation gravitational telescopes such as Advanced LIGO and KAGRA. The most distinguishing
characteristics of WF-MAXI are a wide energy range from 0.7 keV to 1 MeV and a large field of view (∼ 25 %
of the entire sky), which are realized by two main instruments: (i) Soft X-ray Large Solid Angle Camera (SLC)
which consists of four pairs of crisscross coded aperture cameras using CCDs as one-dimensional fast-readout
detectors covering 0.7 − 12 keV and (ii) Hard X-ray Monitor (HXM) which is a multi-channel array of crystal
scintillators coupled with avalanche photo-diodes covering 20 keV − 1 MeV.

1. Scientific goals

Wide-Field MAXI (WF-MAXI: Wide-Field Moni-
tor of All-sky X-ray Image) [1] on the ISS is a mission
to detect and localize X-ray transients with a large
field of view (FoV ∼25% of the entire sky) covering a
wide energy band from 20 keV to 1MeV, monitoring
the entire sky. The characteristic feature is a strong
capability of detecting soft X-ray photons (< 10 keV)
from X-ray transients with a fine localization accu-
racy of ∼0.1◦, with a cadence of 90 min. The transient
search below 10 keV with the large FoV has been done
with only a few satellites (e.g., HETE-2 [2], MAXI[3]),
so there is huge room for discovery space on the high
energy astronomy.

The most challenging target object of WF-MAXI
is X-ray transients including electro-magnetic coun-
terparts of gravitational-wave (GW) events such as
gamma-ray bursts (GRBs) and supernovae (e.g., core-
collapse SNe) which are expected to be directly de-
tected for the first time in late 2010’s by the next
generation GW telescopes such as Advanced LIGO,
Virgo and KAGRA. However, the localization by the
GW telescopes is too coarse (∼10◦) to associate the

detected GW sources with known astronomical ob-
jects, and/or measure their distances, and identify
their physical origins. Soft X-ray band gives us a
promising channel considering the huge energy den-
sity at the source, and yet all-sky monitoring with
sufficient sensitivity and cadence has never been per-
formed. If a GW event is detected by WF-MAXI, its
localization will be performed with an positional ac-
curacy of 0.1◦. After that, WF-MAXI issues its alert
to the international astronomical community, which
leads to enabling follow-up observations with X-ray,
optical and infrared observatories (e.g., ASTRO-H,
Subaru, TMT, JWST etc.) to measure its distance
and study on its environment and progenitor.

A part of GW events is thought to originate from
compact-binary coalescence sources including neutron
stars, stellar-mass black holes and intermediate-mass
black holes. Although there is a large uncertainty of
expected GW event rate [4], we show a summary of ex-
pected detection rates of GW events by current X-ray
observatories with a large FoV in Table I, assuming
that 10 GW events happen in a year. WF-MAXI has
the highest detectability of GW sources among the
current observatories.
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Table I Expected detection rates of GW source by current X-ray observatories assuming that 10 GW events happen in
a year

Mission FoV [%] operation ratio expected detection rate soft X-ray sensitivety

ratio to 4πstr [%] of GW events [events/year] (below 10 keV)

Swift/BAT 11 80 0.88 N/A

MAXI 2 40 0.08 ◦

Integral IBIS 0.2 100 0.02 N/A

WF-MAXI 25 70 1.67 ◦

Not only for GW events but also for energetic mem-
bers of astrophysical objects, such as neutron star bi-
naries, black hole binaries and active galactic nuclei
(AGN), WF-MAXI detects the onset of its activities
and issues alerts to the astronomical community of
the world (e.g., The Astronomer’s Telegram). Fur-
thermore, WF-MAXI also detects short high-energy
transients such as GRBs and tidal disruption events
and short soft X-ray transients such as stellar flares,
nova ignitions and supernova shock breakouts.

2. Mission instruments

WF-MAXI has two main instruments of Soft X-
ray Large Solid Angle Camera (SLC) and Hard X-ray
Monitor (HXM) to detect X-ray photon in the wide
energy range of 0.7 keV to 1 MeV. Four modules of
SLC and HXM are mounted on the payload at dif-
ferent four angles to cover ∼25% of the entire sky as
shown in Fig. 1.
SLC and HXM are sensitive for the energy band

of 0.7 – 12 keV and 20 keV – 1 MeV, respectively.
Both two instruments share the same FoV. SLC plays
an important role in localizing X-ray transients with
an accuracy of ∼0.1◦. Furthermore for HXM it is
quite important to observe GRBs with a wide X-ray
band: GRBs’ spectra are well represented by two pow-
erlaw functions connected smoothly, which is called
the Band function [5], and a maximum peak energy
Epeak in the νFν space is one of the fundamental quan-
tities for GRBs. As the Epeak ranges from a few keV
to a few MeV, HXM plays a crucial role in determin-
ing Epeak in the energy band from 20 keV to 1MeV.
Combined with SLC, even Epeak of soft-class GRBs
called X-ray flashes can be determined in the range
down to a few keV.

2.1. Soft X-ray Large Solid Angle Camera

The primary scientific instrument of WF-MAXI is
SLC [6], which has a capability of detecting and lo-
calizing various soft X-ray (< 10 keV) transients in-
cluding possible GW counterparts, GRBs, SN shock

breakouts, tidal disruption events, nova ignition, X-
ray bursts, AGN flares, and stellar flares. In the en-
ergy band numerous characteristic X-ray lines (e.g.
Ne, Mg, Si, S, Fe) exist to trace the environment of the
progenitor or burst mechanism and these can be re-
solved by the energy resolution of a CCD instrument.
We therefore adopt a CCD as a position sensitive de-
tector. Coded mask is adopted for the localization,
as it can achieve a large field of view without much
technical difficulty.
Since the imaging field of a CCD camera fixed to

the ISS platform moves in the sky at an angular ve-
locity of ∼0.1◦/s, we need to read out the image data
on a timescale shorter than 1 s (e.g., 0.1 s) to achieve
∼0.1◦ position accuracy. We therefore use one dimen-
sional image from CCD with a time resolution of 0.1
s for fast readout. We assign X and Y coordinates
to a CCD plane where CCDs are vertically-aligned in
two directions. Thus, each module of SLC contains
two arrays of CCD in X and Y directions, a pair of
coded masks, a part of the electronics that drives and
reads out CCD’s image data, a mechanical cooler and
the chassis as shown in Fig. 1. The dimensions of
the camera module are 380mm × 250mm × 220mm
without the mechanical cooler.
We use 16 CCDs (Hamamatsu) for a SLC with an

effective area of 293 cm2 larger than that used in
MAXI/SSC [7]. The CCD is a similar model devel-
oped for ASTRO-H/SXI [8] with some minor changes
that include pixel format, PGA packaging (instead of
wire bonding), an addition of fiducial mark used for
alignment with the coded mask and a surface process-
ing on the CCD. The surface of the CCD is covered
with 150∼ 200 nm aluminum to block the optical light
from optical sources and scattered lights from bright
objects. Both sides are coated with black colorant
to prevent the infrared light leaking into the silicon
CCD chip. Furthermore, we dispose a thin aluminum-
coated polyimide layer at the camera window to block
incoming heat and reflected sun light and He II ultra-
violet emission from the upper atmosphere.
Cooling 16 CCD chips to 100◦C on the ISS payload

is a critical task for our mission to assure the CCD per-
formance. As WF-MAXI has no attitude control sys-
tem, the payload will be illuminated by the sun light
every orbit (∼90 minutes). There is no place for radi-
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SLC HXM

380mm

250mm

120mm
100mm

Reverse-type APD
Ce:GAGG

Optical blocking filter

+ Coded mask

CCDs

Mechanical cooler

Figure 1: Configuration of the WF-MAXI payload. Four modules of SLC and HXM are implemented at different four
angles to cover 25 % of the entire sky in the energy band from 0.7 keV to 1 MeV. SLC: Soft X-ray Large Solid Angle
Camera, HXM: Hard X-ray Monitor

ators permanently facing the deep space to release the
heat. Then development of a thermal model for the
SLC module is in progress and verification of its feasi-
bility was almost achieved. We find that the dominant
heat paths to the CCD contribute from conductances
through flexible cables to the CCD packages, the sup-
port legs of the base plate, cold plate to bus interface
plate and the radiation from the flexible cables, while
the heat production on the CCD itself is small. Taking
account these heat paths, the target temperature of
the CCD is achievable. However the four mechanical
coolers consume a significant amount of power (> 300
W). Further design study of the conductances which
attribute to the critical thermal path such as CCD
flexible cables (e.g., use of thinner conductive wires)
or relaxation of the required temperature by improv-
ing the CCD dark current (e.g., surface processing on
the CCDs), is underway. Especially, the required heat
load for the mechanical cooler is estimated to be 5.2
W and we plan to verify the thermal model with a
prototype model by 2015 (Fig. 2).

2.2. Hard X-ray Monitor

As the secondary scientific instrument of WF-

MAXI, HXM [9] measures the energy spectra and light
curves of short transient events in the 20 keV 1 MeV
energy range and provides the trigger for GRBs.
HXM consists of a 24-channel array of Ce-doped

Figure 2: Prototype model of the mechanical cooler for
SLC

Gd3Al2Ga3O12 (Ce:GAGG) scintillator coupled with
avalanche photodiode (APD) covering the hard X-ray
band with an effective area of 120 cm2 (Fig. 1). To
obtain a better signal to noise (S/N) ratio and detect
higher-energy photons, we select the Ce:GAGG crys-
tal due to its high light yield (46,000 photons/MeV)
and density (6.63 g/cm3), where scintillation light
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peaks at a wavelength of 520 nm, in well matching
with the sensitivity of the silicon photon detector. The
lower energy threshold of 20 keV is achievable by oper-
ating it at 20 ∼ 0 ◦C using a passive thermal structure
or a thermoelectric cooler.

We adopt flight-proven reverse-type APDs with a
pixel size of 5 × 5 mm2 provided by Hamamatsu Pho-
tonics to detect scintillation lights of the Ce:GAGG
crystal. The performance of the APD is low-noise
and flight-proven to be radiation hardness on Cube-
Sat (Cute-1.7+APD II [10] ) working in a polar orbit
for five years as a radiation particle monitor. Its tech-
nology is also adopted for micro-satellite Tsubame [11]
and ASTRO-H [12]. In addition, as it is well known
that the gain of APDs strongly depends on temper-
ature and the bias voltage, in the HXM system the
APD gain dependent on temperature is controlled by
adjusting the bias voltage.

We developed a new LSI dedicated for an analog
amplification of APDs’ signal. The new LSI contains
32-channel amplifiers and AD converters with a chip
size of 4.8 × 8.4 mm2 (Fig. 3). Especially, to accom-
plish the quick development we utilized well-studied
0.35 µm CMOS technology based on Open IP project
by Professor Hirokazu Ikeda and accumulated knowl-
edge for a decade. As a detector capacitance of APDs
is large (∼100 pF), its capacitive noise is crucial for
detection of X-ray photons around the lower energy
threshold (∼20 keV). We thus designed the analog
circuit to suppress the capacitive noise (e.g., larger
transconductance, larger gate area of input FETs and
so on). We show the performance of the developed LSI
in Table II and one of obtained spectra in Fig 4. Sig-
nals from 32 keV and 662 X-rays are clearly detected
and its energy resolutions (FWHM) are determined to
be 28.0% and 6.9 %, respectively. The detection of 32
keV X-rays shows the low-noise amplifier in the new
LSI almost has achieved the lower energy threshold of
20 keV in HXM.

Figure 3: Developed LSI dedicated for processing APD
signals (HXM). The LSI contains 32-ch analog amplifiers
and AD converters and the design of the noise
suppression is implemented.

Table II Specification & performance of the new LSI for
HXM

Number of channels 32

Dynamic range 0 – 300 fC

Non linearity <4%

Peaking time for trigger 0.5 µs

Peaking time for spectroscopy 3 µs

Equivalent Noise Charge ∼2400 e
−

Power supply ±1.65 V

Power consumption ∼100 mW
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Figure 4: Energy spectrum of 137Cs with the
reverse-type APD (S8664-55) coupled to the Ce:GAGG
crystal scintillator.

3. Summary

WF-MAXI is a proposed mission of X-ray transient
monitor as a payload on the ISS. Its science goal is
to detect and localize X-ray transient sources and is-
sue prompt alerts to the astrophysical community all
over the world. The X-ray counterpart of the first di-
rectly detected GW event is the prime target of the
WF-MAXI mission. Furthermore, it is the first ded-
icated transient monitor mission that covers a signif-
icant fraction (∼25 %) of the entire sky in the soft
X-ray band with a energy resolution of CCD plus the
hard X-ray band, which promises to open a new dis-
covery space.
We have been developing two mission instruments

of SLC Soft X-ray Large Solid Angle Camera and
HXM Hard X-ray Monitor. For SLC, the thermal
design of cooling the CCD chips to -100◦C, the proto-
type and its readout electronics are being developed.
For HXM, the new LSI dedicated for the readout of
signals from APDs was developed and we find that the
designed low-noise analog amplifier achieved our goal
of the lower energy threshold (20 keV). We will apply
the WF-MAXI mission or modified mission to Small-
size project 2015 funded from JAXA to develop and
launch the payload for the beginning of the operation
of next generation gravitational-wave observatories.
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Pathfinder flight of the Polarized Gamma-ray Observer (PoGOL ite)
in 2013

Takafumi Kawano, On behalf of the PoGOLite Collaboration
High Energy & Optical/Infrared Astrophysics Laboratory, Hiroshima University, Higashi-Hiroshima, Hiroshima,
739-8526

The Polarized Gamma-ray Observer (PoGOLite) is a balloon-borne instrument that can measure polarization
in the energy range 25–240 keV. The instrument adopts an array of well-type ”phoswich” detectors in order to
suppress backgrounds. Based on the anisotropy of Compton scattering angles resulting from polarized gamma-
rays, the polarization of the observed source can be reconstructed. During July 12-26 of 2013, a successful
near-circumpolar pathfinder flight was conducted from Esrange, Sweden, to Norilsk, Russia. During this two-
week flight, several observations of the Crab were conducted. Here, we present the PoGOLite instrument and
summarize the 2013 flight. tkawano@hep01.hepl.hiroshima-u.ac.jp.

1. Measuring polarization

Astrophysical phenomena can be observed with
electromagnetic radiation by imaging, spectroscopy,
timing analysis, and polarimetry. Since X-ray obser-
vations began 50 years ago, many observatories have
provided data for imaging, spectroscopy, and timing
analyses. On the other hand, polarization measure-
ments of X-rays and gamma-rays have been techni-
cally difficult and only a few sensitive observations
have been performed. Polarized X-rays and gamma-
rays are expected to be emitted from a wide vari-
ety of astronomical sources, including pulsars, X-ray
binary systems, strongly magnetized neutron stars,
collimated outflows from active galactic nuclei and
gamma-ray bursts. Therefore, polarimetric studies of
these sources are expected to provide important new
insight into the physics of such highly energetic ob-
jects. In particular, it is important to understand the
acceleration site and magnetic field structure of pul-
sars and their surrounding wide nebulae by identifying
the emission mechanisms with polarimetry.

2. Target object: the Crab nebula

2.1. Outline

The Crab nebula is a remnant of the historical su-
pernova in 1054 A.D., located around 2 kpc from the
Earth. This celestial object is named ”Crab nebula”
after the characteristic filament structure in optical
wavelengths, and it has been studied intensively in
all wavelengths from radio to gamma-rays since the
early days of astronomy. The Crab consists of a pul-
sar, a synchrotron nebula and a bright expanding shell
of thermal gas. We can also see a highly collimated
bipolar outflow (jet), which is aligned to the spin axis
of the pulsar, as well as a circumstellar torus visible
in X-rays. The high-energy emission is brightest near
the center of the nebula.

The Crab pulsar is considered as a neutron star
with a radius of 10 km, a mass of 1.4 M⊙, a ro-

tation period P = 33 ms, Ṗ = 4.21 × 10−13, mag-
netic field B ≈ 1012 G, and spin-down luminosity
Ls ≈ 5 × 1038 erg/s. The strong magnetic field and
short rotation period produce a relativistic outflow of
electron-positron pairs which is called the pulsar wind.
This ultrarelativistic outflow is confined by the ther-
mal ejecta. The inner ring of the nebula, reported
to be at a distance of about 3 × 1017 cm from the
pulsar, corresponds to a termination shock, created
when the pulsar wind interacts with the surround-
ing synchrotron nebula. It is considered that the pul-
sar wind and possibly other particles are accelerated
to energies as high as ∼1016 eV at the termination
shock. High energy charged particles interact with the
magnetic field in the nebula (∼a few mG), and emit
synchrotron radiation. The X-ray emission becomes
softer toward the outer region owing to adiabatic and
radiative losses. At the edge of the nebula, there are
only low-energy radio-emitting electrons. The spec-
trum of X-rays and gamma-rays below 1 GeV for the
Crab nebula is well described by synchrotron emis-
sion, and inverse Compton scattering dominates above
1 GeV [5].

2.2. Previous polarization measurements
of the Crab nebula

A. Measurement by OSO-8

The OSO-8 satellite carried an X-ray polarimeter
consisting of a panel of mosaic graphite crystals, which
were utilized for Bragg reflection [10].

The polarization fraction of the Crab nebula
observed by OSO-8 was (19.19 ± 0.97)% with
(156.36 ± 1.44)◦ polarization angle at 2.6 keV,
and (19.50 ± 2.77)% polarization fraction with
(152.59 ± 4.04)◦ polarization angle at 5.2 keV, where
the errors correspond to 67% confidence contours.
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These results are in agreement with optical polariza-
tion measurements (FIG. 1) [10].

Figure 1: The polarization vectors for the Crab nebula at
(a) 2.6 keV and (b) 5.2 keV. Surrounding regions (in
order of increasing size) correspond to the 67% and 99%
confidence contours [10].

B. Observation by INTEGRAL/SPI

The SPI (spectrometer onboard INTEGRAL; IN-
TErnational Gamma-Ray Astrophysics Laboratory)
has a capability for polarization measurements using
Compton scattering [6].
A polarization analysis of the Crab nebula was per-

formed with data recorded from February 2003 to
April 2006, and only events during the off-pulse frac-
tion of the pulsar cycle were included (FIG. 2 top).
A polarization fraction of (46 ± 10)% was observed,

with the polarization angle (123 ± 11)◦, which is
closely aligned with the pulsar spin axis ((124 ± 0.1)◦)
(FIG. 2 bottom), but the errors are dominated by sys-
tematic effects. The observed alignment of the po-
larization axis with the jet axis suggests an orthogo-
nal magnetic field configuration towards the jet axis if
the soft gamma-ray emission is caused by synchrotron
emission. The observed polarization fraction is quite
high, but less than the maximum limit for synchrotron
radiation, ∼75% [3][1].

C. Observation by INTEGRAL/IBIS

The IBIS (imager on INTEGRAL) is also using
Compton scattering for polarimetry [4]. Also this in-
strument has been used to study the polarization of
the Crab.
The results are shown with respect to the pulsar

phase (FIG. 2 top). For the ”off-pulse” phase and
”off-pulse and bridge” phase, the polarization fraction
is reported to be quite high (>72%), with the polar-
ization angle aligned along the jet axis (FIG. 3). This

Figure 2: Top: The light curve of the Crab pulsar. There
are two pulse phases (0.88<φ<0.14 and 0.25<φ<0.52),
off-pulse phase (0.52<φ<0.88), and last phase called as
”Bridge” phase (0.14<φ<0.25). The data for polarization
analysis for INTEGRAL/SPI is selected from within the
phase interval from 0.5 to 0.8 of the pulsar period
(shaded area) in 100–1000 keV. Bottom: Composite
image of the Crab, blue: Chandra X-ray image, red:
Hubble Space Telescope optical image, and the
gamma-ray polarization vector is superimposed (gray
area). The direction of the polarization vector is along
the jet axis. [3]

result suggests that the off-pulse polarized emission
recorded above 200 keV can come from a striped wind,
jets, and/or equatorial wind near the bright knot. The
magnetohydrodynamics models predict that the po-
larization is strongest at the pulsar, in the knot, and
along the jets, and it should be mostly parallel to the
rotation axis [4].
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Figure 3: The polarization of the Crab nebula observed
by INTEGRAL/IBIS. The polarization angle and
polarization fraction are measured for the Crab data
between 200–800 keV, in the off-pulse (top), off-pulse and
bridge (middle), and two-peak (bottom) phase intervals.
The error bars for the profile are at 1σ. The 68%, 95%,
and 99% confidence regions are shaded from dark to light
gray. The SPI result [3] is indicated in the top figure by a
cross [4].

3. The PoGOLite balloon-borne
instrument

3.1. Overview

PoGOLite (Polarized Gamma-ray Observer Light-
weight version) is a balloon-borne Compton polarime-
ter (FIG. 4), measuring the polarization of hard X-
rays/soft gamma-rays from celestial objects in the en-
ergy range 25–240 keV [8]. Polarization in the 25–
100 keV energy band has not been observed previ-
ously.
Observational targets for PoGOLite include the

Crab and Cygnus X-1, and the instrument is able to
detect 10% liner polarization from the Crab nebula for
15-hour exposure time with the 99% confidence, in a
signal-to-background scenario of 1:1. The detector is
optimized for point sources, with a narrow field of view
of 2.4◦ × 2.6◦, and the required pointing precision is
0.1◦. Since radiation from sources follows an inverse
power-law and photons are additionally absorbed in
the atmosphere, a high float altitude of the instrument
(∼40 km) and sensitivity extending as low as possible

Figure 4: Overview of the PoGOLite payload. The
height is ∼4 m and the weight is ∼2 tonnes. A
1.1 million cubic meter helium-filled balloon is used for
lifting the payload.

are crucial. The collaboration is international, involv-
ing institutes and universities from Japan1, Sweden2,
and the United States3.

The full-size version of PoGOLite consists of 217
units. It is intended to be able to measure as low as
10% polarization from a 200 mCrab source in a six-
hour flight [7]. The 61-unit ”Pathfinder” version of
PoGOLite has been prepared for launch from Esrange
in northen Sweden in 2011, 2012 and 2013. In this
paper, we simply refer to the ”PoGOLite Pathfinder”
as ”PoGOLite”. On July 6th, 2011 (UTC), the pay-
load was launched for a flight with a foreseen landing
in Canada (duration ∼5 days). However, there was a
leak of helium from the balloon, and the gondola was
returned to ground after ∼5 hours. A second launch
was foreseen in July 2012, but had to be cancelled
due to unfavorable weather conditions. PoGOLite was
successfully launched from Esrange, Sweden, on July
12th at 0818 UT in 2013 (FIG. 5). A circumpolar
flight was possible thanks to permission received from
Russian authorities. The flight ended on July 26th
when the gondola touched down close to the Siberian
city of Norilsk (∼3000 km to the East of Moscow) at
0015 UT.

1Hiroshima University, Tokyo Institute of Technology, Ya-
magata University, Japan Aerospace Exploration Agency
(JAXA).

2Royal Institute of Technology (KTH), Stockholm Univer-
sity (SU).

3Stanford Linear Accelerator Center (SLAC), Kavli Institute
for Particle Astrophysics and Cosmology (KIPAC), University
of Hawaii.
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Figure 5: The launch of PoGOLite from Esrange on July
12th 2013, 0818 UT. The distance from the top of the
balloon to the gondola is ∼300 m.

3.2. Detector configuration

To suppress the high rate of background events
at float altitude (∼40 km), we adopted an array
of 61 well-type phoswich detector cells (PDCs) sur-
rounded by a segmented BGO (bismuth germanate
oxide, Bi4Ge3O12) anticoincidence shield comprising
30 units. A LiCAF (LiCAl6) neutron-sensitive scin-
tillator [9] is also included (FIG. 6 top). Each PDC
consists of three active components: a hollow ”slow”
plastic scintillator (60 cm), a solid ”fast” plastic scin-
tillator (20 cm), and a BGO crystal (4 cm), read out
by a photomultiplier tube (from Hamamatsu Photon-
ics, 19 cm) (FIG. 6 bottom). The LiCAF scintillator
is made for neutron detection since neutrons are ex-
pected to dominate the background. This detector is
sandwiched between two BGO elements for rejecting
gamma-rays, allowing neutron interactions to be dis-
tinguished.
The photomultiplier tube waveforms are sampled at

a 37.5 MHz rate and digitized with to 12 bit accuracy.

Figure 6: Top: The main detector consists of 61 PDCs
and 30 SASs with BGO. Bottom: One of the PDCs,
which is consisting of a hollow ”slow” plastic scintillator
(60 cm), a solid ”fast” plastic scintillator (20 cm), a BGO
crystal (4 cm) and photomultiplier tube (from
Hamamatsu Photonics, 19 cm).

The ”fast” scintillator, ”slow” scintillator and BGO
crystal have different decay times, resulting in differ-
ent pulse shapes for waveforms originating from these
components (FIG. 7). By identifying these differences,
we can determine in which component an interaction
has taken place, allowing background events to be dis-
carded. The PDC units are hexagonal so they can be
tightly packed in a honey-comb structure, while sur-
rounding SAS segments have two different pentagonal
shapes to fit closely around detector array (FIG. 8).

3.3. Polarimeter design

An indicator of performance of X-ray and gamma-
ray polarimeters, which is called as MDP (Minimum
Detectable Polarization; degree distinguishable from
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Figure 7: Examples of characteristic waveforms (shown
with a negative polarity). The rise time is shorter for a
signal from the fast plastic scintillator than for one from
the slow scintillator or BGO crystal.

Figure 8: Top view of a 61-unit detector array. The
PDCs (purple) are surrounded by a segmented side
anti-coincidence shield (green).

statistical fluctuation with 3σ), is written in equa-
tion (1).

MDP =
4.29

M ×RS

√

RS +RB

T
(1)

where M is the modulation factor (depends on the
instrument geometry and the spectrum of the incident
photon flux), RS is the signal rate, RB is the back-
ground rate and T is the exposure time. This repre-
sents the minimum polarization fraction measurable
by the instrument for the given confidence level [11].
A large M , a large RS , a small RB, and a large T are
needed to achieve a low MDP, i.e. good sensitivity
to polarization. For a given source, a large RS corre-
sponds to a large effective area of the instrument.

For PoGOLite, the effective area is ∼22 cm2, with a
reasonable modulation factor (M ∼26% at 50 keV) [2].

4. Measuring polarization

The PoGOLite instrument is using Compton scat-
tering for polarimetry. The procedure is illustrated
below (FIG. 9):

• Polarized gamma-rays undergo Compton scat-
tering in a hexagonal array of plastic scintilla-
tors.

• Polarized photons tend to scatter perpendic-
ularly to the polarization direction, following
equation (2).

• Observed azimuthal scattering angles are mod-
ulated by polarization.

dσ

dΩ
=

1

2
r2e

k2

k2
0

(

k

k0
+

k0

k
− 2 sin2θcos2φ

)

(2)

where k0 and k are the momenta of the incident
and scattered photon, respectively, re is the classical
electron radius and θ and φ correspond to the polar
and azimuthal scattering angles. Angle φ is defined
relative to the polarization direction of the incident
photon, resulting in a polarization-dependence for the
scattering process.
Tracking individual photons through coincident de-

tection of Compton scattering and photoelectric ab-
sorption allows the azimuthal scattering angles to be
reconstructed. Since photons scatter preferentially
perpendicular to the polarization direction, the result-
ing distribution of scattering angles will be anisotropic
(modulated) for a polarized flux of photons.

Figure 9: The detection method of polarization. Cross
section of the detector, tracking both of scattering and
absorption position of X-rays. Some examples of
background events have also been indicated.
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5. Flight trajectory & Results

As mentioned in section 3.1, during July 12-26 of
2013, a successful near-circumpolar pathfinder flight
was conducted from Esrange, Sweden, to Norilsk, Rus-
sia (FIG. 10). During the daytime, the balloon has
higher altitude because of heating of the helium in-
side the balloon. Conversely, the balloon has lower
altitude during the night, resulting in a diurnal vari-
ation of the pressure.

Figure 10: The trajectory of PoGOLite flight in 2013.
PoGOLite was launched from Esrange, Sweden at 0818
UT on July 12th in 2013, and landed Norilsk, Russia at
0015 UT on July 26th. Courtesy of SSC Esrange.

The attitude control system performance has been
evaluated from Crab measurements, and the observed
performance was found to be an order of magnitude
better than the design requirement of 0.1◦.
We obtained the pulse-folded light curve of the Crab

pulsar. The data includes two- and three-hit events
in the energy range 20 keV – 110 keV, and we can
clearly see the Crab pulsation from the light-curve.
This shows that X-ray photons from the Crab pul-
sar are indeed detected by the polarimeter, confirming
that the instrument and attitude control system are
working as intended.

6. Summary & Outlook

During July 2013, the PoGOLite Pathfinder made
a circumpolar flight (∼13.5 days) from Esrange. This
flight was possible thanks to permission from the Rus-
sian government and help from Russian colleagues.
We have confirmed that the polarimeter detected
the Crab pulsation. Crab polarization results are in
preparation. We have a plan to improve the polarime-
ter design based on the experience from the 2013
flight, to reject background more efficiently. Reflight
of PoGOLite is proposed for the summer of 2016.
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1Department of Physical Sciences, Hiroshima University, 1-3-1 Kagamiyama, Higashi-Hiroshima,
Hiroshima 739-8526
2Department of Physics, Saitama University, 255 Shimo-Okubo, Sakura-ku, Saitama-shi, Saitama 338-8570
3Department of Physics, Kanazawa University, Kadoma-cho, Kanazawa, Ishikawa 920-1192
4Institute of Space and Astronautical Science Aerospace Exploration Agency (ISAS/JAXA), 3-1-1 Yoshinodai,
Sagamihara, Kanagawa 229-8510
5Department of Physics, Rikkyo University, Nishi-Ikebukuro, Toshimaku, Tokyo 171-8501
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ASTRO-H, the sixth Japanese X-ray observatory, which is scheduled to be launched by the end of Japanese
fiscal year 2015 has a capability to observe the prompt emission from Gamma-ray Bursts (GRBs) utilizing BGO
active shields for the soft gamma-ray detector (SGD). The effective area of the SGD shield detectors is very
large and its data acquisition system is optimized for short transients such as short GRBs. Thus, we expect to
perform more detailed time-resolved spectral analysis with a combination of ASTRO-H and Fermi LAT/GBM
to investigate the gamma-ray emission mechanism of short GRBs. In addition, the environment of the GRB
progenitor should be a remarkable objective from the point of view of the chemical evolution of high-z universe.
If we can maneuver the spacecraft to the GRBs, we can perform a high-resolution spectroscopy of the X-ray
afterglow of GRBs utilizing the onboard micro calorimeter and X-ray CCD camera.

1. Introduction

Gamma-ray Bursts (GRBs) are one of the most
energetic explosion in the universe, but there are
still many issues to be understood such as gamma-
ray emission mechanism of prompt emission, physical
composition of jet outflow, and environment of pro-
genitor. GRBs are also known to be originated at
cosmological distance and they would be useful to ex-
plore the chemical evolution of high-z universe.
ASTRO-H is the sixth X-ray observatory from

Japan, which is scheduled to be launched by the
end of Japanese fiscal year 2015. Four onboard in-
struments of ASTRO-H, the high-resolution X-ray
micro-calorimeter (Soft X-ray Spectrometer: SXS),
X-ray CCD camera (Soft X-ray Imager: SXI), Hard
X-ray Imager (HXI), and Soft Gamma-ray Detector
(SGD) realize wide-band and high-sensitivity obser-
vation from 0.3 to 600 keV energy band. The high-
resolution spectroscopy by SXS and X-ray observa-
tions with enough photon statistics by SXI could
be very powerful tool to investigate spectral features
and detail of X-ray absorption structure in the af-
terglow spectrum of GRBs. And also, high-sensitive
hard X-ray observation by HXI might observe inter-
esting features from afterglow in hard X-rays. In ad-
dition to such afterglow observations by focal plane
instruments, ASTRO-H is also able to observe the
prompt gamma-ray emission utilizing SGD. There-
fore, ASTRO-H will bring us a comprehensive obser-
vation of GRBs from prompt gamma-ray emission to
subsequent X-ray afterglow emission. In this paper,
we demonstrate a capability of GRB observation by
ASTRO-H.

2. Prompt emission observation by the
SGD shield

Our understanding of gamma-ray emission mecha-
nism of GRBs, especially for short duration GRBs is
still poor. One of key observation to solve such prob-
lem is time-resolved spectroscopy as was performed
for long duration GRBs. However, photon statistics
of short GRBs is too low to perform such time-resolved
analysis, and therefore, observation of short GRBs
with large effective area is important. ASTRO-H has
capability to observe prompt gamma-ray emission of
short GRBs with large effective area and good time-
resolution utilizing SGD. The main detector, Comp-
ton camera of the SGD is surrounded by large 25
BGOs to reduce background by anti-coincidence tech-
nique as shown in Fig 1. Thanks to its large geo-
metrical area and high gamma-ray stopping power of
BGO crystal, the effective area of those “shield“ detec-
tors retain ∼ 800 cm2 even at 1 MeV. Therefore, the
SGD shield detector acts as a powerful all-sky moni-
tor like Suzaku WAM[8]. We have developed the SGD
shield detector so that we can observe short transients
such as short GRBs or Soft Gamma Repeaters with
many advantages compared with Suzaku WAM. Table
I shows some specifications of the SGD shield detector
as an all-sky monitor comparing with Suzaku WAM.
The main advantage of the SGD shield detector is that
it can obtain spectral information with very large ef-
fective area. We also improved data acquisition timing
of GRB data of the SGD shield so that we can trans-
fer GRB data to the spacecraft soon (∼10 min) after
trigger and we can set the trigger to be ready for the
next GRB. This enable us to improve the efficiency of
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Figure 1: A schematic picture and a real flight model
picture of the SGD. The three main detectors are located
inside of BGO crystals.

Table I Performance of the SGD shield detector as
all-sky monitor comparing with Suzaku-WAM

SGD shield Suzaku WAM

Time resolution 16 ms 16 ms

Time coverage 5.376 s 64 s

(-1.376 to 4.0 s) (-8 to 56 s)

Spectral channels 32 ch 4 ch

Energy range 150 – 5000 keV 50 – 5000 keV

Effective area (1MeV) ∼ 800 cm2
∼ 400 cm2

GRB observation.

Figure 2 shows an example of simulated light curve
of bright short GRB with peak flux of about a few
times of 10 photons s−1 cm−2 in 1 second time scale.
In this simulation, we consider poisson fluctuation in
each time bin of the SGD shield (16 ms) and we as-
sumed simple Band function with low-energy index
α = −0.8 and high-energy index β = −2.3. The peak
energy Epeak has changed depending on the flux. Fig-
ure 3 shows the time-resolved spectrum extracted with
0.1 s time windows, which are shown by hatched area
in the figure 2. We can see that the simulated light
curve exhibit fine time structure and extracted time-
resolved spectra show clear evolution of Epeak. There-
fore, we can expect to have such GRB data with the
SGD shield. After launch of ASTRO-H, GRB data
observed by the SGD shield will be publicly available
as well as Suzaku WAM. The GRB observation by
the SGD shield can provide complementary dataset to
Fermi-GBM. Based on simultaneously detection rate
between Suzaku-WAM and Fermi-GBM, about a half
of GRBs detected by Fermi-GBM are expected to be
also detected by the SGD shield.
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Figure 2: An example of light curve simulation of bright
short GRB with photon flux of a few tens of photons s−1
cm−2 by the SGD shield. Each hatched region show the
time window for the demonstration of time-resolved
spectral analysis in the below figure.
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Figure 3: A simulated time resolved spectral analysis
using above simulated light curve data.

3. ToO observations of afterglow with
SXS and SXI

As for the X-ray afterglow of GRBs, which is widely
believed that the X-ray emission is coming from syn-
chrotron emission due to accelerated electrons in the
external forward shock. Therefore, most of X-ray
spectrum of afterglow show featureless simple power-
law shape. However, there are several reports of
marginal detection of spectral features such as iron-
K emission line, its recombination edge, and several
lines due to light metals [2],[3],[5]. Although, they are
still controversial probably because of limited statis-
tics and/or spectral resolution, such spectral features
would be very important to investigate physical con-
ditions of GRB jet and composition of environment of
GRB host, and also they are useful to determine the
redshift of GRB by X-ray observation itself. In addi-
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tion to such spectral features, Behar et al. (2011) and
Starling et al. (2013) have pointed out the evidence
of excess absorption in soft X-ray energy band us-
ing huge sample of Swift X-ray afterglow observation.
One possibility of origin for such excess absorption
is contribution of absorption by intergalactic medium
(IGM). Therefore, detail spectroscopy in soft X-ray
band could give important information to investigate
the property of IGM in high-z universe. An X-ray
observation with high spectral resolution is a key to
solve above open questions in GRB afterglow. Those
emission line and/or absorption line spectral features
can be investigated by unprecedented high energy res-
olution spectroscopy by ASTRO-H SXS, and detail of
continuum structure can be determined by SXI. Fig-
ure 4 shows a 100 ks ASTRO-H simulation with SXS
and SXI. Here we assumed GRB 991216 spectrum as
the baseline model fro simulation. In this model, 2−10
keV flux is set to be 3×10−12 erg cm−2 s−1. This GRB
has been reported to have iron-K line and its recombi-
nation edge[4] and thus we include those spectral fea-
tures in the simulation. We also added soft X-ray lines
reported by Reeves et al. (2003) for GRB 011211, and
intergalactic warm absorbers (WHIM) with the tem-
perature of 105 K, the column density of NH of 1022

cm−2, and we put those absorption material on red-
shift of z=0.1. From this simulation, we can see that
the iron-K related spectral features can be detected
clearly by ASTRO-H if they are really exist. In addi-
tion, some resonance absorption lines due to WHIM
are also detectable with about 4 sigma significance
level, thanks to high energy resolution of SXS. Figure
5 shows the same simulation with figure 4 but with
shorter exposure of 10 ks and we changed intrinsic
line width from 5 eV to 30 eV. We can clearly detect
the iron-K line emission if it is intrinsically narrow
with σ < 10 eV with short exposure of 10 ks. This
indicates that we can investigate the time variability
of such iron-K line emission, which is useful to discuss
the environment of host galaxy o GRBs.

4. Expected event rate of ToO
observations of GRB afterglow with
ASTRO-H

As we shown in previous section, ASTRO-H has a
capability of detection of spectral features from GRB
afterglow such as iron-K emission line and resonance
absorption lines due to intergalactic warm absorbers.
Then, we have to estimate how many number of GRBs
we can observe with such interesting spectral features
by ASTRO-H. For this purpose, we calculated a lumi-
nosity function of GRB afterglow based on 572 sam-
ples of 6-years Swift-XRT data base which is publicly
available in the web page [7]. Figure 6 shows the lu-
minosity functions of GRB afterglow for several times
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Figure 4: ASTRO-H simulation of GRB afterglow
spectrum with warm absorber model (see text in detail).
The enlarged structure around 0.6-0.8 keV, where the
most prominent absorption features can be seen are also
shown in the inset. Bottom part shows the residuals from
single power-law model with absorption from cold
materials.
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Figure 5: 10 ks simulation of around iron-K emission
line. Each panel show the simulation with different
intrinsic line width (σ= 30 eV, 10 eV, and 5 eV from top
to bottom). Lower part in each panel shows the residual
from single power-law model.

after GRB trigger. From this result, we can see that
about 10 GRBs/year are expected which have 10−12

erg s−1 cm−2 flux level, which corresponds to that of
we used in the iron-K line simulation in Fig 5, even 30
hours after the trigger. This means that if we can slew
the ASTRO-H spacecraft within 1-day after the trig-
ger, we could have 10 GRBs/year samples for possible
iron-K line search with ASTRO-H.
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Figure 6: Estimated luminosity functions of GRB
afterglow based on 6-yeas Swift-XRT data base. Different
colors show the function corresponds to the different
observation start time from GRB trigger. (black: 5 hours,
red: 10 hours, green: 30 hours, and blue: 50 hours).

5. Summary

In this paper, we demonstrated the capability of
GRB observation by ASTRO-H. As for the prompt
gamma-ray emission, the SGD shield detector will act
as powerful GRB monitor with very large effective
area. Especially for the short GRBs, time-resolved
spectroscopy with good photon statistics can be per-
formed by the SGD shield and such GRB data can
be a complimentary data set to Fermi-GBM. About a
half of GRBs that are detected by Fermi-GBM are also
expected to be observed by the the SGD shield simul-
taneously. High resolution spectroscopy by ASTRO-

H SXS and SXI is expected to reveal the existence
of spectral features in the GRB afterglow spectrum
such as emission lines from iron-K and/or other light
metals, and absorption by intergalactic medium. The
expected event rate of GRBs which can be used for
such search of spectral features is estimated to be ∼ 10
GRBs/year, if we can slew the spacecraft within 1-day
after the GRB trigger. More details about ASTRO-
H observation of GRB afterglow can be found in the

ASTRO-H white paper[1].
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Development of a micro-satellite TSUBAME for X-ray polarim etry of
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TSUBAME is a micro-satellite that the students of Tokyo Institute of Technology took the lead to develop for
measuring hard X-ray polarization of Gamma-Ray Bursts(GRBs) in order to reveal the nature of the central
engine of GRBs. TSUBAME has two instruments: Wide-field Burst Monitor (WBM) and Hard X-ray Compton
Polarimeter (HXCP). We aim to start observing with HXCP in 15 seconds by pointing the spacecraft using
Control Moment Gyro.
In August 2014, we assembled TSUBAME and performed an integration test during 2 weeks. On Nov 6 2014,
TSUBAME was launched from Russia and it was put into Sun-synchronous orbit at 500 km above the ground.
However, serious trouble occurred to the ham radio equipment. Therefore we could not start up the X-ray
sensors until Feb 10 2015. In this paper, we report the system of TSUBAME and the progress after the launch.

1. Introduction

Gamma-ray bursts(GRBs) are known as one of the
powerful explosions in the universe. However, it is not
yet clear how to form the collimated outflow wave and
accelerate particles. In recent theoretical models, the
magnetic field plays a important role that connects
the central engine and the relativistic outflow. The
magnetic field might affect the charged particles in
the shock front that radiates the X-ray prompt emis-
sion. Therefore, the X-ray polarization information
of prompt emission can constrain the physical process
that generate the relativistic outflow from GRBs.
To reveal the physical process of GRBs, we devel-

oped a micro-satellite TSUBAME (Figure.1). The de-
tails of TSUBAME’s BUS system are summarized in
Table.I.

2. GAMMA-RAY OBSERVATION SYSTEM

2.1. Overview

The micro-satellite TSUBAME has 2 instruments
for X-ray polarimetry of GRBs: Wide-field Burst
Monitor(WBM) and Hard X-ray Compton Polarime-
ter(HXCP). The HXCP utilizes the asymmetry of the
Compton scattering arising from the polarization of
incident photons. The WBM, which consists of five

Figure 1: Overview of a micro-satellite TSUBAME.

X-ray detectors mounted on the five faces of the satel-
lite, detects GRBs and determines those positions by
comparing the count rates in them. To detect GRBs,
WBM is always monitoring X-ray from half of the
sky. If WBM detects a GRB, this satellite points to
the target rapidly using a high-speed attitude control
system and starts the observation within 15 s after the
detection(Figure.2).
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Size 610 x 610 x 540 mm3

Mass 48.6 kg

Orbit 500 km (Sun Synchronous)

Launch Nov 6, 2014

Electrical Power Supply Cell InGaP/InGaAs/Ge

Power 130 W (EOL)

Battery 360Wh (Li-Polymer)

Command & Tx S-band (BSPK-100 kbps)

Data Handling(CDH) UHF (CW/GMSK-9600bps AFSK-1200bps)

Rx VHF AFSK-1200bps

Attitude 3-axis bias momentum control

Determination and Actuator Control Moment Gyro./Magnetic Torquers

Control Systems (ADCS) Sensor Gyro (MEMS/FOG), Sun Sensor, Magnetometer, Star Tracker, GPS

Table I BUS System of TSUBAME.

Figure 2: Sequence when a GRB occurs.

2.2. Hard X-ray Compton Polarimeter

To maximize the cross section of the Comp-
ton scattering, HXCP employed 8 × 8 ch plastic
scintillators connected with the multi-anode photo-
multipliers(MAPMTs). These scintillators are sur-
rounded by 28 ch CsI scintillators connected with 5
× 5 mm2 APDs. Incident photons are scattered at
plastic scintillators, and absorbed at CsI scintillators.
Linearly polarized photons tend to be scattered per-
pendicular to the polarization plane. HXCP measures
the X-ray polarization using this angular dependence.

In order to evaluate and demonstrate the perfor-
mance of the HXCP, we executed the performance test
at a synchrotron beam facility, the Photon Factory of
KEK the high energy accelerator research organiza-
tion, in December 2012. We irradiated 80 % on-axis
90 % polarized synchrotron X-ray. Before calculating
the azimuthal scattering angle for every single pho-
ton, we filtered the accumulated photon events with
three criteria: (1) a lower threshold energy for PMTs,
> 2keV, (2) a lower threshold energy for APDs, >
20keV, (3) a geometric constraint on the energy dis-
tribution between the recoil electron and the scattered
photon. The modulation curve as functions of the az-
imuthal scattering angle using the screened event data
with the above three criteria are shown in Figure.4.
We obtained 68 % of the modulation factor. As well,

we drew a modulation curve using the photon event
date of same X-ray with off-axis, and we obtained over
60 % of the modulation factor(Figure.5).

2.3. Wide-field of Burst Monitor

Wide-field Burst Monitor(WBM) consists of five
sintillation gamma-ray counters with APDs and CsI
scintillator for real time detection and localization of
GRBs. These detectors are mounted on the five faces
of TSUBAME.
The time scale of GRBs ranges from milli-second

to kilo-seconds. In order to start a pointing observa-
tion with the HXCP as soon as possible, WBM must
detect any GRBs faster. To detect GRBs, on-board
CPU checks the variation of X-ray count rate of WBM
every 125 msec. WBM employs 4 trigger systems with
different time constants which covers short GRBs and
long GRBs. In designing these trigger systems, we re-
fer to the trigger systems of HETE-II(Figure.7). The
on-board CPU estimates the background events, C′

BG,
at the time window, TFG, from the past background
events, CBG, at the time window, TBG, using the
recorded light curves. The net photon events, CSig,
can be written as

CSig = CFG − C′

BG = CFG −
TFG

TBG

. (1)

If we assume that the background rate fluctuates
statistically, the significance, s, of the CSig comparing
with the background fluctuation is expressed as s =
CSig/

√
CBG. The on-board CPU evaluates s2 at every

125 ms to check the variability of the light curves for
each energy band and detector.
When trigger system detect a GRB, WBM deter-

mines the position of GRB by comparing the event
rates of these five X-ray detectors with an accurary of
5 degree for a bright GRB with an occurrence rate of
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Figure 3: Overview of HXCP and a circuit box.

Figure 4: Modulation Curve with 80 % on-axis 90 %
synchrotron X-ray. We got 68.5 ± 0.3 % of modulation
factor.

Figure 5: Modulation Curve with 80 % off-axis 90 %
synchrotron X-ray. The incident angle is 30 degree. We
got 62.6 ± 0.6 % of modulation factor.

10 bursts per year. This method have been employed
by the BATSE abroad CGRO and the GBM on the
Fermi gamma-ray observatory. However the expected
position accuracy is not so good, this accuracy is suf-
ficient for polarimetry using the flight model HXCP
with a wide FoV.

After WBM determines the position of GRB,
TSUBAME starts high-speed attitude control with
Control Moment Gyroscopes pointing to the GRB.

Using Control Moment Gyroscopes, TSUBAME can
maneuver ten times as fast as Swift.

3. Operation

To protect HXCP from the damages in South At-
lantic Anomaly(SAA) and Auroral zone, we will have
to drop the high voltage of MAPMTs. TSUBAME
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Figure 6: Overview of WBM.

Figure 7: Description of the WBM trigger algorithm.

has three ways to judge whether it is in SAA or not.
At first, on-board CPU compares GPS location to the
stored SAA map in Figure.8. The shading area de-
scribes the prohibited regions in which the particle
flux of electrons above 1 MeV exceeds 300 counts s−1

cm−2 and that of protons above 20 MeV exceeds 0.3
counts s−1 cm−2. This map is based on Space En-
vironment Information System and Cute-1.7+APDII
data in orbit. Secondly, we set specific GRB trigger
patterns as indications of SAA. When TSUBAME en-
ters this area, the count rate of WBM increase slowly
than GRBs. Because the trigger system of WBM can
detect every increase of count rate depending on pa-
rameters, we set 1 trigger for SAA trigger. Finally,
we predict the timing from the satellite orbital ele-
ment and uplink the stored commands via 430MHz
band.
However the trigger system detects the variation of

count rate of WBM, it can not distinguish GRBs or
known blight sources. In order to avoid false triggers
caused by a steady bright X-ray sources appearing
from the horizon, GRB triggers must be disabled by
the stored commands at these predicted timings.
For above reasons, we must uplink over-100 com-

mands for an observation. In order to execute com-
mands at relevant timings, we developed the com-
mand generating program. Refering to DP10 which is
a graphical command check program used in Suzaku
operation, we developed the program, the dp10 of
TSUBAME, to display the types and timings of com-
mands at a time axis so as to confirm generated com-
mands by human eyes. Figure.9 is a graphical check
sheet generated by the dp10 of TSUBAME.

After observations, we downlink the observation
data via S-band. The maximum data size is about 6
MByte and it will take 80 min to downlink.

4. After Launch

In August 2014, we assembled TSUBAME and per-
formed an integration test. We operated TSUBAME
continuously during ∼ 2 weeks. We successfully oper-
ated all the sequence.
TSUBAME was launched from Russia on Nov 6

2014. After the launch, we succeeded to obtain
telemetries at Tokyo Tech ground station. We con-
firmed that TSUBAME had succeeded to expand the
solar cell panels and to point at the Sun, However,
serious trouble occurred to the ham radio equipment.
Therefore we could not start up the X-ray sensors un-
til Feb 10 2015.
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Figure 8: Stored SAA map.

Figure 9: Graphical check sheet generated by the dp10 of TSUBAME. The green line shows the elevation of
TSUBAME. The red, blue, magenta, cyan, and black lines shows the flag of SAA, shade, Sco-X1, Cygnus-X1, and Crab
respectively. The red triangles show the timings of HV on/off. The green triangles show the timings of WBM trigger
enable/disable.
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