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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 5" 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 =°
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
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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 Be'” 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].
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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-I1, 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 -
p  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 m-p
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 = ° 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 n° 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"/em’s.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.
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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, mo-
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/cm’s
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.

COMN ‘

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,
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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 TUPAP.

“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].
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Gamma Ray Next Generation
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Figure 5: Gamma-ray satellite OSO-3 [5], and next
generation satellites.

They equipped Csl and Nal 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 :
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.
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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.

w w i

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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Westerbork Radio Telescope

Balloon Observations/JP
Uhuru Satellite/ US

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
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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. Be'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
Be'®(1~1.5%10%r) spallation products of the collisions
between cosmic rays and interstellar gas. The fraction of
survived Be'’ gives us the information how long cosmic
rays were confined in our Galaxy. Thus the fraction of
Survived Be' 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.
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£ L 4 Voyager 1-2 p
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03r & P78 1
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0.0 L—— L Cead Cen ]

0.01 0.1 1 10

E,,. [GeV nucleon™]

Figure 12: Be'/Be’ , 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 Be'® 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 Be'’[26], [27].
Those results are shown in Fig. 12, which indicate the
confinement time of the cosmic rays is about 10’years
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
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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 10%-10°. 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.
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Figure 13 : Emulsion chamber configuration as a
Detector of cosmic-ray electrons in 1976 flight [29].
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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 ~8.2m’sr 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<10° years.
During this lifetime of T, 1TeV electron can travel
about lkpc 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

eConf C141020.1

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.

E*X Flux ( electrons /m*s.sr. GeV?)
10°

" Rockstroh et al. (Radio) 1978,

| Ao ® Goldon ot al, 1984
| Dp=2x10"(cm’s™ + Tang 1984
[ = ¢ ! = Golden et al. 1994

e Kobayashi et al. 1339
4 Boezio et al. 2000
@ DuVernois et al. 2001
© Torii et al. 2001
\ a Aguilar et al. 2002

; Distant component excluding
10° TSI%10'yr ang relkee

Cygnus
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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.

g

3

(Electron Flux)x E'/m’sec.sr. GeV?

-
o

10 100 1,000
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
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Figure 17: Configuration of Pamela,
Margent spectrometer for cosmic rays. In orbit 2008 [36].
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Figure.18: AMS (Alpha magnet Spectrometer)
Large size spectrometer to observe High  Energy Cosmic
Rays, installed on International station in 2011. [38]
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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].
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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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Figure 21: Calet detector layout
(Calorimetric Electron Telescope) [39]
Inside bracket shows the expected launching yr.
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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.
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Figure 23: CREST detector Layout
(Cosmic-ray Electron Synchrotron Telescope) [41]
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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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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 ¢ and 12.6 . In addition, significant bridge emission was found between the two pulses
with 6.2 o. 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 (107° 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 x 10%® 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]. 1In 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
[Aleksié 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., Aleksié et al. 2011, Aharonian et al.
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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°
[Aleksi¢ 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 Aleksié 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 [Lépez 2006]. The spin parameters of the
Crab pulsar were taken from the monthly reports of
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the Jodrell Bank Radio telescope! [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 data® 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 ScienceTools® and the
P7TREP_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.

Thttp://www.jb.man.ac.uk/ pulsar/crab.html

2http:/ /fermi.gsfc.nasa.gov/ssc/data/analysis/
documentation/Pass7TREP _usage.html

Shttp://fermi.gsfc.nasa.gov/ssc/data/analysis/scitools/
overview.html
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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 [Aleksi¢ et al. 2012a], we
define phase ranges for the two peaks as P1y (phase
—0.017 to 0.026) and P2y (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 histograms?®. The
number of excess events in P1y; between 50 GeV and
400 GeV is 930+120 (8.0 o) and in P2y is 15104120
(12.6 o).

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 Ply and P2y,
namely, between 0.026 and 0.377 (hereafter Bridgewm),
we obtain an excess of 2720 £ 440 (6.2 o) 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 Bridgeg), then the num-
ber of excess events is 880 £ 200 (4.4 o). This excess
increases to 1940 £+ 370 (5.2 o) if we extend Bridgeg
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 [Aleksié¢ 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 P2y and Ply and that between Bridgep and
Ply 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 P2y;/P1ly and
Bridgeg/P1y 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
P1ly, P2y, Bridgen, and Bridgeg 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%,
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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
P2y /Py and Bridger/P1ly 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 Aleksi¢ 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

15



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

Table I Spectral Parameters

phaSe Fla [107111\/Ie\/71(‘,11172571] Fla Eca [GeV] Fl()()b [10711TeV71(‘,11172571] F2b
Plum 8.87+£0.14 1.88 +0.01(3.74 £0.15 4.18 +0.59 3.25 £0.39
P2um 3.14 £0.07 1.97 +0.01|7.24 £ 0.64 8.48 £ 0.62 3.27 £0.23
Bridgewm 7.70 +0.11 1.74 4+ 0.01{7.19 £ 0.39 122+ 3.3 3.35 £0.79
Bridger 0.95 £ 0.04 1.44 +0.04{6.94 4+ 0.90 3.7+£1.1 3.51 £0.97
“Parameters obtained by fitting a function
F(E) = F(E/1GeV) T1exp(E/E;) to Fermi-LAT data
between 100 MeV and 300 GeV
bParameters obtained by fitting a function
F(E) = Fi00(E/100GeV) T2 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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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 5407 0° 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,
Uyaniker 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).
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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 Suzeaku 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
~ 1300km s~ 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 Uyaniker 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.

18



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

2. DATA ANALYSIS

We analyzed Fermi/LAT Pass 7 Reprocessed data
corresponding to the period between August 4" 2008
(start of science operations) and September 7" 2014.
We defined the ROI as a circle of 10° radius centered
at the position (RA, DEC) = (20"58™11%, 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-
sts, which has a maximum likelihood Lj. 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 L,,04ei- We choose the best representation of the
Cygnus Loop as the model which obtains the highest
value of the likelihood ratio LR=21og(Lo/Lmodetl)-

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 100m Effelsberg telescope. Uyaniker 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-
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tered at (RA, DEC) = (20"49™, 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) = (20"51™, 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) = (20"53™55%, 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
J2053.94-2924 is a source in the background of the
Cygnus Loop, and should not intervene in the model-
ing of the diffuse emission®.

Having included J2053.94-2924 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

IThe point-like source found in this analysis is called
3FGL J2053.94+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
Uyaniker 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 J2053.94+2924,

except for (1), where original template by Katagiri et al.
[2011] is tested.

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 = No(E/1GeV)~*~Flos(B/1GeV) " The photon
flux at energies above 58.5 MeV is shown in the last
column.

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-
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Region « B Flux
Model LR |d.o.f 10 ®*phem %!
0) Null hypothesis 0 0 Cygnus Loop|2.26 4+ 0.03|0.25 £ 0.03 13.5+0.9
1) Ring 2069 12 NE 2.24 +0.04|0.32 £ 0.04 9.0+0.9
Divided in four quadrants SW 2.27 +0.06 0 72+1.1
2) 3/4 Ring 2193| 12
SE quadrant substituted by J2053.9+2924
3) ROSAT template 2204| 6 nation with respect to the initial assumption of both
4) ROSAT template 2238| 8 components having power-law shaped spectrum. We
Divided in NE and SW observe that models where J20534-2923 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 ~ 3 o evidence that the spec-
trum of J20534-2923 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].

¢ Cygnus Loop
$ NE
$ sw

E? dN/dE (MeV cm~2s71)

E (MeV)

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 + 104z4¢) GeV, while the spectral index
below the cutoff is 1.46 £ 0.18,;,¢. The source is not
significantly detected at low energies. Using the same
spectral binning as for the Cygnus Loop, the flux is
measurable (TS, > 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 TSoontn > 10 in 13 out of 37 such intervals.
This hint of variability supports the association with
the background AGN, 2E 2051.7+2911.

eConf C141020.1

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 1 +61°303

F. Jaron, M. Massi

Max-Planck-Institute for Radio Astronomie, Auf dem Hiigel 69, D-53121 Bonn, Germany

The ~-ray binary LS I 4+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 ® = 0.0 — 0.5 and ® = 0.5 — 1.0. That is, there are two
periodic signals, one towards periastron (i.e., ® = 0.0 — 0.5) and another one towards apastron (® = 0.5 — 1.0).
The apastron peak shows the same orbital shift as the radio outburst and, in addition, reveals the same two
periods P; and P» that are present in the radio data. The ~-ray emission of the apastron peak normally just
broadens the emission of the peak around periastron. Only when it appears at & = 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 ~v-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 4+61°303 is a member of
the small class of ~-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 T +61°303 consists of a Be star
and a compact object in an eccentric orbit, e = 0.72+
0.15 [5], with orbital period P; = 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

t—ty . t—to
b = —int 1
i ( = ) 1)

where to = MJD 43366.275 [6]. Periastron occurs at
orbital phase ® = 0.23 [5].

Radio outbursts are observed at orbital phases ® =
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 Fgne = 1667 = 8d
[6]. The long-term phase O is defined analogous to
the orbital phase ® by replacing Py by Pong.

The source LS I +61°303 is highly variable and peri-
odic all over the electromagnetic spectrum from radio
to very high energy y-rays [2, 5, 6, 7]. The GeV ~-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 (©-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 4+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, ® = 0.5 — 1.0,
that is around apoastron.

We are aimed here to investigate the discontinuity
in the periodicity of the GeV ~-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 4+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 likelc.pl written by Robin Corbet. !

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_revl.fit and the template
iso_source_v05_revl.txt. We used the instrument re-
sponse function (IRF) PTREP /background.revl, 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 v-ray data vs time, however,
for a straightforward comparison with radio data, we
express in the other plots of Fig. 2 the z-axis as the
long-term phase ©. The second plot of Fig. 2 shows
the wavelet plot for the whole data set, i.e., the whole
orbital period ® = 0.0—1.0. The absence of the orbital
period around © = 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 ® = 0.0 — 0.5 (middle) and ® = 0.5 — 1.0
(bottom), it is revealed that there is always a periodic
signal at ® = 0.0—0.5 (periastron). Moreover, there is
a periodic signal at ® = 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
® =0.0-1.0 [3].

3.2. Lomb-Scargle timing analysis

Figure 3 shows Lomb-Scargle periodograms of the
~-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. 3a) the strongest feature is a peak which agrees

Thttp://fermi.gsfc.nasa.gov/ssc/data/analysis/user/
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well with the orbital period P; found by [17]. Fig-
ures 3d, e, and f, refer to only data from & = 0.5—1.0.
In this orbital phase interval the peak at Fopg is a very
strong feature, in agreement with the findings of [10].
Moreover, the zoom of Fig. 3d, i.e., Fig. 3e, shows a
second peak, P, = 26.99 4+ 0.08d. This second peak
becomes stronger and is almost as strong as the peak
at P, = 26.48 + 0.08d in the 5 day integrated data
in Fig. 3f. The periods Py, P> (see Fig. 4), and Piong
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 5a and b show Fermi LAT data from the
time (O ~ 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
® = 0.8 — 1.0. Figure 5c shows Fermi LAT data for
another ©. It is now interesting to compare these plots
with radio data. Because of the long-term periodicity
we can compare y-ray and radio data having the same
fractional part of ©. Figure 5d 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. 4d) 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 ® = 0.5 — 1.0, i.e., around apoastron. (d) Wavelet for
eConfieddh020alerval = 0.0 — 0.5, i.e., around periastron.
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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 ® = 0.0 — 1.0. (b) Zoom of Fig. 3a. (c) Same as 3b for data with a time bin of 5 d. (d) Data in the
orbital phase ® = 0.5 — 1.0. The periods P> and Piong here present are typical periodicities in radio data [15]. (e) Zoom
of Fig. 3d. (f) Same as 3e for data with a time bin of 5 d. (g) Data in the orbital phase ® = 0.0 — 0.5. (h) Zoom of
Fig. 3g. (i) Same as 3h for data with a time bin of 5 d.
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Figure 4: (a)-(c) Folded Fermi LAT ~-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., P
and P, 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 y-ray light curve (see Fig. 2b, © =~ 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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Figure 5: Left: Timing analysis of 6.7 years of GBI radio data at 2 and 8 GHz results in two periods,

Py =26.49+£0.07d, P> = 26.92 £ 0.07d. The long-term period Piong = 1667 & 8d is consistent with the period

Poeay = 1/(v1 — v2) = 1667 £ 393 d resulting from the beating between the two close periodicities P; and P> [15]. Right:
Orbital shift of the radio outburst of LS I +61°303 in the precessing jet model of [18]. At © = 0.86 the outbursts peak
at ® ~ 0.6. At © = 0.265 the outbursts peak at & ~ 0.85.
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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 (E) 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 £ > 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 Ferm: satellite
has accumulated thousands of hours of observations
of the sky. Events recorded by the LAT have very ac-
curate (< 1us) 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 (P7TREP), 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 (F), 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
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(E > 103 erg s~!) 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 — P 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 puJy, 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 Nangay 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 = c¢P/2m, 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.
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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 PTREP 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 5o threshold) but for
which Pass 8 improved the pulsation detection to over
8c. 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: Nangay [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
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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
J07424-6620, 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 E > 10%%erg/s
are detected in gamma-rays, and more than 50% for
E > 10%%erg/s, as can be seen in Fig. 3. Six of the
new gamma-ray pulsars presented here belong to the
energetic pulsar category, E > 10%%erg/s.

The pulsar timing campaign for Fermi [9] focused
on pulsars with £ > 10%* erg/s. In Figure 3 (top)
nearly 90% of the young high E 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 E pulsars, but
they are abundant, resulting in a large sample never-
theless. The choice of which low E 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 £ 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 E for MSPs compared to slower pulsars. For
the young pulsars, the fraction increases with F, pass-
ing the 50% mark around 103° erg/s. Luminosity in-
creases with F, 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
(Po > 30 ms) for which we have rotation ephemerides,
and the dashed red line shows the same for MSPs (Po <
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, VE /d? (see 2PC
equation 18 ) uses the idea that gamma-ray luminos-
ity L, scales with the open field line voltage o \/E,
loosely born out by the correlation between L. and

E 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)
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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("). Gioo is the integrated energy flux between 0.1 and 300 GeV assuming a
power-law spectrum with the corresponding index value —I'. 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 n = LW,/E. The first uncertainty in L., and 7
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 FE Distance | TS T G1oo L, Efficiency
(ms) [(ergs™)| (kpc) (107 ergem™2 57| (10% ergs™!) (%)

JO7424+6620| 2.89 |2.0x10%*|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 |1.4x10°*|1.88 £0.51 | 23* | 2.0+0.2 0.22 +0.06 0.9 +0.219:¢ 65+ 18739
J1455—3330| 7.99 |1.9x10%3| 0.53+0.07 | 0.5 - - - -
J1730—2304| 8.12 [1.5x10%*| 0.53+£0.05 | 65* | 2.640.05 1.16 £ 0.09 0.394+0.03+0.07| 26+2+5
J1224—6407|216.50|1.9%10%*|3.15 + 0.41|0.04" - - - -
J1739—3023[114.37|3.0x10%%| 2.91 +0.38 | 29* |2.33+0.005 1.61 £ 0.02 16.24+02+4 |527+0.07+1
J1828—1101| 72.05 |1.6x10%¢| 6.63+£1.05 | 73* | 2.5+0.1 2.7+04 140 + 20 + 40 9+1+3
J1831—0952| 67.27 |1.1x10%¢| 4.05+0.37 | 2.3 - - - -
J1837—0604| 96.29 |2.0x10%¢| 6.41+0.67 |439* | 2.50+0.05 76+0.5 370 + 30 + 80 19+1+4
J1856+0113(267.44|4.3x10% | 3.07+0.32 | 0.4 - - - -
J1857+0143(139.76 |4.5x10%® | 5.75+0.44 | 0.0 - - - -

that for \/E/d2 below 10, /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 E deathline
near 1033erg s~! 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
5x 107! erg cm™2 s7!. Six of the new young pulsars
are very energetic objects, with £ > 103° erg s7!, 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-
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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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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].
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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 ~v-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
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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 x 1072 ergem—2s71[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 Ferm:-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 IITA), a dwarf nova ASASSN-
13ax (Section IIIB) 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 (2 300GeV) is ~ 0.6% of Crab Nebula
flux in 50h of observations [15]. All the data used
for this paper were taken after the upgrade. The
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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 PTREP_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.

IIT. 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
2214 /2314 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 < 5.0x10~?phcm =2 s~ ! above 300 GeV. Also
in Fermi-LAT no emission was detected over a longer
interval 2013 Apr 10** to Apr 30" (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 x 10" ®phcecm 257! above 100 MeV. 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 4**, soon after the optical outburst
seen on 2013 Jul 1%%. In the absence of detectable
VHE emission, upper limits at 95% confidence level
were set as < 1.5 x 10 ?phecm 257! above 300 GeV.
Emission was not detected in the LAT over the in-
terval 2013 Jun 25 to Jul 15" (MJD 56468.5 to
56488.5). Upper limits at 95% confidence level were
set as 1.6 x 10~ ®phcecm 257! above 100 MeV. 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 16" (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 £2000km/s and a Balmer absorp-
tion component at a velocity of 600 + 50km/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 16/17*" however they were marred by bad
weather conditions. The good quality data used for
most of the analysis spanned 8 nights between 2013
Aug 25 and Sep 4. 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 16/17*". 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 Fermsi Tar-
get of Opportunity (ToO) observation [26] triggered
by the optical discovery (CBET #3628); the ToO
started on 2013 Aug 16" and lasted for six days. The
gamma-ray emission from V339 Del was first detected
by Fermi-LAT in 1-day bins on Aug 18*" [8]. The
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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-LCG* 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.

%http://www.aavso.org/lcg

emission peaked on Aug 22°¢ 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, 25" of August and 4*® 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 25" to Sep 4*") 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) x 10~ %phem =2 s~
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 £ = 5.9GeV was recorded
on Aug 30", i.e. within the time period covered by
the MAGIC observations. The Fermi-LAT analysis
for a broader time range, 2013 Aug 22" to Sep 12"
(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 4 0.03) x 10~°phcm =257, for this broader pe-
riod. The spectrum in this case can be described, with
improved significance of 3.30 with respect to the sim-
ple power law, by an exponentially cut-off power law
with an index of 1.44 4+ 0.29 and a cut-off energy of
1.6 £ 0.8 GeV.

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 GeV'!
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
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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
values?.

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 Ferms-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.
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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
(cm?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

Shttp://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 FermiLAT 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 a 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 Ferm#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 Ferm#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 «, is then used
to scale the number of event counts in the Off
phase region (Nog) to the number in the On re-
gion (Ngy).

6. The number of excess pulsed events is then de-
fined as Ney=Non—aNyg and the flux is Ng, 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
pulsars? and the stacking performed in this work uses

4nttps://confluence.slac.stanford.edu/display/
GLAMCOG/Public+List+of+LAT-Detected+Gamma-Ray+Pulsars
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115 pulsars listed in the Second Fermi-LAT Catalog
of Gamma-rray Pulsars [Abdo et al. 2013], which shall
be referred to as 2PC throughout®. The 115 pulsar
sample is composed of 39 millisecond pulsars and 76
“young” non-recycled pulsars with an average data set
spanning 4.2 yr®. The six AP analysis steps listed in
Section 2.1 were followed for each pulsar and using the
resulting values of Ny, Nog and 7, it is quite simple
to determine the total excess,

N
Exiy = Y (NI7 — o NI (1)
j=1

the total exposure,
N
tot = ZTN (2)
j=1

and thus, the average flux,

EXEOt 3)

tot

Fluxfw =

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 20, 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 investigated”. 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

A(lci\/)re—ufunb @

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 (I') 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-

dF
E?— =
dE

"The 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.
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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] [x107'% [Crab pulsar| [x107'2 [Crab pulsar| [x107'? [Crab pulsar
cm %57 units| cm %57 units] cm %57 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.

N N T
10| E— —

10 g - P E
CE 7

5 L . ]

€ n R |

L W0TE ooy E

‘» = o =~0" s W 3

o 7—@?’ 0 SN L.

o E N \

o, F SR i
LL LU 10712 1 LN ? —
oo E| —— Average Young Pulsar . \ 3

w = “ \ |

[C| —&— Average Millisecond Pulsar N N 7
- 2dF P EE) VO —

--- E daE" A(E/GeV) e [b fixed to 1] [
13| | “EE_)" . 5 . —
W07 EZS—E:A(E/GeV)re b floating] VL 3
g Vo i
| —— Crab Pulsar [Aliu et al, 2011] YN 1
T i Ve

3 4

10 10
Energy [MeV]

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 I value is 0.5440.05 for the
millisecond pulsars and 0.4140.01 for the young pulsars
while the best fit Ecu values are 3.60+0.21 GeV and
3.5440.04 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 0.740.15 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
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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 ~2.40 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 1.

Beyond this work, improvements can be made using
the forthcoming Ferm#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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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 d®/dE = fo(E/1TeV)~"
with f, = (2.0 & 0.4stat £ 0.6sys)10"3em =25 1TeV~1 and T = 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 kpe [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 (E = 2.7x10%7erg s~!). The PWN
has a size of 9'x6’ in radio, infrared (IR), and X-rays
[6, 7, 8, 9] Its luminosity is L 0.5 — 10 keV = 2.4 x 1034
erg s~! 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 ~y rays.

The pulsar J0205+6449 has a period P=65.68 ms,
a spin-down rate P = 1.93 x 10~ '3s s~!, and a char-
acteristic age of 5.38 kyr [2]. It was discovered by the
Fermi#LAT in pulsed ~ rays. The measured energy
flux is Fy>0.1cev=(5.4£0.2)x107 ! erg cm=2s~! with
a luminosity of L,>0.1Gev=(2.440.1)x103* erg s71,
assuming a distance for the pulsar of 1.95 kpc [11].

eConf C141020.1

The spectrum is well described by a power-law with an
exponential cutoff at Ecutog=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 v-ray pulsed peaks (off-peak phase interval
$=0.64-0.99), the Fermi Collaboration reported the
detection of emission from 3C 58 [12]. The reported
energy flux is (1.7540.68) x 10~ terg cm~2s~! and the
differential energy spectrum between 100 MeV and
316 GeV is well described by a power-law with pho-
ton index v = 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 ~-ray source by the
Fermi Collaboration [13].

The PWN 3C 58 was previously observed in the
VHE ~y-ray range by several IACTs. The Whip-
ple telescope reported an integral flux upper limit
of 1.31x107" em™2s7! ~ 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 7.7x107*2 cm~2s7! (~4 %
C.U.)[16]. The improved sensitivity of the MAGIC
telescopes with respect to previous observations and
the FermiLAT results motivated us to perform deep
VHE observations of the source.
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Figure 1: Distribution of squared angular distance, 82, 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 5.7¢0, which establishes 3C 58 as
a y-ray source. The 62 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 #2 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) sta¢ (1) sys-
This position is statistically deviant by 2¢ from the
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position of the pulsar, but is compatible with it at 1o
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 ~v-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 Ferm#LAT second
pulsar-catalog [2PC, 12] and the Fermi high-energy
LAT catalog [IFHL, 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 ~-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
d¢/dE=fo(E/1 TeV)™" with fo = (2.0 £ 0.4gat +
0.65y5)1071B3em 2571 TeV ™ T = 2.4 4 0.2t & 0.24y5
and x2=0.04/2. The systematic errors were estimated
from the MAGIC performance paper [21] including
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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 Fgs1 1ev = 1.4 x 107 Bem =271
Taking into account a distance of 2 kpc, the lumi-
nosity of the source above 1 TeV is Ly g>1Tev =
(3.0 £ 1.1)x103%d3 erg s~ !, where do is the distance

normalized to 2 kpc.

3. Discussion

Several models have been proposed that predict the
VHE ~-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 v
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-
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locity of 1000 km s~!. According to this model,
the predicted integral flux above 400 GeV is ~10713
cm~2s7!, while the integral flux above 420 GeV mea-
sured here is 5x1073em 2571, Calculations by [26],
using the same model with an initial expansion veloc-
ity of 2000 km s~! 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 ~14uG 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 uG,
while for an age of 1 kyr, the magnetic field obtained
is B=40 uG. 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 Ferms 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 /cm?. 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
1G. 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 SNRit-
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.
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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 y-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 ~ 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 Lypg/E ~ 1072 is the
lowest measured, similar to Crab, which makes into a
very inefficient v-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 -
ray data derived magnetic fields which are very far
from equipartition.
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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 0535426, 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-
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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 MAXT 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 25 1417—624 from
targets listed in the MAXT/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 25 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 —Pepin (s yr—') is given by

— Papin = 5.0 x 1075120 "n(wq) Sy (M) P2, LT (1)

spin

S1(M) = Rg"(M/Mo) /" I5!

where pzg, Rnse, Mnse, las, Ppin, L37r are the mag-
netic dipole moment of the neutron star in units of
103° G cm?, radius in 10 cm, mass in My, moment
of inertia in 10*® g cm?, spin perid in s, luminosity in
1037 erg s™1, n(ws) is a dimensionless torque that de-
pends on the fastness parameter wy and approximately
constant at ~ 1.4 in slow rotating pulsars satisfying
(Popin L) > 1.

The equation 1 implies that the spin-up rate Pspin
follows the luminosity L as —Pbpm RS LS/7, The
power-law index v in a model of —Fip, o< L7 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
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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

~ Pain = oLy (2)

in which the power-law index v = 6/ 7 and a corre-
lation factor, o = 1.7 x 10727 P2 P2, sd™! (= a)
reduced from the equation 1 and typical neutron-star
parameters of Rg = 1, M = 14Mg, 145 = 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, 3, added
to Pspin as an offset.

By combining the spin-up and spin-down models
above, the intrinsic pulsar-spin period Pipin(t) is ex-
pressed by

t
Pspin(t) = P0+/ Pspin(T)dT
To

— P0+/ {—aLl,(r)+B}dr (3)

where we set the time basis 7y at the first periastron
passage in the period under analysis and define the
pulsation period at the time 79 as Py = Pipin(70) -
The model equation 3 includes four free parameters,
Py, «, B, v and requires the luminosity data Ls7(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 Py, eccentricity e, pro-
jected semi-major axis ax sin ¢, epoch 7y and argument
wo of the periastron. The pulsar orbital velocity v (t)
along the line of sight is

27mx sin?
PB vV 1— 82

where v(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, Pops(t), is then expressed by

”1—“)) . (5)

c

v (t) = {cos (v(t) + wo) + ecoswo} (4)
Pops (t) ~ Pspin(t) (1 —+

3.2. Period-change model fit

We applied the spin-period-change model, Pipin(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 («, ) used in the

period change model.

Target name Pouise Porbit axsini e B D a/ag 153 Ref.
(s) (d) (lt-s) (102 G) (kpe) (107%ss7!)

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

A 0535426 103 111.10 267 047 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 x 10'? G.

for A 0535+26, KS 19474300, 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, Pops(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 Pyps(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 v ~ 1 in all of the five targets. We thus
fix the parameter v at 6/7, predicted by GL79 [1], in
order to concentrate on the correlation factor «, here-
after. In figure 1 bottom panels, the obtained best-fit
models with v = 6/7 are superposed on the period
data. The best-fit parameters are shown in table I,
where the values of a are given by the ratio to that
(= ap) 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 Pspin = aL%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 a from the luminosity L5/ to the spin-up rate
P largely agree with o predicted by GL79 [1]. The
dispersion of the ratio, a/ag ~ 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 «/ap seems to have some
tendency against the pulse period, the orbital period,
and the eccentricity, which are suggested to have a re-
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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 19474300, 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 Ls7(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 0535426,
KS 19474300, and 2S 1417—624.
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Since August 2009, MAXTI 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.

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

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

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).

IIT. NEW DETECTION OF TWO BLAZARS
A. 2FGL J1931.14+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
J19304-093 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 J1931.14+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

57



5th Fermi Symposium : Nagoya, Japan :

20-2 Oct, 2014

ph/s/cm? Mrk 421 ph/sfem? . Mrk 501
oab [2010/2/16 (#2444)] [201'3,4,1143(#4973)| [2013/8/14 (#5320)| ] [ | 2011A1A (#3752) ‘
o 2011/8/22 (#3637) L
§ 02fF ' ] 0_05;
Mol fw | W |
Mo ] ol
- 0.2 I I I ]
& i [
% 0.1} | b 0-05:-
By o;m i W
55500 56000 56500 55500 56000 56500
MJD MJD
ph/sicm? 3C 273

0.03 |
0.02 —|

:WWTWW Mﬁ’*'ﬂw f“fl *f"*r*“‘“ﬂf“ﬂ‘*‘-
002 | | ’ |
“ Wy ki *"”M ”’h""*"*“ it

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.1.). 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+8 g kpc
[9]. The galactic BH binaries have two spectral states,

a low/hard state that is dominated by a power-law
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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

MAXT 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
MJID) to 9 November 2014 (56970 MJD), in three en-
ergy bands (24 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)/1(4-10 keV), are also plotted. The
state of Cyg X1 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
J1931.140938 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 55378 MJD 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 £+ 30 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
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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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high/soft state, respectively.
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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 d, only ~ 10* times the light cylinder radius
of the pulsar R;. = Psc¢/2m (where P; is the spin pe-
riod, and ¢ the speed of light), as compared to the
more typical d, ~ 10® — 10°R;. 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 o, the ratio of mag-
netic energy to kinetic energy, goes from a presumably
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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 J10234-0038 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 o 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 I' = 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 10*°gm cm?, 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 L, ~ 1032ergs™' divided into
relatively high luminosity (Lx 2 1032ergs s~!) and
relatively low (Lx < 10%2ergs s71). 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, €., 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 Q.
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 E€2.
where €. 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] Ly, = 1021-28 ;025

Table I Redbacks

Pulsar logk®* d® T log LS Q4 refs
J1023+0038 34.7 1.3 1.007005 32.0 1.3% (1)
J1227-4859 35.0 1.4 1167057 31.9 1.6% (2)
J1628—3205 342 1.2 1.279% 313 1.1%
J1723-2837 34.7  0.75 1.127592 32.1  2.0% (3)
J181644510 34.7 4.5 — 31.0  0.28% (4) (5)
J2129-0429 34.6 0.9 1.04751) 313  1.2%
J2215+45135 34.7 3.0 1.275% 319 14% (6)
J2339-0533 34.4 0.4 1.09701% 306 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]

Q. ~ 1.3% for redbacks and Q. ~ 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 FS, 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 log Ly, =
(0.25+0.16) log E+(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 €. 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 I"' ~ 1, harder than
the typical spectra of pulsar wind nebulae around iso-
lated young pulsars which have I' ~ 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 M, >
0.16 Mg (assuming M, s = 1.4Mg) (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 £ = 1.8 x 103 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) x 102 cm ™2 and power-law index
I' = 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
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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 x 10>'em™2, kT = 0.20 keV and T' = 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 k7" = 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) x 10*'cm =2
and I' = (0.5 — 2.0). The 0.3-8 keV model flux is
F, =8.8x10 "ergcm~2s~! with an unabsorbed flux
of F, = 1.2 x 10" Bergem=2 571, 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 M. > 0.37Mgcompanion 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 x 10° G),
and so still has a high spin down energy E ~ 3.9 x 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 M, > 1.7Mgand a companion mass
M, ~ 0.5Mg[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 v-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
F, = 2.25 + 0.05ergcm 257!, There is very little
absorption (nH = 1.8(0 — 4.6) x 10?°cm~2) and the
thermal component (k7" = 0.21(0.16—0.26) keV) has a
0.3-8 keV flux Fi, ~ 1.2x 10" ergcm 2571, or about
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Figure 4: Unfolded XM M — 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 (I' = 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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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 v-ray emissions from pulsars with age < 10° yr. Using
~-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 (~ 10° — 10°
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 Ly, is typ-
ically ~ 1072 —107° times smaller than the spin-down
luminosity [e.g., 8]. Non-thermal emission is detected
at Vobs 2 1 keV. At soft X-ray band (S 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 € = Lyen/Lin ~ 1071 — 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
Ry = Pc¢/27 increases, where c¢ is the speed of light.
For the pulsars with age 2 10° 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 2 10° 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
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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 2 10° yr (Figure 4 in [10]). Middle-aged pulsars
locate the allowed region on P — P 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 y-ray emission from more
than 100 pulsars including middle-aged ones [1]. The
cutoff energies of detected pulsars are typically ~ 1
GeV. Observed ~v-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, y-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 v-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—5Rng for GeV y-ray
photons, where Rng is the radius of the neutron star.
Since no attenuation feature due to the magnetic pair-
production is detected in the observed ~v-ray spectra
[1] in y-ray pulsars, the particle acceleration occurs at
the relatively outer magnetosphere (2 10Rys) 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 rp,i, including the sec-
ond and higher generation particles. The production
and emission locations of second and higher genera-
tion particles rgoc 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 ~y-ray emission
FEu imposes a constraint on the Lorentz factor of the
primary particles v,. The observed ~y-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

h 3
Ecur o OQQEL
4m Rcur(rpri)

: (1)
where h is Planck constant. From the assumption of
the dipole magnetic field, we use the approximation
Rewe(rpri) ~ (rpriR1C)1/2 as a curvature radius of a
field line. Hereafter, we use Q, = @/10% in cgs units,
except for a frequency hivgey = hr/1keV and an en-
ergy Ecut,gev = Eour/1 GeV.

Note that observed «-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
Vobs,keV 2 1 keV and the luminosity ratio & ~ 0.1 —10
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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. IT A) and the luminosity of
synchrotron radiation (Sec. IIB).

A. Characteristic frequency

To emit the synchrotron radiation, particle momen-
tum perpendicular to the magnetic field has to satisfy
the condition ysina ~ ya > 1, where 7 is the particle
Lorentz factor and o < 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,

eB(Tsec)

2mmeca’

Vobs Z

(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) ~
Bg(rsec/Rns) ™3, where By is the magnetic field at the
surface. Then, the condition (2) gives the lower limit
for the emission location [e.g., 13, 16],

—1/3 —-1/3 Bl/3 (3)

Tet,6 ~ 2.90¢ Vobs,keVPs,12¢

B. Non-thermal luminosity

Observed luminosity of the non-thermal component
Lyth imposes the limit on the emission location. The
luminosity of the synchrotron radiation is described
as Pyyn N, where Py, is the power of the synchrotron
radiation emitted by a single electron and Ny 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 Ny ~ N, 7N,
where NV, is the effective number of curvature photons
emitted by a single primary electron, 7 is the optical
depth for the pair production and Ny, 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 s pair(Tpri)/Vs,1t (Tsec)s
where s pair is the Lorentz factor of the particle pro-
duced by a curvature photon and ) 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 (Tsec)Nv (rpri 5 Tsec)TNp (Tsec)
Ys,pair (Tpri)
X————""2> Luth. 4

Vs, 1t (Tscc) th ( )

We evaluate the number of the secondary particles
Ny ~ NyTN,. The effective number of the curvature
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N'y (Tpriv Tscc) ~ N (Tprl) ad (Tscc)

Pur T r1
~ %tad(rsec)a (5)

where Peur(7pri) is the power of curvature radiation by
a single electron,

2
2e‘c 4

Pcur ri) = S5 /. N Ip*
Vo) = SR ) 7

(6)

The Lorentz factor of the primary particle 7, is ob-
tained by the observed energy E.,. (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,

Ts
tad (rsec) ~ bCeC . (7)
For the optical depth of magnetic pair production, we
use

T~1 (8)

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

Ecwr B1 (rsec) 1

2L Wsec) o 2 9
2mec? By o 15’ )

where By = m2c3/eh ~ 4.4 x 108G and B (rsec) ~
B (rsec)a In our model, we consider the ingoing pri-
mary particles as the origin of pair cascade process.
The kinetic energy flux of them Npypmec? is con-
strained by the observed thermal luminosity Ly,

Ly

YpMec?

N, =

(10)

The number of the primary particles is described by
Ny ~ Npteool, (11)

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

Yo,syn (Tsec )Mo c?
Psyn (Tscc) ’

teool (rsec) ~ (12)

where the Lorentz factor of the secondary particles
Ys,syn i determined by the observed frequency,

eB(Tsec )t

MeC

3
Vobs = 0.29573)%(7«5%) (13)
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The Lorentz factor s pair(Tpri) of secondary particles
is

EC'LII‘
2mec?’

'-Ys,pair(rpri) = (14)
From equation (9), we take the threshold th eLorentz
factor as

1 B,

1_5BL(TSCC). (15)

Vs, 1t (Tscc) -

The relation between two point rp,,; and 7scc is geo-
metrically given by (Appendix in [10])

Tpri,6 ~ 27rs2‘3/036Ri;/>in lcP01/37 (16)
where Ropenlc = Ropen/Ric and Ropen(> Ric) 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,

LBsyno ~ 2.5 % 1073a8/5¢Z Y030 |
—1/5 6/5 —4/5 »3/5
><]%ope/n lc cét GeVP / Bs,/12' (17)

IIT. RESULTS AND DISCUSSION

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

Tet < Tsec < TLBsyn- (18)

Using the condition r¢; < rppsyn, we obtain the death

lines for the synchrotron radiation on the P—P plane
as

P > 0.66a71¢% 17 eV

XRE]/)in lcEcu?r GCVPO S S_17 (19)
where we use Bg 12 ~ 6.4P01/2Pi/11.

We show the results (equation 19) in figure 1. Large
symbols (squares and crosses) show the y-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 & = 0.1 and pitch angle o = 1, the character-
istic energy of the curvature radiation E., 2 5 GeV
is required to explain the observed non-thermal X-ray
emission in our model. However, observed character-
istic energy for most v-ray pulsars typically Eeyr S5
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 — P
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 oo = 1,
& = 0.1, Ropen = Ric and hvohs = 1 keV. Thin solid line
denote the characteristic age 10° 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, y-ray photons have to be
produced near the surface as the same as polar cap
model [5]. However, the observed ~-ray pulse profile
and spectral cutoff shape favor that «-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 ~-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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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 >50 GeV.

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 ~1 GeV 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
> 50 GeV sky!. In the effort to fill the gap, the LAT-
collaboration released a catalog of sources detected,
in 3years, at > 10 GeV (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 £ > 50 GeV with an increase in the accep-
tance of 2 25 % and an improvement in the PSF by a
factor between 20 % at 50 GeV and 50 % at 500 GeV.
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-100 GeV band.
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Taking advantage of the improvements delivered by
Pass 8, we are preparing an all-sky catalog of sources
detected at £ > 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 6years of exposure, FermiLAT has de-
tected approximately 55000 photons (belonging to the
P8 source class) all-sky at >50 GeV. 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 Ferm+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 maximume-likelihood unbinned algorithm.
The fit is typically repeated twice and in between the
two fits the source position is optimized using stan-
dard Fermi tools?.

2In this case gtfindsrc was used, see
http://fermi.gsfc.nasa.gov/ssc/data/analysis/software.

72



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

Figure 1: Adaptively smoothed count map, in Galactic coordinates, at >50 GeV.

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 50 GeV 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 1IFHL 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 50 GeV 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,

Shttp:/ /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 50 GeV —
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 50 GeV (e.g. the 2FHL) FermiLAT 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, 1IFHL and
2FHL catalogs allow us to characterize the emission at
the peak of such sources rather well. While Mkn 421
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2FHL J1104.4+3812 (Mkn 421, z = 0.031)
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Figure 3: Preliminary spectrum of Mkn 421 in 2FHL
together with data from 1FHL and 3FGL. The three
catalogs rely on different exposure times.

50 -
A5F 134 BL Lacs =

F 3FGL (4 years, 0.1 - 300 GeV)
40 — 1FHL (3 years, 10-500 GeV) J
35 2FHL (6 years, 50 GeV - 2 TeV)o

1HlhlHlHthHhththl

3
Photon Index

Figure 4: Distribution of the power-law photon indices
for 134 BL Lacs detected in the 3FGL, 1FHL and 2FHL
catalogs. Note the softening of the photon index when
moving from lower energies (3FGL) to higher energies
(1IFHL 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 y-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.
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3. Conclusions and Outlook

The 2FHL catalog of Ferm#LAT sources detected
at >50 GeV 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 vy-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 y-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 Ferm#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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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 vy-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 1C4, 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
~ 1078 GeV/cm?/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

eConf C141020.1

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 v-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 F, = F,. 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 y-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 8.4GHz. 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 3o-noise-level. The
gray ellipse in the lower left corner shows the beam with
(4.1 x 1)mas at 22°. This blazar shows a bright radio
core with a brightness temperature of g = 5.43 x 10'°K
(for Score ~ 0.39Jy) 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 «y-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
8.4GHz. An 8.4 GHz VLBI image of PKS1104—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 IC4 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 v-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 y? 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
Ny value [13], abundances from [26], and cross sec-
tions from [24]. We have used the ~-ray spectra from
the 2FGL catalog [20].

III. RESULTS

Electromagnetic cascades in pion photoproduction
emit at X-ray and -ray energies, and we approximate
the non-thermal photon flux F), 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 y-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 At = 998
days, and an effective area of A = 10° cm? 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 -
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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 F,[107]  events
2FGL [erg/s/cm?]
J1103.9-5356 PKS1101-536  7.6717 0.22 4+ 0.05
J1107.2—4448 PKS1104—445  14.0Y7%  0.4070%%

J1117.2—4844 PMN J1117—4838 89
J1118.1-4629 PKS1116—46 11.340.6

0.23701%
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 FiogMev—820Gev =
1.71 x 1077 ph/s/cm?, which corresponds to 3.54 x
10=%ph/s/cm? /st for a 7.1° error field. The extra-
galactic background is Fiogmev—s20Gev = 7.2 £ 0.6 X
107 ph/cm?/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 1C4 is 1.1840.18 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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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
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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 7°+Bremss contributions to the P6V11 background model. Right panel: Spectra
predicted by a typical Galactic diffuse model for ICS, 7° and bremsstrahlung emission. Fluxes in the 40° x 40° ROI,

o] > 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 background model,
provided by the Fermi-LAT Collaboration for the sole
purpose of point source analysis.! 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, 7° and
bremsstrahlung (that we consider as a unique com-
ponent “7’+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 7%4+Bremss components
to P6V11 mock-data. From Figure 1, left panel, the

Thttp://fermi.gsfc.nasa.gov/ssc/data/p6vil/access
/lat/ring for FSSC_final4.pdf
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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, #° and
bremsstrahlung possess intrinsically different mor-
phologies because of the different targets that orig-
inate these components: the gas for the 7° 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 7% 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
coeflicient, 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:

e geometry of the diffusion zone: 4 < zp < 10 kpc
and rp = 20 or 30 kpc;

e source distributions: SNR, pulsars, OB stars;

e diffusion coefficient at 4 GV: Dy = 2 — 60 x 1028

cm? s_l;

e Alfvén speed: vpo = 0 — 100 kms~!;

e gradient of convection velocity: dv/dz = 0 — 500
kms~'kpc™!;

eConf C141020.1

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

e magnetic field parameters: 5 < r. < 10 kpc, 1 <
ze < 2 kpe, and 5.8 < B(r =0,z = 0) < 117
1G.

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 Galazy, is defined as

[4] <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 ng,e = 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:

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

flux normalisations.

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

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

e Galactic diffuse emission ICS and my+Bremss
independent templates as modelled from Sec. 3.

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

(r/rs)™”
p(r) = ps (A +r/ry)3 7" (2)
squared, and with (best-fit) spectral index v =
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 v = 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
ROL

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. [2014D)
(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 7777) provide a quite

reasonable fit to the data. This is due to the correlation of the systematic errors (see text).

Spectrum Parameters x?/dof p-value
broken PL a1 = 1427022 as = 2637005 Foreak = 2.067032 GeV  1.06  0.39
DM xx — bb (ov) = 1767023 x 10726 em®s™ !, my = 49757 GeV  1.08  0.36
DM xx — éc (ov) = 1.25T53, x 10726 em®s™!, m, = 38.2%35 GeV ~ 1.07  0.37
PL with exp. cutoff Fewt = 2.53:1)1;7 GeV, a = 0.945f8126 1.37 0.12
DM xx — 777" (ov) = 0337705058 x 1072¢ em®s™!, m, = 9.967 05, GeV  1.52  0.06

Table I Spectral fits to the GeV excess spectrum, with £1¢ errors. We show best-ft parameters, reduced x2, 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 x? 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, ~ 1073%,

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

eConf C141020.1

Higher Latitudes”.? 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 x? function with a non-
diagonal covariance matrix, which models the corre-
lated empirical model systematics. The x? function
used writes as:

9 dN dN _1 [ dN dN

-3 (im0 i) = (50 )

(3)
with E;jl 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. [2014Db).

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
7-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 Galary 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 2 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 bb final states. This implies a large, pre-
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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 (¥, 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 yy
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
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Figure 1: The VERITAS 2D significance map of the
Galactic Center Ridge, smoothed with the 0.12° 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.

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 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.

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
<0.1°.

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 30° 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. SgrA*

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
>250). The resulting 2 dimensional significance
map, as well as the derived energy spectrum are
shown in Figure 2.
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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 Nox (E/10
TeV-T)yas well as a power law with an exponential
cutoff of the form No x e“FEq o x(E/10 TeV)T We
find that the exponential cutoff power law model
provides a better fit (reduced x2 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. GO0.9+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 >7c¢ 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 I'= 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
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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].

emission from the Galactic Plane. These residual
maps revealed a complicated network of diffuse
gamma-ray emission within the central 3% 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

Galactic latitude
-0.200 0.000 0200 0.400

0400

0.400

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 ~0.8° 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

(o) 2oueoyIUIIS

-4

0.000 359.600 359.200

Galactic lengituds

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.
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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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The Fermi-LAT model of interstellar emission for standard point source analysis
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We describe the development of the model for interstellar «-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 y-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 1 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 (PTREP) [1]. The
high-energy interstellar «-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 y-ray intensity
at any energy can be modeled as a linear combination
of maps or templates of hydrogen column-density (/)
and a predicted inverse Compton (IC,) intensity map
(I1c,) calculated by GALPROP [26]. The intensity of
each template in each energy bin is determined from
a fit to the PTREP 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 v 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 (Ij;mp), for point and extended
~-ray sources (Ie;:), and for the emission from the Sun
and the Moon (Isun_moon ). Finally we add an uniform
intensity template (I;5,) to account for unresolved -
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 (Npreq) detected
by Fermi-LAT as:

*Electronic address: casandjianQcea.fr
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Nprea(E) = Z @(E)Ig, + Nic(B)Iic, (E)

i=H templates

+Niso(E)Tiso + NLoopI(E)fLoopI + Z
i=patch

+Niirm (E) Lim + >
i=point src
>

Nezti (E')fezt1 + Tsun,moon(E)
i=extend src

(1)

Npatchi (E)Ipatchi

Npt, (B)5(3)

where E is the energy. We use the notation I 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 Iy is multiplied by its
associated hydrogen v-ray emissivity g. The factors
Nre, Nimp, and N;,, represent the renormalization
factors associated to Irc,, Iiimb, and Liso. Isun_moon
is kept fixed in the analysis. Equation 1 also incor-
porates coefficients associated to extended sources
(Negt) and to point sources (IN,;) represented by
the Dirac ¢ function. Ipeepr and Npeepr account
for local IC emission from Loop 1. For unmodeled
excesses, we also introduced in Equation 1 patches of
uniform intensity (Ipqicn) with normalization factors
Npaten.  The procedure behind the construction of
our interstellar emission model was to find templates
for the gas column density and IC,, fit Equation
1 to Fermi#-LAT counts maps with ¢, N;o, Niso,
Nrooprs Npatch, Niimp, Npt and Nege left free to vary
in each energy bin and to extrapolate the coefficients
related to the hydrogen templates and IC), 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 (Hy), and in an ionized
state. Helium and heavier-elements are assumed to be
uniformly mixed with the hydrogen.

H 1 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 1 [2] is used to determine the all-sky
distribution of NH 1. We derived NH 1 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° < [ < 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 1 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
Hs 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(Hy)/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 1.

Unfortunately CO is not a perfect tracer of Hy. More-
over NH 1 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 1 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 Tg of 140 K is too low, and thus
NH 1is overestimated. In this paper we call this map
the “NH 1 correction map”. The positive residuals
reveal gas in addition to that traced by NH 1 and
W(CO). Here we associated this excess map to the
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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 ~-ray source in the sky [8]. The Fermsi
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 v-ray
emission from the Sun and the Moon. Their intensities
were not allowed to vary during the y-ray template fit
procedure.

While the different gas column-density maps offer
templates for photons originating mainly from =°-
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 Y 4673071502, a representative diffusive reac-
celeration model described in [10].

Excesses originating for example from Loop T [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 y-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 1 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 1 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 ~v-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 ~-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 1 correction maps and DNM template ob-
tained from the negative and positive dust residual.
For the annuli with Galactocentric radii larger than
10 kpe (H 1 and CO outer Galaxy annuli) we applied
only a longitude cut corresponding to 90° < I < 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 y-ray point and extended sources are numer-
ous, a DNM template is lacking, and the IC, 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° < I < 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 ~-ray emissivities in the inner H 1 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 14+2X-oW(CO). We deduced
the X¢co conversion factor as half the ratio between
the emissivity associated to the H 1 template and the
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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 ~-ray emissivity
per hydrogen atom j—g = ¢/AE, where AFE 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
Xc0=0.5x10%" cm? (K km s7!)~!. To derive an
interstellar diffuse emission model at energies up to
600 GeV we fitted the emissivities with a ~v-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 y-ray production cross-section based
on [15]. We adopted a spectral model for CR protons
of the form: A" R~ where 3 = v/c, R is the rigid-
ity of the proton and (A, Py, P») are free parameters
[16] and folded this proton functional with the v-ray
production cross-section. Fermi-LAT detects v 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
v 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 P; 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 P,. In Figure 1 the emissivity resulting
from this fit is represented by a dotted line.

To check the validity of the ~-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 P, 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 v-ray emissivity per hydrogen atom
in H 1 and Hy 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 1 correction (1) maps.
We did not display in the graph points with emissivities
lower than 1072’ MeV?2s 'sr~'MeV ™! 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 P> versus the dis-
tance from the Galaxy center. The spectral indexes are
extracted from the fit of the -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 *Y#6%307150°2 [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 °Y #6307 1502
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 X¢co 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 X as for
the local annuli). [19] suggested a lower X¢o to ex-
plain the anomalously low v-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 Y %6%30715092. We note a
reasonable agreement with the ones derived from ~-
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 1 correction tem-
plates obtained from the positive and negative dust
residual. In the case of the NH 1 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 (1) show the emissivities associated with
the DNM and the NH 1 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 x 102! cm™2 mag™!'.

From the fit of Equation 1 we obtained a normal-
ization factor Nj¢ 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 ~-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 Ijc, for energies above 50 GeV.

IV. MODELING THE LARGE SCALE
STRUCTURE AND THE EXTRA EMISSION

To include in our interstellar emission model the v
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 1 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 ~-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 ba 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 ~-ray emission is enhanced. We observe
hints that this enhancement is perpendicular to the
Galactic plane and originates from the ~-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 Fermsi bub-
bles. Figure 6 shows that the Fermi bubbles have a
similar shape within 20° from the Galactic center in
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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 IC, 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 emission RES¢ 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 « 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 ~-
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 ~ 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 ~y-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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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 IC,. 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 RES;c 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 x (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
RES|c 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 RES|¢ is included in the model.
The residual map is flat apart from some emission to-
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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 107° counts s™! 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 y-ray
emissivities (d—dq%), the renormalized Irc,, and from
the large-scale and extra emission RESic (Equation

2).

dqfit,
eLy= 3 = ()L, (1,D)
i=HI Hy,DNM 2)

+Nic(E)lic,(E,1,b) + RESic(E,1,b)

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 ~-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
glliem_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™' s~! cm™2

MeV~!. 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 IRF's
(PTREP_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 PTREP_SOURCE_V15, PTREP_CLEAN_V15,
and PTREP_ULTRACLEAN_V15.
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The production of high-energy astrophysical neutrinos is tightly linked to the emission of hadronic y-rays. I will
discuss the recent observation of TeV to PeV neutrinos by the IceCube Cherenkov telescope in the context of
~-ray astronomy. The corresponding energy range of hadronic -rays is not directly accessible by extragalactic -
ray astronomy due to interactions with cosmic radiation backgrounds. Nevertheless, the isotropic sub-TeV ~-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 ~-rays would provide a smoking-gun signal for Galactic emission. In general, the cross-
correlation of neutrino emission with (extended) Galactic and extragalactic y-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 ~-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, y-rays at energies
beyond a few TeV scatter strongly in cosmic radi-
ation backgrounds and initiate electromagnetic cas-
cades shifting the y-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) cutoft [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-
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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 5.70 [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

E2JIC ~ (0.95 4 0.3) x 1075GeVs lem?sr ™", (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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31
absorption
>60%

Galactic

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 (E, = 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 v-ray emis-
sion [45] and constraints from the non-observation
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from diffuse galactic PeV ~-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
~-rays. Observation of v-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
Q. (E) «x E~7 and red-shift dependent density H(z).
The individual point-source spectrum J (in units of
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GeV™'s~lem~2) at red-shift z is then given as

1+2)2Q,((1+2)E)
4rd? () ’

J(2, B) = ¢ (2)

for a luminosity distance dr(2) = (1 + z) [d2'/H(2)
defined by the red-shift Hubble expansion rate H(z).
In the following we assume a flat universe dominated
by vacuum energy with 24 ~ 0.7 and cold dark matter
with Q, ~ 0.3 [51]. The Hubble parameter at earlier
times is then given by its value today of Hy =~ 70
km s7! Mpc~! and the relation H?(z) = HZ (Qa +
Qm(1 + 2)3). On the other hand, the average diffuse
flux of neutrinos originating in multiple cosmic sources
is simply given by

JalB) = 1 [T EHDLED, @

where V(z) = (47/3)d2(z) is the co-moving volume
with co-moving distance d.(z) = dp(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
Ho = H(0) and an evolution factor

T 1+ H()
0 /O F (1+2)3Q, H(O)

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 = dy10 Mpc
the mean neutrino flux is given as

g2 o (0:9£03) x 1071 Tev
YT 0o, —5d?

()

cm?s’

where Ho = Ho,,510751\/[p073 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~'em~2) from an in-
dividual transient can be expressed as

03£01 GeV

E’F, ~ : ; (6)
€. 04Ho,—ed? cm?

where Ho = 7-'107,61076Mp(:73yr*1 is the local flar-
ing/burst density rate.

In Egs. (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 Ho or density rate Hg, respec-
tively. The different shaded bands indicate the 10%
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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, £, ~ 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 Ho < 1077 Mpe ™2 like flat-spectrum radio
quasars or very rare 7:[0 <1078 Mpcf?’ yr~! transient
source classes like gamma-ray bursts.

Significant progress can be made by cross-
correlating neutrino events with source catalogues [55,
56]. In particular, Fermiobservations of extra-galactic
~-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 (V) emission rates @ (in units
of GeV~'s™!) are related via

5 Y BQu(B) = 1 BBy ()

where f < 11is the pion production efficiency, K, the
ratio of charged to neutral pions and E, ~ 0.05Fy.
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 E2Q,(E,) ~ (1 —2) x
10* erg Mpc ?yr~! [61]. Hence, using Eq. (3) the
diffuse neutrino flux can be estimated as

7TK‘IT — — —
E2J,(E,) ~ %(2 —4)x 1078 GeVem2s Lsr,
(8)

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

Neutrino fluxes close to this limit would require
very efficient CR production with optical thickness
Tpy/pp > 1, such that fr ~ 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 10°! erg of a super-
nova (SN) explosion is converted to CRs and assum-
ing normal galaxies with densities Ho ~ 10~3Mpc >
and a SN rate of 1072 yr~! we arrive at EzQp(Ep) ~
10% erg Mpce =2 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 y-rays. The production
rates are related by

K
%ZEBQ”“ (E,) ~ TE'%Q‘Y(E’Y) . 9)

Note, that this relation does not depend on the pion
production efficiency, but only on the relative charged-
to-neutral pion rate K. 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 p~y interactions
the target photon field can also efficiently reduce the
hadronic y-rays via pair production. Inverse-Compton
scattering and synchrotron emission in magnetic fields
will then shift the emitted ~-ray spectrum to lower en-
ergies. This is a calorimetric process that will conserve
the total energy of hadronic vy-rays.
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Figure 3: Isotropic y-ray background (IGRB) inferred by
Fermi [70] compared to the diffuse per-flavor neutrino
flux observed by IceCubel[l, 4] (updated plot of

Ref. [36]). The black lines show possible neutrino models
consistent with the IceCube data. The red lines are the
corresponding y-rays of pp scenarios reprocessed in the
cosmic radiation background. The thick and thin solid
lines show a power-law emission with I' = 2.15 and

I' = 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 y-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
~-rays described by Eq. (9). For this production mech-
anism the pion production efliciency is only weakly
depend on the initial CR energy. The emitted neu-
trino and v-ray spectra essentially follow the initial
power-law spectrum of CRs, c¢f. Eq. (7). Neverthe-
less, the high-energy ~-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 ~y-ray will be shifted
into the sub-TeV ~-ray band, where they supplement
the direct emission of the source. The observed ~-
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 4-ray spectra after accounting for
cosmic evolution and cascading in cosmic radiation
backgrounds. The thick solid line shows the case of
an emission following F~2'® with an exponential cut-
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off around PeV. This scenario is marginally consistent
with the inferred isotropic diffuse ~-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 (I' = 2.0, thin lines) the cas-
caded spectrum is still a significant contribution to
the IGRB. The effect of cascades y-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 y-ray and neutrino spectra (dashed
lines). As we already emphasized, this emission spec-
trum is not expected for a pp scenario. However, the
observed ~-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 v-ray contri-
bution to the FermiIGRB is large for pp scenarios soft
emission spectra (I' 2 2.2) are inconsistent with the
data [16]. On the other hand, p7y scenarios will most
likely contribute to the leptonic emission of sources via
reprocessed v-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 ~-rays

In the previous section we focused on the relation
between CRs, ~v-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 v-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 ~-rays are not completely
attenuated by radiation backgrounds. In particular
the observation of PeV ~-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
~-ray emission below 100 TeV. The diffuse flux of ~-
rays from cosmic sources is only visible below 1 TeV
due to EBL absorption.

The origin of the extended Galactic ~-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~27 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[l, 4]. We show hadronic models of v-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 Ecus = 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 ~v-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 ~y-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 y-ray background. These similarity might be
the result of calorimetric processes and suggest that
a large contribution of high-energy messengers have a
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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 y-rays sources
will provide the best chance to identify the neutrino
sources.

Interestingly, the isotropic diffuse «-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 ~-ray spectra
that follow the cosmic ray power-law spectrum. The
tail of sub-TeV ~-rays for soft spectral indices I' 2 2.2
are inconsistent with the observed v-ray background
level. Harder emission scenarios can also be con-
strained by the identification of known diffuse 7-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—Gen?2 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 10%/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, y-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 y-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-

eConf C141020.1

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 Ferm:
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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bit'. 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 Nal detectors rose
precipitously for about 40 s and is shown in Figure 1a.
For comparison we include the GOES 0.5 — 4 Aprofile
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 Nal detector is also plotted
in Figure la. 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 Nal detector. As shown by
the red curve in Figure lc 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
PBTRANSIENT event class, Atwood et al. 2009b]. This
is the direct consequence of the pulse pile-up effect.
The black curve in Figure 1lc 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) [Martinez Oliveros et al. 2011] in
a single 45 s exposure during the hard X-ray emission
revealed two compact footpoints about 10* 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™'. 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
3.4', 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):
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OSPEX? 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~*, with E the kinetic en-
ergy of the protons) interacting in a thick target with
a coronal composition [Reames 1995] taking “He/H
= 0.1. With 67% confidence (based on x?) 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 Arates, and GBM Nal 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 Nal 11 — 26 keV profile

in la); and ¢) 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

eConf C141020.1

Component ~-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 S —45

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 Sun?2,
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

eConf C141020.1

We fit the data using XSPEC? 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):

AN(E) . ¢ E\
VE) Mo exp(—Eco), 1)

where I' is the photon index and FE., 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 gtlike?.

We include the isotropic template model that is
used to describe the extragalactic gamma-ray emis-
sion and the residual cosmic ray (CR) contamina-
tion®, 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 4.7x1071% ergem 257! [correspond-
ing to a flux of 4.6x1077 phcm™2s~! 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

Shttp://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 Ferms Sci-
ence Support Center
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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 (ATS=TSprrxp-TSpL) is equiv-
alent to the corresponding difference of maximum like-
lihoods computed between the two models.

For each interval, if ATS > 30 (roughly correspond-
ing to 50) 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
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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 (Lyi,) and the correspond-
ing value sy 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 protons®. In the last five time intervals
the power-law representation is adequate to describe

6 After 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=T); 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 100 MeV 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 HR,, defined
as:

HR, = In P> 100Mev 2)
P>somev
where P is the integral of the proton flux (assuming
that the proton flux is proportional to a power law).
The HR,, is related to the value of the spectral index,
ssgp, of the SEP protons observed at 1 AU, roughly
as:

SSEP ™~ 1-0.83 HRp (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 ssgp 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.
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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 Fermsi
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 (SOHQO) 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. STERFEO-B had an unblocked
view of the entire flare and detected a maximum rate
of 3.5x10°% 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 ScienceTools” 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 STEREQO 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

"We used version 09-30-01 available from the Fermi Science
Support Center http://fermi.gsfc.nasa.gov/ssc/

112



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

Flux (Watt m?)

x10° :
40T'v) STEREO i

Rate (phs™

Rate (ph s™) Rate (cnts det's)

4 >100 MeV

¥
i
w100 | , :
% _e) Fermi-LAT [ i o LAT upper limit
I ; e Quiescent Sun
< i
X i
Z10°f <SAAS B o « Fermi night —
Bt
oo T 0730 08:00
g 15F R HESSI Centroid helghts
8 ) e e
& 10 —a—EE_H —
5 — o
] 5k ——
07:10

07:15
2013/10/11 (UT)

Figure 4: PRELIMINARY:: Light curves of the 2013
October 11 flare as detected by a) GOES, b) STEREO,
¢) RHESSI, d) GBM, e) LAT and e) RHESSI emission
centroid heights, with the same color coding as in ¢).
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/ATA
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
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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 Nal; 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 ¢ >100 MeV for about 30 min-
utes with some photons having energies up to several
GeV.

CME
- 5',/2;;7; Solar corona
i\\\g\ o b.) a) Photosphere
[ o/
; ’ Visible disk
[ ]
AN A

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 ¥ > € 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-
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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
¢) 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 8 > 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
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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 Ferm:
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 §;

- 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
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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 ! 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

Ihttp://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. TO is the GBM trigger time; the dashed line marks the LLE detection time.
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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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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 y-ray flux.
Prior to the launch of the Fermi satellite, predictions were optimistic that Galaxy clusters would be established as ~y-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 y 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 y-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 ~ 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 y-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
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implications for future searches with the LAT.

2. Cosmic Ray Induced ~ 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 + 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
+ 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 «y 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 y-ray spectrum is dominated by the
aforementioned 7° decay and IC emission is essentially
negligible. The spectrum shows the characteristic 7° bump
at ~ 130 MeV and for energies > 500 MeV follows a
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powerlaw with index 2.3." 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, (p 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 ~ 2.70 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 x 10~ 1%ph/cm? /s assuming an extended
emission characteristic according to the benchmark model
by Pinzke and Pfrommer [2010] and 2.5x 10~ 1%ph /cm? /s
when considering a pointlike emission.? 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 ({pmax S 21%) or conversely, the CR-to-
thermal pressure ratio must be lower than 1%, making the
contribution of CRp’s to the ambient ~y-ray flux negligible
[see also the discussion in Vazza and Briiggen 2014].

3. Dark Matter constraints from Cluster
Observations

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

1 (ov) / / 2 /
(AQ) = — Q. 1
P(8%) AT mi . AQ l.o.s.p (rydi d @
———
Ppp

J—factor

IThe 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.

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

3These limits were calculated over the entire energy range of
500 MeV to 200 GeV.
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In the above equation ®pp refers to the particle physics
term containing both the mass of the WIMP and its
velocity-averaged pair annihilation cross section (ov).
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 Sanchez-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 ef al. 2014b].*

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) [Sanchez-Conde and Prada
2014] and contrast this with a more optimistic choice of
0(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.’

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.® 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, Macias-Ramirez 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].” 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.

SFor this analysis we select the subset of P7REP photons that pass the
CLEAN class and apply the recommended instrument response function
P7REP_CLEAN_V15.

SWith large we refer to an emission radius of ~ 2 — 3° (as in the case
of the Fornax and Coma cluster, respectively).

For 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
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5. Outlook

Despite intense efforts no ~-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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We present the first interpretation of the new isotropic diffuse y-ray background (IGRB), measured by the
Fermi Large Area Telescope (LAT), based on a statistical analysis. We demonstrate that the y-ray emission
from unresolved active galactic nuclei and star forming galaxies is consistent with the Ferm:LAT IGRB data
within the uncertainties both on the choice of the Galactic diffuse emission model and on the vy-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
~-ray background (IGRB) and the extragalactic y-ray
background (EGB) in the energy range 100 MeV-820
GeV [1]. The origin of this y-ray residual represents
one of the most mysterious open problems in astro-
physics. The IGRB is usually associated to the y-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 y-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 v 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 ~ 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 y-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 y-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 «-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 7-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 y-ray cata-
logs but the unresolved counterparts are expected to
be much more numerous than blazars. The diffuse
~-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 -
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 y-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 FermiLAT IGRB and EGB data derived
with the Model A of GDE [1], together with the ~-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 y? func-
tion including both the errors of the FermiLAT data
and the theoretical uncertainties of the vy-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
~v-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-o 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-o 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 (2 = x2/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 7-ray emissions from
unresolved BL Lacs, FSRQs, MAGN and SF galaxies
are able to explain the high-latitude IGRB and EGB
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%> |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 ¥* = x?/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 Ferm:=LAT IGRB data

A possible contribution to the high latitude ~-
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 v 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 ete™, uTpu=, 777, bb,
tt and W W~ channels. We have assumed an Einasto
DM profile with a local DM density of pg, = 0.4
GeV/cm3. For all the details about the v-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 (ov), 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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IGRB composition with MW SF model

EGB composition with MW SF model

10!
E[GeV]

E[GeV]

Figure 1: Left (right) panels show the «y-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.

FIT TO FERMI-LAT IGRB MODEL A

FIT TO FERMI-LAT EGB MODEL A

Fermi-LAT foreg. unc.
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Figure 2: The ~y-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 Ferm#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 bb DM annihilation
channel and for masses lighter than 30 GeV, the upper
bounds on {ov) are below the thermal relic value while
at 10 TeV our analysis excludes (ov) > 10~**cm?/s.
Moreover, the limits obtained for the DM annihilation
into 777~ are quite stringent: the thermal relic cross
section is excluded at 3-o C.L. up to a DM mass of
about 330 GeV, while at m, ~ 1 TeV the bound is
around 1072%cm3/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 2-0 C.L and for the annihilation channels ete~
and bb, 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 (ov). The results vary on average within
a factor of two but the differences can reach a factor
of 10 in the case of bb at about my ~ 200 GeV. The
bounds obtained on the IGRB with Model B of the
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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 m,, and (ov) varying simultaneously. Our
results are displayed in Fig. 5, for the bb 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-
o C.L. with the best fits located around m, ~ 5-20
GeV and (ov) ~ 1-3 - 10~ 26cm? /s while for Model C
the 1-0 C.L. closed region opens up at already 2-o
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 bb
channels, improves the IGRB fit, for models A and B,
with AX2 = Xistro_Xistro+DM 2 657 where ngtro and
Xastrop DM are the best fit x* with only astrophysical
sources or with the addition of a DM component. In
the case of ete™, 717~ and bb channels, the best fit

127



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

bb IGRB
102 g T

30
20
1o
Thermal ==s==s==:

102 |

<ov> [emY/s]

102 &

10’ 102 10° 10*

mZ[GeV]
"7 IGRB
T H T
10-22 ?
10’23;
@ r
% 24
§ 10%
,\ E
4
€ £
10'25 E
10—25
g Y B T BN
10
10’ 102 10° 10*
mx[GeV]

bb EGB
T

36
102 = 2o

E 1-c
Thermal

1024 b

<ov> [emY/s]

1025 b

102 = 3

10’ 102 10° 10*
mX[GeV]

" v EGB

102! § N

F 1o
1022 £~ Thermal

108 L

<ov> [emY/s]

102

102 L

1028 L

o Lt v il

m, [GeV]

Figure 3: Upper limits on (ov) as a function of the DM mass m, for bb (top panels) and 777~ (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 3-0, 2-0 and 1-0 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: 2-0 C.L. upper limits on the annihilation cross section for the e*e™ (left panels) and bb (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 ™y~ channel requires
(ov) ~1-3-10725cm?/s. Tt 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
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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 3-0 C.L.
while for Model C for 2 and 3-¢ 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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C of the IGRB.

data. In Fig. 6 we illustrate the best fit configuration
for the bb 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 Ay? = 18.9. In this specific best
fit, the DM mass is m,=8.2 GeV, and the annihila-
tion cross section is (ov) = 1.4-10726cm3/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 m, ~ 10 GeV and a
factor of 30 at m,, ~ 10 TeV. Our limits also improve
significantly the upper limits on (ov) 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 m, ~ 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 FermiLAT 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 y?2
function which includes the data errors and the the-
oretical uncertainties on the ~-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
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only with a renormalization factor and then general-
ized adding also a possible change in the photon in-
dex of the y-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 v-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 bb and 777~
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 (ov) 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 ~-ray sky.
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Figure 6: The differential y-ray flux for the unresolved (left panels) and entire (right panels) BL Lac, FSRQ, MAGN,
SF galaxy populations and the DM contribution with bb 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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Improved limits on sterile neutrino dark matter from full-sky observations by the
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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].
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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 £, = 10-25 keV cor-
responding to sterile neutrino mass mg = 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],

.2

20 m 5
I, ~1.36x1032g 1 (2L 2V (—) 1
x S 1o ) (Tev) » W
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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 v away from the Galactic Cen-
ter, is

dN

L. B) = iira0dE )
_ poRe AN dz dN
= Lo (7 W) + fis / mw) :

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, 7, = 1/T'; is
the sterile neutrino lifetime, ps = 0.4 GeV em ™3 is the
local dark matter mass density, R = 8.5kpc is the
Sun’s distance to the galactic center, and dN/dE =
d(E —mg/2) is the photon spectrum. 7 (v) is the so-
called J-factor or boost factor, and is the integral of
the dark matter mass density p in the Milky Way halo
along the line-of-sight,

lrmax
TW) = /0 dt p(ih, 1) 3)

poRe

where ¢,,,4. is the outer limit of the dark matter halo.
We assume the dark matter distribution is spherically
symmetric about the Galactic Center, hence

P(‘/’vé) = p(TGC(U)vé)) (4)
S (\/Rg — 20 Re cosib +e2> .5

We adopt £,q, = 250kpc in this work. Although
the value of /,,4, differs depending on the adopted
halo model, the contribution to J(¢) from beyond
~ 30kpc are negligible.

For the dark matter density profile p 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,

p*(r) = po (RL@>7 [%} (8-)/o

)

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

Profile a B v Rs[pc
NFW 13 1 20
cNFW 13115 23.7

Isothermal 2 2 0 3.5
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FIG. 1: The J-factor, J(¢), as a function of half open-
ing angle 9 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,

" 9 ror - ROF
PP (r) = po exp (‘@TE@> ; (7)

with ap = 0.17 and scale radius R; = 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 ¢ 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 Nal detectors and 2
BGO detectors, the former covering energies 8 keV to
1 MeV, and the latter covering 200 keV to 40 MeV.
The Nal detectors are physically placed on the cor-
ners and sides of the satellite. At any given time, 3 —
4 Nal 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 Nal 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 Nal 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, 6, 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 Nal detector pointing direction.

The photon counts is energy dependent and direc-
tion dependent, i.e., v;j, where 7 labels the energy
bin and j labels the detector pointing direction. The
expected number of photons per observing time, T3,
from a particular detector pointing direction, is then

dvij _ / s [ o) / B (8)
dTJ Elmin 27
x {I(w, E)G (E E) Aet(E, 9)} ,
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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 EM2* and EM™" are the boundaries of the i-th
energy bin. We have integrated over the hemisphere
the Nal detector points, i.e., over the detector zenith
angle 0, 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, 1, is thus related to the
detector zenith angle and the pixel that the detector
points at through ¢ — ¥(0,j). The pointing direc-
tion of the detector is therefore defined by (0, j). The
factor G(FE, E’) takes into account the energy resolu-
tion of the Nal detector, which we model as a Gaus-
sian with width given by the pre-launch calibrations
[27, 28]. Lastly, Aeg(E,0) is the Nal 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.

e LAT cuts: we use the Fermi-LAT cuts
“LAT_CONFIG=1", “LAT_MODE=5",
“DATA_QUAL=1", “ROCK_ANGLE<507,
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 sin® 260 = 5.8 x 107, 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.

e 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.

e Extended SAA cut: the LAT cuts do not com-
pletely remove the effects of the SAA on the
Nal 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.

e Additional Earth cuts: we apply two addi-
tional cuts to remove backgrounds related to the
Earth. The first requires the angle between the
Nal 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 x 10% 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,
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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

ROI dv: -
— . 2,7
Vi = Ej T_] de ) (9)

to the observed photon counts,
ROI

d; = Z Nij,
J

(10)
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FIG. 5: Constraints on the sterile neutrino mixing an-
gle sin?(20) as a function of the sterile neutrino mass m.
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 N; ; is the number of counts in energy bin ¢ 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 EN7"

= _ E 11

&= 0(5) v, (1)
where the normalization 8 and index -y are left as free
parameters. This assumption is made in a small en-
ergy window defined by

Max (imin, ? — Aw) < i < i+ Aw, (12)
using a fixed window of Aw = 5. This choice results
in each energy width side being about 3 — 4 ¢ 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 x? 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 5y and
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o for all energy windows defined by Eq. (12). We
assume a Gaussian probability distribution function
for each energy bin, giving the likelihood function as

_ (bi—dy)?
20 pcff 2

H \/%O.ACH ,

where the product is taken over the energy bins, and
oaoft 18 the systematic uncertainty of the effective
area,

L(B,71d) = (13)

OAeff = 0.05(%‘ +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 x? 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, f,;, the normal-
ization, which scales linearly with the mixing angle
sin?20. Thus, the search has three free parameters,
B, v, and fs. The former two are treated as nuisance
parameters, and fs is the parameter of interest. The
likelihood is
_ (vitbi—dy)?

20 peff 2

H \/%O.ACH ,

where k are the nuisance parameters. Finally, we use
the profile likelihood analysis [29] for treating nuisance
parameters. In practice, this involves calculating the
profile likelihood —InL,(fs) for several fixed values of
mg, where for each f; the —Inf is minimized with
respect to all other parameters k.

L(fs, kld) = (15)

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, f25, by requiring a
2AInL = 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 Nal 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 Nal detectors
onboard the GBM.
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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-
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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 (¢0)|Excess Counts|E,. (GeV)|FY*”*“L(C.U.)

J0312.84-2013 9.7 -1.5

-26 £ 17 220 < 0.9%

J0746.0—0222 9.1 -0.9

-15 + 16 320 <11%

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:

e to lie outside the Galactic Plane,

e to be non-variable,

e to exhibit a power law spectra, and
e 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 5o 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 10* to 10> Mg. 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
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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~ 10 Mg) 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 0.84¢, 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(10721),
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 ~ 80hrs (good quality data) at
zenith angles of z = 60 — 66 deg (average threshold
of Eipy ~ 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 -
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 ~-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.
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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(10%) 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, Bodtes
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’ background method 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 « 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 (0)|Excess Counts|FE;, (GeV)|FY*L(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%
Bootes 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%
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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 a to the non-adjusted value is typically less
than 1%. However, the difference to the y-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,
called HFit [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
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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 NF'W 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 6 from the bright
star, Merak, in the FOV of RGB J10584-564 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 v-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 x 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® [ () +mit o

where n is a mode of the KK tower, and mgw 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, Then, BM 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
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hypothesis corresponds to the LKP mass mpg) being
in the range 0.5 TeV S mpa S 1 TeV using the above
condition for CDM density [6]. In this paper, we as-
sume the mpa 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(M") pair annihilation [4, 5, 6]
and are not dependent on parameters other than
mpay. This paper considers three patterns for the
continuum: B pairs annihilate into (i) quark pairs,
(ii) lepton pairs which cascade or produce gamma-
rays, or (iii) two leptons and one photon (IT7~+). 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()
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 IT]~™v mode as a function of
xTr = E,Y/mBu).

When BW pairs annihilate into photon pairs, they
appear as a “line” at the mp) 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]

®., = (Astrophys) x (Particle phys)
= J(¥) x o7 (2)
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Figure 1: (Color online) Gamma-ray spectra of
continuum components. The lines show the number of
photons multiplied by z* = (E,/mza))? as follows: the
solid line shows the total number of photons per BWBW
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 171~ component. We have assumed
mpg@ = 800 GeV and mass splitting is 5% at the first
KK level.

where the astrophysics factor, represented by a dimen-
sionless function J(7)), is calculated as follows:

1 1 2
J =
) 8.5kpc <0.3 GeV cm3>

x / CA0aw) e

The function p(l) is the dark matter density along the
line-of-sight 1(¢)), where 1 is the angle with respect
to the galactic center. The particle physics factor is
written as

®FP = Const x N, (ov) (4)

where N, is the number of photons created per anni-
hilation, and (ov) is the total averaged thermal cross
section multiplied by the relative velocity of particles.
The value of {ov) 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 (ov) and p?(1), and is defined by

Bioy = Bp X Bgy
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= (<p2(l)>AV> (<Uv>1’2”disp) (5)

(P5())av (V) vrvoe ) Ay
where vqisp is the velocity dispersion, vr is the typical
velocity at freeze-out, a volume AV is a diffusion scale,
and po (1) is a typical dark matter density profile, such
as Navarro-Frenk-White (NFW) [12]. B, 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 Biot 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 cm? 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() pair annihilation accounting for the finite
energy resolution of gamma-ray detectors and pur-
posefully discuss the observability of the “line” at the
mpm . 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 d®,(AQ)/dE, reaching
a detector can be expressed as [5]
dN,

d®~(AQ
E’%% ~ Const x Btot X 1172%, (6)

where AS is the angular acceptance of the detector,

N g (ov)
Const ~ 3.5 x 10 (3 » 1()26CH1381)

X (O.8TeV) (Jac) a2, (7)

mpa

and (Jac)aq 18 a dimensionless line-of-sight integral
averaged over Af. If we assume an NFW profile,
(Jac) aqAD equals to 0.13 for a AQ = 1075 [29]. In
this case dN,/dz 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

7\2
oB)x [ 18 xexp |-

; } dE',  (8)

where f(E’) corresponds to a function shown by the
solid line in Fig.1, and og is the energy resolution.
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Figure 2: (Color online) Gamma-ray spectra of the
continuum accounting for energy resolution assuming
mpa) = 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! pair
annihilation into photon pairs looks above the “con-
tinuum”. The three patterned lines shown in Fig.3

eConf C141020.1

—a40 ke 1
— T
I T—
=35 T— 1
[0) T—
= s
30 1
—
|
025 - 1
N
I _20F 1
=
15+ 1
m .
310 r continuum ——
P energy resolution 0.5%
T 5tk energy resolution 1%
energy resolution 2% ----
0 s s s s s
0.7 0.72 0.74 0.76 0.78 0.8 0.82
Energy [TeV]

Figure 3: (Color online) Gamma-ray spectra of
continuum plus line diffused by the energy resolution
assuming mg) = 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 By, = 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 cm?. 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 mga), (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 mgq)
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
mpa = 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
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Figure 4: (Color online) Expected count spectra near the
peak assuming energy resolutions of 0.5%, 1% and 2%
assuming m 1) = 800 GeV. The bin width of histograms
is 8 GeV, equaling 1% of the mga). 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 mpga) is heav-
ier. That is, the line component becomes relatively
larger since the continuum component decreases for
heavier mpq).
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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 mga) = 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
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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]

dd E —2.1040.044-0.10
dE TeV)

= = (2.55+0.06 & 0.40) (—

E
15.7+34+ 2.5)Tev}
TeV ' m™2s7t  (9)

X exp [—
(
x1078

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 y-squared test method to judge whether the
excess counts are statistically meaningful.
First, we define x2 as

N
count + background] — background)?

background

where N is the number of energy bins, corresponding
to degrees of freedom for the x-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 mpa) = 800
GeV). Thus, N is about 1000 in this case. The upper
bound of the energy range under analysis is fixed as
mpa + 30g 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 [Epeaka mpa + 3UE] = 40. (12)
We investigate the value of boost factor when x? 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, 30F are the energy width limits within 3o from
the peak. Thus, they are given as

N at 30% = N [Epeax & 308, mpa) +30g]  (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 NV 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 mpgu). In
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Figure 6: (Color online) Expected limits on the boost
factor for the myza) = 800 GeV as a function of the
number of degrees of freedom of the observed energy
range. The horizontal solid line shows a boost factor of
500. The dotted, dashed and dot-dashed lines show the
boost factor when x? values are bigger than critical
values for energy resolution 0.5%, 1.0%, and 2%
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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 mpa, of 500 GeV [31].
These results put constraints on (ov) of dark matter
halo KK particles. The present limits allow the max-
imum value of boost factors of several to 1.5 x 10*
depending on mpg. 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 mpg), 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 m gy 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 mpa) 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 y-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 mpq) 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 (PBHSs) are of interest in many cosmological contexts. PBHs lighter than about 10" 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 Mgy is contained within its Schwarzschild
volume which has radius

2GMpy
c2

M)

[2]. Here G is the universal gravitational constant, c 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 pgy o«
Mgy, /1.% < Mg, 2, large mass black holes may be more
easily produced than small mass black holes, at least in
the present universe. In fact a 108Mg, 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 10°M-10'°M 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 My ~ 10'5(t/10723s)g. Thus the range
of possible PBH initial masses is enormous — from the

Ten =
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Planck mass for PBHs forming around the Planck time,
to 10°My 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
PBHSs over an extensive initial mass range with an initial
mass spectrum of the form dn/dM; < M;“ where
a = 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 M; *? 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 — 10%26g PBHs to contribute all
of Qcpm [3].) Like other CDM, PBHSs 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 SMBHSs, or generate
observable cosmic x-rays in their accretion disks.

The number of PBHs formed with initial masses of
10° — 10*3g have been constrained primarily by
primordial ~ nucleosynthesis,  cosmic  microwave
background (CMB) anisotropies, MACHO searches and,
in the case of Mgy < 10Yg BHs, the search for
Hawking radiation. Hawking radiation constraints
derived from the 100 MeV extragalactic gamma-ray
background and Galactic gamma-ray, e*, ¢ and anti-
proton backgrounds place an upper limit on the
background distribution of Mgy, ~ 5 x 10**g PBHs of
roughly Qpgy < 107°. 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 Mgy =~ 5 X 10**g 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 Tgy
_ he3 _ Mpy -1
kTBH——SnGMBH—1.06(1013g) GeV )

where k and % are the Boltzmann and reduced Planck
constants, respectively [4]. An Mg black hole has a
temperature of 107 K; a 10% g black hole has the same
temperature as the present CMB; and a 10™ g black hole
has a temperature of ~ 100 GeV. Hawking also derived
the thermal flux radiating from a black hole of
temperature Ty to be

3)

d2Ng T -1
b (e e G Vi
per particle degree of freedom where Q is the energy of
the Hawking-radiated particle, s is the particle spin and
I, is the absorption probability [5]. In the geometric
optics (short-wavelength) limit, T, ~ 27G?Myz,2Q?%/
h%c®. Strictly Egs (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 Tgy [6]. In order of
increasing Ty , as Ty SUrpasses successive particle rest
mass thresholds, the black hole initially directly emits
photons (and gravitons), then neutrinos, electrons, muons
and eventually direct pions. Once Tgy X Agcp = 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 y, v, p,
P, e~ and e’ as they stream away from the black hole.
Because of the large number of degrees of freedom for
the fundamental QCD particles, the instantaneous
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emission spectra from  Tgy > Agcp black holes are
dominated by the component produced by the decay of
the Hawking-radiated QCD particles. The instantaneous
photon flux from a Tpy > Agcp black hole is dominated
by this secondary QCD photon component while the
directly Hawking-radiated photons contribute, at a given
Ty, sSignificantly only at the highest energies. For
Tgy = 03 —100GeV  black holes, the total
instantaneous fluxes of the final-state stable particles are

_TBH .1.61+0.1
|GeV
Tan
| GeV

N,; ~ 2.1(£0.4) x 10?3

N,+ = 2.0(+0.6) x 10%*

T
V, ~ 2.2(£0. 24[ﬂ]
Ny = 22(+0.7) x 10% | 25

T ]

GeV]

N,y = 5.6(+1.7) x 10%*

And the average energies of the fluxes scale as roughly
Tpy*°, not as Tyy (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

Mgy =~ —5.34 X 10%°f (M) (Mpy /8) g s~ (4)

where the weight f(Mgy) accounts for the total number
of directly emitted states and is normalized to unity for
Mgy >» 1017g black holes which emit only photons and
the three neutrino species. The relativistic contributions
to f(Mgy) per particle degree of freedom are f,_, =
0.267, fs=1, =0.147 (uncharged), f;—1/, = 0.142
(charge e*),  fioq =0.060, fs_3/, =0.020 , and
fs=2 = 0.007 [7]. For a Tgzy = 50 GeV black hole
emitting all experimentally-confirmed Standard Model
degrees of freedom including the 125 GeV Higgs boson,
f(Mgy) = 15.

Integrating Eq (4), the remaining evaporation lifetime

of an M; black hole is then

Tevap = 6.24 X 10727 F(M) 1 (M;/g)’s.  (5)
The mass of a PBH whose evaporation lifetime equals
the age of the universe is M, =~ 5.00(+0.04) x 10%*g
[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 M, ~ 5 x 10'*g PBHs
places the strictest limit on an cosmologically-averaged
distribution of M, PBHs. The limit, updated in 2010
using the Fermi LAT data, is Qpgy(M,) S 5% 10710
[3]. (This M, limit is stricter and more robust
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Figure 1: The instantaneous gamma-ray flux d?N/dtdE detectable by Fermi-LAT from Tz = 0.1 — 50 GeV black
holes [6]. For Tgy 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 1,50 ~2 X
105( Qp41/0.1)71 where Q,,4, 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 M, = 5 X
10'*g 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
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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 Tpy has a
remaining evaporation lifetime of
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(6)

-1 -3

Tepap = 5.0 x 101 (L222) - (T21) 7
A Ty = 1 GeV black hole has a remaining lifetime of ~
16,000 yr; a Tz = 10 GeV black hole has a remaining
lifetime of ~ 20 yr; a Tzy = 25 GeV black hole has a
remaining lifetime of ~ 1 yr; a Tgy = 300 GeV black
hole has a remaining lifetime of ~ 1 hr; a Tgy = 2 TeV
black hole has a remaining lifetime of ~ 100 s; and a
Tgy = 20 TeV black hole has a remaining lifetime of ~
100 ms.

As can be seen from Egs (2) and (4), the Mgy < M,
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 Tz > Agcp black hole

and have an average energy that scales as roughly Tj;,**,
not as Tgy. 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 < Tgy < 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 Tz, = 10 GeV black hole is ~

20 yrs.)
Case (ii) The gamma-ray spectrum from a
12 GeV < Tgy < 50GeV 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 Tz = 50 GeV black
hole is ~ 50 days.)

Case (iii) The gamma-ray spectrum from a Tgy >
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 Tz = 170 TeV black hole is ~ 100 ps.)

In Figure 1, we show the instantaneous gamma-ray
flux d?N/dtdE which would be seen by the LAT from
Tgy = 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 Tgy = 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].
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Figure 2: The instantaneous gamma-ray flux from a
Tgy = 20 MeV black hole, which is below the threshold
to emit a QCD component [6].
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Figure 3: Preliminary calculation for the PBH burst
light curve dN/dt arriving in the detector with energy
above a given threshold, here E, = 100 GeV.
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Figure 4: The gamma-ray spectrum dN/dE time-
integrated over various remaining black hole evaporation
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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 E, = 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 BH Bursts
(known GRB types)

Detected at cosmological

Local, unlikely to be

distances detected from beyond
Galaxy

Most GRBs show hard-to- Hard-to-soft evolution

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- 100s 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
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with an arrival interval shorter than the time expected for
a Poisson-distributed photon background give an upper
limit of 2x103pc3yr~! on BH bursts of 10°s
duration (corresponding to Tgy = 200 GeV and Mgy <
6 x 101 g) [13].

The Mgy, o« Mg, ™% dependence of Eq (4) means that,
for any population of black holes that have masses today
around some Mgy < M, (i.e. that have remaining
lifetimes much less than the age of the universe), the
number of black holes per mass interval around Mgy
today is

dan 2
dMpy

()

independent of the BH formation time, formation
mechanism or spatial distribution [9]. For black holes
recently created with mass M; < M,, the distribution (7)
applies around the evolved mass Mgy even if the initial
mass distribution had initially been almost a delta
function at M; (because in reality there is always some
smearing of such a delta function).

In the case of PBHs with initial masses of M;~M,
created in the early universe, the distribution (7) applies
today up to Mgy ~M, but the mass distribution with
which the PBHs were initially created would still apply
above M, today because M; > M, PBHSs 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 M;~M, PBHSs created in
the early universe. All of the BH burst search limits to
date when extrapolated up to M;~M, correspond to
limits on the cosmologically-averaged number density of
M, 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 M,
PBHs corresponds to a local BH burst limit of
~10 pc~3yr~L

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
M;~M, PBHs formed in the early universe. Also, the
assumptions concerning the clustering or spatial
distribution of local BHs/PBHSs 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 expe