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Overview 

•  Outline 
–  Introduction to blazars 
–  Blazar sequence 
–  Origin of γ-ray spectral break 
–  Location of γ-ray emitting region 
–  The end of the one-zone leptonic model, and what is next 

•  This I won’t talk about: 
–  Radio Galaxies (Jun Kataoka and Paola Grandi later today in “AGN II”) 
–  Narrow Line Seyfert I galaxies (Filippo D’Ammando later today in “AGN 

II”) 
–  Starburst galaxies (Keith Bechtol tomorrow) 
–  Using blazar γ-ray emission to probe the EBL and IGMF (Marco Ajello, 

Alberto Dominguez, and Ievgen Vovk tomorrow, my poster today and 
tomorrow) 
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Fig. 18.— Full sky map (top) and blow-up of the inner Galactic region (bottom) showing
sources by source class (see Table 6). Identified sources are shown with a red symbol,

associated sources in blue.

Blazars dominate the γ-ray sky 

•  The Second Fermi LAT 
Catalog: 

•  1,298 identified or 
associated sources 

•  84% of these are AGN, 
mostly blazars 

•  575 unassociated sources 

•  Of the unassociated 
sources, so far 27% have 
since been identified as 
blazars (Massaro et al. 
2012, ApJ, 752, 61; talk in 
“AGN I”) 3 

Fermi is a blazar telescope! 

Nolan et al. (2012), ApJ, 199, 31 



Radio Loud AGN 

Fanaroff-Riley I Fanaroff-Riley II 

BL Lac FSRQ 

FR II FR I 

Low power 
(Lr<~1041 erg s-1), 

wide opening 
angle 

High power 
(Lrr>~1041 erg s-1), 

narrow opening 
angle 

Jet pointed 
away from us 

Jet pointed 
towards us 

Radio galaxies seem to be unified 
with blazars. 
 
Evidence: 
 
•  Diffuse radio lobes in BL Lacs 
•  Statistics of blazars 
•  Apparent Superluminal motion 
 

3C 98 3C 31 

Urry & Padovani (1995) 4 

See Jun Kataoka’s talk a bit 
later! 



Blazar optical spectra and redshifts 

Kuipper telescope (1.5 m; black) and Bok 
telescope (2.3 m; red, blue).  source:  
http://james.as.arizona.edu/~psmith/
Fermi/ 

FSRQ 4C+21.35 

2.4 m Hiltner telescope.  JF et al. (2008) 

BL Lac object 

BL Lac object 

3.9 m Anglo-Australian telescope.  
Source:  Falomo et al. (1994) 
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FSRQs:  strong broad emission lines 
BL Lacs:  weak or no broad emission lines 



Nonthermal Blazar Emission 

Lsy 
LC 

Blazar SEDs dominated by two “bumps”: 
•  Synchrotron bump:  peaking at <~ 1017 Hz 
•  Compton bump:  peaking at γ-ray energies.  Seed photon sources: 

•  Synchrotron photons (synchrotron self-Compton or SSC) 
•  Broad line region (BLR), accretion disk, or dust torus photons 6 

νsy νC 

LAT 

Jet blob 

Accretion 
disk 

Broad line 
region radio 

optical 
X-ray 

Mrk 421 
Abdo et al. (2011, ApJ, 
736, 131) 

MAGIC 



Blazar SEDs 

2900 P. Giommi et al.

between BL Lac objects and FSRQs has been made at the (rather
arbitrary) rest-frame equivalent width (EW) of 5 Å (e.g. Stickel et al.
1991; Stocke et al. 1991). However, no evidence for a bimodal dis-
tribution in the EW of the broad lines of radio quasars has ever been
found and, on the contrary, Scarpa & Falomo (1997) pointed out that
radio-selected BL Lac objects were, from the point of view of the
emission-line properties, very similar to FSRQs but with a stronger
continuum. Most BL Lac objects selected in the X-ray band, on the
other hand, had very weak, if any, emission lines, and Stocke et al.
(1991), when studying the properties of the X-ray-selected Einstein
Extended Medium-Sensitivity Survey (EMSS) sample, had to in-
troduce another criterion to identify BL Lac objects, this time to
separate them from galaxies. This was based on the Ca H&K break,
a stellar absorption feature typically found in the spectra of ellipti-
cal galaxies. Given that its value in non-active ellipticals is !50 per
cent, Stocke et al. (1991) chose a maximum value of 25 per cent to
ensure the presence of a substantial non-thermal continuum super-
posed to the host galaxy spectrum. This was later revised to 40 per
cent (Marchã et al. 1996; Landt, Padovani & Giommi 2002).

Blazar classification then depends on the details of their appear-
ance in the optical band where they emit a mix of three types of
radiation: (1) a non-thermal, jet-related, component; (2) thermal ra-
diation coming from the accretion on to the supermassive black hole
and from the broad-line region, hereinafter BLR (at least in most
radio-selected sources); and (3) light from the host (giant elliptical)
galaxy. Fig. 1 represents these three components as the red, blue

and orange lines, overlaid on the spectral energy distribution (SED)
of four well-known blazars (from Giommi et al. 2011). The strong
non-thermal radiation, the only one that spans the entire electromag-
netic spectrum, is composed of two basic parts forming two broad
humps: the low-energy one attributed to synchrotron radiation, and
the high-energy one, usually thought to be due to inverse-Compton
radiation (see e.g. Abdo et al. 2010c). The peak of the synchrotron
hump (!S

peak) can occur at different frequencies, ranging from about
!1012.5 to over 1018 Hz (see e.g. the cases of 3C 273 or 3C 279 and
Mrk 501 in Fig. 1), reflecting the maximum energy at which particles
can be accelerated (e.g. Giommi et al. 2011). Blazars where !S

peak
is lower than 1014 Hz in their rest frame are called low-synchrotron
peaked (LSP) sources, while those where 1014 < !S

peak < 1015 Hz
and !S

peak > 1015 Hz are called intermediate- and high-synchrotron
peaked (HSP) sources, respectively (Abdo et al. 2010c). This defi-
nition extends the original division of BL Lac objects into LBL and
HBL sources first introduced by Padovani & Giommi (1995).

The large !S
peak disparity between LSP and HSP blazars (up to five

orders of magnitude) is the cause of very large differences between
the intensities of the radiation emitted in different energy bands. For
instance, for the same radio flux, a HSP source can be a factor of 100
brighter in the optical band, or even a factor of 1000 brighter in the
X-ray band, than a LSP blazar. This induces very strong selection
effects in blazar samples discovered in different bands and led to
some confusion when comparing, for example, the first radio- and
X-ray-selected BL Lac samples in the early 1990s.
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Figure 1. The SEDs of four representative blazars: two FSRQs, 3C 273 and 3C 279, and two BL Lac objects: Mrk 501 and BL Lac. The lines in colour denote
the three main components of blazar SEDs, namely non-thermal radiation from the jet (red), emission from the disc and from the BLR represented by the
composite QSO optical spectrum of Vanden Berk et al. (2001) (blue), and light from the host galaxy represented by the giant elliptical template of Mannucci
et al. (2001) (orange). The two vertical lines indicate the optical observing window (3800–8000 Å). See text for details.

C" 2012 The Authors, MNRAS 420, 2899–2911
Monthly Notices of the Royal Astronomical Society C" 2012 RAS

Giommi et al. (2012), MNRAS, 420, 2899 

Blazars also classified based on the position of their synchrotron peak (Second LAT 
AGN Catalog; Ackermann et al. 2011, ApJ, 743, 171). 
•  1015 Hz < νpk:  high synchrotron peaked (HSP) 
•  1014 Hz < νpk < 1015 Hz:  intermediate synchrotron peaked (ISP) 
•  νpk < 1014 Hz :  low synchrotron peaked (LSP) 
 
Almost all FSRQs are LSPs. 
 
About half of BL Lacs in 2LAC do not have a measured redshift (but see talk by Michael 
Shaw Thurs.).  Could be due to nonthermal continuum overwhelming line emission, or 
BL Lacs having intrinsically weaker lines. 

7 

νpk 



Why do we understand stars so well but not 
blazars? 

Isotropic emitters 
 
Mostly constant on human type scales 
 
 
Energy generation mechanism well 
understood  
 
Globular clusters allow study of stars of 
the same approximate age 
 
Composition determined from optical 
spectroscopy 

Stars Blazars 

Anisotropic emitters 
 
Highly variable on human type scales (as 
short as hours or minutes) 
 
Energy generation mechanism (involving 
black hole) not well understood  
 
No way to know if different AGN are the 
same age 
 
Fully ionized non-thermal plasma, 
composition can’t be determined from 
optical spectroscopy 

8 



Hertzsprung-Russell diagram 
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The H-R diagram is a 
useful tool in our 
understanding of stellar 
emission and evolution. 
 
Stars spend most of 
their lives on the main 
sequence. 
 
Is there a similar “main 
sequence” for blazars? 
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Blazar Sequence 

chose not to correct for this effect given the uncertainties. In
particular the ‘bias factor’ for different classes of blazars could be
different if their g-ray variability properties (amplitude and duty
cycle) are different (e.g. Ulrich, Maraschi & Urry 1997).

3.2 Synchrotron peak frequency

As previously noted, the SEDs clearly show a broad peak between
radio and UV–X-rays. In order to determine the position of the peak
of the synchrotron component in individual objects with an objec-
tive procedure, we fitted the data points for each source (in a n

versus nLn diagram) with a third-degree polynomial, which yields a
complex SED profile, with an upturn allowing for X-ray data points
that do not lie on the direct extrapolation from the lower energy
spectrum. In many cases there is evidence that the X-ray compo-
nent, even in the soft ROSAT PSPC band, is a result of the inverse
Compton process (e.g. Sambruna 1997; Comastri et al. 1997). Thus,
to impose the condition that the X-ray point must smoothly connect
to the lower energy data, as would happen in a parabolic fit, could be
misleading for a determination of the synchrotron peak frequency.
We used a simple parabola when the cubic fit was not able to find a
maximum, which typically happens when the peak occurs at
energies higher than X-rays. In fact when the peak moves to high
enough frequencies (typically beyond the IR band), the X-ray flux is
completely dominated by the synchrotron emission, and the results
given by the cubic and parabolic fits are fully consistent. In eight
cases, neither the cubic nor the parabolic fit were able to determine a
peak frequency/luminosity, mainly because of the paucity of data
points.

3.2.1 Synchrotron peak frequency versus luminosity

The peak frequencies derived with the above procedure (defined as
the frequencies of the maximum in the fitted polynomial function)
are plotted in Fig. 7 versus the radio and g-ray luminosities and
versus the corresponding peak luminosities, as determined from the
fits. Let us stress once again the continuity between the different
samples. Considering the samples together, strong correlations are
present between these quantities, in the sense of npeak;sync decreasing
with increasing luminosity. The results of Kendall’s t statistical test
(Table 4) show that the correlations are highly significant.

Since on the one hand, in flux-limited samples, the luminosity/
redshift relation can introduce spurious correlations, and on the
other hand the correlations might be a result of evolutionary effects
genuinely related to redshift, we checked the role of luminosity/
redshift in two ways. We estimated the possible correlation of the
relevant quantities with redshift directly, and performed partial
correlation tests between two quantities subtracting out the
common dependence on z (Padovani 1992b) (see results in
Table 4). In addition, in order to have an independent check on
the redshift bias, we also considered the significance of the
correlations, restricting them to objects with z < 0:5 (see Table 4).

The correlation between npeak;sync and L5GHz still holds after
subtraction of the very strong dependence on redshift. The same
is true for the relation between npeak;sync and the g-ray luminosity,
although the significance is much smaller because of the smaller
number of sources. On the other hand the correlation between
npeak;sync and Lpeak;sync is very much weakened when subtracting the
redshift effect.

Considering only the z < 0:5 interval, the significance of the first
two correlations persists and does not change when the redshift
dependence is subtracted. These values can then be considered as

A unifying view of the SED of blazars 441

! 1998 RAS, MNRAS 299, 433–448

Figure 7. The peak frequency of the synchrotron component, npeak;sync, as

derived with the polynomial fits, plotted against (a) the radio luminosity

L5GHz, (b) the g-ray luminosity Lg, and (c) the fitted peak luminosity of the

synchrotron component, Lpeak;sync.

chose not to correct for this effect given the uncertainties. In
particular the ‘bias factor’ for different classes of blazars could be
different if their g-ray variability properties (amplitude and duty
cycle) are different (e.g. Ulrich, Maraschi & Urry 1997).
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points.
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versus the corresponding peak luminosities, as determined from the
fits. Let us stress once again the continuity between the different
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(Table 4) show that the correlations are highly significant.

Since on the one hand, in flux-limited samples, the luminosity/
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other hand the correlations might be a result of evolutionary effects
genuinely related to redshift, we checked the role of luminosity/
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common dependence on z (Padovani 1992b) (see results in
Table 4). In addition, in order to have an independent check on
the redshift bias, we also considered the significance of the
correlations, restricting them to objects with z < 0:5 (see Table 4).

The correlation between npeak;sync and L5GHz still holds after
subtraction of the very strong dependence on redshift. The same
is true for the relation between npeak;sync and the g-ray luminosity,
although the significance is much smaller because of the smaller
number of sources. On the other hand the correlation between
npeak;sync and Lpeak;sync is very much weakened when subtracting the
redshift effect.

Considering only the z < 0:5 interval, the significance of the first
two correlations persists and does not change when the redshift
dependence is subtracted. These values can then be considered as
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Figure 7. The peak frequency of the synchrotron component, npeak;sync, as

derived with the polynomial fits, plotted against (a) the radio luminosity

L5GHz, (b) the g-ray luminosity Lg, and (c) the fitted peak luminosity of the

synchrotron component, Lpeak;sync.

Fossati et al. (1998), MNRAS, 299, 433 

There seems to be a correlation between: 
•  The radio luminosity and peak frequency of the synchrotron component (left). 
•  The peak luminosity and peak frequency of the synchrotron component (right). 
 
Explanation?  Is it an intrinsic physical effect?  Or do bright, high peaked objects have 
their emission lines swamped by synchrotron emission and their redshifts can’t be 
measured?   

10 
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High-z high-peaked blazars? 

High-power high synchrotron peak blazars L51

Table 2. Inferred parameters.

Name log !S
peak log Lpeak log P1.4 GHz "x "#

a

Hz (rest-frame) (erg s!1) (W Hz!1) (0.5–10 keV) (100 MeV–100 GeV)

RX J0035.2+1515 15.8 46.6 26.2 1.9+0.1
!0.1 0.61 ± 0.11

SUMSS J053748!571828 15.5 46.6 27.1b 1.6+0.5
!0.3

c 0.73 ± 0.21

CRATES J0630!2406 16.0 47.1 27.1 1.9+0.2
!0.2 0.79 ± 0.06

CRATES J1312!2156 15.6 46.9 27.7 >0.5c 1.02 ± 0.07

aFrom Nolan et al. (2012).
bExtrapolated from 843 MHz assuming "r = 0.
cDerived from the count rates in the 0.5–2.0 and 2.5–10 keV bands.

Figure 6. The bolometric power (represented by the sum of the synchrotron
and inverse-Compton peak powers) of the flux-limited samples of blazars
of Giommi et al. (2012b) is plotted against !S

peak (see Giommi et al. 2012b,
for details). The four objects discovered in this Letter, represented by the
red filled points, are clearly located in an area of the diagram that was not
populated in the past.

the low-luminosity end of the FSRQ luminosity function; Padovani
et al. 2002).

To put things into perspective, Fig. 6, adapted from Giommi et al.
(2012b), plots the bolometric power (i.e. the sum of the synchrotron
and inverse-Compton peak powers) for blazars selected in the radio,
X-ray and # -ray bands, against !S

peak. Our HSPs end up in an empty
region of the plot, where no objects were found before. Similar
results are obtained if all 2LAC BL Lacs with redshifts are also
included.

Our !S
peak estimates are robust, as they are based on quasi-

simultaneous coverage over four decades in frequency and are
corroborated in at least three cases by a steep X-ray spectrum.
Contamination by a thermal (accretion disc) component is ruled out
by the featureless spectra of these sources and also by the fact that
the flux of an accretion disc fitted using the scaling of Giommi et al.
(2012a) would be well below the observational data. Our sources
also end up in the HBL region of the "x–!S

peak plot of Padovani et al.
(2004) (their fig. 5).

These four sources are also the only ones with "# " 1, as the
other seven in the Rau et al. (2012) sample have "# > 1 (Nolan
et al. 2012). While one is borderline with "# # 1, three have "# "
0.79. We note that no FSRQ, LSP or ISP reaches these low values
in the clean sample of Ackermann et al. (2011). It is also interesting
to note that 4/6 of the remaining objects in the Rau et al. (2012)
sample (excluding the FSRQ OM 235) have !S

peak > 1014 Hz and
therefore qualify as ISPs.

In the radio power–!S
peak plot of Giommi et al. (2012a) (their

fig. 11), the newly discovered HSPs end up in the region of pa-
rameter space mostly populated by sources without redshift, which
agrees with the fact that, indeed, these sources have totally feature-
less optical spectra. Based on that paper, our sources are very likely
FSRQs with their emission lines swamped by the non-thermal con-
tinuum. Given their large powers, this makes sense also on statistical
grounds. Indeed, for Lbol > 5 $ 1046 erg s!1, which is the small-
est value for our sources, previously known FSRQs outnumber BL
Lacs by a factor of >10 in Fig. 6.

The discovery of high-power HSPs has important implications
and consequences for a variety of issues. We mention here some of
the most prominent ones.

(i) Our HSPs end up in an empty region of the Lpeak–!S
peak plot

of Meyer et al. (2011) (see their Fig. 4). In fact, the closest sources
with !S

peak similar to those of our objects have Lpeak more than an
order of magnitude smaller. This implies that the so-called ‘blazar
sequence’ (Fossati et al. 1998; Ghisellini et al. 1998) is indeed
heavily influenced by the selection effects described by Giommi
et al. (2012a).

(ii) It is well established that a large fraction of BL Lacs
[#43 per cent in BZCAT (Massaro et al. 2009) and >50–60 per
cent of the BL Lacs in the Fermi 1LAC and 2LAC year AGN
catalogues (Abdo et al. 2010a; Ackermann et al. 2011)] have no
measured redshift due to the lack of any detectable feature in their
optical spectrum, despite the use of 8/10-m class optical telescopes
for the spectroscopy identification campaign. This Letter, together
with the results of Rau et al. (2012), confirms the suggestion by
Giommi et al. (2012a) that these sources are high-redshift blazars,
most likely FSRQs with their emission lines swamped by the jet.
Therefore, (a) one should not assume for these objects a redshift
typical of other BL Lacs but a much larger one (typically z > 1);
(b) these sources should be included with the FSRQs when study-
ing cosmological evolution and luminosity functions, since their
exclusion is bound to bias the results.

(iii) The study of distant very high energy (VHE) emitting AGN
is of fundamental importance to constrain the extragalactic back-
ground light (EBL). The # -ray flux from distant blazars is in fact
absorbed on its way from the source through its interaction with
EBL photons. One can then use the measurement of the induced
distortions to derive constraints on the EBL density (e.g. Mazin &
Raue 2007). The discovery of high-redshift, # -ray-emitting blazars,
strongly detected in the Fermi highest energy band (10–100 GeV)
in the case of RX J0035.2+1515 and CRATES J0630!2406 (see
Figs 2 and 4), is therefore very important also in this context. Some
of the high-redshift sources of the type described in this Letter may
be detectable by existing Cherenkov telescopes, as the 10–100 GeV
Fermi fluxes of both sources discussed above are within the range

C% 2012 The Authors, MNRAS 422, L48–L52
Monthly Notices of the Royal Astronomical Society C% 2012 RAS

Padovani et al. (2012), MNRAS, 422, L48 

Rau et al. (2012), A&A, 538, 
A26 have constrained the 
redshifts of high-z sources 
from optical/UV photometry, 
identifying the Lyman break. 
 
 
Four high-z sources indeed 
seem to have high 
synchrotron peak 
frequencies and 
luminosities. 
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What about the gamma rays? 

Ackermann et al. (2012), ApJ, 743, 141 

Correlation found 
between LAT spectral 
index and LAT γ-ray 
luminosity. 
 
LAT spectral index is a 
proxy for γ-ray peak 
frequency (or energy), 
so this is a similar plot 
for γ-rays. 
 
A correlation is evident. 
 
Where are the four new 
sources on this plot? 
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What about the gamma rays? 
1378 G. Ghisellini et al.

Figure 5. The energy spectral index !" as measured by Fermi as a function of their [0.1–10 GeV] (rest frame) luminosity. The filled (red) points are FSRQs,
and the empty (blue) circles are BL Lacs. The sources studied in R12 are plotted with larger symbols if the redshift is determined (spectroscopically or
photometrically). Sources having only an upper limit on the photometric redshifts zmax are plotted assuming a range of luminosities, derived assuming zmax
and zmin = 0.3 (this corresponds approximately to the limit at which the host galaxy should be visible). For RX J0035.2+1515 we also plot the location of the
source assuming z = 0.3.

7 C O N C L U S I O N S

We have studied the nature of a few blazars, whose redshift has been
recently determined, photometrically, by R12. In addition, we have
considered all blazars for which R12 could establish a lower limit
on the redshift. Our conclusions agree with P12: the four blazars
considered in our and their papers are probably FSRQs (with a
residual doubt about the determination of the photometric redshift
of RX J0035.2+1515, because the UVOT data analysis is complex).

Independently of the actual redshift of RX J0035.2+1515, all
four blazars are ‘blue’ (i.e. the synchrotron and the inverse Compton
peak frequencies are large) because the radiative cooling is weak.
If they do have broad lines, they are overwhelmed by the strong

synchrotron emission. This agrees completely with the standard
explanation of the blazar sequence. The fact that it was possible to
estimate a photometric redshift for a few sources, out of a sample
of nearly 100, confirms that these blue FSRQs are rare. This in turn
implies that it is rare, for a jet, to produce most of the radiation we
see at large distances from its black hole.

The found blue quasars can have accretion discs emitting at a level
of a few per cent of the Eddington one, ‘normal’ black hole masses
(namely between 108 and 109 M!) and bulk Lorentz factors. Their
properties are similar to the average properties of other blazars.

We have considered the updated !" "L" plane, considering all
sources with spectroscopic redshifts within the 2LAC sample and
including the blazars for which R12 could estimate an upper limit

C# 2012 The Authors, MNRAS 425, 1371–1379
Monthly Notices of the Royal Astronomical Society C# 2012 RAS

Ghisellini et al. (2012), MNRAS, 425, 1271 
See also: 
Meyer et al. (2012), ApJ, 752, L4 

LAT spectral index is a 
proxy for γ-ray peak 
frequency (or energy) 
 
These new objects seem to 
be consistent with 
previously known sources 
and correlation. 
 
But it certainly is possible 
in the future that high Lγ 
low αγ sources will be 
found as more redshifts are 
found. 
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Compton Dominance 

Lsy LC 

Compton dominance:  AC = LC/Lsy = FC/Fsy 
 
This quantity is redshift-independent 
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What about the gamma rays? 

νpk 

Lpk 
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Potential selection effect 
involving sources with 
unknown redshifts 



What about the gamma rays? 

νpk 

Lpk 
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Potential selection effect 
involving sources with 
unknown redshifts 
 
Solution:  Plot redshift 
independent quantities 
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Fig. 5.— Compton dominance (i.e., LC
pk/Lsy

pk) versus peak synchrotron frequency. Symbols

are the same as in Figures 1 and 2; additionally, rightward-pointing triangles represent BL

Lacs with unknown redshifts, for which �sy
pk is a lower limit.

JF (2012), ApJ, submitted 

νpk is in the rest 
frame of the 
source, it is a 
lower limit for 
objects with 
unknown z 
 
An anti-correlation 
clearly exists, 
even with objects 
with unknown z 
plotted 
 
Thus, at least this 
part of the “blazar 
sequence” seems 
to be physical and 
not the result of a 
selection effect. 
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Gamma-ray spectral break 

Abdo et al. (2009), ApJ, 699, 817 

Spectral breaks at ~ a few GeV 
have been found in the γ-ray 
spectra of many LSP FSRQs 
and BL Lacs, most prominently 
in the extremely bright 3C454.3.   

3C 454.3 
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What are some possible causes of this spectral 
break? 

Abdo et al. (2009), ApJ, 699, 817 

The Astrophysical Journal Letters, 733:L26 (7pp), 2011 June 1 Abdo et al.

Table 1
Parameters of the BPL (!1, !2, Ebreak), log-parabola (!, "), and Power-law+Exponential Cutoff (!, Ecutoff ) Functions Fitted to the Spectra for the Different Periods

Considered in Figure 4

Period F100 Luminosity !1 !2 Ebreak "L #2
r

(10!6 photons cm!2 s!1) (1048 erg s!1) (GeV)

1 3.52 ± 0.08 7.8 2.34 ± 0.02 2.95 ± 0.07 1.0+0.1
!0.1 !31.6 6.3/8

2 11.2 ± 0.2 26.3 2.28 ± 0.02 3.00 ± 0.10 2.8+0.3
!0.6 !18.1 6.5/9

3 43.0 ± 0.6 105.8 2.15 ± 0.01 2.81 ± 0.05 1.7+0.1
!0.2 !74.5 45.9/9

4 20.2 ± 0.3 45.5 2.29 ± 0.02 3.20 ± 0.10 2.3+0.3
!0.3 !44.4 16.6/8

Period F100 Luminosity ! " . . . "L #2
r

(10!6 photons cm!2 s!1) (1048 erg s!1)
1 3.45 ± 0.07 7.7 2.61 ± 0.03 0.11 ± 0.01 . . . !26.3 19.6/9
2 10.9 ± 0.3 26.6 2.39 ± 0.02 0.06 ± 0.01 . . . !13.8 12.5/10
3 41.7 ± 0.7 103.5 2.36 ± 0.02 0.11 ± 0.01 . . . !73.7 43.9/10
4 19.1 ± 0.4 44.4 2.49 ± 0.02 0.12 ± 0.01 . . . !37.4 13.0/9
Period F100 Luminosity ! . . . Ecutoff "L #2

r

(10!6 photons cm!2 s!1) (1048 erg s!1) (GeV)
1 3.5 ± 0.1 7.7 2.30 ± 0.04 . . . 5.0 ± 1.0 !24.1 9.4/9
2 11.1 ± 0.4 26.0 2.23 ± 0.03 . . . 11.0 ± 2.4 !18.3 7.2/10
3 42.8 ± 1.0 102.1 2.09 ± 0.02 . . . 6.2 ± 0.7 !85.5 22.8/10
4 20.0 ± 0.5 44.8 2.21 ± 0.02 . . . 5.9 ± 0.8 !46.7 6.3/9

Notes. "L represents the difference of the logarithm of the likelihood with respect to a single power-law fit and #2
r represents the reduced

chi-squared of the $ F$ data points for the different functions.

! changing from 2.0 ± 0.1 to 2.31 ± 0.07 in 6 hr. This
behavior may be driven by cooling. During the flare, the electron
energy distributions may reflect the alternative dominance of
acceleration and cooling processes.

Restricting the analysis to the E = 0.1–1 GeV range (bottom
panels of Figure 3) produces a pattern similar to the E > 0.1 GeV
case for the second period, but somewhat different for the first
period, although the patterns are less clear due to larger statistical
uncertainties. The rise in flux is accompanied by a pronounced
hardening in this energy range followed by a state of essentially
constant spectral hardness evolving into a slow softening. This
behavior confirms the conclusions obtained in the context of
Figure 2. Due to insufficient statistics, no clear pattern of the
photon spectral index above 1 GeV versus flux can be observed
with 6 hr time binning.

Figure 4 shows the $ F$ distributions of the Fermi-LAT data
for the four different time periods delineated in Figure 1. These
distributions have been fitted with BPL (solid), log-parabola
function (dashed), and PLEC (dashed-dotted) functions. The
parameters of the different fits can be found in the Table 1. As
the likelihood method does not provide an absolute goodness-
of-fit measure, the #2 of the $ F$ data points for the different
functions have been calculated. For the pre-flare and plateau
periods, both BPL and PLEC give fits of similar quality, while
the log-parabola fit is notably worse. The PLEC function is
preferred for the post-flare period. None of the tested functions
provides a very good fit to the energy distribution in that period,
which may be a result of the significant spectral evolution during
the flare. The $ F$ spectra obtained over time intervals where
the four subflares alternatively dominate are consistent for the
first three subflares in terms of curvature, while a significantly
harder spectrum is observed between MJD55520.0–55521.5.
In that interval, the PLEC fit gives Ecutoff = 8.3 ± 1.7 GeV.
A total of 10 photons with E > 10 GeV (out of 12 detected
during the entire 5 day flare) were collected in that 1.5 day
time lapse (second panel of Figure 2). The variation of Ebreak
and Ecutoff with flux is displayed in the inset of Figure 4. As
already found during the 2009 December and 2010 April flares,
no strong evolution of either Ebreak or Ecutoff is found. Ebreak

Figure 4. Spectral energy ($F$ ) distributions for four different time periods (pre-
flare: magenta, plateau: green, flare: blue, post-flare: red), along with the fitted
BPL (solid), log-parabola (dashed), and PLEC (dashed-triple-dotted) functions.
The inset displays Ebreak (red) and Ecutoff (blue) as a function of flux for the
different periods considered here (filled symbols) and for historical flares (open
symbols).
(A color version of this figure is available in the online journal.)

remains constant within a factor of "2 while the flux varies by
a factor of "40.

4. DISCUSSION

During its 5 day outburst from 2010 November 17 to 21
(flare interval in Figure 1), 3C454.3 was the brightest GeV
% -ray source in the sky, with a flux F100 = 66 ± 2 on 2010
November 18–19. Prior to the flaring phase, the Fermi-LAT light
curve displays a 13 day long flux plateau preceding the major

5
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Figure 1. SED of 3C 454.3. The Effelsberg/IRAM radio data are given by the
diamonds, the Swift-UVOT and XRT data are given by the squares and triangles,
respectively, and the Fermi-LAT data are given by the filled circles. The model
components for the multi-component model are shown as dashed curves, where
the purple dashed curve is the Shakura–Sunyaev disk, the red is the synchrotron,
the green is the SSC, the blue is the Compton-scattered disk, and the brown is the
Compton-scattered BLR component assuming !BLR = 0.01. The thick dotted
curve gives the SSC fit, and the thick solid curve shows the multi-component
model. The inset shows the Fermi-LAT spectrum in more detail. The arrows
indicate the frequency of the spectral break.
(A color version of this figure is available in the online journal.)

fast-cooling regime, where one expects p1 ! 2 and p2 = q + 1,
where q is the injection index.

If the LAT spectrum was the result of Thomson scattering
of a single source of photons, whether that source is the disk,
BLR, or dust torus, the spectral indices would be about the
same as for the synchrotron, namely, " ! 1.4 and " ! 2.9
well below and above the break, respectively. Instead, " ! 2.3
and " ! 3.5 are observed, respectively, although it is possible
that Klein–Nishina (KN) effects could soften the higher energy
index. The lower energy LAT index furthermore does not
necessarily correspond to the asymptotic value at E ! Ebr.

Abdo et al. (2009) suggested that the break could be caused
by the high-energy cutoff in the electron distribution, "max.
However, if this is the case, below the " -ray break, one would
expect the same " as in the optical ("opt = 2.9), because of their
correlated variability, instead of the " = 2.3 which is observed.
The " -ray spectral index could be softer than "opt, due to KN
effects, but it is unlikely to be harder.

It is possible that the X-rays through Fermi " -rays are all
created by a single component, likely the synchrotron self-
Compton (SSC) component, since this is generally broader than
external Compton components. In this model, the softer " -rays
are created by the portion of the SSC component at and below
the break, as it gradually softens. This SSC-only model gives an
adequate fit to the broadband SED, although it gives a poor fit
to the LAT data (Figure 1), and does not produce a sharp break
in the LAT " -ray spectrum, although Abdo et al. (2009) found
that the LAT spectrum could just as easily be fit by a smooth
transition. See Table 1 for the spectral parameters for this fit
and Finke et al. (2008) for details on this model. The SSC-only
model in Figure 1 does not enter the KN regime until around
# ! 3 " 1026 Hz, which is considerably above the Fermi-LAT
data, and these " -rays are thus produced entirely in the Thomson

Table 1
Model Parametersa

Symbol Multi-component Model SSC Model

z 0.859 0.859
"bulk 15 15
$D 30 28
B 0.4 G 0.032 G
tv 1.7 " 105 s 1.7 " 105 s

p1 2.0 1.8
p2 4.4 4.8
" #

min 3 " 101 10
" #

max 2 " 104 2 " 109

" #
brk 1.1 " 103 104

M9 2.0
lEdd 0.04
% 1/12
r 1.5 " 103Rg

!BLR 0.01
Ri 5.0 " 102Rg

Ro 5.0 " 105Rg

& $2

B/Beq 0.6 0.06
Pj,B 1.8 " 1045 erg s$1 1043 erg s$1

Pj,par 2.7 " 1046 erg s$1 2.3 " 1047 erg s$1

Note.
a See text and Dermer et al. (2009) for details on parameters and calculations of
jet powers.

regime. However, it is possible that local " " absorption could
soften the higher energy portion of the spectrum and produce a
better fit.

But the SSC model has other problems. It ignores the BLR
for this source, which must be present due to the strong broad
emission lines seen in this object’s optical spectrum; it results
in an extremely low magnetic field, B, which is considerably
lower than the equipartition value, Beq, and thus the particle jet
power, Pj,par, is much greater than the magnetic field jet power,
Pj,B , and close to the Eddington limit (see Table 1); and it may
not be consistent with the variability of this source (see Section
5). The constraints on the Doppler factor from Jorstad et al.
(2005) and the constraints on the emitting region size from the
variability timescale imply B = 0.032 ± 0.005 G for the SSC
model. We propose that the LAT spectrum of 3C 454.3 is instead
the result of a combination of two Compton-scattered compo-
nents, for example, Compton scattering of the disk and BLR
radiation.

3. BLR RADIATION ENERGY DENSITY

Before modeling the SED of 3C 454.3, we derive approximate
formulae for the energy density of the BLR at the location of
the jet. A regime where the energy densities of the Compton-
scattered disk and BLR components are approximately equal
can explain the LAT spectrum of 3C 454.3.

We assume that the BLR is spherically symmetric and extends
from inner radius Ri to outer radius Ro, and the electron
number density of the BLR is a function of distance from the
central source, nBLR(R) = n0(R/Ri)& , so that the Thomson
depth of the BLR is given by !BLR = 'T

! Ro

Ri
dR nBLR(R)

Accretion disk 

Broad line 
region 

A combination of disk and broad 
line scattering  components with 
KN cutoff can reproduce the γ-
ray spectrum 

22 
JF & Dermer (2010) 



Photoabsorption with BL He II Lyα photons 

No. 2, 2010 GeV BREAKS IN BLAZARS AS A RESULT OF GAMMA-RAY ABSORPTION WITHIN BLR L121

0.1 1 10 100
 E (GeV)

10-12

10-11

10-10

10-9

10-8

EF
E

(e
rg

 c
m

-2
 s

-1
)

 3C 454.3

 PKS 1502+106  (!3)

 PKS 0454-234  (!30)

 RGB J0920+446 (!300)

Figure 2. Spectral energy distribution of a few blazars as observed with Fermi/
LAT. The best-fit broken power law and a power law with the double-absorber
models are shown by the dashed and solid lines, respectively.
(A color version of this figure is available in the online journal.)

photon index ", and normalization as free parameters. The
“lines” were redshifted by the appropriate 1 + z factor. The
fits give statistically significant detections of absorption with
a good !2 for 3C 454.3, PKS 1502+106, PKS 0454–234, and
RGB J0920+446 (see Table 2 and Figure 2). Upper limits on
absorption for PKS 1510–08, PKS 2022–07, and TXS 1520+319
are significantly smaller than the absorption optical depth for
3C 454.3. There are no significant constraints for 3C 273. The
quality of the fits with the absorption model is about the same
as with the broken power-law model with the same number of
parameters. In fact, the absorption model is less flexible as the
energy, where the power-law spectrum breaks, is fixed.

4. DISCUSSION AND SUMMARY

The GeV breaks observed in blazars are well described by
" -ray absorption via photon–photon pair production on He ii
and H i recombination continuum photons. In RGB J0920+446,
the absorption is seen only at high energies with the break
energy Ebreak corresponding to the pair-production threshold
on hydrogen recombination photons, while in other cases
the break is close to the threshold for the absorption on
He ii recombination continuum. The exact position of the
break depends on the ionization parameter that determines the
contribution of metals and affects the position of the centroid
of the 50 eV complex. If #He is small, then the break shifts to
19 GeV as observed in RGB J0920+446.

A rather large ratio of the fitted optical depths #He/#H ! 1/4
implies that the " -ray emitting region has to lie within the high-
ionization zone of the BLR with log $ > 2. For the brightest
" -ray object in our sample, 3C 454.3, with its accretion
luminosity of about 1047 erg s"1 (Smith et al. 1988), the high-
ionization zone should be within about 0.1 pc. This corresponds
to about 103 Schwarzschild radii for an !109 M# central black
hole (Bonnoli et al. 2010). At such a distance, the luminosity in
the 50 eV complex can be as small as !1044 erg s"1, a per mille
of the accretion luminosity, to provide the necessary opacity
with #He ! 6 (see Equation (2)).

The opacity measured above 20 GeV and the Ly% luminosity
of 1045 erg s"1 observed in 3C 454.3 (Wills et al. 1995)

allow us to estimate the Ly% emission zone size. Taking the
recombination continuum luminosity equal to that of Ly% and
using Equation (2) we get RLy% = 2 ± 1 pc, which indicates
that absorption at these energies happens at a larger distance
than absorption by He ii photons.

The constraints obtained on the " -ray emission site imply
that the jet is already accelerated to a relativistic velocity within
a thousand gravitational radii. It also strongly constrains the
mechanisms for " -ray production. The possible sources of
soft photons for Comptonization in the jet are the accretion
disk (Dermer & Schlickeiser 1993) and the BLR (Sikora et al.
1994). As a source of photons, the dust emission at 10 pc scale
(B!ażejowski et al. 2000; Sikora et al. 2008) cannot be important.

Let us also remark that the GeV photons absorbed in the
BLR produce electron–positron pairs which, spiraling in the
magnetic field, radiate away their energy isotropically. This
emission cannot compete with the beamed emission from the jet,
but can contribute to the high-energy emission of radio galaxies
observed at large angles to the jet axis (see, e.g., Roustazadeh
Sh. & Boettcher 2010).

Our interpretation of the GeV breaks implies that additional
breaks (depressions) at 0.3–0.7 GeV produced by the soft X-ray
lines within the high-ionization zone should be seen, once the
photon statistics is high enough. The " -ray spectroscopy can
be used as a powerful tool for studying the extreme-UV and
soft X-ray emission in the quasars’ vicinity, which is otherwise
hidden from us by interstellar absorption.
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Gamma rays photoabsorbed by He II 
recombination (54.4 eV) and Lyα (40.8 
eV) photons from the BLR would create a 
break at ~ 5GeV in the rest frame of the 
object, around the observed break 
energies . 



Compton-scattering BL H Lyα photons 
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Model with power law 
electron distribution does 
not provide good fit 

Model with log-parabola 
electron distribution does 
provide good fit 

M. Cerruti (2012) 
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PKS 0537-441 

Curvature in 
IR/optical 
spectrum:  
implies 
curvature is 
in electron 
distribution? 

D’Ammando et al., 
in preparation 
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Most of these methods assume the γ-ray 
emitting region is within the Broad line 
region (except the intrinsic to the electron 
distribution explanation)  Here the broad line 

or disk is the seed 
photon source for 
Compton scattering 

<~ 1 pc 



Location of γ-ray emitting region 

Jet blob 

Dust torus 

Broad line 
region 

28 

But there is some evidence that the 
emitting region is outside the broad line 
region Here the dust torus 

or synchrotron 
(SSC) is the likely 
seed photon source 
for Compton 
scattering 

~ 1-10 pc 
Accretion disk 



Evidence for large distances from BH 

Orienti et al. (2012) 
arXiv:1210.4319; also see 
her poster 
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Figure 5. Radio light curves of PKS 1510!089 between 1 Novem-
ber 2010 and 31 January 2012. Circles, asterisks, squares, filled
stars, and empty stars refer to F-GAMMA data, 22-GHz VERA
data, 15-GHz OVRO data, 15-GHz MOJAVE data, and Medic-
ina data respectively. Vertical lines indicate the time of the !-ray
flares.

Table 1. 22-GHz flux density of the core component measured
by the VERA interferometer.

Obs. date S22GHz Obs. date S22GHz

Jy Jy

2010/11/01 2.03 2011/08/16 2.29
2010/11/10 1.78 2011/08/17 2.29
2010/11/18 1.83 2011/08/19 2.41
2010/11/29 1.70 2011/09/07 2.78
2010/12/04 1.62 2011/09/13 3.23
2010/12/13 1.56 2011/09/14 3.04
2010/12/14 1.47 2011/09/16 3.27
2011/01/22 1.97 2011/10/25 5.82
2011/02/11 1.84 2011/10/29 5.97
2011/02/26 2.25 2011/11/02 5.92
2011/04/11 1.57 2011/11/07 5.78
2011/04/25 1.40 2011/12/23 5.45
2011/05/12 1.50 2012/01/13 4.63
2011/05/23 1.59 2012/01/14 4.53
2011/08/14 2.22 2012/01/19 4.45
2011/08/15 2.37 2012/01/20 4.49

Table 2. Flux density and polarization information of the central
region of PKS 1510!089 from the MOJAVE 15-GHz VLBA data.

Obs. date S15GHz Sp "

mJy mJy ( % ) deg

2010/11/29 1527 31 (2.0%) 75
2010/12/24 1422 16 (1.1%) 65
2011/02/20 1984 13 (0.7%) 50
2011/02/27 1980 14 (0.7%) 50
2011/03/05 2067 23 (1.1%) 85
2011/05/21 1399 10 (0.7%) 45
2011/07/24 1741 29 (1.7%) 45
2011/08/26 2186 26 (1.2%) 40
2011/10/03 3969 20 (0.5%) 55
2011/12/12 6536 93 (1.4%) 65
2011/12/29 6207 172 (2.8%) 60
2012/01/14 5458 167 (3.0%) 55
2012/03/04 4802 98 (2.0%) 50
2012/03/27 4758 128 (2.7%) 24

Table 3. Results of the Medicina 32-m radio telescope.

Obs. date S5GHz S8.4GHz

2011/07/12 - 1.30±0.05
2011/08/10 1.38±0.05 -
2011/09/08 1.36±0.11 1.44±0.11
2011/09/22 1.46±0.07 1.82±0.20
2011/10/13 1.53±0.05 2.08±0.05
2011/11/16 2.49±0.17 3.72±0.22
2011/12/01 2.85±0.15 4.10±0.15
2011/12/13 3.34±0.12 4.59±0.15
2012/01/03 3.70±0.20 5.30±0.40
2012/01/17 4.30±0.20 -

and 100 GeV of about 8!10!7 photons cm!2 s!1 (Fig. 1).
The second half of 2011 is characterized by two major flares
which occurred in July (Fig. 2) and October (Fig. 3).
To compare the flux variability at high (! rays) and low
(radio band) energies, we analyzed millimeter/centimeter
radio observations spanning a time interval between 2010
November and 2012 January, i.e. long enough to constrain
any flux density variation well before and after the main
!-ray outbursts. In Fig. 4 we plot the radio light curves
at 23 and 15 GHz, i.e. those frequencies with the best
time sampling. The light curves are characterized by
subsequent increase and decrease of the flux density. Since
2011 September the flux density at both 15 and 23 GHz
abruptly increased, reaching its maximum at the beginning
of November for the 23 GHz, followed with one-month delay
at 15 GHz, when the peak was observed around middle
of December. It is worth noting that the flux density on
parsec scales derived by VLBI data, i.e. VERA data at 22
GHz and VLBA data at 15 GHz (triangles and stars in
Fig. 4) strictly follow the single-dish flux density trend,
indicating that the flux density variability is dominated by
the parsec-scale emitting region.

γ-ray flare/
knot 
ejection 

~40 day increase in radio flux 
associated with γ-ray flare 
 
One can determine the speed of the 
blob by following its motion after it is 
ejected during the γ-ray flare  
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PKS 1510-089 
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Figure 3. Sequence of 43 GHz VLBA images showing ejections of two superluminal knots with proper motions of (top) 1.1 ± 0.1, (bottom) 0.97 ± 0.06 mas yr!1.
Images are convolved with a circular Gaussian beam of FWHM = 0.1 mas (the shaded circle on bottom right). Calendar dates and JD!2450000 of images are given.
Contours: total intensity, with levels (top) 1, 2, 4,. . ., 64, 96% of peak of 1.41 Jy beam!1 and (bottom) 0.25, 0.5, 1, 2,. . ., 64, 96% of peak of 3.14 Jy beam!1. White
line segments: direction of linear polarization; color: polarized intensity relative to peak (green) of (top) 71 mJy beam!1 and (bottom) 120 mJy beam!1. Polarization
not correction for Faraday rotation, whose value is poorly constrained (Jorstad et al. 2007).

with a specific 50 day period of elevated ! -ray flux is extremely
small, "0.1%. Furthermore, the model predicts equally probable
clockwise and counterclockwise rotations of " in the same
object, while the "180# rotation of " between JD 2454990 and
2455000 (see Figure 4) proceeded at the same counterclockwise
rate as during the final stage of the larger rotation. This implies
that the rotation is dictated by geometry, with the accompanying
minor flare occurring in the same location as flare 8.

We observed a similar, but shorter, rotation of the optical
polarization in BL Lac in 2005 (Marscher et al. 2008). We
apply our phenomenological model developed to explain that
event to PKS 1510!089. A moving emission feature follows a
spiral path as it propagates through the toroidal magnetic field
of the acceleration and collimation zone of the jet (Komissarov
et al. 2007). The spiral motion is caused either by rotation of the
flow (Vlahakis 2006) or a helical stream of electron–positron
pairs injected from the black hole’s ergosphere (Williams 2004).
The secular increase in the rate of rotation (see Figure 4) is due
to an increasing Doppler factor as the flow accelerates until it
reaches the core, since the Lorentz factor increases as the cross-
sectional radius of the jet (Vlahakis & Königl 2004; Vlahakis
2006; Komissarov et al. 2007). (However, the rest-frame angular
velocity of the emission feature cannot decrease to conserve
specific angular momentum as the jet expands (Steffen et al.
1995; Vlahakis 2006), hence the spiral path followed by the
centroid of the feature must maintain a constant radius of helical
motion to avoid this.) The emission feature must cover most of
the cross section of the jet in order to create substantial flares and
to cancel most of the polarization (from different orientations
of the toroidal magnetic field across the feature) while leaving a
residual of !10%, with " rotating systematically as the feature
proceeds down the jet. Front-to-back light-travel time delays
also cancel some polarization by stretching the feature along
the spiral path as viewed by the observer. Synchrotron flares

occur when the energization of electrons increases suddenly
over some or all of the emission region; our model does not
attempt to explain these sudden surges in particle acceleration.
The solid curve in the bottom panel of Figure 4 shows the fit
to the variation of " of the model, with parameter values that
are typical but probably not unique. The bulk Lorentz factor
increases linearly with longitudinal distance down the jet from
a value of 8 at the onset of the rotation to 24 at the end. The
viewing angle of the jet axis is 1.#4 in the model, so the Doppler
factor increases from 15 to 38 during this time, and the final
apparent speed is 21c, matching the observed value within the
uncertainties. The inflections of the curve are due to changing
aberration, which we calculate with the equations of Königl
& Choudhuri (1985). The scenario proposed in that paper, in
which the jet twists from helical instabilities, can explain the
rotation of " but not the observed low, randomly changing
degree of polarization. The secular increase both in the rate
of rotation of " and in optical flux during the first half of the
outburst results from the acceleration of the flow and consequent
enhanced beaming.

Flare 8, featuring the highest optical flux observed since 1948
(Liller & Liller 1975), occurred as the rotation of " was ending
and the new superluminal knot was passing the core. This event
can be explained by compression of the knot by a standing
conical shock (Marscher et al. 2008). According to our model,
when the knot passed the core it was propagating down the jet at
0.3 pc day!1 in our frame, and had traveled 17 pc downstream
since the rotation of " began. The transverse radius of the jet at
this point is "2$1017 cm, based on the opening angle of the jet
"0.#2 derived by Jorstad et al. (2005). The propagation rate, plus
the 1-day timescale of the flare, sets the longitudinal size of the
optical flare region at "0.3 pc. We associate this size with the
distance moved by an electron radiating at R band before it loses
too much energy to continue doing so. To determine the energy

Marscher et al. (2010), ApJ, 710, L126 
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Figure 5. Radio light curves of PKS 1510!089 between 1 Novem-
ber 2010 and 31 January 2012. Circles, asterisks, squares, filled
stars, and empty stars refer to F-GAMMA data, 22-GHz VERA
data, 15-GHz OVRO data, 15-GHz MOJAVE data, and Medic-
ina data respectively. Vertical lines indicate the time of the !-ray
flares.

Table 1. 22-GHz flux density of the core component measured
by the VERA interferometer.

Obs. date S22GHz Obs. date S22GHz

Jy Jy

2010/11/01 2.03 2011/08/16 2.29
2010/11/10 1.78 2011/08/17 2.29
2010/11/18 1.83 2011/08/19 2.41
2010/11/29 1.70 2011/09/07 2.78
2010/12/04 1.62 2011/09/13 3.23
2010/12/13 1.56 2011/09/14 3.04
2010/12/14 1.47 2011/09/16 3.27
2011/01/22 1.97 2011/10/25 5.82
2011/02/11 1.84 2011/10/29 5.97
2011/02/26 2.25 2011/11/02 5.92
2011/04/11 1.57 2011/11/07 5.78
2011/04/25 1.40 2011/12/23 5.45
2011/05/12 1.50 2012/01/13 4.63
2011/05/23 1.59 2012/01/14 4.53
2011/08/14 2.22 2012/01/19 4.45
2011/08/15 2.37 2012/01/20 4.49

Table 2. Flux density and polarization information of the central
region of PKS 1510!089 from the MOJAVE 15-GHz VLBA data.

Obs. date S15GHz Sp "

mJy mJy ( % ) deg

2010/11/29 1527 31 (2.0%) 75
2010/12/24 1422 16 (1.1%) 65
2011/02/20 1984 13 (0.7%) 50
2011/02/27 1980 14 (0.7%) 50
2011/03/05 2067 23 (1.1%) 85
2011/05/21 1399 10 (0.7%) 45
2011/07/24 1741 29 (1.7%) 45
2011/08/26 2186 26 (1.2%) 40
2011/10/03 3969 20 (0.5%) 55
2011/12/12 6536 93 (1.4%) 65
2011/12/29 6207 172 (2.8%) 60
2012/01/14 5458 167 (3.0%) 55
2012/03/04 4802 98 (2.0%) 50
2012/03/27 4758 128 (2.7%) 24

Table 3. Results of the Medicina 32-m radio telescope.

Obs. date S5GHz S8.4GHz

2011/07/12 - 1.30±0.05
2011/08/10 1.38±0.05 -
2011/09/08 1.36±0.11 1.44±0.11
2011/09/22 1.46±0.07 1.82±0.20
2011/10/13 1.53±0.05 2.08±0.05
2011/11/16 2.49±0.17 3.72±0.22
2011/12/01 2.85±0.15 4.10±0.15
2011/12/13 3.34±0.12 4.59±0.15
2012/01/03 3.70±0.20 5.30±0.40
2012/01/17 4.30±0.20 -

and 100 GeV of about 8!10!7 photons cm!2 s!1 (Fig. 1).
The second half of 2011 is characterized by two major flares
which occurred in July (Fig. 2) and October (Fig. 3).
To compare the flux variability at high (! rays) and low
(radio band) energies, we analyzed millimeter/centimeter
radio observations spanning a time interval between 2010
November and 2012 January, i.e. long enough to constrain
any flux density variation well before and after the main
!-ray outbursts. In Fig. 4 we plot the radio light curves
at 23 and 15 GHz, i.e. those frequencies with the best
time sampling. The light curves are characterized by
subsequent increase and decrease of the flux density. Since
2011 September the flux density at both 15 and 23 GHz
abruptly increased, reaching its maximum at the beginning
of November for the 23 GHz, followed with one-month delay
at 15 GHz, when the peak was observed around middle
of December. It is worth noting that the flux density on
parsec scales derived by VLBI data, i.e. VERA data at 22
GHz and VLBA data at 15 GHz (triangles and stars in
Fig. 4) strictly follow the single-dish flux density trend,
indicating that the flux density variability is dominated by
the parsec-scale emitting region.

γ-ray flare/
knot 
ejection 

~40 day increase in radio flux 
associated with γ-ray flare 
 
Assuming γ-ray flare is associated with 
same region as slower radio flare, one 
can determine the projected distance: 
 
Dproj = v*t/(1+z) = (25c)*(40 days)/
(1.36) = 0.6 pc  
 
Assuming angle to line of sight: 
 
θ = 2 deg; D =  17 pc 
θ = 5 deg; D =  6.9 pc 
 
Emission seems to be outside BLR (<~ 
1 pc) 
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Figure 1. Differential energy spectrum of PKS 1222+21 as measured by MAGIC
on 2010 June 17. Differential fluxes are shown as black points, upper limits
(95% CL) as black arrows. The black line is the best fit to a power law.
The gray shaded area represents the systematic uncertainties of the analysis.
The absorption corrected spectrum and upper limits using the EBL model
by Dominguez et al. (2011) are shown by the blue squares and arrows; the
dashed blue line is the best-fit power law. The blue-striped area illustrates the
uncertainties due to differences in the EBL models cited in the text, by Kneiske
& Dole (2010), Gilmore et al. (2009), Franceschini et al. (2008), and Albert
et al. (2008).

with a photon index ! = 3.75 ± 0.27stat ± 0.2syst and a
normalization constant at 200 GeV of N200 = (7.8 ± 1.2stat ±
3.5syst) ! 10"10 cm"2 s"1 TeV"1, yielding an integral flux
(4.6 ± 0.5) ! 10"10 cm"2 s"1 (#1 Crab Nebula flux) at
E > 100 GeV and (9.0 ± 3.6) ! 10"12 cm"2 s"1 (7% of
the Crab Nebula flux) at E > 300 GeV, at the same level
of Whipple upper limit (Section 1). For energies higher than
400 GeV no significant excess was measured. The upper limits
corresponding to 95% confidence level (CL) are shown in
Figure 1. The systematic uncertainty of the analysis (studied
by using different cuts and different unfolding algorithms) is
shown by the gray area.

We studied the effect of the VHE ! -ray absorption due to
pair production with low energy photons of the EBL by using
different state-of-the-art EBL models, namely, the models by
Dominguez et al. (2011), Kneiske & Dole (2010), Gilmore
et al. (2009), Franceschini et al. (2008), and the “max high UV”
EBL model described in Albert et al. (2008). For each of the
EBL models, the optical depth corresponding to the measured
VHE ! -ray energy intervals was computed and the differential
fluxes were corrected accordingly to obtain the de-absorbed (or
intrinsic) spectrum. The spectrum deabsorbed with the EBL
model of Dominguez et al. (2011), shown by the blue squares
in Figure 1, is well fitted by a power law with an intrinsic
photon index of !intr = 2.72 ± 0.34 between 70 GeV and
400 GeV. Uncertainties caused by the differences between the
EBL models are represented in Figure 1 by the blue-striped
area. The corresponding spread is smaller than the systematic
uncertainties of the MAGIC data analysis.

We investigated the possible presence of a high-energy
(HE) cutoff in the VHE range by fitting power laws with
different photon indexes and different values for the cutoff. The
method adopted is the "2 difference method (see, e.g., Lampton
et al. 1976). With the available statistics, at the 95% CL we
cannot exclude the presence of a cutoff above 130 GeV for a
photon index 2.4 (the lowest possible value compatible with
fit uncertainties and with Fermi/LAT data, see Section 3.3) or

Time (UT)
21:50:00 22:00:00 22:10:00 22:20:00 

]
-1

 s
-2

In
te

gr
al

 fl
ux

 (>
10

0 
G

eV
) [

cm

0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1
-910"

=4.45/3)2#Exponential fit (

-1 s-3 10" 0.15)± slope: (1.30

=5.68/3)2#Linear fit (

-1 s•-1s-2cm-1310" 0.8)±slope = (3.7

=2.34/4)2#Background - constant fit (

Figure 2. PKS 1222+21 light curve above 100 GeV, in 6 minutes bins (black
filled circles). The observation was carried out on MJD 55364. The black solid
line is a fit with an exponential function and the black dotted line a fit with a
linear function. The gray open squares denote the fluxes from the background
events and the gray dashed line is a fit with a constant function to these points.

above 180 GeV for a photon index 2.7. The confidence interval
is not bounded on the HE side, i.e., a fit without a cutoff is
fully compatible with the data. Further observations with higher
statistics are needed to better constrain the location of a possible
steepening in the form of a cutoff or spectral break.

3.2. Light Curve

Despite the short observation time, the strength of the signal
allows us to perform a variability study of the measured integral
fluxes above 100 GeV. The light curve binned in 6 minutes long
intervals is shown in Figure 2 and reveals clear flux variations.
The constancy hypothesis ("2/NDF = 28.3/4) is rejected with
high confidence (probability < 1.1 ! 10"5). The fluxes of
background events surviving the ! /hadron selection cuts are
compatible with being constant, and hence we can exclude a
variation of the instrument performance during the observation.

To quantify the variability timescale we performed an ex-
ponential fit (solid black line in Figure 2). A linear fit is also
acceptable but does not allow us to define a timescale unam-
biguously. For the exponential fit the doubling time of the flare
is estimated as 8.6+1.1

"0.9 minutes. The derived timescale corre-
sponds to the fastest time variation ever observed in an FSRQ
in the VHE range and in any other energy range (Foschini et al.
2011), and is among the shortest timescales measured on TeV
emitting sources (Abramowski et al. 2010).

3.3. The HE–VHE SED

In the HE MeV/GeV energy range measured by Fermi/LAT
the source showed a significant flare lasting $3 days, with a
flux peak on 2010 June 18 (MJD 55365) (Tanaka et al. 2011).
A dedicated analysis found that the 1/2 hr MAGIC observation
fell within a gap in the LAT exposure, thus we analyzed a
period of 2.5 hr (MJD 55364.867 to 55364.973), encompassing
the MAGIC observation. The LAT analysis for this time bin
was performed as in Tanaka et al. (2011), where details can be
found. It results in an integral flux (6.5 ± 1.9) ! 10"6 cm"2 s"1

at energy E > 100 MeV. The observation in such a short time
does not provide any detection with Fermi/LAT at E > 2 GeV.
Two Fermi/LAT spectral points up to 2 GeV together with an
upper limit at the 95% CL in the range 2–6.3 GeV are combined
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Figure 3. High-energy SED of PKS 1222+21 during the flare of 2010 June 17
(MJD 55364.9), showing Fermi/LAT (squares) and MAGIC (circles) differential
fluxes. A red bow tie in the MeV/GeV range represents the uncertainty of the
likelihood fit to the Fermi/LAT data. The unfolded and deabsorbed spectral fit
of the MAGIC data is also shown as a red bow tie, extrapolated to lower and
higher energies (dotted lines) according to Abdo et al. (2009). A thick solid
line (photon index " = 2.7) indicates a possible extrapolation of the MAGIC
deabsorbed data to lower energies. The thick dashed line represents the EBL
absorbed spectrum obtained from the extrapolated intrinsic spectrum using the
model by Dominguez et al. (2011).

with the MAGIC data in the spectral energy distribution (SED)
shown in Figure 3.

The figure also shows bow ties representing uncertainties
associated with the spectral fits. The Fermi/LAT spectrum is
best described by a single power law with index of 1.95 ± 0.21.
In the case of MAGIC data the bow tie refers to the “intrinsic”
source spectrum, i.e., to the observed spectrum corrected for
EBL absorption, described in Section 3.1. An extrapolation of
the intrinsic spectrum in the MAGIC range to lower energies
is also shown indicating that: (1) there is a potentially smooth
connection between the Fermi/LAT and MAGIC extrapolated
data in the 3 to 10 GeV region and (2) the photon index steepens
from 1.9 in the Fermi/LAT range to 2.7 in the MAGIC range.
These results agree with the analysis of wider temporal intervals
during this flare and during the whole active period, in which the
source spectrum is well described by a broken power law with an
energy break falling between 1 and 3 GeV (Tanaka et al. 2011).
Furthermore, it is found that the HE tail (E > 2 GeV) of the
Fermi/LAT spectrum of PKS 1222+21 extends up to 50 GeV,
with a photon index in the range 2.4–2.8.

4. DISCUSSION

4.1. EBL Limits

The interaction of VHE ! -rays with low energy photons of the
isotropic EBL is a process with an energy dependent threshold,
thus leading to an imprint of the EBL density on the measured
VHE ! -ray spectra of extragalactic sources (Mazin & Raue
2007). For PKS 1222+21 (z = 0.432), the measured spectrum
spans from 70 GeV to 400 GeV probing EBL photons in the
range 0.1–1 µm (i.e., UV to near-infrared).

The EBL constraints using VHE ! -rays are usually derived
assuming an intrinsic spectrum of the source (e.g., Aharonian
et al. 2006). In FSRQs, the presence of dense radiation fields
of soft photons can lead to the internal absorption of VHE
! -rays, mimicking harder-than-intrinsic spectra (e.g., Sitarek &
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Figure 4. Optical depth along the line of sight to PKS 1222+21 (z = 0.432) for a
range of EBL models and the limits (95% CL) from the MAGIC measurement,
assuming the limiting intrinsic photon index "VHE = 2.4. The gray shaded area
shows the uncertainties in the EBL determination as derived in Dominguez et al.
(2011), Section 6.1 and Figure 13.

Bednarek 2008). However, for realistic spectral distributions of
the internal photon fields it should not change the EBL limits
significantly (Tavecchio & Mazin 2009).

In our case the simultaneous data from Fermi/LAT, which
is free from internal or external absorptions, have been used to
constrain the intrinsic photon index in VHE (e.g., Georganopou-
los et al. 2010; Finke & Razzaque 2009). We adopt a method
similar to the one utilized by Georganopoulos et al. (2010): the
intrinsic spectrum in the VHE regime is assumed to follow the
extrapolation of the Fermi/LAT above 3 GeV with a " = 2.4.
This is a conservative assumption since in reality the spectrum
could soften with increasing energy.

The upper limit (95% CL) on the optical depth, "max, for VHE
! -rays can be obtained from

"max(E) = log
!

Fintr(E)
Fobs(E) ! 1.64 · %F (E)

"
, (2)

where Fintr(E) is the maximum intrinsic flux at energy E, and
Fobs(E) and %F (E) are the MAGIC measured flux and its error,
respectively. The maximum intrinsic flux has been normalized
at 70 GeV assuming the EBL model giving a maximum flux
absorption of 30% (Albert et al. 2008). The derived limits on the
optical depth are shown in Figure 4 together with a compilation
of the predicted optical depths for a source at z = 0.432
computed according to recent EBL models. The limits confirm
previous constraints on the EBL models in the UV to near-
infrared regimes derived using VHE (Aharonian et al. 2006;
Mazin & Raue 2007; Albert et al. 2008) and HE spectra (Abdo
et al. 2010a). Given the fact that the EBL models predict for this
redshift a stronger absorption with increasing energy, our data
do not indicate a softening of the spectrum within the energy
range of our observations.

4.2. VHE ! -ray Emission

In the framework of the currently accepted EBL models, the
observed simultaneous VHE and GeV spectra are consistent
with a single power law with index "2.7 ± 0.3 between 3 GeV
and 400 GeV, without a strong intrinsic cutoff. This evidence
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From light travel time arguments, the variability timescale limits the size 
of the emitting region to:  
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the Fermi Gamma-Ray Space Telescope (formerly known as
GLAST) and the ground-based ! Cherenkov telescopes. For
surrounding isotropic radiation fields in the stationary frame
of the blazar AGN, Georganopoulos et al. (2001) suggested to
transform the comoving electron distribution to the stationary
frame and then scatter the target photons to ! -ray energies,
using the formula first derived by Jones (Jones 1968; Blumenthal
& Gould 1970). This approach is generalized in this paper to
surrounding anisotropic radiation fields.

The usual spectral modeling approach proceeds by inject-
ing power-law electrons and evolving these particles while they
produce the output synchrotron and Compton-scattered radia-
tion (e.g., Dermer & Schlickeiser 1993; Böttcher et al. 1997).
For example, Moderski et al. (2005) calculate electron energy
evolution and spectral formation throughout the Thomson and
Klein–Nishina regimes for different ratios of synchrotron and
isotropic radiation field energy densities. They show that re-
duced Compton losses in the Klein–Nishina regime compared
to synchrotron losses can lead to spectral hardening of the syn-
chrotron component in the optical/X-ray regime (noted earlier
by Dermer & Atoyan 2002). A difficulty in this approach is that
the electron energy-loss rate depends on the photon spectrum of
the comoving radiation field, not just the total radiation energy
density, and this field evolves with time. The modeler is faced
with the prospect of simultaneously fitting the synchrotron and
Compton components. The acceleration scenario may well be
oversimplified, and non–power-law particle injection distribu-
tions could be more realistic than power-law injection spectra,
e.g., due to nonlinear effects in Fermi acceleration. Moreover,
a separation between the acceleration and radiation zones may
not be justified.

Here, we extend a method of blazar analysis recently pro-
posed for TeV blazars (Finke et al. 2008) that avoids these diffi-
culties. For a standard ! -ray blazar model, where isotropically
distributed electrons spiral in a randomly oriented magnetic field
with mean magnetic field strength B in the fluid frame, the mea-
sured synchrotron flux directly reveals the electron spectrum re-
sponsible for the synchrotron radiation. The only uncertainties
are the mean magnetic field B, the comoving size scale R!

b of the
emitting region, and the Doppler factor "D = [!(1"# cos $ )]"1

(! = 1/
!

1 " #2 is the bulk Lorentz factor of the outflow). With
this electron spectrum, we then Compton-scatter target photons
of the surrounding radiation fields using the head-on approxima-
tion to the total Compton cross section (Dermer & Schlickeiser
1993), valid when the electron Lorentz factor ! # 1. This
generalizes the approach of Georganopoulos et al. (2001) to
surrounding anisotropic radiation fields. The temporally evolv-
ing electron spectrum in blazars can be derived in this approach
from simultaneous multiwavelength blazar data. Values of B, "D,
and jet power can then be deduced. The related treatment for
XBLs applied to PKS 2155-304, including more details about
the derivation of the electron spectrum from the synchrotron
component, the derivation and calculations of the SSC compo-
nent, and internal ! -ray opacity by the synchrotron photons, is
given by Finke et al. (2008).

Analysis of blazar SEDs using this approach is presented in
Section 2, where formulae to calculate Compton-scattered in-
ternal and external radiation and a "-function approximation for
! ! opacity from the internal radiation field are given. Deriva-
tions of the Compton-scattered spectrum for specific exam-
ples of external radiation fields consisting of a monochromatic
point source of radiation radially behind the jet, a Shakura–
Sunyaev disk model, and a model BLR radiation field are

derived in Section 3. Discussion of the results is found in
Section 4.

2. ONE-ZONE SYNCHROTRON/SYNCHROTRON
SELF-COMPTON MODEL WITH ! ! OPACITY

We consider a one-zone model for blazar flares. Multiple
zones could still be allowed, but the product of the duty cycle and
number of zones would have to be small enough that interference
of emissions from the different regions would still permit rapid
variability. In this case, the emission would still predominantly
arise from a single zone. Distinct zones could also emit the
bulk of their radiation in different wavebands. In this case, the
cospatiality assumption often made in blazar modeling would
not apply. In this regard, correlated variability data are essential
to test the underlying assumptions made when a one-zone model
is employed. Slowly varying radio/IR synchrotron and hard X-
ray and low-energy ! -ray Compton emissions could involve
extended emission regions.

A radiative event from the source emission region that varies
on a comoving timescale t !v ! R!

b

"
c is related to the observed

variability timescale through the relation t !v = "Dtv/(1 + z),
where z is the redshift; thus the comoving blob radius is
R!

b " c"Dtv
"

(1 + z). The inequality allows us to neglect light-
travel time effects from different parts of the emitting volume
and avoid integrations over source volume. Within this zone,
the nonthermal electrons with isotropic pitch angle distribution
are described by the total comoving electron number spectrum
N !

e(! !) in terms of the comoving electron Lorentz factor ! !.
The magnetic field is assumed to be randomly oriented in the
comoving fluid frame. The relativistic electrons that gyrate in
this field radiate nonthermal synchrotron radiation, observed as
the low-energy component in blazar SEDs.

Note that throughout this paper, two versions of the Heaviside
function are used: H (x) = 0 for x < 0 and H (x) = 1 for
x # 0; as well as H (x; x1, x2) = 1 for x1 $ x $ x2 and
H (x; x1, x2) = 0 everywhere else.

2.1. Synchrotron and Self-Compton Components

The %F% synchrotron radiation spectrum can be approximated
by the expression

f syn
&

$=
"4

D

6'd2
L

c(TUB! !3
s N !

e(! !
s ), (1)

where

! !
s =

#
&(1 + z)
"D&B

=

#
&!

&B

, (2)

dL = dL(z) is the luminosity distance, c is the speed of light,
(T is the Thomson cross section, z is the source redshift, and
the comoving magnetic-field energy density of the randomly
oriented comoving field with comoving mean intensity B is
UB % B2

"
8' . We use & and &! to refer to the dimensionless

photon energy in the observer and comoving frame, respectively.
Here and throughout this paper, unprimed quantities refer to
the observer’s frame and primed quantities refer to the frame
comoving with the AGN’s jet, with the exception being B, the
comoving magnetic field. Inverting this expression gives the
comoving electron distribution

N !
e(! !

s ) = V !
bne(! !

s ) $=
6'd2

Lf
syn
&syn

c(TUB"4
D! !3

s

, (3)

If the jet opening angle takes up the entire cross section of a conical jet, 
it must be very close to the black hole (r <~ 0.01 pc) to be consistent with 
typical jet opening angles (1.0O ) and Doppler factor (δD ~ 30). 
 
How can so much power be transported and released so far from the 
black hole in such a small region? 



Rapid variability far from the black hole? 
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Jet reconfinement shock (e.g., Aleksic et al. 2011, Tavecchio et al. 2011) 
 
Turbulent cell model (Marscher & Jorstad 2010; poster 1.6) 
 
Magnetic field reconnection leading to anisotropic electron distributions
(Cerutti et al. 2012, Nalewajko et al. 2012)  
 
Energy transport from inner to outer jet regions by neutrons (Dermer, 
Murase, & Takami 2012) 
 



Finding the location of the emitting region 
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EKN ~ ( Eseed )-1  
 
Dust torus:  103 K black body, Eseed ~ 
0.3 eV 
 
Lyα broad line:  Eseed ~ 10 eV 
 
So if you can determine EKN, one can 
determine Eseed.  But how can you find 
EKN? 
 
Variability! 

Dotson et al. (2012), ApJ, 758, L15 

σ 

photon energy EKN 

σ ∼ const σ ∼ log(Ε) E-1 

Thomson regime Klein-Nishina 
regime 

Compton scattering cross section 



Finding the location of the emitting region 
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σ 

photon energy EKN(dust) 

Compton scattering cross section 

EKN(BLR) 

EKN ~ ( Eseed )-1  
 
Dust torus:  103 K black body, Eseed ~ 
0.3 eV 
 
Lyα broad line:  Eseed ~ 10 eV 
 
So if you can determine EKN, one can 
determine Eseed.  But how can you find 
EKN? 
 
Variability! 
 
Scattering dust photons will be more 
efficient at higher energies, leading to 
greater cooling and different variability 
than scattering Lyα photons. 
 

Dotson et al. (2012), ApJ, 758, L15 



The end of the one zone leptonic model? 
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The end of the one zone leptonic model? 
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H.E.S.S. Collaboration et al.: The high-energy !-ray emission of AP Librae
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Fig. 6. The broadband SED of the LBL AP Librae. The red triangles come from the Planck Early Release
Compact Source Catalog (ERCSC). Blue points and butterflies are, from low energy to high energy, Swift-
UVOT, Swift-XRT/RXTE, Fermi-LAT and H.E.S.S. Light gray data are taken from NED. The dark gray
squares come from Falomo et al. (1993). The fit with two third degree polynomial function are shown with a
green line. The red butterfly is the Chandra spectrum. The dashed line is the SSC model from Tavecchio et al.
(2010) whereas the gray area and the red line are the model obtained in this work.
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PRELIMINARY 

Abramowski et al. (in preparation) 

AP Librae – HESS & LAT detected ISP BL Lac 

Extremely narrow 
synchrotron component, very 
broad (X-ray to TeV γ-ray) 
Compton component 
 
Cannot be fit with a one-zone 
synchrotron/Compton model 
 
Green curve:  not a radiative 
model fit, an empirical fit with 
two 3rd degree polynomials 



Other sources where one-zone leptonic 
models have problems 
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PKS 2155-304 – Aharonian et al. (2007), Finke et al. (2008), Begelman et 
al. (2008) – rapid variability, requires extreme parameters (δD, B) 
 
3C 279 – Böttcher et al. (2009), ApJ, 703, 1168 – can’t reproduce SED, 
including X-ray spectrum 
 
3C 454.3 – Ogle et al. (2011), ApJS, 195, 19 – unusual and variable IR 
emission 
 
PKS 2005-489 – Abramowski et al. (2011), A&A, 533, 110 – rapid variability 
requires extreme parameters (δD, B) 
 
AO 0235+164 – Ackermann et al. (2012), ApJ, 751, 159 – unusual X-ray 
spectrum 
 
1ES 0414+009 – Aliu et al. (2012) ApJ, 755, 118 – poor fit to flat (Γ=2) LAT 
spectrum 
 
PKS 1510-089 – Nalewajko al. (2012) arXiv:1210.4552 – requires extreme 
energy density in external radiation field 
 
 
 



What comes after the one zone leptonic 
model? 
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•  Multi-zone models  
•  Graff et al. (2008), ApJ, 689, 68 
•  Böttcher et al. (2008), ApJ, 679, L9 
•  Marscher & Jorstad (2010) arXiv:1005.5551 
•  Tavecchio et al. (2011, A&A, 534, 86),  
•  Nalewajko et al. (2012 arXiv:1210.4552) 

•  Hadronic models  
•  Mücke et al. (2003), Aph, 18, 593 
•  Böttcher (2010) arXiv:1006.5048 
•  Dermer et al. (2012), ApJ, 755, 147 
•  Cerruti et al. (2012) arXiv:1210.5024 

 
•  Intergalactic cascade models  

•  Essey et al. (2010, 2011) 
•  Tavecchio et al. (2011), MNRAS, 414, 3566 

 



Summary 

•  Fermi has provided evidence, independent of redshift, that there 
is an anti-correlation between Compton dominance and the peak 
synchrotron frequency, a key component of the “blazar 
sequence”. 

•  The cause of the γ-ray spectral break is still a mystery, although 
several causes have been proposed. 

•  The location of the γ-ray emitting region in the jet is still 
ambiguous, although γ-ray variability may be the key to resolving 
this issue. 

•  Fermi and multi-wavelength observations are forcing us to look 
for models beyond the standard one-zone leptonic models 
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Extra slides 
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Sequence from low power BL 
Lacs to high power FSRQs, 
binned by 5 GHz radio 
luminosity. 
 
Explanation for sequence:  more 
powerful sources have stronger 
broad lines. 
 
The BLs provide the external 
radiation field for Compton 
scattering, leading to a larger 
Compton component.   
 
More intense BLs, more cooling, 
and lower peaks. 

Fossati et al. (1998), MNRAS, 299, 433 
Ghisellini et al. (1998), MNRAS, 301, 541 

Blazar Sequence 



More recent work 

The Astrophysical Journal, 740:98 (15pp), 2011 October 20 Meyer et al.

measurements of the three principal quantities (!peak, Lpeak, and
Lkin) and could lead to incorrect conclusions. See Section 4.2
for a discussion of the selection effects of our master sample,
the nature of the rejected sources, and the possible impact on
our conclusions.

2.5. Radio Galaxies

As the jets isolated in radio galaxies are understood to be
the less-beamed counterparts to blazars, one way to understand
the relationship of the synchrotron peak and beaming in the
envelope is to see where the synchrotron peak falls for these jets.
In the context of the presumed blazar sequence, these “hidden
blazars” should indicate whether the sequence is preserved in
misaligned jets. We take advantage of recent work to isolate
the radio, IR, optical, and X-ray core emission from the jet
in radio galaxies using high-resolution mapping to place as
many radio galaxies as possible on the !peak ! Lpeak plane
(Chiaberge et al. 1999; Capetti et al. 2000; Chiaberge et al.
2002; Capetti et al. 2002; Hardcastle et al. 2003; Trussoni et al.
2003; Balmaverde et al. 2006; Massaro et al. 2010; Buttiglione
et al. 2011). We examine the 45 radio galaxies with extended
radio flux measurements and at least one radio, optical, and
X-ray measurement of the nuclear emission available in the
literature. The L300 for all radio galaxies was found from a
parabolic fit6 to the steep, low-frequency radio emission and
subsequently converted to Lkin as in Equation (1). In all cases
where available, VLA map-derived estimates at 1.4 GHz were
in agreement with the spectral fits.

Fourteen radio galaxies are nearby, well-known sources, with
core measurements at multiple frequencies which allow fitting
of the synchrotron SED with the same parameterization as
for the blazars. This set includes seven of the Fermi-detected
misaligned AGNs (Abdo et al. 2010c).

For the remaining 31 with sparser SED sampling, the syn-
chrotron !peak was estimated using a non-parametric likelihood
estimator. The joint distribution of RCE, !peak, and the SED
colors7 "ro, "ox was calculated for all the sources in our TEX,
UEX, and fitted radio galaxy samples. From this, a conditional,
one-dimensional density on !peak can be found by supplying the
other three observables. The value of the peak was taken as the
maximum of this distribution, and we also report the 20% and
80% quartiles as the sampling error.

It is straightforward to estimate the peak luminosity from the
radio luminosity at 5 GHz, with which it has a linear correlation
(correlation coefficient r = 0.85). The linear fit (with 1# error)
is

log Lpeak = 0.61 (±0.01) (log L5 GHz ! 43)

+ 45.68 ± (0.02) (erg s!1) (2)

The 90% confidence interval, assuming a normal error distribu-
tion, corresponds to an uncertainty of !(log Lpeak) " 0.8.

The most likely peak frequency found by our statistical
model for all radio galaxies is at or below 1014 Hz, with
the exception of four FR II sources with moderate jet pow-
ers (Lkin # 1044.5 erg s!1) which display extreme X-ray lumi-
nosities. These sources include the broad-lined radio galaxies
(BLRG) 3C 390.3 (which has been previously reported to have

6 For fitting the steep component in radio galaxies, a log-parabolic model is
more appropriate than a power law due to the much greater range of the
spectrum visible, which usually has some curvature in !F! .
7 Spectral indices are defined at 1.4 GHz, 5000 Å, and 1 keV.
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Figure 4. The blazar sequence, which originally showed an anti-correlation
between synchrotron Lpeak and !peak has been expanded into an “envelope”
with the addition of new observations and radio galaxies. BL Lacs are shown as
filled circles, FSRQs as filled triangles, and radio galaxies as squares (FR I) and
inverted triangles (FR II). Color indicates the jet kinetic power (Lkin in erg s!1),
as estimated from extended radio flux measurements. Track (A) shows the path
of a synchrotron peak for a single-component jet and (B) for a decelerating jet
of the type hypothesized to exist in FR I sources. The fully aligned limit for
each (0$) is shown as marked, with the arrow direction indicating the movement
of the model source as it is misaligned.
(A color version of this figure is available in the online journal.)

an LBL-like SED by Ghosh & Soundararajaperumal 1995) and
3C 332 as well as two lesser-studied narrow line radio galaxies,
3C 197.1 and 3C 184.1. The two BLRG have been detected
with Swift and BeppoSAX in the hard X-ray (Grandi et al. 2006;
Cusumano et al. 2010). All four sources were excluded from the
final sample, as the X-ray is likely either thermal or from a strong
IC component, and without knowledge of the synchrotron X-ray
emission, any peak estimate would be practically arbitrary.

The final list of 41 radio galaxies is given in Table 3. Column
descriptions are as in Table 2.

3. RESULTS

3.1. The Blazar Envelope

The TEX sample of 216 blazars and the 41 radio galaxies are
shown in the plane of Lpeak versus !peak in Figure 4. Blazars
are represented as circles (BL Lacs) and triangles (FSRQs). The
power of the source (Lkin) is shown by color in bins of one
decade. Examining the location of blazars, there is an obvious
lack of sources with both high jet powers and synchrotron
peak frequencies above 1015 Hz, though a few of the ISP/HSP
sources have quasar-like spectra. The population at low peak
frequencies, alternately, is highly mixed in terms of kinetic
power (with many low-power sources coincident with high-
power sources), spectral type (with both BL Lac and quasar
spectra present), and the spread of peak luminosities, which
ranges from 1044 to 1047.5 erg s!1.

The 41 radio galaxies are shown in Figure 4 as squares (FR I)
and inverted triangles (FR II). Those detected by Fermi (Abdo
et al. 2010c) are circled in red. For our radio galaxy sample, we
note that the jet power does not apparently exert much influence

7

As instruments improve, more 
sources with low peak frequency and 
low peak luminosity have been found.   
Also, radio galaxies have been placed 
on this diagram. 
 
Explanation:  dichotomy between 
decelerating and non-decelerating 
jets. 
 
See Giovanni Fossati’s talk in “AGN 
II” 

Meyer et al. (2011), ApJ, 740, 98 

43 



Multi-zone models 
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PRELIMINARY 

PKS 0537-441 

D’Ammando et al., in 
preparation 

Typically it is 
assumed that radio 
emission is from 
larger, extended 
portion of jet.   
 
For observed optical/
γ-ray  variability 
timescales, jet would 
be self-absorbed at 
radio energies. 
 
So multi-zone 
models seem 
“natural”. 
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Cosmic Ray interactions with the CMB and 
EBL 
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EBL photon 
EBL 
photon 

TeV γ-rays 

UHECRs; 
Protons & 
nuclei  
E> 1018 eV 

π0 
π+/� 

e+/� 
CMB 
photon 

blazar 

Essey et al. (2011) 

Blazars are leading candidates for 
UHECR sources.  The cosmic rays 
could interact with CMB and EBL 
photons, producing TeV γ rays, 
nonvariable and mostly independent of 
the other MWL emission from that 
source. 

The Astrophysical Journal, 731:51 (9pp), 2011 April 10 Essey et al.
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Figure 1. Comparison of the predicted spectra with the H.E.S.S. data for three blazars: panels (a) and (b) show model prediction and the data for 1ES 0229+200
(Aharonian et al. 2007b); panels (c) and (d)) show the predicted spectrum and the data for 1ES 0347!121 (Aharonian et al. 2007a); panels (e) and (f) show the model
prediction and the data for 1ES 1101!232 (Aharonian et al. 2007c). The Fermi upper limits shown at lower energy were derived from the data by Neronov & Vovk
(2010). Panels on the left show the prediction for “high” EBL, while panels on the right show the prediction for the “low” EBL. The “high” EBL is from the model of
Stecker et al. (2006), while the “low” EBL is the result of scaling down of “high” EBL to the level of 40%. (This range encompasses all published models.)
(A color version of this figure is available in the online journal.)

where !b is the background photon. Neutrons and pions sub-
sequently decay and produce neutrinos, photons, electrons, and
positrons. Individual proton interactions and EM cascades were
modeled using a standard Monte Carlo approach where energies
and directions were sampled from distribution functions con-
structed from the appropriate cross sections (Szabo & Protheroe
1994; Blumenthal 1970; Protheroe 1986). The outgoing distri-
bution functions for pion photoproduction were generated using
the SOPHIA package (Mücke et al. 2000).

For each iteration, particles were propagated a distance far
less than the average correlation length of the magnetic field
to ensure the accuracy in calculated deflections. Two cuts were

applied to the particles arriving at the z = 0 surface to decide
whether or not to include them in the observed spectrum. First,
the particle must point back to a point in the sky that is within
an angular distance defined by the point-spread function (PSF)
of the observing instrument. For energies below 100 GeV, the
Fermi PSF (Rando & the Fermi LAT Collaboration 2009) was
used, and for energies above 100 GeV a PSF for a typical ACT
such as H.E.S.S., MAGIC, or VERITAS (Holder et al. 2008)
was used. Second, the particle must arrive within a cone that is
characterized by the jet opening angle for the source.

The results for the spectra are presented in Figure 1. We have
chosen three most distant blazars observed in the TeV energy
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