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Typical Spectra of Blazars
• Non-thermal emission from 

radio to gamma-ray 

• Two peaks 

• Synchrotron 

• Inverse Compton 

• Luminous blazars (Flat 
Spectrum Radio Quasars: 
FSRQs) tend to have lower 
peak energies (Fossati+’98, Kubo
+’98)
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Blazar Spectra
Blazar Spectral Energy Distributions
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BL Lacs
• difficult to study low-energy 

electron population by radio 
data 

• crucial for estimate of 
energetics and baryon loading 
(e.g. YI&Tanaka’16) 

• Hard X-ray & MeV data will allow 
us to study γ ~ 100-1000 (Kataoka & 

Stawarz ’16, Madejski+’16). 

• 10x better than COMPTEL is 
required.

To investigate the physical origin of the detected excess
emission, we compiled the broadband X-ray (NuSTAR; this
work) and high-energy γ-ray (Fermi-LAT; Abdo et al. 2011b)
data in a ν−ν Fν representation, as shown in Figure 4.
Bow-ties plotted in black denote the Fermi-LAT data taken
during different multi-frequency campaigns; the average source
spectrum during the period of a source quiescence (from 2008
August 5 to 2010 February 20) is shown as a magenta bow-tie.
The dashed magenta lines mark the extrapolation of the best-fit
PL model applied to the average Fermi-LAT data (γ-ray
photon index of Γγ∼1.78±0.02; Abdo et al. 2011b) with 1σ
uncertainty. The excess hard X-ray emission detected in the
analyzed NuSTAR data agrees well with the extrapolation of the
average Fermi-LAT spectrum. This indicates that the quies-
cence continuum of Mrk421, which extends from photon
energies of tens of keV up to tens of GeV, corresponds to a
single IC emission component and is well-described by a PL
model with a photon index of ;1.8.

Interestingly, similar spectral upturns related to the synchro-
tron/IC crossover have been detected below 10 keV in several
other blazars classified as “low-frequency-peaked” BL Lacs
(LBLs; see, e.g., Tagliaferri et al. 2000; Tanihata et al. 2003;
Wierzcholska & Wagner 2016) but never in HBLs either below
or above 10 keV. What provides further novelty here is that the
high-energy excess feature found in the NuSTAR data for
Mrk421 is variable on the timescale of a week; no evidence for
such variability in the low-energy segment of the IC emission
continuum has been reported for other BL Lacs in the literature.

An alternative explanation for the observed hard X-ray excess
of the target is spectral pile-up in the electron distribution ( )g¢Ne e ,
where γe is the electron Lorentz factor, forming temporarily at
the highest energies.4 This feature may appear due to either (i) a

continuous (stochastic) acceleration of electrons limited by
radiative losses (e.g., Stawarz & Petrosian 2008), or (ii) the
reduction of the IC cross-section in the Klein–Nishina regime
(e.g., Moderski et al. 2005). In case (i), the pile-up bump appears
at the maximum electron energies for which the acceleration
timescale equals the radiative loss timescale at the limit for the
perfect confinement of electrons within the emission zone (i.e.,
no particle escape). However, the PL tail at lower electron
energies has to be relatively flat in such a scenario,

( )g gº - ¢ = -s d N dln ln 0 1e e e , which disagrees with the
observation in Mrk421. Similarly, in case (ii), the necessary
condition for the formation of a pronounced spectral hardening
in the electron energy distribution is the dominance of IC
cooling over synchrotron cooling and a relatively narrow (within
the frequency range) seed photon distribution. These require-
ments contradict the conditions expected for the Mrk421 jet in
quiescence (for which the synchrotron losses dominate the IC
losses and the soft photon distribution for the IC scattering is
provided by the broadband synchrotron emission of the jet
itself). Therefore, while also considering the extrapolation of the
Fermi-LAT spectrum of the source to the X-ray regime, we
argue that the hard X-ray excess found in the NuSTAR data
indeed represents the low-energy tail of the IC (SSC)
component.
From the observed SSC photon energy of �nh 20 keVSSC

and a steep broadband PL electron energy distribution, the
corresponding minimum electron Lorentz factor is roughly

( )g
d

~
¢ - -

⎜ ⎟
⎛
⎝⎜

⎞
⎠⎟

⎛
⎝

⎞
⎠

B
10

0.1 G 10
. 1e,min

3
1 4 1 4

The radiative cooling timescale for such low-energy electrons
dominated by the synchrotron process is then
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which is much longer than a week for the comoving magnetic
field intensity B′  0.1 G emerging from the one-zone SSC
model applied to the quiescence SED of Mrk421 (Abdo
et al. 2011b). Hence, the variability of the low-energy electrons
implied by the NuSTAR observations analyzed in this paper
have to be related to dynamical changes within the blazar
emission zone for which the shortest timescale is given by the
light crossing time R/c. Interestingly, this would agree with the
emission region size assumed in the SED model of Abdo et al.
(2011b). In particular, one has
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which implies the distance of the emission zone from the active
nucleus ~ G ~r R 0.6j pc for the anticipated conical jet
geometry with the opening angle ∼1/Γj and the jet bulk
Lorentz factor Γj∼δ∼10. This is also in accord with the
detailed analysis of the overall variability of Mrk421 at X-ray
frequencies, which implies that the power in the intraday
flickering of the source is small (Kataoka et al. 2001; Isobe
et al. 2015).
In addition, the results of our NuSTAR data analysis revealed

that the electron energy distribution in Mrk421 during source
quiescence is well represented by a relatively steep PL with
an energy index of � G - ~gs 2 1 2.6, which extends from

Figure 4. Broadband X-ray (NuSTAR; this paper) to high-energy γ-ray (Fermi-
LAT ; Abdo et al. 2011b) spectra of Mrk421. Bow-ties plotted in black denote
the Fermi-LATdata taken in different multi-frequency campaigns; the average
source spectrum during the period of a source quiescence (from 2008 August 5
to 2010 February 20) is shown as a magenta bow-tie. Dashed magenta lines
mark the extrapolation of the best-fit power-law model to the average Fermi-
LATdata (γ-ray photon index of 1.78 ± 0.02).

4 Here, we do not consider the possibility that the observed hard X-ray excess
is related to the bulk Comptonization of the accretion disk emission by cold
electrons within the innermost parts of the Mrk421 jet, since the corresponding
bulk-Compton spectral features have been predicted for (and possibly even
observed in) luminous blazars of the “flat-spectrum-radio-quasar” type (see,
e.g., Sikora et al. 1997; Kataoka et al. 2008 and references therein), and not for
BL Lac objects characterized by low accretion rates, and hence radiatively
inefficient accretion disks.

5

The Astrophysical Journal, 827:55 (6pp), 2016 August 10 Kataoka & Stawarz

Kataoka & Stawarz ’16

– 17 –

1 10

10
−3

0.
01

ke
V

2  (
Ph

ot
on

s c
m
−2

 s−
1  k

eV
−1

)

Energy (keV)

Fig. 3.— XMM-Newton pn and NuSTAR data for the joint observation of PKS 2155-304 on 2013

April 23-24 (the XMM-Newton MOS data are omitted from the plot for clarity). The solid line

represents the model including the log-parabolic power law component, plus another, hard high-

energy power law; the dotted lines are the two components constituting the total model.
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FSRQs
• Peak in the MeV band 

• jet energetics 

• ERC? or ERC + SSC? 

• High redshift 

• z~3 blazars w/ 10-11 erg/
cm2/s. 

• z~5 blazars w/10-12 erg/
cm2/s.

The Astrophysical Journal, 777:147 (8pp), 2013 November 10 Sbarrato et al.

Table 3
Input Parameters Used to Model the SED

Γ θv Rdiss Rdiss/RS P ′
i B γb γmax s1 s2 log Pr log PB log Pe log Pp

(1) (2) (3) (4) (5) (6) (7) (8) (9) (10) (11) (12) (13) (14)

13 3 504 600 0.01 2.3 70 4e3 0 2.6 45.70 45.93 44.16 46.61
10 8 420 500 0.23 4.4 20 4e3 −1 2.6 46.72 46.11 45.72 48.26
5 20 588 700 7.0 5.5 2e3 4e3 −1 2.6 47.42 45.98 45.28 47.73

Notes. Column 1: bulk Lorentz factor, Column 2: viewing angle (degrees), Column 3: distance of the blob from the black hole in units of 1015 cm,
Column 4: Rdiss in units of the Schwarzschild radius, Column 5: power injected in the blob calculated in the comoving frame, in units of 1045 erg s−1,
Column 6: magnetic field in Gauss, Columns 7 and 8: minimum and maximum random Lorentz factors of the injected electrons, Columns 9 and 10:
slopes of the injected electron distribution [Q(γ )] below and above γb, Column 11: logarithm of the jet power in the form of radiation, Column 12:
Poynting flux, Column 13: bulk motion of electrons, and Column 14: protons (assuming one cold proton per emitting electron). The spectral shape of
the corona is assumed to be ∝ ν−1 exp(−hν/150 keV). For all models, we have assumed a radius of the broadline region of RBLR = 9.2 × 1017 cm, a
BH mass of 2.8 × 109 M⊙, and an accretion disk luminosity of Ld = 9 × 1046 erg s−1, corresponding to Ld/LEdd = 0.25.

Figure 2. Broad-band SED of B2 1023+25 together with the models discussed
in the text. Simultaneous OVRO, CARMA, GROND, and NuSTAR data are
filled circles (red points circled in blue in the electronic version). Chandra data
are open diamonds (blue in the electronic version), while Swift/XRT data are
open squares. The (gray) filled symbols are data from the literature: squares
are archival data from ASDC, the diamond is the radio point from Frey et al.
(2013), the circles and the two upper limits are WISE data, and the line is the
SDSS spectrum. The dotted (black) line is the thermal emission of the source,
including the accretion disk, torus, and X-ray corona emission. The Fermi/LAT
upper limit is for 3.8 yr, 5σ (red arrow). The solid (blue) line is the model with
parameters as in the first row of Table 3. The dashed (red) line is the model with
parameters as in the second row of Table 3. The dot-dashed (green) line is the
model with parameters as in the third row of Table 3.
(A color version of this figure is available in the online journal.)

selection (Sbarrato et al. 2013), we used the canonical
radio-to-optical ratio to define its radio-loudness (R =
F [5 GHz]/F [2500 Å] ≃ 5200) and this allowed to classify
B2 1023+25 as the most radio-loud quasar of our sample.
In addition to this, we now calculate the X-ray based radio-
loudness RX = νLν[5 GHz]/LX[2–10 keV], using the X-ray
fluxes and spectral indices listed in Table 1. We obtain log RX =
−0.65 and log RX = −0.72 (for fixed and free NH, respec-
tively). Both values confirm the extreme radio-loudness of B2
1023+25 according to the calibration introduced by Terashima &
Wilson (2003), which classifies quasars as radio-loud if they
have log RX > −4.5.

In S12, we derived a set of parameters that reproduced the
observed SED and suggested classifying B2 1023+25 as a blazar
(bulk Lorentz factor Γ = 14; jet viewing angle θv = 3◦). We

fit the new observations using the model described in Ghisellini
& Tavecchio (2009). Since this is a one-zone model, which
assumes that the emitting region is rather compact, it cannot
account for radio emission, which in the considered region is
severely self-absorbed.

In this model, both θv and Γ are free parameters and can be
chosen independently.

Because of the hard and bright X-ray spectrum shown by
B2 1023+25, we find a small value of θv and a large Doppler
boosting (i.e., large Γ). We find θv < 1/Γ, as is typical of
known blazars. Hence, we confirm B2 1023+25 as a blazar (see
Section 3.1).

Because of the limited statistics in the X-ray spectrum, we
investigate the range of models consistent with the uncertainties.
As noted above, depending on how the spectrum is modeled,
the intrinsic continuum may be softer and fainter overall. This
case implies a larger value of θv and a somewhat smaller value
of Γ (see Section 3.2). The jet viewing angle, θv, associated with
this limiting solution is an upper limit. Since this model is also
characterized by less Doppler boosting, it corresponds to a larger
intrinsic luminosity relative to the SED corresponding to the
X-ray best fit parameters. We consider then “re-orienting” the
jet to a typical blazar viewing angle (i.e., ∼3◦) and we check if
the corresponding SED resembles the one of a typical powerful
blazar seen at lower redshift. We then use this to check the
reliability of the obtained solution; that is, we require that, if the
jet was pointed toward us, the solution would show reasonably
similar properties to the blazar sample.

In our modeling, we keep the parameters associated with
the thermal emission from the accretion disk fixed. We assume
a BH mass MBH = 2.8 × 109M⊙ and an accretion disk
luminosity Ld = 9 × 1046 erg s−1, as derived in S12. Note that
varying the BH mass value inside the formal confidence range
(MBH = 1.8–4.5 × 109 M⊙) does not change the results of our
SED modeling.

3.1. Best Fit: Small Viewing Angle, Large Bulk Lorentz Factor

In our best fit model, we find a set of parameters consistent
with those from S12 (Γ = 13, θv = 3◦). We report these in the
first line of Table 3 as the best fit to the broad-band SED. The
case in Table 3 corresponds to the best fit to the X-ray data with
NH left free to vary. Using NH fixed to the Galactic value yields
a harder spectrum and therefore an even more extreme blazar
classification. The model (blue solid line in Figures 1, 2, and 3)
describes a typical blazar, with a viewing angle smaller than the
jet beaming angle (θv < 1/Γ), firmly classifying B2 1023+25
as a blazar.

5
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Figure 3. Broad-band SEDs of S5 0014+813 and B0222+185 along with the models discussed in the text and parametrized as in Tables 2 and 3. In both
panels, the grey stripe is the 5σ Fermi/LAT sensitivity limit, calculated for 5 yr (lower edge) and 1 yr of operations (upper edge). New Swift/UVOT, Swift/XRT
and NuSTAR data for the two observation periods are red (2015 January) and blue (2014 December) circles. Left-hand panel: S5 0014+813 SED with its
broad-band model (blue solid line). The green solid line is the self-absorbed synchrotron emission, while the thermal emission from accretion disc, torus and
X-ray corona is shown with the dashed black line. Green data points in radio and IR are from the literature (for details see Ghisellini et al. 2009). Archival
Swift/BAT data are shown in blue. Right-hand panel: SED of B0222+185 with the two models corresponding to the low state (orange solid line) and the high
state (blue solid line). Synchrotron emission in the two states are both shown with green solid lines. The thermal emission from the nuclear region (black
dashed line) does not vary between the two states. Green open circles are archival data (from ASDC).

Table 2. Input parameters used to model the SED. Col. (1): source name. H indicates the higher state, L the lower; Col. (2): redshift; Col. (3): black hole mass
in solar mass units (see Fig. 2 and Section 3 for the confidence range); Col. (4): distance of the blob from the black hole in units of 1015 cm. The size of the
emitting region is defined as Rblob = ψRdiss, where ψ = 0.1 rad is the jet aperture angle; Col. (5): radius of the BLR in units of 1015 cm; Col. (6): radius of
the torus in units of 1015 cm; Col. (7): disc luminosity in units of 1045 erg s−1 (see Fig. 2 and Section 3 for the confidence range); Col. (8): disc luminosity
in units of the Eddington luminosity; Col. (9): bulk Lorentz factor; Col. (10): viewing angle (degrees); Col. (11): power injected in the blob calculated in the
comoving frame, in units of 1045 erg s−1; Col. (12): magnetic field in Gauss; Col. (13) and (14): break and maximum random Lorentz factors of the injected
electrons; Col. (15): random Lorentz factors of the electrons cooling in R/c; Col. (16) and (17): slopes of the injected electron distribution (Q(γ )) below and
above γ b. The spectral shape of the corona is assumed to be ∝ν−1exp (−hν/150 keV).

Source z MBH Rdiss RBLR RT Ld Ld/LEdd % θv P ′
i B γ b γ max γ cool s1 s2

(1) (2) (3) (4) (5) (6) (7) (8) (9) (10) (11) (12) (13) (14) (15) (16) (17)

S5 0014+813 3.336 7.5e9 1350 2878 7.2e4 829 0.85 14 3 0.042 3.5 45 2e3 1 –1 3.3
B0222+185 H 2.690 1.5e9 360 725 1.8e4 52.7 0.27 14 3 0.065 3.3 35 2e3 3.2 1 3.2
B0222+185 L 2.690 1.5e9 360 725 1.8e4 52.7 0.27 14 3 0.032 4.7 17 2e3 3 1.2 3.2

emitting torus is at Rtorus = 2.5 × 1018L
1/2
d,45 cm. Ld,45 is the accre-

tion disc luminosity in units of 1045 erg s−1, and it is derived as in
Section 3, together with the central black hole mass. The values
of the parameters adopted for the models are reported in Table 2.
Note that the model we apply is very sensitive to changes in the
derived parameters. The emission profile and intensity reproduced
by the SED fitting change significantly even after small parameter
variations, as shown for small variations in the viewing angle in fig.
3 of Sbarrato et al. (2015).

Table 3 reports the different forms of the power carried by the
jet: the power Pr spent in producing the radiation we observe, the
Poynting flux PB, the power associated with the bulk motion of rel-
ativistic electrons (Pe) and cold protons (Pp), assuming one proton
per relativistic electron. This assumption is consistent with inde-
pendent results on blazar and GRB jets by Nemmen et al. (2012).
They found that the total jet power for both classes is 10 times the
radiative power Prad, i.e. similar to what we find in this work (see Ta-
ble 3). Different proton-to-relativistic electron ratios were explored

Table 3. Logarithm of the jet power in different forms. Col. (1): source
name. H indicates the higher state, L the lower; Col. (2): jet power in the
form of radiation; Col. (3): jet power connected to Poynting flux; Col. (4):
jet power in form of bulk motion of electrons; Col. (5): jet power in form of
bulk motion of protons (assuming one cold proton per emitting electron).

Source log Pr log PB log Pe log Pp
(1) (2) (3) (4) (5)

S5 0014+813 46.4 47.2 44.6 47.3
B0222+185 H 46.5 46.0 45.5 48.2
B0222+185 L 46.1 46.3 45.3 48.1

by Sikora & Madejski (2000), who found that the relativistic pairs
must be less than 10–20 per proton. With this combination, the total
jet power can result equal to or even less than the radiative power,
that instead is only a part of the total power carried by the jet, and
hence should be a lower limit to the total Pj (Ghisellini 2012;
Ghisellini et al. 2014). Therefore, assuming one proton per

MNRAS 462, 1542–1550 (2016)

Sbarrato+ ’13
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Centaurus A: Disk-Jet Connection
• a nearby radio galaxy 

• detected by COMPTEL 

• Spectral break in GeV 

• Smooth spectra from X-ray to 
MeV 

• Disk corona? or Jet? 

• Polarization? (10-9 erg/cm2/s) 

• Need to prepare hybrid corona 
model.
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Figure 5. SED of the Cen A core with model fits. Colored symbols are
observations between 2009 August and May, the epoch of the LAT observations.
These include observations from low to high frequency: the TANAMI VLBI
(red squares), Swift-XRT (red crosses), Suzaku (brown circles), Swift-BAT
(red circles), and Fermi-LAT (red diamonds). Black symbols are archival
data (Marconi et al. 2000), including HESS observations (Aharonian et al.
2009). Curves are model fits to nuclear region of Cen A. The green curve is a
synchrotron/SSC fit to the entire data set. The dashed green curve shows this
model without γ γ attenuation. The violet curve is a similar fit but is designed
to under fit the X-ray data, and the brown curve is designed to fit the HESS
data while not overproducing the other data in the SED. The blue curve is the
decelerating jet model fit (Georganopoulos & Kazanas 2003). See Table 2 for
the parameters of these model curves.
(A color version of this figure is available in the online journal.)

AIPS (National Radio Astronomy Observatory’s Astronomical
Image Processing System software). The images were produced
by applying the program difmap (Shepherd 1997), using the
CLEAN algorithm. More details about the data reduction can
be found in Ojha et al. (2005).

Data from the first epoch (November 2009) of TANAMI ob-
servations are presented in Ojha et al. (2009). Figure 5 includes
the fluxes at 22.3 GHz and 8.4 GHz measured on 2009 Novem-
ber 27 and 29, respectively. The total flux density, corresponding
to the emission distributed over the inner ∼120 mas at 8.4 GHz,
is Stotal = 3.90 Jy. At 22.3 GHz, a total VLBI flux density of
3.2 Jy is distributed over the inner ∼ 40 mas of the jet, with very
little emission on the counterjet side.

Via model fitting, we found a component with an inverted
spectrum, which is the brightest at both frequencies and which
we identify with the jet core. The core flux density is 0.92 Jy
at 8.4 GHz and 1.54 Jy at 22.3 GHz. The core size is con-
sistently modeled at both frequencies to be (0.9–1.0) mas ×
(0.29–0.31) mas at the same position angle of 53◦–55◦(see Ojha
et al. 2009).

4.2. Suzaku Observations

Cen A was observed with Suzaku on 2009 July 20–21,
August 5–6, and August 14–16 with a total exposure of 150 ks,
during which time the flux approximately doubled. We utilized
data processed with version 2.4 of the pipeline Suzaku software
and performed the standard data reduction: a pointing difference
of <1′.5, an elevation angle of >5◦ from the Earth rim, and a
geomagnetic cut-off rigidity (COR) of >6 GV. We did not use
events from the time the spacecraft entered the South Atlantic
Anomaly (SAA) to 256 s after it left the SAA. Further selec-
tion was applied: Earth elevation angle of >20◦ for the X-ray
Imaging Spectrometer (XIS), COR > 8 GV, and the time elapsed

from the SAA (T_SAA_HXD) of >500 s for the Hard X-ray
Detector (HXD). The XIS response matrices are created with
xisrmfgen and xissimarfgen (Ishisaki et al. 2007). The HXD
responses used here are ae_hxd_pinhxnome5_20070914.rsp
for the PIN and ae_hxd_gsohxnom_20060321.rsp and
ae_hxd_gsohxnom_20070424.arf for the Gadolinium Sili-
cate (GSO) crystal. The “tuned” (LCFIT) HXD background files
(Fukazawa et al. 2009) are utilized. The detailed Suzaku anal-
ysis, including time variability, will be reported elsewhere (Y.
Fukazawa et al. 2010, in preparation). The Suzaku data were fit
with a single absorbed power law, which was found to have a
spectral index Γ = 1.66±0.01 with dust-absorbing column den-
sity NH = (1.08 ± 0.01)×1023 cm−2. The flux in the 12–76 keV
band in 2009 July was (1.23 ± 0.01)×10−9 ergs−1 cm−2 keV−1,
about twice the flux measured by Suzaku in 2005 (Markowitz
et al. 2007).

4.3. Swift-XRT Observations

Cen A was observed on six days between 2009 January 15
and 28 for a total exposure of 22 ks (see Table 1). The XRT
(Burrows et al. 2005) data were processed with the XRTDAS
software package (v. 2.5.1) developed at the ASI Science Data
Center and distributed by the NASA High Energy Astrophysics
Archive Research Center within the HEASoft package (v. 6.6).
Event files were calibrated and cleaned with standard filtering
criteria with the xrtpipeline task using the latest calibration files
available in the Swift CALDB.

The XRT data set was taken entirely in Windowed Timing
mode. For the spectral analysis, we selected events in the
energy range 2–10 keV with grades 0–2. The source events
were extracted within a box of 40 × 40 pixels (∼94 arcsec),
centered on the source position and merged to obtain the average
spectrum of Cen A during the XRT campaign. The background
was estimated by selecting events in a region free of sources.
Ancillary response files were generated with the xrtmkarf task
applying corrections for the point-spread function losses and
CCD defects.

The combined January X-ray spectrum is highly absorbed.
Hence, it was fitted with an absorbed power-law model with
a photon spectral index of 1.98 ± 0.05, an intrinsic absorption
column of (9.73 ± 0.26) × 1022 cm−2, in excess of the Galactic
value of 8.1×1020 cm−2 in that direction (Kalberla et al. 2005).
The average absorbed flux over the 2–10 keV energy range is
(4.94 ± 0.05) × 10−10 erg cm−2 s−1, which corresponds to an
unabsorbed flux of 9.15 × 10−10 erg cm−2 s−1.

The XRT spectrum included in the broadband SED was
binned to ensure a minimum of 2500 counts per bin and was
de-absorbed by forcing the absorption column density to zero in
XSPEC and applying a correction factor to the original spectrum
equal to the ratio of the de-absorbed spectral model over the
absorbed model.

4.4. Swift-BAT Observations

We used data from the Burst Alert Telescope (BAT) on board
the Swift mission to derive a 14–195 keV spectrum of Cen-A
contemporary to the LAT observations. The spectrum has been
extracted following the recipes presented in Ajello et al. (2008,
2009b). This spectrum is constructed by calculating weighted
averages of the source spectra extracted over short exposures
(e.g., 300 s). These spectra are accurate to the mCrab level and
the reader is referred to Ajello et al. (2009a) for more details.

The Astrophysical Journal Letters, 770:L6 (5pp), 2013 June 10 Sahakyan et al.
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Figure 3. Gamma-ray spectrum for the core of Cen A from high (Fermi/LAT, this work) to very high (H.E.S.S., blue squares) energies. The blue bowtie represents a
power law with photon index 2.74, and the red bowtie a power law with photon index 2.09. The dashed lines show extrapolations of these models to higher energies.
The power-law extrapolation of the low-energy component (blue lines) would underpredict the fluxes observed at TeV energies.
(A color version of this figure is available in the online journal.)

4. DISCUSSION AND CONCLUSION

In the case of high-frequency-peaked BL Lac objects, homo-
geneous leptonic synchrotron self-Compton (SSC) jet models
often provide reasonable descriptions of their overall spectral
energy distributions (SEDs). For Cen A, however, classical one-
zone SSC models (under the proviso of modest Doppler beam-
ing) are unable to satisfactorily account for its core SED up to the
highest energies (cf. Chiaberge et al. 2001; Lenain et al. 2008;
Abdo et al. 2010b). It seems thus well possible that an additional
component contributes to the observed emission at these ener-
gies (e.g., Lenain et al. 2008; Rieger & Aharonian 2009). The
results presented here indeed provide support for such a consid-
eration. Our analysis of the 4 yr data set reveals that the HE core
spectrum of Cen A shows a “break” with photon index changing
from ≃2.7 to ≃2.1 at an energy of Eb ≃ 4 GeV. This break is un-
usual in that the spectrum gets harder instead of softer, while typ-
ically the opposite occurs. For a distance of 3.8 Mpc, the detected
photon flux Fγ = (1.68±0.04)×10−7 photons cm−2 s−1 for the
component below 4 GeV corresponds to an apparent (isotropic)
gamma-ray luminosity of Lγ (0.1–4 GeV) ≃ 1041 erg s−1. The
component above 4 GeV, on the other hand, is characterized by
an isotropic HE luminosity of Lγ (>4 GeV) ≃ 1.4×1040 erg s−1.
This is an order of magnitude less when compared with the first
component, but still larger than the VHE luminosity reported
by H.E.S.S., Lγ (>250 GeV) = 2.6 × 1039 erg s−1 (Aharonian
et al. 2009).

Figure 3 shows the gamma-ray spectrum for the core of Cen
A up to TeV energies. As one can see, the flux expected based
on a power-law extrapolation of the low-energy component
(below the break) clearly falls below the TeV flux reported
by H.E.S.S. Although the uncertainties in the photon index
are large, it is clear that the spectrum becomes harder above
4 GeV. Remarkably, a simple extrapolation of the second (above
the break) HE component to TeV energies could potentially
allow one to match the average H.E.S.S. spectrum. These
spectral considerations support the conclusion that we may
actually be dealing with two (or perhaps even more) components
contributing to the HE gamma-ray core spectrum of Cen A. Our

analysis of the HE light curves provides some weak indication
for a possible variability on 45 day timescale, but the statistics
are not sufficient to draw clear inferences.

The limited angular resolution (∼5 kpc) and the lack of sig-
nificant variability introduce substantial uncertainties as to the
production site of the HE gamma-ray emission. In principle, the
hard HE component could originate from both a very compact
(subparsec) and/or extended (multi-kpc) region(s). The double-
peaked nuclear SED of Cen A has been reasonably well modeled
up to a few GeV in terms of SSC processes occurring in its in-
ner jet (e.g., Chiaberge et al. 2001; Abdo et al. 2010b). In this
context, the hardening on the HE spectrum above 4 GeV would
indeed mark the appearance of a physically different compo-
nent. This additional component could in principle be related to
a number of different (not mutually exclusive) scenarios, such as
(1) non-thermal processes in its BH magnetosphere (Rieger &
Aharonian 2009), (2) multiple SSC-emitting components (i.e.,
differential beaming; Lenain et al. 2008), or (3) photo–meson in-
teractions of protons in the inner jet (Kachelrieß et al. 2010; Sahu
et al. 2012), (4) gamma-ray-induced pair-cascades in a torus-
like region (at ∼103 Schwarzschild radii; e.g., Roustazadeh &
Böttcher 2011), (5) secondary Compton upscattering of host
galaxy starlight (Stawarz et al. 2006), or (6) inverse-Compton
(IC) processes in the kpc-scale jet (e.g., Hardcastle &
Croston 2011). What concerns the more compact scenarios
(1)–(4) just mentioned: opacity considerations do not a pri-
ori exclude a near-BH origin, but could potentially affect the
spectrum toward highest energies (e.g., Rieger 2011). An SSC
multi-blob VHE contribution, on the other hand, requires the
soft gamma-rays to be due to synchrotron instead of IC pro-
cesses, in which case correlated variability might be expected.
Photo–meson (pγ ) interactions with, e.g., UV or IR background
photons (nγ ) require the presence of UHECR protons, which
seems feasible for Cen A. However, as the mean free paths of
protons through the relevant photon fields are comparatively
large, usually only a modest fraction of the proton energy can
be converted into secondary particles. Models of this type thus
tend to need an injection power in HE protons exceeding the
average jet power of ∼1043–44 erg s−1 (e.g., Yang et al. 2012).

4

Abdo+’10

Sahakyan+’13



Seyferts

• Comptonization in a hot corona above the disk. 

• If non-thermal electrons exist in a corona, non-thermal tail is expected (e.g. YI, Totani, & Ueda ’08). 

• A small fraction of non-thermal population is required (Fabian+’17) 

• See Mineshige-san’s talk for MeV emission from accretion flows.
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Figure 5. Pair fraction for an increasing sequence of ℓnth/ℓh and ℓh/ℓs = 1.
While the corona can be considered pair dominated for all cases, the pair
fraction increases further for a higher non-thermal contribution.

tions in BELM. Non-thermal particles are injected with a power-
law index of 2.5 ranging from γ1 = 1.3 to γ2 = 1000 for the purpose
of this paper.

The electron temperature is obtained by fitting the thermal part
of the lepton distribution with a Maxwellian. While this approx-
imation becomes less accurate as the non-thermal contribution to
the lepton distribution increases (Fig. 2), it still characterizes the
general behavior of the temperature well.

Figs 3 show the kT − ℓ distribution as lines at constant values
of ℓnth/ℓh and for two different values (1 and 0.1) of ℓh/ℓs. Hard X-
ray spectra for a fixed ratio of ℓth = 100 and an increasing sequence
of ℓnth/ℓh are shown in Fig. 4. We see that as the nonthermal power
is increased from zero, then the temperature of the thermal com-
ponent drops from around several hundred keV to below 20 keV.
The drop in spectral turnover is apparent in the spectra as is the
rise of the hard X-ray flux and the annihilation line at the highest
nonthermal fractions.

To assure ourselves that the observed decrease in electron tem-
perature is due to pairs we plot the pair fraction in Fig 5. It is clear
that the coronae are pair dominated.

Finally, in Fig. 6 we show the NuSTAR data points from Fig. 1
again in the kT −ℓ diagram with our hybrid corona results overlaid.
A few new data points have been added from very recent results,
see Table 1 for details. The new values were obtained in a similar
fashion to Fabian et al. (2015). In contrast to Fig. 1, we corrected
the datapoints for gravitational redshifting assuming the measured
coronal size and height given in Table 1 or 10rg if no measurement
exists. A 10 to 30 per cent nonthermal contribution appears suf-
ficient to account for most of these objects and particularly those
with well constrained temperatures.

We have not accounted for the effect of light bending on coro-
nal flux as this depends on the inclination and other parameters. It
could increase the intrinsic value of ℓh by a factor of two, or even
more if the corona lies close to the black hole. If the emission site
within the corona is very localized then the observationally inferred
value of ℓh could be underestimated by a factor of a few.

We note that most of the spectral fits used in determining the
coronal temperatures assume a power-law continuum with an ex-
ponential high-energy cutoff as an approximation to a full Comp-
tonization spectrum. This introduces a systematic uncertainty in the
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Figure 6. NuSTAR data overplotted on the theoretical predictions for kT − ℓ
distributions for an increasing sequence of ℓnth/ℓh with ℓh/ℓs = 1. The data
have been corrected for gravitational redshift.

temperature, since the cutoff energy is 2–3 times higher than the
gas temperature depending on the optical depth of the corona (i.e
whether thin or thick) and also on the geometry of the corona and
its illumination (see e.g. Petrucci et al. 2001).

3 DISCUSSION

We find that current data are consistent with the pair thermostat op-
erating and determining the temperature of compact AGN coronae,
provided that a hybrid plasma is involved. For most sources, only
a small addition of nonthermal plasma is required. The wide range
of temperatures at a fixed value of ℓh can be accounted for with a
non-thermal fraction ranging up to 30 per cent. Objects measured
to have the lowest temperatures require the greatest nonthermal
fraction. They should then have the strongest high energy tail and
broad annihilation lines. Such features are generally undetectable
with present instrumentation in AGN.

We also acknowledge that the simple one zone approach in the
current modelling is probably too simplistic to capture the likely
geometry of the corona and introduces a small uncertainty in the
predicted temperatures.

In future work, we shall explore the location of individual
sources in kT −ℓh−ℓh/ℓs space, which plays a role in determining
the spectral index as well as the continuum cutoff. We shall also
include Stellar Mass Black Hole Binaries (BHB) and investigate
the effect of magnetic fields acting through the synchrotron boiler
(see e,g. Malzac & Belmont (2009); Veledina, Vurm & Poutanen
(2011)) on current spectral results.
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ALMA Observation toward NGC 985
• ALMA Cycle-3 Observation on this 

March. 

• The excess is confirmed. 

• with the size of <0.02 arcsec 
(<16pc).  

• first discovery of the millimeter 
excess in Seyferts. 

• Coronal Synchrotron emission is the 
most likely. 

• But, currently not clear whether 
it is thermal or hybrid.

• Our ALMA Cycle-4 proposal is accepted for higher 
frequency observations and another object.
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Blazars and Cosmic MeV Gamma-ray Background

• FSRQs contribute to the GeV gamma-ray background with 
a peak at ~100 MeV (e.g. YI & Totani ’09, Ajello +’12) 

➡See Toda san’s talk.
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Figure 15. Spectrum of the CXB and contribution of the FSRQs (blue region). The data points are different measurements of the diffuse background as indicated in
the label (Fukada et al. 1975; Gendreau et al. 1995; Watanabe et al. 1997; Weidenspointner et al. 2000; Revnivtsev et al. 2003; Ajello et al. 2008b). The dashed line is
the total contribution of Seyfert-like AGNs computed with the model of Gilli et al. (2007) arbitrarily multiplied by 1.1 to fit the CXB emission at 30 keV. The solid
line is the sum of the Seyfert-like and FSRQs. The spectrum of FSRQs has been modeled as a power-with a mean photon index of 1.6. The blue region represents the
range of values obtained from the Monte Carlo realizations of best-fit parameter ranges. The magenta solid line represents the contribution of BL Lac objects whose
uncertainty is not plotted for clarity, but is, due to the low number of objects, >30% at any energy.
(A color version of this figure is available in the online journal.)
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Figure 16. Contribution of FSRQs (blue region) to the CXB. The data are the same as in Figure 15, but in this case the SED of the FSRQs has been modeled with
a double power-law function. The IC peak is located in the ∼MeV region. The contribution of BL Lac objects is the same as in Figure 15 and is not drawn here for
clarity. The blue region represents the range of values obtained from the Monte Carlo realizations of best-fit parameter ranges.
(A color version of this figure is available in the online journal.)

contribution of FSRQs assuming that their IC peak is located
in the MeV band. We find that in this case FSRQs account for
the entire CXB emission up to 10 MeV. While there is basically
no difference with respect to the single power-law case below
500 keV, the curvature of the IC peak makes the contribution of
FSRQs to the CXB slightly smaller around 1 MeV. We also note
that moving the IC peak beyond 10 MeV produces a negligible
curvature in the FSRQ integral emission and thus this case is
well represented by the single power-law model.

Thus, the two analyses shown here cover well the case in
which the IC peak is either located at MeV or at GeV energies

(double and single power-law model, respectively). We must
therefore conclude that the contribution of FSRQs to the diffuse
emission is relevant and likely accounts for a substantial fraction
(potentially ∼100%) of the CXB around 1 MeV. Interpreting
the CXB as a strong constraint, we derive that the population
of FSRQ sampled by BAT must have the IC peak located
in the MeV band in order not to overproduce the diffuse
background at ∼10 MeV. Bhattacharya et al. (2009) recently
reported for the FSRQs detected by EGRET a mean photon
index of 2.34 ± 0.15. Since FSRQs have a mean photon index
of 1.6 in BAT, this implies already that the IC peak is located

Ajello+’09

The Astrophysical Journal, 751:108 (20pp), 2012 June 1 Ajello et al.

Energy [MeV]

-210 -110 1 10 210 310 410 510

]
-1

 s
r

-1
 s

-2
dN

/d
E

 [M
eV

 c
m

2
E

-510

-410

-310

-210

-110
Nagoya balloon - Fukada et al. 1975
SMM - Watanabe et al. 1997
COMPTEL - Weidenspointner et al. 2000
EGRET - Strong et al. 2004
Swift/BAT - Ajello et al. 2008
IGRB (Abdo et al. 2010d)
Contribution of FSRQs

Energy [MeV]

-210 -110 1 10 210 310 410 510

]
-1

 s
r

-1
 s

-2
dN

/d
E

 [M
eV

 c
m

2
E

-510

-410

-310

-210

-110 Nagoya balloon - Fukada et al. 1975
SMM - Watanabe et al. 1997
COMPTEL - Weidenspointner et al. 2000
EGRET - Strong et al. 2004
Swift/BAT - Ajello et al. 2008
IGRB (Abdo et al. 2010b)
IGRB + Sources (Abdo et al. 2010b)
Contribution of FSRQs
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(A color version of this figure is available in the online journal.)

e.g., BL Lac objects and starburst galaxies make significant
contributions to the IGRB intensity.

7. BEAMING: THE INTRINSIC LUMINOSITY FUNCTION
AND THE PARENT POPULATION

The luminosities L defined in this work are apparent isotropic
luminosities. Since the jet material is moving at relativistic speed
(γ >1), the observed, Doppler boosted, luminosities are related
to the intrinsic values by

L = δpL, (21)

where L is the intrinsic (unbeamed) luminosity and δ is the
kinematic Doppler factor

δ = (γ −
!

γ 2 − 1 cos θ )−1, (22)

where γ = (1−β2)−1/2 is the Lorentz factor and β = v/c is the
velocity of the emitting plasma. Assuming that the sources have
a Lorentz factor γ in the γ1 ! γ ! γ2 range then the minimum
Doppler factor is δmin = γ −1

2 (when θ = 90◦) and the maximum
is δmax = γ2 +

√
γ 2

2 −1 (when θ = 0◦). We adopt a value of p = 4
that applies to the case of jet emission from a relativistic blob
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Angular Power Spectra of the MeV background
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• Even achieving the sensitivity of  10-11 erg/cm2/s, it is hard to resolve the MeV sky 
(YI+’15). 

• Answers are in “Anisotropy”. 

• Cosmic background radiation is not isotropic. 

•  future MeV satellites will distinguish Seyfert & blazar scenarios through anisotropy 
in the sky.
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• To detect ~100 srcs., 10-11 erg/cm2/s is required. 

• To detect ~1000 srcs. (like Fermi),   ~10-12 erg/cm2/s is required. 

• Ultimate goal is to achieve 10-13 erg/cm2/s to see a break in logN-logS.
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Summary
• Blazars, Radio galaxies, and Seyferts are important targets for 

MeV astronomy. 

• 10-11 erg/cm2/s will allow us to study various new thing (e.g. 
low energy electrons, high-z blazars,,,) 

• MeV gamma-ray background would come from Seyferts or 
blazars. 

• Anisotropy will answer this. 10-10 erg/cm2/s is sufficient. 

• Sensitivity of 10-11 erg/cm2/s will detect ~100 AGNs 

• Sensitivity of 10-12 erg/cm2/s will detect ~1000 AGNs like Fermi.


