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Gamma-rays from broad-lined Blazars:

Which origin ?



  Strong vs Weak Lined Blazars
FSRQ (FR II)                                      BL Lacs  (FR I)

 Broad Emission Lines: 
EW>5 Å                                       EW<5 Å 

Pian et al. 2005

Continuum range of EW and line luminosities:
1046 erg/s                                   <1040 erg/s



Broad Line Region(UV)
~0.2 pc

Torus/Hot Dust (IR)
~1-10 pc

Disk, Corona

RTorus

RBLR

FSRQ

RBLR ⇥ 0.1� L46
1/2 pc

RHD ⇥ 2.5� L46
1/2 pc

( Bentz et al. 2006 ; Kaspi et al. 2007 )

( Cleary et al. 2007 ; Nenkova et al. 2008 )

Urad ⇥ L/R2 � const. � 10�2erg/cm3

LBLR ~ 10% Ldisk
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Broad Line Region(UV)
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Torus/Hot Dust (IR)
~1-10 pc
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Difference:  jet power & environment



Energy density U along the jet:

Ghisellini et al. 2009
Sikora et al. 2009

gamma-rays:  Inv.Compton on highest-U seed photons



Standard modeling:  environment counts

Ghisellini et al 1998-2017,  
Sikora et al  1994-2013

EC(BLR)
SSC

FSRQ

BLLacs:



BLR opacity:  optical depths >>1

γγ→e+e-

e.g. on BlackBody target field
(good approximation to BLR 

attenuation)
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BLR spectra  

BLR at different ionization parameter

Stern & Poutanen 2014
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BLR absorption feature

BBody  is a good approximation for attenuation curves



Gamma-rays beyond the BLR:

Aleksic et al. (MAGIC Coll) 2011

Detections  4C 21.35 (Magic) 
                PKS 1510-089 (HESS, Magic)

a) FSRQ detected at VHE

PMN J1016+0512: 

Ldisk ~ 9×1045erg/s ,  Rblr ~3×1017 cm 

if Rdiss ~2.5×1017 ⇒  τBLR > 16 ! 
 

b) >10 GeV in LAT

Costamante et al. 2009, 2010
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100 highest-significance Gamma-ray Blazars in the 3LAC
+ 6  large-BLR cases

Fermi-LAT Data,  PASS8,  7.3-years exposure

106 in total,  83 with LBLR estimates

What is the typical origin of gamma-rays in FSRQs  ?

1) is BLR absorption a common phenomenon ?
2) is it consistent with EC modeling ?
3) different location in high-flaring vs steady state ?

Costamante, Cutini,  Tosti,  Antolini,  Tramacere 2018,  
MNRAS, in press (arXiv 1804.06282)



NB:  Rest-Frame Energies !  E*(1+z)

—  Intrinsic extrapolated 

--- Fitted tau_BLR 

--- Expected tau_BLR 
     (deep in BLR, ~RBLR/2) 

-.-  Full band (no BLR)

Intrinsic
Power-law or

Log-parabolic model

Upper limit if:     
TS <4 or Npred <3 or Err>50%



2/3 of the sample:   𝜏max < 1

9/10 objects:          𝜏max < 3

Only 1 out of 10 FSRQ compatible with significant BLR absorption 

NO evidence of  BLR cut-offs !



Sample 83 objects with LBLR estimate

for EC(BLR)



73%  𝜏max < 1

87%  𝜏max < 3



High/Low state ?

No evidence of strong interaction with BLR photons 





VHE-detected FSRQs



Even 3C 454.3 !

And better fitted with intrinsic cutoff:



Conclusion:

NO evidence of  jet interaction with BLR photons !

   EC(BLR) seems the exception, not the normality,  
   of the gamma-ray emission in Fermi Blazars 



Alternatives? 
how to reduce absorption but stay within the BLR ?

- Much larger BLR (~100x)

- Shift  𝛾𝛾 threshold by selecting angles
       (Flattened BLR)

⌧ / 1/RBLR



Energy density U along the jet:

Ghisellini et al. 2009
Sikora et al. 2009

UBLR becomes lower than any other radiation field  
—> EC(BLR) disfavoured



Broad Line Region(UV)
~0.2 pc

Torus/Hot Dust (IR)
~1-10 pc

Disk, Corona

RBLR

Γ

Shift threshold 5x (to ~100 GeV) —>  𝜗 ≤  30 deg



Alternatives? 
how to reduce absorption but stay within the BLR ?

- Much larger BLR (~100x)

- Shift  𝛾𝛾 threshold by selecting angles
       (Flattened BLR)

⌧ / 1/RBLR

Both do NOT keep EC(BLR) viable



Caveats:

1)  Long integration time  (years)

 
     



Caveats:

1)  Long integration time  (years)

2)  Kinematics of the emission 
     (localized dissipation vs moving blob)
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It does not change the main result



Conclusion & Consequences

1) EC(BLR) is disfavoured as gamma-ray emission mechanism
    in Broad-line Blazars (EC-IR or SSC or EC-ambient)
          ⇒ re-model SED for jet parameters 



Conclusion & Consequences

1) EC(BLR) is disfavoured as gamma-ray emission mechanism
    in Broad-line Blazars (EC-IR or SSC or EC-ambient)
          ⇒ re-model SED for jet parameters 

2) Gamma-ray spectrum is mostly intrinsic (particle distribution)
          ⇒ new diagnostic possibilities 
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ABSTRACT

The spectral shape of radiation due to inverse Compton scattering is analyzed in the Thomson and the Klein–Nishina
regime for electron distributions with exponential cutoff. We derive analytical, asymptotic expressions for the
spectrum close to the maximum cutoff region. We consider monoenergetic, Planckian, and synchrotron photons as
target photon fields. These approximations provide a direct link between the distribution of parent electrons and
the upscattered spectrum at the cutoff region.

Key words: gamma rays: galaxies – radiation mechanisms: non-thermal – scattering

Online-only material: color figures

1. INTRODUCTION

The interaction of relativistic electrons with low-energy
radiation through inverse Compton scattering (ICS) provides
one of the principal γ -ray production processes in astrophysics.
In a variety of astrophysical environments, from very compact
objects like pulsars and active galactic nuclei to extended
sources like supernova remnants and clusters of galaxies, low-
energy photons are effectively boosted to high energies through
this mechanism.

The basic features of the ICS have been analyzed by
Jones (1968) and Blumenthal & Gould (1970). The case of
anisotropic electrons and/or photons has been studied by
Aharonian & Atoyan (1981), Narginen & Putanen (1993),
Brunetti (2000), and Sazonov & Sunyaev (2000). The impact of
the Klein–Nishina effect on the formation of the energy distri-
bution of electrons was first realized by Blumenthal (1971). Its
importance in astrophysics has been discussed in the literature
in the context of different non-thermal phenomena, in particular,
by Aharonian & Ambartsumyan (1985), Zdziarski et al. (1989),
Dermer & Atoyan (2002), Moderski et al. (2005), Khangulyan
& Aharonian (2005), Kusunose & Takahara (2005), and Stawarz
et al. (2006, 2010).

Generally, the energy spectrum as well as the effects related
to ICS is numerically calculated using the exact expression
for the Compton cross-section. On the other hand, compact,
analytical approximations can serve as useful tools for a deeper
understanding of the properties of Compton radiation and
the implications of the complex numerical calculations. In
particular, inferring the energy distribution of the parent particles
from the observed spectrum is a much more efficient procedure
when analytical approximations are available. For example, a
power-law distribution of electrons normally results in power-
law photon spectra. If the observed photon index is Γ (in a
dNγ /dEγ ∝ E−Γ

γ representation), then we can obtain the power-
law index of the electron distribution dNe/dEe ∝ E−Γe from the
relation Γe = 2Γ − 1 for the Thomson regime and Γe ≈ Γ − 1
if the scattering occurs in the Klein–Nishina regime.

3 Fellow of the International Max Planck Research School for Astronomy and
Cosmic Physics at the University of Heidelberg (IMPRS-HD).

This, however, only applies to the energy interval far from the
cutoff, the “main” part of the electron distribution. At the highest
(and the lowest) energies, there should be a break/cutoff in the
electron distribution, and in fact, the corresponding break at
the radiation spectrum contains a lot of interesting information
on the parent electrons. In particular, the peaks in the spectral
energy distribution (SED) appear at this energy range in the
majority of cases, indicating that the source luminosity is mostly
radiated at the maximum cutoff. Moreover, as the main, power-
law part of the distribution, the shape of the cutoff carries as
well important implication for the acceleration of the particles
and in general the mechanisms acting in the source. Although
the shape of the spectrum close to the highest energy cutoff is
critical, this topic has not yet been adequately addressed. In this
paper, we examine the shape of the Compton spectrum close
to the maximum cutoff and we derive convenient analytical
formulas that allow us to approximate the radiated flux in this
specific energy range.

In general, the shape of the electron distribution around the
cutoff can be expressed as an exponential, exp[−(Ee/Ec)β].
This allows us to describe a quite broad range of distributions,
even very sharp, abrupt, step-function like cutoffs for β ≫ 1.
Apart from the convenience of such a mathematical description,
exponential cutoffs naturally arise in theoretical considerations.
For example, in diffusive shock acceleration, power-law parti-
cle distributions with exponential cutoff are formed when (syn-
chrotron) energy losses are taken into account (Webb et al. 1984)
and the cutoff index is very important for investigating the ac-
celeration mechanism. Analytic solutions show that in the case
of Bohm diffusion a simple exponential cutoff exp [−Ee/Ec]
arises, whereas the index approaches β = 2 if Ėe ∝ E2

e type en-
ergy losses are taken into account, e.g., synchrotron or Thomson
losses (see Zirakashvili & Aharonian 2007).

In stochastic acceleration scenarios, where pile-up parti-
cle distributions are formed when acceleration is balanced
by synchrotron-type losses, the shape of the electron cutoff
is directly related to the assumed turbulent wave spectrum
(Schlickeiser 1985; Aharonian et al. 1986), e.g., β = 5/3 for
Kolmogorov, β = 3/2 for Kraicman-like, or β = 2 for the
hard sphere approximation. Of course, if more complicated en-
ergy losses dominate, like in the case of Klein–Nishina losses
in radiation-dominated environments, more complex shapes for
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Figure 12. SSC radiation at the cutoff region in Thomson regime. A Maxwellian electron distribution has been used, with parameters Ec = 102 and B = 1 G for the
magnetic field. The exponential cutoff that arises is very smooth, of index β/(β + 4).
(A color version of this figure is available in the online journal.)
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Figure 13. Same as Figure 12 but power-law electrons. The asymptotics approach the numerical solution only for Eγ ≫ 4bE4
cut. Very close to the photon cutoff

energy, the numerical spectrum is smoother than the approximated one.
(A color version of this figure is available in the online journal.)

Table 1
The Index of the Exponential Cutoff in the Energy Spectrum of IC Radiation βC Calculated for

Three Different Target Photon Fields, in the Thomson and Klein-Nishina Regimes

Scattering regime Thomson Klein-Nishina Thomson Klein-Nishina

Radiation field electrons β β abrupt cutoff abrupt cutoff

Monochromatic photons β/2 β ∞ ∞
Planckian photons β/(β + 2) β 1 ∞
Synchrotron photons β/(β + 4) β 1 ∞

Note. The index β characterizes the exponential cutoff in the electron energy distribution given by Equation 1.

Interestingly, for Planckian photons we find a different
relation between βC and β, which is the same as for synchrotron
radiation, βC = β/(β + 2). As can be seen from Figures 6 and 7,
the approximation is very good. Finally, for synchrotron photons
it holds that βC = β/(β + 4). As in the case of monochromatic

photons, the SSC asymptotics in the Thomson regime are better
for Maxwellian electrons.

In general, although in the Klein–Nishina regime the Comp-
ton spectrum preserves the electron distribution index βC = β,
in the Thomson regime the upscatter photon cutoff index is

11



Conclusion & Consequences

1) EC(BLR) is disfavoured as gamma-ray emission mechanism
    in Broad-line Blazars (EC-IR or SSC or EC-ambient)
          ⇒ re-model SED for jet parameters 

2) Gamma-ray spectrum is mostly intrinsic (particle distribution)
          ⇒ new diagnostic possibilities (e.g. Lefa et al 2014)

3)  Without BLR suppression, FSRQs  luminous at VHE
          ⇒ CTA sky much richer of FSRQs



Pacciani et al. 2014 - flare

3C 454.3 can be easily detectable at VHE  !

HBL-like flare !



Conclusion & Consequences

1) EC(BLR) is disfavoured as gamma-ray emission mechanism
    in Broad-line Blazars (EC-IR or SSC or EC-ambient)
          ⇒ re-model SED for jet parameters 

2) Gamma-ray spectrum is mostly intrinsic (particle distribution)
          ⇒ new diagnostic possibilities (e.g. Lefa et al 2014)

3)  Without BLR suppression, FSRQs  luminous at VHE
          ⇒ CTA sky much richer of FSRQs

4)  Differences FSRQ/BLLac are intrinsic to the jet: 
     accretion and jet power
         

Costamante, Cutini,  Tosti,  Antolini,  Tramacere 2018,  
MNRAS, in press (arXiv 1804.06282)



back-up slides



real 
FSRQ

real
BLLacs

radiatively 
efficient

radiatively 
inefficient

Ghisellini et al 2013

  Strong vs Weak Lined Blazars



LAT Coll. 2016

3C 279    



Also in Fermi:  3C 279 huge flare in 2015

LAT Coll. 2016



Stratified BLR:   
High and Low excitation lines

BLR at different ionization parameter Double absorption:

HeII

H

Poutanen and Stern 2010-2012

RH~0.2-0.3 R0    RL~3-5 R0



Problem with BLR-absorption interpretation:

Data from Poutanen 2011

If τHe>1    ⇒  τH >100x τHe

Cannot explain 3GeV break without 10 GeV cutoff



Blazar Zone:  
where the emission responsible for the  

bulk of the SED comes from.

From Low to High-energy peaked Blazars: 
FSRQ  -  LBL  -  IBL  -  HBL  - Extreme BL

Giommi & Padovani 1994,1995
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Something is happening at L ~0.01 LEdd

Trump et al. 2011
Ledlow & Owen 1996

Ghisellini & Celotti 2002

Sample 82 unobscured AGNs

Broad-lined
Narrow-lined

Line-less

ADAF - Shakura/Sunyaev ?



R ⇥ 2.5� 1014 �10 tvar,10min cm

2)  FSRQ,    Rdiss > 1-10 pc     ⇒    a)  larger region,  mm-transparent 
                                                        b)  variability  ~days-week

10-min variability !

Aleksic et al. 2011 (MAGIC coll)

at several pc from Black Hole

MAGIC fundamental discovery on 4C 21.35: 
ultrafast variability also in FSRQ !

Problem for all 
models !



PKS 1510-089
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 PKS 1510-089:     GeV-TeV Spectra
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NO  Jet-BLR interaction



Saito et al. 2013

Ultra-fast variability ? ( <3hrs )

Formally, doubling timescale ~1hr



Fermi/Agile do NOT see all type of blazars: 
misses at the two ends of SED sequence

High-z blazars Hard TeV BL Lac


