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what are luminous blazars?
• flat-spectrum radio quasars (FSRQ) 

• low-peaked BL Lac objects (LBLs) 

• gamma-ray dominated - observational 
fact 

• external Compton dominated - 
theoretical paradigm
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FIG. 8.— Broadband spectral energy distributions of 3C 279 for the four observational periods defined in Section 2.1 (see also Table 2 and Figure 7). The
vertical bars in data points represent 1σ statistical errors and the down arrows indicate 95% confidence level upper limits. The plot includes historical SEDs of
3C 279 in a low state (in 2008 August) and in a flaring state (in 2009 February) from the 2008-2010 campaign (Hayashida et al. 2012).

The very hard electron energy distribution with p1 ≃ 1, re-
quired to explain the very hard γ-ray spectrum of Flare 1, and
the very high maximum Lorentz factor γ ! 2000 are chal-
lenging for many particle acceleration mechanism and emis-
sion scenarios (e.g., Blandford & Levinson 1995). Very hard
electron spectra can be obtained in relativistic magnetic re-
connection, but they require extremely high electron magneti-
zation σe > 100 (Sironi & Spitkovsky 2014; Guo et al. 2014;
Werner et al. 2014). In the case of an electron-proton jet com-
position with no e+e− pairs, one has σe ≃ (γ̄p/γ̄e)(mp/me)σ,
where γ̄p and γ̄e are typical Lorentz factors of protons and
electrons, respectively. In principle, it is possible that σe ≫ σ,
so that such extreme acceleration of electrons is possible even
in the case of σ " 1. The final outcome of the acceleration
depends on how the dissipated magnetic energy is shared be-
tween the protons and electrons; the first study of relativistic
electron-ion reconnection suggests roughly equal energy divi-
sion (Melzani et al. 2014).
We propose that Flare 1 of 3C 279, together with the simi-

lar flare of PKS 1510−089 peaking at MJD 55854 (Saito et al.
2013), constitute an emerging class of rapid γ-ray events char-
acterized by flux-doubling time scales of a couple of hours,
very hard γ-ray spectra with spectral peaks in the GeV band,
and significant time asymmetry with longer decay time scales
(Nalewajko 2013). Moreover, the results of this work indi-
cate that such events do not have significant multiwavelength
counterparts. Since only two clear examples were identified
in bright blazars during∼ 6 years so far of the Fermimission,
they appear to be rare events, and may not represent typical

conditions of dissipation and particle acceleration in blazar
jets.
In Figure 9, we also present two SED models for Flare 3

(Period D). This flare is characterized by a typical γ-ray spec-
trum, and a more typical Compton dominance, as compared
to Flare 1. In addition, for Flare 3 we have simultaneous
UV and X-ray data from Swift. The soft X-ray spectrum is
very hard, with ΓX = 1.22± 0.07. We first attempted — in
model D1 located in the BLR — to explain this X-ray spec-
trum by SSC emission from a very hard electron energy dis-
tribution (p1 = 1). By coincidence, model B1 described in
the previous subsection does exactly that. However, since the
γ-ray spectrum for Period D is much softer than the excep-
tionally hard γ-ray spectrum for Period B, in model D1 we
need to adopt a break in the electron energy distribution at
γbr " 200, which shifts the observed peak of the SSC compo-
nent to ∼ 100 keV; hence the X-ray part of the SSC spectrum
is too soft to explain the observed X-ray spectrum. We note
that Paliya et al. (2015) present an SED model for a period
overlapping with our Period D, in which the X-ray spectrum
is matched with the SSC component. They made the model
by adopting a higher value of γbr, which requires a superpo-
sition of ERC(BLR) and ERC(IR) components to explain the
γ-ray spectrum. In model D2 we were able to explain the X-
ray spectrum with the low-energy tail of the ERC emission.
The emission region in model D2 is located outside the BLR,
and the entire high-energy component is strongly dominated
by the ERC(IR) emission. We adopted a higher jet Lorentz
factor Γj = 30 and the low-energy electron distribution index
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Figure 7. Numerical models fitted to observed spectral states of AO 0235+164, dominated energetically by the Comptonization of the infrared radiation from the
dusty torus (ERCIR). Red lines show a fit to the high state (MJD 54761-3), including the bulk-Compton feature (dashed line). Blue lines show a fit to the low state
(MJD 54803-5). Dotted lines indicate individual spectral components, in order of increasing peak frequencies: synchrotron, SSC, ERCIR, ERCBEL. Solid lines show
the sums of all individual components. Note that presented models do not cover the radio production which at ν < 100 GHz is strongly synchrotron-self-absorbed for
our source parameters and must originate at much larger distances from the BH than a few parsecs. The gray line shows the quasar composite SED adopted from Elvis
et al. (1994) and normalized to the accretion disk luminosity Ld = 4 × 1045 erg s−1.
(A color version of this figure is available in the online journal.)

criterion to be classified as a quasar (see also Murphy et al.
1993). This means that, according to the AGN unification
models, it should possess a typical dusty torus, a strong source of
thermal infrared radiation (IR) with a typical covering factor of
ξIR ∼ 0.1 (e.g., Haas et al. 2004). Recent mid-IR interferometric
observations for a sample of nearby AGNs show that such tori
can extend beyond 10 pc from the central BH (Tristram &
Schartmann 2011). The mass of the BH in this object is likely to
be in the range MBH ∼ 2–6 × 108 M⊙ (Liu et al. 2006; Raiteri
et al. 2007; Wu et al. 2011), which implies the Eddington ratio
Ld/LEDD ! 0.1.

In order to determine which process dominates the high-
energy emission, whether it is ERC or SSC, one can estimate
their luminosity ratio as LERC/LSSC ≃ u′

ext/u
′
syn, where u′

ext is
the comoving energy density of the external radiation, which,
depending on the source location, could be dominated either
by u′

BEL or u′
IR, and u′

syn is the comoving energy density
of the synchrotron radiation. These energy densities scale
like u′

BEL(IR) ≃ Γ2
j uBEL(IR) ≃ Γ2

j ξBEL(IR)Ld/(4πr2
BEL(IR)c) for

r " rBEL(IR), respectively, and u′
syn ≃ Lsyn/(4πR2D4c), where

rBEL ∼ 0.1(Ld,46)1/2 pc is the characteristic radius of the BLR,
rIR ∼ 2.5(Ld,46)1/2 pc is the inner radius of the dusty torus, R is
the emitting zone radius related to its distance by r = RΓj, Γj =
(1 − β2

j )−1/2 is the jet Lorentz factor, and βj is the jet velocity
in units of c (Sikora et al. 2009). Considering the emitting zone
located at either characteristic radius, i.e., r ≃ rBEL(IR), and
neglecting the distinction between the Doppler factor D and the
Lorentz factor Γj, we obtain LERC/LSSC ≃ ξBEL(IR)Γ4

j (Ld/Lsyn).
In the case of AO 0235+164, we observe Ld/Lsyn ∼ 0.01 and
thus LERC/LSSC ≃ 160(ξBEL(IR)/0.1)(Γj/20)4. Hence, even for
a moderate bulk Lorentz factor, in order for the SSC component
to dominate the ERC component, one requires covering factors
two orders of magnitude lower than typically assumed in
quasars.

In this section, we verify the ERC scenario by fitting the
observed SEDs with one-zone leptonic models (Moderski et al.
2003). We follow the evolution of relativistic electrons injected
into a thin spherical shell propagating conically with a constant
Lorentz factor Γj undergoing adiabatic and radiative losses
due to the synchrotron and inverse Compton emission. The
external radiation includes BELs of characteristic photon energy
EBEL ∼ 10 eV and infrared dust radiation of characteristic
energy EIR ∼ 0.3 eV. We attempted to fit the high state
of MJD 54761-3 with a “blazar zone” located either within
(ERCBEL model) or outside the BLR (ERCIR model). In
the ERCBEL model, the electron break inferred from the
synchrotron spectrum is too low to reproduce the γ -ray spectrum
above ∼1 GeV. This problem is absent in the ERCIR model
(red lines in Figure 7). This is because Comptonization of IR
photons is subject to much weaker Klein–Nishina suppression
in the GeV band than Comptonization of optical/UV emission-
line photons. The parameters of the ERCIR model are: location
r = rIR, Lorentz factor Γj = 20, opening angle θj = 1/Γj = 2.◦9
(hence the Doppler factor Dj = Γj), magnetic field strength
B ′ = 0.22 G, and viewing angle θobs = 2.◦3. Electrons
are injected with a doubly broken energy distribution with
γbr,1 = 100, γbr,2 = 5800, p1 = 1.5, p2 = 2.03, and p3 = 3.9.

The rate of electron energy injection is Ė′
e,inj ∼ 4.8 ×

1043 erg s−1. Over comoving time ∆t ′ ∼ rIR/(2Γjβjc) ∼
4×106 s, the total injected electron energy is E′

e,inj ∼ Ė′
e,inj∆t ′ ∼

1.9 × 1050 erg. At the end of the injection, the total number
of electrons is Ne = 6.6 × 1054 and their total energy in the
comoving frame is E′

e ∼ 1.1 × 1050 erg. The average efficiency
of electron energy losses is ηe,loss = 1 − (E′

e/E
′
e,inj) ∼ 0.42.

The electron flux is Ṅe ∼ πΓjR
2cNe/V ′ ∼ 1.2 × 1049 s−1,

where V ′ ∼ 4πR3/3 is the volume of the emitting region in the
comoving frame and R ∼ θjr is the jet radius. The electron
energy flux is Le ∼ πΓ2

j R
2cE′

e/V ′ ∼ 4.1 × 1045 erg s−1

16

3C 279 
(Hayashida et al. 2015)

AO 0235+164 
(Ackermann et al. 2012)
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Fig. 10. The average SED of the blazars studied by Fossati et al. (1998), including the average values of the hard X–ray spectra.
The thin solid lines are the spectra constructed following the parameterization proposed in this paper.

luminosities at 4.47 keV (the logarithmic mid point be-
tween 2 and 10 keV).

The continuous lines in Fig. 10 correspond to a simple
parametric model derived by the one introduced by Fossati
et al. (1998). We introduce minor modifications, adopted
both to better represent our data at small luminosities
and to follow a more physical scenario, in which the low
power HBLs can be described by a pure synchrotron–self
Compton model (see e.g. Ghisellini et al. 1998). We re-
mind the reader here of the key assumptions of the F98
parametric model:

• The observed radio luminosity LR = (νLν)|5 GHz is as-
sumed to be linearly proportional to the bolometric lu-
minosity, and related to the location of the synchrotron
peak through:

νs ∝ L−η
R (1)

Table 4. Average values of the X–ray luminosity at 4.47 keV
(νLν values) and average 2–10 keV spectral indices, for the
sources in common with Fossati et al. (1998), for each radio
luminosity bin.

< log νrLνr > < log νxLνx > Nsources αx

@4.47 keV 2–10 keV

<42 44.2 12 1.39 ± 0.21

42–43 44.5 5 1.19 ± 0.21

43–44 44.9 6 0.95 ± 0.11

44–45 45.8 6 0.68 ± 0.02

>45 47.0 11 0.58 ± 0.06

where η = 1.8 for LR < 3 × 1042 erg s−1 and η = 0.6
for LR > 3 × 1042 erg s−1.

Fossati et al. (1998) 
Donato et al. (2001)

– 14 –

Fig. 4.— SEDs constructed before (green open triangles), during (red filled circles), and
after (blue open squares) the flare. The NIR, optical, UV, and X-ray data are corrected for

Galactic extinction. The fit lines and model parameters are described in § 4 and in Table 1.

3C 454.3 
(Vercellone et al. 2011)



why do we care?
• because they are luminous! 

(1048-50 erg/s) 

• very tight energetic 
requirements 
✓ high dissipation efficiency 
✓ high radiative efficiency 
✓ high fraction of the jet 

volume 
• particularly useful in 

constraining relativistic 
particle acceleration

Assuming that g 5 0.3, appropriate for rapidly rotating black holes,
we have _Mc2~Ldisk=g. Figure 2 shows Pjet versus _Mc2 for all our sources.
The white stripe indicates Pjet 5 _Mc2, and the black line is the best-fit
correlation (log(Pjet) 5 0.92log( _Mc2) 1 4.09) and always lies above the
equality line. This finding is fully consistent with recent general relativ-
istic magnetohydrodynamic numerical simulations9 in which the average
outflowing power in jets and winds reaches 140% of _Mc2 for dimension-
less spin values a 5 0.99. The presence of the jet implies that the gravita-
tional potential energy of the falling matter can not only be transformed
into heat and radiation, but can also amplify the magnetic field, allowing
the field to access the large store of black hole rotational energy and
transform part of it into mechanical power in the jet. This jet power is
somewhat larger than the entire gravitational power ( _Mc2) of the accret-
ing matter. This is not a coincidence, but is the result of the catalysing
effect of the magnetic field amplified by the disk. When the magnetic
energy density exceeds the energy density (,rc2) of the accreting matter
in the vicinity of the last stable orbit, the accretion is halted and the
magnetic energy decreases, as shown by numerical simulations9,22 and
confirmed by recent observational evidence10.

The mass of the black holes of the FSRQs in our sample has been
calculated12 assuming that the size of the broad line region scales with
the square root of the ionizing disk luminosity as indicated by rever-
beration mapping23,24, and by assuming that the clouds producing the
broad emission lines are virialized. The uncertainties associated with
this method are large (dispersion of s 5 0.5 dex for the black hole mass
values25), but if there is no systematic error (Methods) then the average
Eddington ratio for FSRQs is reliable: ÆLdisk/LEddæ 5 0.1 (LEdd; Eddington
luminosity; Extended Data Fig. 2). This implies that all FSRQs should
have standard, geometrically thin, optically thick accretion disks26. There-
fore, the more powerful jets (the ones associated with FSRQs) can be
produced by standard disks with presumably no central funnel, con-
trary to some expectations27,28.

A related issue is the possible change of accretion regime at low accre-
tion rate (in Eddington units), or, equivalently, when Ldisk=10{2LEdd.

In this case, the disk is expected to become radiatively inefficient, hotter
and geometrically thick. How the jet responds to such changes is still an
open issue. An extension of our study to lower luminosities could pro-
vide some hints. Another open issue is how the jet power depends on
the black hole spin29. Our source sample consists by construction of lumi-
nous c-ray sources that presumably have the most powerful jets, and
thus have the most rapidly spinning holes. It will be interesting to explore
less luminous jetted sources, to gain insight into the possible depen-
dence of the jet power on the black hole spin and the possible existence
of a minimum spin value for the jet to exist. In turn, this should shed
light on the longstanding problem of the radio-loud/radio-quiet quasar
dichotomy30.

Online Content Methods, along with any additional Extended Data display items
andSourceData, are available in the online version of the paper; references unique
to these sections appear only in the online paper.
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Figure 1 | Radiative jet power versus disk luminosity. The radiative jet power
versus the disk luminosity, calculated as ten times the luminosity of the broad
line region. Different symbols correspond to the different emission lines
used to estimate the disk luminosity, as labelled. All objects were detected using
Fermi/LAT and have been spectroscopically observed in the optical12,13. Shaded
areas correspond to 1s, 2s and 3s (vertical) dispersion, where s 5 0.5 dex.
The black line is the least-squares best fit (log(Prad) 5 0.98log(Ldisk) 1 0.639).
The average error bar corresponds to uncertainties of a factor of 2 in Ldisk

(ref. 16) and 1.7 in Prad (corresponding to the uncertainty in C2).
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Figure 2 | Jet power versus accretion power. The total jet power estimated
using a simple one-zone leptonic model17, assuming one cold proton per
emitting electron, versus _Mc2 calculated assuming an efficiency g 5 0.3,
which is appropriate for a maximally rotating Kerr black hole. Different
symbols correspond to the different emission lines used to estimate the disk
luminosity, as in Fig. 1. Shaded areas correspond to 1s, 2s and 3s (vertical)
dispersion, where s 5 0.5 dex. The black line is the least-squares best fit
(log(Pjet) 5 0.92log( _Mc2) 1 4.09). The white stripe is the equality line. The
average error bar is indicated ( _Mc2 has the same average uncertainty of Ldisk; the
average uncertainty in Pjet is a factor of 3).
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current debates
• emission mechanism: leptonic vs. hadronic 

✓ leptonic models are 100 times more efficient (Sikora et al. 2009) 

✓ hadronic models require accretion paradigm change (Zdziarski & 
Böttcher 2015), but 1e49 erg/s jet powers may violate observational 
evidence 

✓ TeV blazars may be different (Essey & Kusenko 2013, Cerruti et al. 2014) 

• dissipation mechanism: shocks vs. reconnection 

✓ shock-in-jet models work well for multifrequency radio flares (F-GAMMA) 

✓ reconnection works for a broader range of jet parameters 
(Sironi, Petropoulou & Giannios 2015) 

• location of the blazar zone: < 0.1 pc vs. ~1 pc vs. >10 pc 
(KN, Begelman & Sikora 2014) 

• connection of gamma rays with radio/mm 
(BU, MOJAVE, F-GAMMA, OVRO, EVN, TANAMI, CARMA et al.) 

• origin of (hard) X-rays (Sikora et al. 2013)



parameter space of γ-ray emitting regions

3C 279 flares in 2013−2014 13

FIG. 9.— Left panel: Spectral energy distributions of 3C 279 during the brightest γ-ray flares — Flare 1 (Period B, red points) and Flare 3 (Period D, blue
points) — see Section 4.1 for discussion. Right panel: SEDs during two NuSTAR pointings — Period A (orange points) and Period C (magenta points) — see
Section 4.2 for discussion. Solid and dashed lines show SEDmodels obtained with the leptonic code Blazar. Model parameters are listed in Table 5. Black and
gray lines show historical data and SED models from Hayashida et al. (2012). Black dashed line shows the composite SED for radio-loud quasars (Elvis et al.
1994) normalized to Ld = 6× 1045 ergs−1. The inset illustrates schematically the decomposition of each SED model into contributions from individual radiative
mechanisms: (in order of increasing peak frequency) synchrotron, SSC, ERC(IR), ERC(BLR). The axes and line types are the same as in the main plot.
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FIG. 10.— Constraints on the parameter space of location r and Lorentz
factor Γj for the emitting region producing γ-ray Flare 1 (Period B), using a
model of Nalewajko et al. (2014). The following constraints are shown: from
jet collimation parameter Γjθj (solid red lines), from SSC luminosity LSSC
(dashed blue lines), from energy threshold for efficient cooling Ecool (dot-
ted magenta line), from the characteristic wavelength of synchrotron self-
absorption λSSA (dot-dashed orange line), from the minimum required jet
power Lj,min (double-dot-dashed green lines), and from the characteristic en-
ergy of intrinsic γ-ray absorption Emax,obs (solid gray line). The region al-
lowed by collimation, SSC and cooling constraints is shaded in yellow. Two
particular solutions B1 and B2 for which SEDmodels are showed in Figure 9
are indicated.

TABLE 5
PARAMETERS OF THE SED MODELS PRESENTED IN FIG. 9.

Model A B1 B2 C D1 D2
r [pc] 1.1 0.03 0.12 1.1 0.03 1.1
Γj 8.5 20 30 10.5 25 30
Γjθj 1 0.61 0.34 1 1 1
B′ [G] 0.13 0.31 0.3 0.13 1.75 0.14
p1 1 1 1 1 1 1.6
γ1 1000 3700 2800 1000 200 100
p2 2.4 7 7 2.4 2.5 2.5
γ2 3000 — — 3000 2000 6000
p3 3.5 — — 3.5 5 4

p1 = 1.6 for γ < 100 (see Table 5). While model D2 matches
the observedX-ray spectrum, because it is located at relatively
large distance r ≃ 1.1 pc, it predicts a rather long observed
variability time scale of tvar,obs ∼ 2 d.
Such extremely high flux spectra as observed in Periods B

and D could in some cases extend to even higher energies,
and may possibly be detectable by ground-based Cherenkov
telescopes (MAGIC, H.E.S.S., VERITAS, CTA). Despite its
moderate redshift, 3C 279 was detected twice by MAGIC
(Albert et al. 2008; Aleksić et al. 2011a) before the Fermi era.
In this work, we have argued that the γ-rays originate at a ra-
dius ∼ 0.1 pc, which is comparable with the estimated size
of the broad emission line region rBLR based upon reverber-
ation mapping campaigns of other AGN (e.g., Bentz et al.
2006; Kaspi et al. 2007). This radius is also roughly compa-
rable to the minimum radius from which the highest energy
photon observed during our campaign — Eobs = 26.1 GeV
(E ∼ 40 GeV in the quasar rest frame) in Period A — can
escape without pair production. The highest energy photons
detected in Periods B and D were 10.4 GeV and 13.5 GeV,
respectively (see Figure 1). We could not distinguish if the
non-detection of! 15 GeV photons was due to the absorption
by the BLR photons or just the statistical limitation of the
short integration time for the spectra. Our emission models
indicate a sharp drop in the source intrinsic spectral shape at
> 10 GeV energies due to adopting a very steep high-energy
electron distribution index p2 = 7, although this is very poorly
constrained.
The importance of γ-ray absorption in the pair produc-

tion process depends on the abundance of soft photons pro-
duced in the jet environment. One source of soft photons
is the emission lines radiated by the broad emission line
clouds. The optical depth depends on the geometrical shape
of the BLR, and is significantly reduced for the flat geome-
tries (Tavecchio & Ghisellini 2012; Stern & Poutanen 2014).
Specifically, the results of Tavecchio & Ghisellini (2012) cal-
culated for Ld = 5× 1045 ergs−1 and for an intermediate geo-
metric case indicate that absorption from BLR photons is not
significant for γ-ray photons with Eobs " 50 GeV emitted at
r∼ rBLR, and those with Eobs " 20 GeV at r ∼ 0.1rBLR. How-
ever, other models of the BLR can be expected to set a larger
lower bound on the emission distance scale r. Another source

KN, Begelman & Sikora (2014) 
Hayashida et al. (2015)

collimation 
SSC 

cooling 
SSA 

jet power 
opacity

flaring blazars we typically find: 
r ~ 0.1-1 pc, Γ > 20, LB / Le ~ 0.01-10, λSSA ~ 0.2-1 mm 

Γθ < 1 
LSSC < LX 

Ecool < 100 MeV

beyond SED modeling to understand parameter degeneracies



gamma rays vs. radio/mm
• distance scales of order 10 pc 

often cited from gamma-radio/mm 
studies  
(but also suggested in 
Sikora et al. 2008, 2013) 

• radio/mm flares are correlated but 
delayed wrt. gamma-ray flares 
(Pushkarev et al. 2010, Max-
Moerbeck et al. 2014) 
✓ ~10 pc at 11 cm 
✓ ~5 pc at 2 cm 
✓ ~1 pc at 2 mm 

(Fuhrmann et al. 2014) 

• connection between gamma-ray 
flares and superluminal radio knots 

✓ 37 +- 21 days at 7 mm 
(S. Jorstad talk yesterday)

8 L. Fuhrmann et al.
                                                            

-400 -200 0 200 400
                           LAG (Days)                       

-0.5

0.0

0.5

1.0

1.5

2.0

   
   

   
   

   
   

   
   

   
 D

C
C

F 
   

   
   

   
   

   
   

   
   

Figure 4. Stacked radio/γ-ray DCCFs (source frame) across all
radio bands. From top to bottom are shown: γ-ray vs. 110, 60,
36, 28, 20, 13, 9, 7, 3, 2 and 0.8mm wavelength. For better il-
lustration, the 2mm/γ-ray DCCF has been displaced along the
y-axis by 0.35 and the longer radio wavelengths ones each by an
additional shift of 0.15. Since time values are redshift corrected,
fewer data points contribute to the stacked DCCF at large lags
which increases the sensitivity to chance correlations (such as the
peaks at lags −450 and +450 days).

tending to larger radio lags and becoming more pronounced
towards 110mm wavelength, consistent with the succes-
sively longer variability time scales and more extended flare
shapes seen at longer cm-bands. Furthermore, the correla-
tion peak is close to time lag zero for the shortest wave-
lengths and shifts towards larger, positive (γ-ray leading)
time lags with increasing radio wavelength. Finally, the cor-
relation peak maxima increase towards the sub-mm band
from DCCFmax = 0.23 ± 0.05 at 110mm to DCCFmax =
0.61 ± 0.05 at 0.8mm.

The estimated (source frame) time lags with uncertain-
ties are shown in Fig. 5 as a function of radio frequency.
The average time lag increases smoothly from 7± 9 days at
142GHz (2mm) to 76 ± 23 days at 2.6GHz (110mm). The
errors given in Fig. 5 are total errors. Since the variability at
different radio bands is usually correlated and the observing
times were approximately the same in most cases, it follows
that the errors in our lag estimates for the different bands
are also correlated. Consequently, the lag uncertainty for one
band relative to the other bands is smaller than implied by
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Figure 5. Stacked radio/γ-ray time lags (source frame) vs. fre-
quency. Positive lags denote γ-ray leading. A clear trend of de-
creasing lags towards higher frequencies is evident. The lines rep-
resent least-square fits of the form τr,γ(ν) = A+B ν−1 to all lags
(dashed-dotted line) as well as omitting the lag of the lowest radio
frequency (dashed line). For the former case, the fit parameters
A and B are 14.1 and 257.4, respectively. The inset displays the
data in a logarithmic representation.

the error bars. This holds for all radio bands with the excep-
tion of the sub-mm APEX observations at 0.8mm that were
performed not simultaneous to the cm/mm bands and also
include a slightly different sample and a smaller number of
sources. Although still consistent with the 2mm band lag
given our uncertainties, this likely also explains the slightly
higher lag we obtain at 0.8mm (11 ± 6 days) compared to
2mm (7± 9 days).

5 DISCUSSION

5.1 Correlated radio/γ-ray variability and shocks

Several detailed previous and ongoing studies provide sup-
port for shocks (e.g. Marscher & Gear 1985; Türler 2011)
as the origin of the observed radio variability in cm/mm
band blazar light curves. Both detailed individual source
and flare studies in the time and/or spectral domain (e.g.
Marscher & Gear 1985; Türler, Courvoisier & Paltani 2000;
Fromm et al., 2011; Orienti et al., 2013; Rani et al., 2013)
as well as studies of larger samples and/or many indi-
vidual flares (e.g. Valtaoja et al. 1992; Stevens et al. 1994;
Hovatta et al. 2008) often show an overall good agreement
of the observed flare signatures with a shock-in-jet scenario.
In particular, the multi-frequency radio variability/flare am-
plitudes and time lags as well as the observed spectral evolu-
tion seen in the F-GAMMA radio data sets (i.e. the data also
used in the present study) are in good agreement with the
three stages of shock evolution for most of the sources (see
Angelakis et al. 2011; Fuhrmann et al. 2014; Nestoras et al.
2014; Orienti et al. 2013; Rani et al. 2013, Fuhrmann et al.,
Angelakis et al. in prep.). Consequently, given the significant
and strong radio/γ-ray correlations presented in Sect. 4.3,
we conclude that the bulk γ-ray emission/variability is likely
connected to the same shocked radio features. Those are
first appearing and evolving in the innermost, ultra-compact
VLBI core region and subsequently moving downstream
the jet at pc scales with apparent superluminal speeds as

c⃝ 2013 RAS, MNRAS 000, 1–12

Fuhrmann et al. (2014)

3C 454.3 (Jorstad et al. 2010)
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Figure 1. Sequence of 7 mm VLBA images of 0235+164 convolved with an FWHM = 0.15 mas circular Gaussian beam. Images in our program before 2008 June
12 and after 2009 July 27, containing only a single emission feature (i.e., the core), are not displayed. Contour levels represent total intensity (levels in factors of two
from 0.4% to 51.2% plus 90.0% of peak = 4.93 Jy beam−1), color scale indicates polarized intensity, and superimposed sticks show the orientation of χ .
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Figure 2. Left: light curves of 0235+164 from γ -ray to millimeter wavelengths. Vertical dotted lines mark the three most prominent 08opt optical peaks. The yellow
area represents the time of ejection of feature Qs within its uncertainty. RJD = Julian Date − 2400000.0. Right: same as left panel for RJD ∈ [54500, 55000].

Qs, whose fluxes reached maximum on 2008 October 20
and November 16, respectively. Their contemporaneous co-
evolution suggests that the disturbance responsible for the
ejection of Qs extended from the location of the core to Qs in
the frame of the observer, which could have resulted from light-
travel delays (e.g., Gómez et al. 1997; Agudo et al. 2001). Qs is
the brighter 7 mm superluminal knot ever seen in 0235+164, and

flares 08rad and 08mm are the only outbursts that occurred after
the ejection of Qs. The rarity of such events strongly implies
that they are physically related.

The jet half-opening-angle of 0235+164 (αint/2 ! 1.◦25)
and the average FWHM of the core measured from our 31
VLBA observing epochs in [2007, 2010] (⟨FWHMcore⟩ =
(0.054 ± 0.018) mas) constrain the 7 mm core to be at

3
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Figure 3. Parameter space of r and Γ for the major flare of AO 0235+164 that peaked at MJD 54760. See Figure 1 for a detailed description.
(A color version of this figure is available in the online journal.)

In Figure 3, we plot the constraints on the location of the
gamma-ray flare, adopting ξBLR = ξIR = 0.1. The marginal
solution is located at rmin ≃ 0.65 pc and Γmin ≃ 22. The
predictions for this solution are λSSA,obs ≃ 920 µm, u′

γ /u′
B ≃

0.7, and Lj,min ≃ 8.5 × 1044 erg s−1 ≃ 0.2Ld. The gamma-
ray emitting region is certainly located outside the BLR, in
the region where external radiation is dominated by the dusty
torus emission. The jet is predicted to be at least moderately
magnetized at r ∼ 3 × 104 Rg. The required minimum jet
power is higher by factor ≃4 than the estimate of Meyer et al.
(2011).

VLBI measurements of the jet of AO 0235+164 imply that
D/Γj ≃ 1.98 and Γjθj ≃ 0.04 (Hovatta et al. 2009; Pushkarev
et al. 2009). This rather extreme solution of a very narrow and
perfectly aligned jet is inconsistent with both the LSSC and
Ecool,obs constraints. For D/Γ = 1, the combination of LSSC
and Ecool,obs constraints implies that Γθ > 0.4.

Agudo et al. (2011b) presented a detailed discussion of the
same event, and they argued that this flare was produced at the
distance scale of ∼12 pc, based on the VLBI imaging and cross-
correlation between the gamma rays and the millimeter data.
Ackermann et al. (2012) used a simple variability timescale
argument to show that locating the emitting region at 12 pc
would require a very high jet Lorentz factor Γ ≃ 50. Here, we
find that the SSC constraint leads to a similar limit on Γ already
at r ≃ 9 pc. Moreover, the cooling constraint is even stronger
at distances larger than ≃ rIR, implying that energetic electrons
injected at the distance of 12 pc have no chance to cool down
efficiently. On the other hand, we show that if the emitting
region is located at rIR and has a moderate Lorentz factor of
Γ ≃ 24, it will be transparent to wavelengths shorter than
≃1 mm. Agudo et al. (2011b) calculated the discrete correlation
function (DCF) between the gamma rays and the 1 mm light
curve, showing multiple peaks in the range of delays between
0 and −50 days (the latter meaning that the gamma rays lead

the millimeter signals). Our result is thus not in conflict with
the gamma—1 mm DCF. However, our model does not allow
for the possibility that the emitting region producing three-day
long gamma-ray flares is transparent at 7 mm, which is the
wavelength of Very Long Baseline Array observations reported
by Agudo et al. (2011b). In our model, even for Γ = 100 the
7 mm photosphere would fall at a very large distance of ≃90 pc.
Just like in the case of 3C 454.3 (see Section 4.1), the solution
to this apparent paradox is that the variability timescale of the
7 mm radiation has to be much longer than three days. Indeed,
the 7 mm light curves presented in Agudo et al. (2011b) indicate
variability timescale of the order of ≃80 days. When we used
this timescale to calculate the collimation (Γθ ) and the SSA
(λSSA,obs) constraints, we obtained the following solution: the
Γθ = 1 line crosses the 7 mm photosphere at r7mm ≃ 6.7 pc
and Γj,7mm ≃ 14. This is consistent with the detection around
this epoch of a superluminal radio element of apparent velocity
βapp ∼ 13 (Agudo et al. 2011b).

The close observed correspondence between the gamma-
ray flares and the activity at the 7 mm wavelength does not
necessarily indicate that the gamma rays should be produced
co-spatially with the 7 mm core. In Appendix B, we present a
simple light travel time argument according to which the gamma
rays could still be produced at the distance of ∼1 pc.

Our results indicate that the 12 pc scenario cannot be
constrained by energetic requirements, as the required minimum
jet power is only Lj,min ∼ 3×1044 erg s−1 in this case. However,
even a moderate jet magnetization implied by the SSC constraint
puts into question the efficiency of the reconfinement/conical
shock that is proposed by Agudo et al. (2011b) as the physical
mechanism behind the 7 mm core.

4.4. 3C 279 at MJD 54880

3C 279 (z = 0.536, dL ≃ 3.07 Gpc) produced a gamma-ray
flare peaking at MJD 54880 that was extensively studied in Abdo
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based on Ackermann et al. (2012) 
KN, Begelman & Sikora (2014)

Agudo et al. (2011)

• gamma-ray t_var ~ 3 days 
r ~ 1 pc, Γ > 20, 1 mm photosphere 

• 7 mm t_var ~ 80 days 
r ~ 7 pc, βapp ~ 13

The Astrophysical Journal Letters, 735:L10 (7pp), 2011 July 1 Agudo et al.

0.5 mas

Core

Core

Qs

Qs

Figure 1. Sequence of 7 mm VLBA images of 0235+164 convolved with an FWHM = 0.15 mas circular Gaussian beam. Images in our program before 2008 June
12 and after 2009 July 27, containing only a single emission feature (i.e., the core), are not displayed. Contour levels represent total intensity (levels in factors of two
from 0.4% to 51.2% plus 90.0% of peak = 4.93 Jy beam−1), color scale indicates polarized intensity, and superimposed sticks show the orientation of χ .
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Figure 2. Left: light curves of 0235+164 from γ -ray to millimeter wavelengths. Vertical dotted lines mark the three most prominent 08opt optical peaks. The yellow
area represents the time of ejection of feature Qs within its uncertainty. RJD = Julian Date − 2400000.0. Right: same as left panel for RJD ∈ [54500, 55000].

Qs, whose fluxes reached maximum on 2008 October 20
and November 16, respectively. Their contemporaneous co-
evolution suggests that the disturbance responsible for the
ejection of Qs extended from the location of the core to Qs in
the frame of the observer, which could have resulted from light-
travel delays (e.g., Gómez et al. 1997; Agudo et al. 2001). Qs is
the brighter 7 mm superluminal knot ever seen in 0235+164, and

flares 08rad and 08mm are the only outbursts that occurred after
the ejection of Qs. The rarity of such events strongly implies
that they are physically related.

The jet half-opening-angle of 0235+164 (αint/2 ! 1.◦25)
and the average FWHM of the core measured from our 31
VLBA observing epochs in [2007, 2010] (⟨FWHMcore⟩ =
(0.054 ± 0.018) mas) constrain the 7 mm core to be at

3



the case of AO 0235+164

• tiny relative velocity between the jet and 
the photons: (10 pc) / cΓ2 ~ 30 days 

• polarization event in 7 mm knot with 1-pc 
optical/γ-ray flare requires Γ ~ 40 

• prolonged cm/mm flare: jet power increase
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Figure 1. Sequence of 7 mm VLBA images of 0235+164 convolved with an FWHM = 0.15 mas circular Gaussian beam. Images in our program before 2008 June
12 and after 2009 July 27, containing only a single emission feature (i.e., the core), are not displayed. Contour levels represent total intensity (levels in factors of two
from 0.4% to 51.2% plus 90.0% of peak = 4.93 Jy beam−1), color scale indicates polarized intensity, and superimposed sticks show the orientation of χ .
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area represents the time of ejection of feature Qs within its uncertainty. RJD = Julian Date − 2400000.0. Right: same as left panel for RJD ∈ [54500, 55000].

Qs, whose fluxes reached maximum on 2008 October 20
and November 16, respectively. Their contemporaneous co-
evolution suggests that the disturbance responsible for the
ejection of Qs extended from the location of the core to Qs in
the frame of the observer, which could have resulted from light-
travel delays (e.g., Gómez et al. 1997; Agudo et al. 2001). Qs is
the brighter 7 mm superluminal knot ever seen in 0235+164, and

flares 08rad and 08mm are the only outbursts that occurred after
the ejection of Qs. The rarity of such events strongly implies
that they are physically related.

The jet half-opening-angle of 0235+164 (αint/2 ! 1.◦25)
and the average FWHM of the core measured from our 31
VLBA observing epochs in [2007, 2010] (⟨FWHMcore⟩ =
(0.054 ± 0.018) mas) constrain the 7 mm core to be at
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Figure 3. Left: long-term optical and millimeter-wave linear polarization evolution of 0235+164 in the RJD = [54000, 55600] range. Right: same as left panel for
RJD ∈ [54530, 54850].

dcore = 1.8⟨FWHMcore⟩/ tan αint ! 12 pc from the vertex of
the jet cone.

3.2. Contemporaneous Flares from γ -ray
to Radio Wavelengths

Figure 2 reveals that the 08rad and 08mm flares were accom-
panied by sharp optical, X-ray, and γ -ray counterparts (08opt,
08X, and 08γ flares, respectively). Our formal light curve cor-
relation analysis (Figure 4)—performed following Agudo et al.
(2011)—confirms the association of γ -ray variability with that
at 2 cm, 8 mm, 1 mm, and optical wavelengths at >99.7% con-
fidence. The flux evolution of the VLBI core is also correlated
with the γ -ray light curve at >99.7% confidence. Moreover, the
evolution of the degree of optical linear polarization (popt) and
X-ray light curve are also correlated with the optical R band,
1 mm, and 2 cm light curves at >99.7% confidence (Figure 5),
further indicating that the extreme flaring activity revealed by
our light curves is physically related at all wavebands from radio
to γ -rays.

There is, however, no common pattern to the discrete corre-
lation function (DCF) at all spectral ranges. This implies that,
although there is correlation on long timescales (years), on short
timescales ("2 months) the variability pattern does not corre-
spond as closely. This is the result of the intrinsic variability
pattern rather than the irregular time sampling at some spectral
ranges.

The sharp systematic peaks in the DCFs involving the R-
band light curve aids in the identification of relative time
delays across wavebands, as measured with regard to the first
sharp DCFR,λ2 peak. In this way, we find that, relative to

the R-band maximum, the peaks of the λ2 = 2 cm, 8 mm,
1 mm, and 7 mm core flares in 2008 are delayed by ∼60,
∼45, ∼40, and ∼40 days, respectively, whereas the X-ray
delay is ∼25 days. Only the γ -ray variations lead those at R
band, by ∼10 days according to the peak in the DCF seen in
Figure 4.

3.3. Correlated Variability of Linear Polarization

Figure 3 reveals extremely high, variable optical polarization,
popt ! 30%, during the sharp 08opt optical peaks (see also
Hagen-Thorn et al. 2008, for the 2006–2007 outburst). Whereas
the integrated millimeter-wave degree of linear polarization
(pmm) and that of the 7 mm core remain at moderate levels,
"5%, the polarization of Qs (pmm,Qs) peaks at the high value
of ∼16% close to the time of the second sharp optical sub-
flare. The coincidence of this sharp maximum of pmm,Qs in the
brightest superluminal feature ever detected in 0235+164 with
the (1) high optical flux and polarization, (2) flares across the
other spectral regimes, and (3) flare in the 7 mm VLBI core
implies that the ejection and propagation of Qs in 0235+164’s
jet is physically tied to the total flux and polarization variations
from radio to γ -rays.

On long timescales (years), the linear polarization angle at
both optical (χopt) and millimeter (χmm and χ core

mm ) wavelengths
varies widely, without a preferred orientation or systematic
common trend. However, during flare 08opt, χopt maintains a
stable orientation at (100 ± 20)◦, whereas χQs

mm is roughly per-
pendicular to this (∼0◦), as expected for a plane-perpendicular
shock wave propagating to the south toward Qs. Owing to the
large peak value of Qs, pmax

mm,Qs ∼ 16%, one cannot explain the
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FIG. 3: Sketch of the inner parts of an AGN. Recent
results [13, 14] have shown that a significant amount of
broad-line emission is driven by optical continuum radia-
tion produced downstream of the radio core, this strongly
suggests the presence of an additional component of the
BLR located at parsec scales. In this scenario, an outflow-
ing BLR may serve as a source of seed-photons to produce
�-rays via EC models far away from the central engine [4].

V. SUMMARY AND DISCUSSION

The results presented in [4] strongly indicate that at
least for the strongest �-rays the production sites are
downstream or within the radio core [7], well outside
the BLR at distances of several parsecs or even tens of
parsecs from the black hole and the accretion disk. A
number of papers based on Fermi data have reached
similar conclusions [e.g. 8].
In the current AGN paradigm, it is widely believed

that �-ray are produced via Inverse Compton (IC)
mechanisms in the relativistic jet, and the seed pho-
tons for the IC process may be provided by the jet syn-
chrotron emission (Synchrotron Self Compton, SSC)
as well as by external photon sources (External Comp-
ton, EC) such as an accretion disk, the broad-line re-

gion (BLR) or the hot dusty torus. At the distance
of 7 parsecs from the radio core – keeping in mind
that the radio core itself is often at a considerable dis-
tance from the black hole [e.g. 9] – the only sources of
seed photons for the IC processes are the jet itself and
the dusty torus. However, there is growing evidence
[13, 14] that the BLR might extend to much larger dis-
tances than given by virial estimates (R

BLR

< 1 pc).
One possibility is that the jet drags a part of the BLR
whit it, see Figure 3 for a sketch of an outflowing BLR
among the other inner AGN constituents.

While single zone SSC has failed to reproduce the
observed �-rays [10] and so far there are only a couple
of blazars with firm detections of a dusty torus [11, 12],
a tentative idea to test is whether an outflowing BLR

can serve as a source of external photons to produce �-
rays, even at distances of parsecs downstream of the

radio-core. In this scenario, the strong �-ray events
are produced in the same disturbance that produces
the radio outburst by upscattering external photons
provided by an outflowing BLR.

The most e↵ective way to explore any of the above
scenarios (and others) is by modeling simultaneous,
well-sampled spectral energy distributions (SEDs)
[15, 16] following a multizone modeling approach [17].
Furthermore, recent results have suggested that the
more massive the black hole is, the faster and the
more luminous jet it produces [18]. Therefore, a reli-
able estimate of the black hole masses is an essential
input to theoretical models of both the shape and the
variability of blazars SEDs.
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jet magnetic fields from 
core-shift measurements

A. B. Pushkarev et al.: MOJAVE. IX. Nuclear opacity

Figure 7. Distribution of redshift (left) and core shift measure
Ωrν (right) for 136 sources with the core shift derived between 15
and 8 GHz. Gray filled bins represent 98 quasars (top), dashed
bins represent 28 BL Lacs (middle), and cross-hatched bins rep-
resent 10 galaxies (bottom). Empty bins show upper limits.

shifts would introduce a bias. We excluded only the core shift
vectors with |θcs − θjet| > 90◦, which are likely to be dominated
by errors. In total, we have core shifts between 15 and 8 GHz
for 136 sources, 108 of which have both redshift (Fig. 7, left)
and apparent jet speed measurements. If a source had a second
epoch, we selected the one at which the dynamic range of the 15
GHz image was higher.

As shown by Lobanov (1998), core shift measurements can
be used for deriving a variety of physical conditions in the
compact jets. In particular, assuming equipartition between the
particle and magnetic field energy density (kr = 1) and a jet
spectral index αjet = −0.5 (S ∝ ν+α), the magnetic field in
Gauss at 1 pc of actual distance from the jet vertex can be cal-
culated through the following proportionality (Hirotani 2005;
O’Sullivan & Gabuzda 2009)

B1 ≃ 0.025
(

Ω3rν (1 + z)2

ϕ δ2 sin2 θ

)1/4

, (2)

Figure 8. Distribution of magnetic field at a distance of 1 pc
from the black hole for 84 quasars (top), 18 BL Lacs (bottom).
Empty bins represent upper limits.

where ϕ is the half jet opening angle, θ is the viewing angle, δ is
the Doppler factor, and Ωrν is the core shift measure defined in
Lobanov (1998) as

Ωrν = 4.85 · 10−9
∆rcore, ν1ν2 DL

(1 + z)2
·
ν1ν2

ν2 − ν1
pc · GHz , (3)

where ∆rcore, ν1ν2 is the core shift in milliarcseconds, and DL is
the luminosity distance in parsecs. The calculated values of Ωrν
in pc ·GHz form a distribution ranging from 0.8 to 54.1 and
peaking near the median of 13.6 (Fig. 7, right). The distribu-
tions of Ωrν for quasars and BL Lacs are significantly differ-
ent (p < 10−4) as indicated by Gehan’s generalized Wilcoxon
test from the ASURV survival analysis package (Lavalley et al.
1992), with medians of 18.6 and 7.1 pc ·GHz, respectively.

The combination of ϕ, δ, and θ in Eq. (2) is typically known
for only a small fraction of sources, limiting the applicability
of the formula. Therefore, the number of sources in our sub-
sample with known apparent jet speed βapp (Lister et al. 2009)
is larger by a factor of >2 than the number of sources with
known variability Doppler factor (Hovatta et al. 2009), intrin-
sic opening angle and viewing angle (e.g. Pushkarev et al. 2009;
Savolainen et al. 2010). The denominator in (2) can be expressed
through βapp only by substituting δ = Γ−1(1 − β cos θ)−1 and
Γmin = (1 + β2app)1/2, and also taking into account that 2ϕ ≃
0.26 Γ−1 (Pushkarev et al. 2009) and βapp = β sin θ (1−β cos θ)−1.
With these substitutions we are assuming the the jet is viewed at
the critical angle θ ≃ Γ−1 that maximizes βapp. We therefore ob-
tain

B1 ≃ 0.042Ω3/4rν (1 + z)1/2(1 + β2app)1/8 , (4)

where for βapp we use the fastest non-accelerating, radial appar-
ent speed measured in the source (Lister et al. 2009).

First, we tested the consistency of B1 values calculated from
Eqs. (2) and (4) for sources with previously measured δ and
βapp values. For 40 sources out of 43 in common, comprising 35
quasars and 8 BL Lacs, the results agree within the errors, with a
median value of their ratio of 0.99. For three sources (0420−014,
0804+499, and 1413+135), Eq. (2) gives several times higher
values, most probably due to underestimated apparent speeds,
to which (2) is more sensitive than (4), because the viewing an-
gle θ = arctan[2βapp(β2app + δ2 − 1)−1] and the opening angle
ϕ = ϕobs sin θ. Indeed, these sources have low apparent speeds
but high Doppler factors, leading to low viewing angle estimates
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Dynamically important magnetic fields near
accreting supermassive black holes
M. Zamaninasab1, E. Clausen-Brown1, T. Savolainen1 & A. Tchekhovskoy2,3

Accreting supermassive black holes at the centres of active galaxies often
produce‘jets’—collimatedbipolaroutflowsofrelativisticparticles1.Magnetic
fields probably play a critical role in jet formation2,3 and in accretion
disk physics4. A dynamically important magnetic field was recently
found near the Galactic Centre black hole5. If this is common and if the
field continues to near the black hole event horizon, disk structures
will be affected, invalidating assumptions made in standard models3,6,7.
Here we report that jet magnetic field and accretion disk luminosity are
tightly correlated over seven orders of magnitude for a sample of 76
radio-loud active galaxies. We conclude that the jet-launching regions
of these radio-loud galaxies are threaded by dynamically important
fields, which will affect the disk properties. These fields obstruct gas
infall, compress the accretion disk vertically, slow down the disk rota-
tion by carrying away its angular momentum in an outflow3 and deter-
mine the directionality of jets8.

General relativistic magnetohydrodynamic simulations find that if
the accretion disk is threaded with enough poloidal magnetic flux, the
flux will be transported inwards and accumulate in the central region
of the disk until the ram pressure of the accreting gas is balanced by the
magnetic pressure3,7. (Poloidal refers to a vector pointing along the radial
and axial directions in a cylindrical coordinate system, with the axial direc-
tion aligned with the disk angular momentum axis.) The poloidal flux
threading the black hole, WBH, then naturally reaches a saturation or

equilibrium value of*50 _Mr2
g c

! "1=2
, where _M is the mass accretion rate,

rg 5 GM/c2 the black hole gravitational radius, G the gravitational con-
stant, M the black hole mass, and c the speed of light. The magnetic field
then dominates the plasma dynamics of the inner disk and modifies the
disk structure such that it becomes a ‘magnetically arrested disk’3,6,7.
Simulations of magnetically arrested disks also find that if the black hole’s

dimensionless spin parameter is a!>0.5 (a*5 0 refers to a non-rotating
black hole and a*5 1 a maximally spinning black hole), then highly
relativistic bipolar jets powered by the black hole’s rotational energy via
the Blandford–Znajek effect2 are ejected9,10 with a total power of * _Mc2.
Among active galactic nuclei (AGN), only about 10% contain powerful
radio-emitting jets (that is, are radio-loud AGN)11.

Although we cannot directly measure WBH, we can observationally
infer the poloidal magnetic flux threading parsec-scale jets, Wjet, which
by the flux freezing approximation is the same as WBH for jets produced
via the Blandford–Znajek effect (Fig. 1). This inference can be per-
formed via high-angular-resolution radio observations of the so-called
core-shift effect12 (see Methods), which gives a measure of the jet’s
co-moving azimuthal magnetic field, B0Q~BQ

#
C (where primes refer

to jet co-moving frame quantities, and C is jet bulk Lorentz factor).
According to standard Blandford–Znajek jet theory, BQ/Bp / a*Rj/rH,
where Rj is jet cylindrical radius, Bp is the poloidal magnetic field and

rH~rg 1z 1{a2
!

$ %1=2
! "

is the black hole event horizon radius.
Therefore, Wjet<R2

j Bp!M RjBQ, and a more detailed derivation at
one parsec downstream of the black hole yields:

Wjet~1:2|1034f a!ð ÞChj
M

109M8

& ' B01pc

1G

& '
ð1Þ

Here f a!ð Þ~a{1
! rH

#
rg, B01pc is the jet’s co-moving frame magnetic field

measured by the core-shift effect, hj is the jet opening angle and Wjet is in
units of G cm2 (for a full derivation of equation (1), see Methods).

The amount of magnetic flux predicted to thread a black hole in the
magnetically arrested disk model can be calculated for a given source if
its mass and accretion disk luminosity are known. This predicted flux

1Max-Planck-Institut für Radioastronomie, Auf dem Hügel 69, 53121 Bonn, Germany. 2Lawrence Berkeley National Laboratory, 1 Cyclotron Road, Berkeley, California 94720, USA. 3Department of
Astronomy and Theoretical Astrophysics Center, University of California, Berkeley, California 94720-3411, USA.
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Figure 1 | Diagram of an AGN jet. At left, the large black dot represents the
black hole, with the disk (seen side-on) extending up and down; z (horizontal
axis) represents the distance above the disk, in units of rg. The radio core is the
bright feature at the upstream end of the parsec-scale jet in the embedded radio
image and it corresponds to the place in the jet where the optical depth tn 5 1
for an observing frequency, n. The frequency-dependent positional shift of this
core provides an estimate for the magnetic field at one parsec, B1pc, which we
use to derive the poloidal magnetic flux threading parsec-scale jets, Wjet. This,

by the flux freezing approximation, should be the same as the magnetic
flux threading the black hole, WBH. We compare Wjet to the predicted
amount of magnetic flux corresponding to a magnetically arrested disk,

50 _Mr2
g c

! "1=2
!L1=2

acc M, where Lacc is the accretion disk luminosity. C is the jet

bulk Lorentz factor and characterizes the jet velocity. This figure makes use of
data from the MOJAVE database (http://www.physics.purdue.edu/astro/
mojave/).
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scales as 50 _Mr2
g c

! "1=2
!L1=2

acc M, where Lacc is the accretion disk lumin-

osity. The disk luminosity enters this relation via the radiative effi-
ciency g, where Lacc~g _Mc2; in this work we use g 5 0.4 (see Methods
for details).

We test the magnetically arrested disk model by plotting the values
of Wjet versus L1=2

acc M for a sample of radio-loud AGN with measured
core-shifts and accretion disk luminosities. If all sources contain mag-
netically arrested disks, then the data in this plot will display two qual-
ities: (1) there will be a positive correlation between Wjet and L1=2

acc M, and
(2) the data points will be scattered around the theoretical curve defined

by the relation Wjet<50 _Mr2
g c

! "1=2
.

We use measured core-shifts from a sample of 191 radio-loud AGN13

and from individual nearby sources12,14–18 (see Extended Data Tables 1
and 2). We have also searched the literature for available estimates
of black hole mass for the above-mentioned radio sources and found
reliable estimates for 76 of them (see Methods). The masses are estimated
assuming that the dynamics of the broad line region around the central
black hole are governed by the black hole’s gravity. Well-established
empirical correlations are then used to relate the observed luminosity
of the optical lines to the size of the broad line region, while line widths are
used to estimate the gas velocity in this region. From the size and velocity
estimates the virial mass for the central body can be calculated19–21. We
have also used reported19–22 broad line luminosities as a proxy for the
accretion disk luminosities, Lacc.

We calculate Wjet and L1=2
acc M for each source in our sample, assum-

ing a* 5 1.0, and plot our results in Fig. 2. A partial Kendall correlation
test between Wjet and L1=2

acc M, considering the common dependence of
these two quantities on redshift and mass, confirms a positive correla-
tion (over 3s significance), which is not an artefact caused by either
distance- or mass-driven selection biases (see Methods and Extended
Data Tables 3 and 4 for more details). The scatter in this correlation may
be caused by deviations from our assumptions that a* 5 1 and g 5 0.4,
as well as by observational errors. For example, most black hole spins
are predicted23 to fall in the range 0.3=a!ƒ1, and g may be different
for each source, especially for low-luminosity AGN in our sample
which are expected24 to have g=0:4. Given that our sample is made
up of diverse sources with different accretion histories, this correlation
might seem surprising. However, magnetically arrested disk theory
nicely explains this because it predicts a saturation value of magnetic
flux that is mostly independent of initial conditions10.

We fit the equation Wjet~wBH
_Mr2

g c
! "1=2

to the data by varying

the dimensionless free parameter wBH, which can be interpreted as a
dimensionless magnetic flux and is predicted to be wBH < 50 for mag-
netically arrested disks. We find a best fit, wBH 5 (52 6 5)Chj, where
the error is the 1s confidence interval. The best fit value for wBH is
expressed in terms of Chj because this value is not well known. AGN jet
launching models25 typically find Chj < 1, implying that most of the
sources are close to the magnetically arrested disk prediction, wBH < 50,
and their magnetic fields are dynamically important. However, we note
that in the less luminous regions of jets that are well downstream of the
bright radio core where our magnetic field measurements are taken, the
typical value of Chj is26 0.1–0.2, which would give wBH < 10 for most
sources. Even if this low value of Chj holds in the radio cores, it would
still imply that a fraction of the sources, including the M87 galaxy,
have dynamically important magnetic fields near their central black
holes. Because our magnetic field measurements use emission located
closer to the jet launching regions, we assume Chj < 1 as predicted by jet
launching models, and therefore wBH < 50 in agreement with magnet-
ically arrested disk predictions. Thus, our data confirm the magnetically
arrested disk model because it displays, as discussed above, a positive
correlation between Wjet and L1=2

acc M, and the data points are scattered

around the theoretical curve defined by Wjet<50 _Mr2
g c

! "1=2
.

Our data provide direct observational evidence that the inner accre-
tion disks of radio-loud AGN contain strong, dynamically important
magnetic fields regulated by the mass accretion rate. As most models
of black hole accretion disks rely on the assumption that the magnetic
pressure in the disk body is much less than the plasma pressure, our
findings imply that these models may require significant changes. In
particular, attempts to model the silhouette of the central black hole in
the M87 galaxy and the spectral energy distributions of X-ray binaries
hosting strong radio jets may be in need of significant revision. Models
of the Galactic Centre accretion disk may also need to be revised, as a
dynamically important magnetic field has been reported5 within a
distance of ,3 3 107rg from the central black hole.

The quantitative agreement between Wjet and 50 _Mr2
g c

! "1=2
demon-

strates that our current theoretical models of magnetically arrested disks
capture the most important processes in the accretion flow responsible
for jet formation. This also implies that most, if not all, radio-loud objects
contain dynamically important magnetic flux near their central black
holes and that it is the magnetic fields twisted by the rotation of these
black holes that power their jets (that is, the Blandford–Znajek mech-
anism2). These twisted large-scale magnetic fields transfer energy (in the
form of Poynting flux) from the rotating black holes out to parsec-scale
distances, where their strength can be estimated by the core-shift effect.
Our results are consistent with the proposal that radio-loud AGN con-
sist of those black hole systems whose environment/accretion history
is conducive to the formation of magnetically arrested disks, whereas
radio-quiet AGN (that is, AGN without powerful jets) have failed
to form magnetically arrested disks27. The idea that radio-quiet AGN
are failed magnetically arrested disks is bolstered by the few studies
of black hole spin made for radio-quiet AGN28, which find close to
maximally spinning black holes, implying that the Blandford–Znajek
power (which presumably controls radio-loudness) must be low due
to low magnetic flux threading their black holes. The importance of
black hole feedback in part depends on jet power, which is typically
assumed29,30 to be e0:1 _Mc2. However, our findings imply that much
higher jet powers of e _Mc2 are common3, hence suggesting that jets
play a more important role in the process of AGN feedback than
typically assumed.

METHODS SUMMARY
Our sample consists of two types of source: (1) blazars (68 sources), which are AGN
with jets directed almost at Earth such that their emission is significantly boosted by
relativistic effects, and (2) nearby radio galaxies (8 sources), which are AGN with
jets that are typically more closely aligned with the plane of the sky.
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Figure 2 | Measuredmagneticfluxofthejet, Wjet, versus L
1=2
acc M . Here we assume

that Chj 5 1; we also assume an accretion radiative efficiency of g 5 0.4 for our
sample of 76 sources. The dashed line shows the theoretical prediction based on
the magnetically arrested disk model. Filled and open circles represent blazars
and radio galaxies, respectively (see Methods for details).
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Compton dominance

• Ld ~ LB (Zamaninasab et al. 2014)	


• q > 10 for flaring FSRQs	


• see also Zdziarski et al. (2014)
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process (Blandford & Königl 1979), is measured in relation
to sharp optically thin jet features as a function of observing
frequency (Lobanov 1998). These magnetic field values were
used to estimate the magnetic fluxes of jets Φj, which were
compared to the theoretical magnetic fluxes threading the BHs
Φbh as predicted by the MAD scenario (Zamaninasab et al.
2014). The close agreement between Φj and Φbh strongly
supports the MAD scenario for the production of powerful AGN
jets. In Section 3, we show that this is equivalent to the relation
LB ∼ Ld between the magnetic jet power and accretion disk
luminosity.

We identified a possible tension between the magnetic field
strengths estimated from core-shift measurements and the mag-
netic field strengths estimated from modeling the emission of
the most Compton-dominated FSRQs. The latter tend to be
lower by a factor of ∼3; therefore, in Section 4, we consider
dissipation sites that involve lower than average local magnetic
field strengths: (1) magnetic reconnection layers and (2) weakly
magnetized jet spines. We also emphasize the importance of
the geometric distribution of external radiation sources, in
particular, that a flat geometry of the broad-line region (BLR)
and/or the dusty torus makes the problem much worse. Our
main results are summarized in Section 5.

2. HIGH COMPTON DOMINANCE IN FSRQs

The SEDs of FSRQs are strongly dominated by the high-
energy component peaking in the 10–100 MeV range, which
is most naturally explained by the ERC model (Sikora et al.
2009). We define the Compton dominance parameter as q =
LERC/Lsyn, where LERC and Lsyn are the apparent luminosities
of the ERC and synchrotron components, respectively, at their
spectral peaks. Numerous observations indicate that quite often
q ! 10 for the brightest blazars (Abdo et al. 2010; Arshakian
et al. 2012; Giommi et al. 2012).

On the other hand, if the ERC and synchrotron components
are produced by the same population of electrons,7 then we
can write q ≃ u′

ext/u
′
B, where u′

ext and u′
B are the energy

densities of the external radiation field and the magnetic field
in the jet comoving frame, respectively. The external radiation
density can be parameterized as u′

ext = ζΓ2Ld/(4πcr2), where
ζ is a dimensionless parameter representing the details of
reprocessing and beaming of the external radiation (see below),
Γ is the Lorentz factor of the emitting region, Ld is the accretion
disk luminosity, and r is the distance of the emitting region
from the supermassive BH. The magnetic energy density can
be related to the jet magnetic power LB = 2πR2Γ2u′

Bc, where
R = θjr is the jet radius and θj is the half-opening angle of the
jet. Gathering these relations together, we obtain the following
constraint:

q =
(

ζ

0.005

) (
Γ
20

)2

(Γθj)2
(

Ld

LB

)
. (1)

Written in such a form, the above equation suggests the typical
parameter values that we adopt as the starting point for further
discussion.

The parameter ζ = ξgu includes the traditional covering
factor ξ and the geometric factor gu (Sikora et al. 2013).

7 Statistically, blazars show significant correlation between the gamma-ray
and optical fluxes (e.g., Cohen et al. 2014). However, there are cases of poor
correlation (e.g., Chatterjee et al. 2013), in which one needs to consider
multiple emitting regions. In such cases, one can focus on the main gamma-ray
emitting region and place upper limits on the cospatial synchrotron emission.

The covering factor determines the total luminosity of the
reprocessed accretion disk radiation, e.g., LBLR = ξBLRLd.
Typically, it is assumed that ξ ≃ 0.1, although there are
many indications that it can be as high as ξ ∼ 0.4 for both
the BLR (Dunn et al. 2007; Gaskell 2009) and the dusty tori
(Roseboom et al. 2013; Wilkes et al. 2013). The geometric
factor depends on the geometric distribution of the reprocessing
medium and on the radial stratification of the covering factor.
As we demonstrate in the Appendix, for a spherical distribution
gu < 0.7 and for flattened distributions gu < 0.1. Recently, there
has been increasing interest in flattened distributions of the
BLR (Tavecchio & Ghisellini 2012), motivated mainly by
observations of rapidly variable very high energy emission
from quasars (Aleksić et al. 2011) and supported by direct
observations (Vestergaard et al. 2000; Decarli et al. 2011). The
half-opening angle of the dusty tori is estimated at ∼30◦ (Wilkes
et al. 2013). Assuming that gu = ξ = 0.1, we expect that ζ can
be as low as 0.01. However, in the case of a quasi-spherical
reprocessing medium with high covering factor, we may expect
ξ ≃ 0.4 and gu ≃ 0.5, and hence ζ ≃ 0.2. High values of q may
thus require the presence of a dense, quasi-spherical medium
reprocessing the central AGN radiation.

The Lorentz factors Γ of blazar jets can be estimated from
interferometric observations of apparent superluminal motions
of radio features. Typical values for FSRQs are 10 < Γ < 40
(Hovatta et al. 2009). The jet collimation parameter Γθj should
not exceed unity on both theoretical (Komissarov et al. 2009)
and observational (Jorstad et al. 2005; Pushkarev et al. 2009)
grounds. Therefore, it is very unlikely that we could obtain
q > 10 by increasing either the Lorentz factor or the collimation
parameter.

Finally, the parameter q can be increased by decreasing the
magnetic jet power so that LB < Ld. If the jets are significantly
magnetized, with σ ≃ LB/(Lj−LB) > 1, then we would expect
that LB " Lj, where Lj is the total jet power. Observational
evidence suggests that for the most powerful jets Lj ∼ Ṁc2 >
Ld (see Section 1). This would also be consistent with the MAD
scenario, in which it was demonstrated numerically that Lj !
Ṁc2 (Tchekhovskoy et al. 2011). As we show in the next section,
the requirement that LB ∼ Ld is equivalent to the relation
between the two magnetic fluxes Φj ∼ Φbh (Zamaninasab et al.
2014); therefore, increasing q by decreasing LB globally means a
departure from the MAD scenario (in addition to departing from
the core-shift measurements). However, one can still consider a
local decrease in the magnetic field strength in order to obtain a
high q (see Section 4).

3. JET MAGNETIC FIELDS FROM
CORE-SHIFT MEASUREMENTS

In this section, we analyze the sample of blazars compiled by
Zamaninasab et al. (2014), for which magnetic field estimates
B ′

1pc from core-shift measurements are available (Pushkarev
et al. 2012), as well as accretion disk luminosities Ld and BH
masses Mbh.

First, we estimate the magnetic jet power as LB ≃
(c/4)(1 pc)2B ′2

1pc(Γθj)2. In Figure 1, we show the distribution
of LB versus Ld for the case of Γθj = 1. We note a substan-
tial scatter in the LB values, most of them falling in the range
0.2 < LB/Ld < 20. The sources with LB < Ld may have q > 1,
according to Equation (1). However, very few sources in this
sample can have q > 10 solely due to the low value of LB/Ld.
Since the magnetic jet power is a steep function of the jet

2

Lγ / Lsyn =

external radiation 
scaling factor

collimation 
parameter

magnetic 
jet power

accretion disk 
luminosity

KN, Sikora & Begelman (2014)
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Figure 1. Distribution of the accretion disk luminosity Ld vs. the magnetic
jet power LB for the sample of blazars (FSRQs—solid points; BL Lac
objects—empty points) compiled by Zamaninasab et al. (2014). It is assumed
that Γθj = 1.
(A color version of this figure is available in the online journal.)

collimation parameter Γθj, allowing for Γθj < 1 can substan-
tially reduce LB. However, since q ∝ (Γθj)2/LB (Equation (1)),
the Compton dominance would not be affected by adopting a
different value of Γθj.

The correlation between LB and Ld is much worse that
the correlation between the two magnetic fluxes Φj and Φbh
identified by Zamaninasab et al. (2014). Those magnetic fluxes
can be written as

Φj ≃ 8π (Γθj)f (a)RgB
′
1pc(1 pc) ∝ (Γθj)f (a)L1/2

B Mbh , (2)

Φbh ≃ 50Rg

(
Ld

ηc

)1/2

∝ L
1/2
d Mbh, (3)

where η is the radiative efficiency of the accretion disk, f (a) =
[1 + (1 − a2)1/2]/a, and a is the dimensionless BH spin. The
very good correlation between the magnetic fluxes for Γθj = 1,
a = 1, and η = 0.4 can be partially explained by the fact
that both fluxes are proportional to the BH mass Mbh. Because
of the wide range of Mbh (about three orders of magnitude,
107–1010 M⊙), the relatively poor correlation between LB and Ld
is efficiently stretched along the lines of constant LB/Ld. Also,
since Φj/Φbh ≃ (LB/Ld)1/2, the scatter between the Φj/Φbh
values is smaller than the scatter between the LB/Ld values.

In Figure 2, we show the relation between LB/LEdd and
Ld/LEdd, where LEdd = 1.6 × 1038(Mbh/M⊙) erg s−1 is the
Eddington luminosity. We note that the blazars in the sample
compiled by Zamaninasab et al. (2014) occupy a narrow range
of Eddington luminosity ratios, with 0.1 ! Ld/LEdd ! 2. All
sources in the sample must have prominent BELs in order to
calculate both Ld and Mbh. Because of this selection effect, we
effectively obtain Ld ∝ Mbh, LB ∝ Mbh, and the magnetic
fluxes scale as Φj ≃ Φbh ∝ M

3/2
bh .

4. LOW-MAGNETIZATION DISSIPATION SITES

We consider two potential mechanisms for obtaining reduced
local magnetic field strengths in jets with a typical magnetization

 0.01
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 / 

L E
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Figure 2. Same as in Figure 1, but with both quantities scaled to the Eddington
luminosity LEdd.
(A color version of this figure is available in the online journal.)

of σ ∼ 1: one associated with reconnection layers and one
related to the radial structure of magnetic fields across the jets.
Magnetic reconnection events are likely to be triggered in mildly
relativistic turbulent plasma which is expected to be driven
by current-driven instabilities (Begelman 1998). Meanwhile,
stratification of the toroidal magnetic component across the jet
may result from balancing the magnetic stresses by the pressure
of protons heated, e.g., by internal shocks.

4.1. Reconnection Layers

Magnetic reconnection was proposed as an alternative dissi-
pation mechanism for powering rapid high-amplitude gamma-
ray flares in blazars (Giannios et al. 2009). Efficient reconnec-
tion may reduce the local magnetic field strength by a factor
of "3, which is necessary in order to achieve high Compton
dominance q > 10 if the guide magnetic field component is
more than three times smaller than the antiparallel magnetic
field component. Then, provided that magnetic energy released
in the reconnection process is equally shared between protons
and electrons (Melzani et al. 2014), the electrons are injected
with an average random Lorentz factor γ̄e ∼ (mp/me)σ ∼ 103.
For σ ∼ 1, these electrons can Comptonize external soft pho-
tons up to energies of hνERC ≃ (Γ/20)2(hνext/10 eV) GeV. In
the case of ERC(BLR), this is ∼100 times larger than the energy
of photons at typical gamma-ray luminosity peaks, and in the
case of ERC(IR), it is ∼3 times larger.

In order to reconcile these energies with the peak location, it
is necessary to postulate an e+e− pair content—again assuming
an equal energy partition between electrons and protons—of
ne/np ∼ 100 for ERC(BLR) and ne/np ∼ 3 for ERC(IR), where
ne = ne+ +ne− . Noting the very low efficiency of pair production
at the characteristic distance scale of the BLR and beyond (the
production of pairs by absorption of the gamma-rays by the
UV photons requires an extension of the gamma-ray spectra
above ∼30 GeV), such pairs must be produced at much lower
distances, close to the jet base where they can result from the
absorption of the gamma-rays by the X-rays produced in the
accretion disk corona. The significant pair content required in
the reconnection scenario may explain why in the jet terminal
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Fig. 27.— Top: Compton dominance as a function of peak synchrotron position. Red: FSRQs,

blue: BL Lacs, magenta: z>1 HSP-BL Lacs. Bottom: same for BCUs.
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broad line region geometry

Figure 1: This figure illustrates the basic mechanism of the formation of the
BLR. Accretion disk is not strongly irradiated, and in the region with the
disk effective temperature below 1000 K a dusty outflow forms. The matter
rises high above the disk surface, irradiation increases, the dust evaporates,
the radiation pressure deccreases and the material falls back onto the disk
surface affected by gravity.
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important contribution of the continuum emission, which (depend-
ing on the parameters characterizing the BLR clouds) could imprint
important signatures in the EC emission. In particular, the shape
of the soft-radiation field would be reflected in the EC spectrum
in the medium-soft X-ray band, produced by the electrons at the
lower end of the energy distribution. The determination of the exact
spectral shape in this band would be crucial for several reasons: (i)
interesting constraints on the bulk Lorentz factor of the jet and the
minimum electron energy can be derived from the observed spec-
tral hardening below about 1 keV, expected to trace the shape of the
seed photons (e.g. Ghisellini et al. 2007; Tavecchio et al. 2007); (ii)
alternatively, if the observed hardening below 1 keV in some high-
redshift blazars is attributed to the presence of absorbing material at
the quasar redshift (e.g. Elvis et al. 1994; Cappi et al. 1997; Reeves
et al. 1997; Fiore et al. 1998; Fabian et al. 2001a,b; Bassett et al.
2004; Page et al. 2005; Yuan et al. 2005), the knowledge of the un-
derlying continuum is essential to characterize the amount and the
physical state of the intervening gas and (iii) a correct description is
also essential in view of the possible contribution in this band of the
bulk-Comptonized radiation from cold leptons in the jet (Begelman
& Sikora 1987; Celotti, Ghisellini & Fabian 2007).

Apart from these aspects, specifically related to the modelling
of the soft X-ray emission, the knowledge of the diffuse radiation
filling the regions surrounding the jet has a strong impact in the
determination of the opacity of the environment to the γ -ray photons
(Liu & Bai 2006; Reimer 2007). The assessment of the effects of
this ‘internal absorption’ is mandatory in view of the possibility to
use the absorption of γ -rays to probe the optical-ultraviolet (UV)
cosmic background (Chen, Reyes & Ritz 2004; Reimer 2007).

With these motivations, in this work we intend to explore some
of the implications of the detailed modelling of the diffuse radia-
tion field from the BLR for the expected EC spectrum of power-
ful blazars. In particular, we calculate the spectrum emitted by the
clouds, for a relatively large range of the parameters, using the pho-
toionization code CLOUDY (Section 2). These spectra are then used
to calculate the EC spectra (Section 3), which can be compared with
the spectra obtained using the blackbody approximation. Finally, in
Section 4 we discuss the results.

2 T H E E X T E R NA L R A D I AT I O N F I E L D

2.1 Setting the stage

The geometry assumed for the modelling is depicted in Fig. 1. The
central accretion flow illuminates the clouds residing in the BLR
[characterized by the (total: ionized + neutral) hydrogen density n
and the hydrogen column density NH], assumed to be a spherical
shell with inner radius Rin and thickness "R. In the calculation, we
assume that the clouds cover a fraction C = #/4π = 0.1 of the solid
angle viewed from the central illuminating source. The emission
from the illuminated face of the clouds (comprising the reflected
incident continuum, the emission lines and the diffuse continuum
from clouds, see e.g. Korista & Ferland 1998) is assumed to isotrop-
ically fill the region within Rin and it is calculated with version 05.07
of CLOUDY, described by Ferland et al. (1998).1 For simplicity, we
discuss only the case of solar abundance and we neglect the effect on
the clouds of the net diffuse emission from the clouds themselves.
We assume that the distance of the jet from the central black hole is
negligibly compared with the radius of the BLR. This assumption

1 See also http://www.nublado.org/.

∆R

R

L

L BLR

Figure 1. Sketch of the geometry assumed in the model (not to scale). The
(uniform) BLR is assumed to be a spherical shell with thickness "R and
inner radius Rin, illuminated by the central continuum with luminosity Lill.
See the text for details.

greatly simplifies the geometrical treatment. Furthermore, we do
not consider the possible contribution of photons originating in the
disc, reaching the jet either directly or after being re-isotropized by
intercloud gas (e.g. Celotti et al. 2007).

We adopt the spectrum of the illuminating continuum modelled
as a combination of a UV bump with an X-ray power law ν−1 usu-
ally assumed in this kind of calculations (AGN model in CLOUDY,
e.g. Korista & Goad 2001, and references therein):

L ill(ν) ∝ ν−0.5 exp

(
− hν

kTBB

)[
1 − exp

(
− hν

kTIR

)]
+ Aν−1. (1)

Above 100 keV, we assume a steep (ν−2) power law mimicking the
expected cut-off. This shape reproduces reasonably well the average
spectra measured from AGNs (Francis, Hooper & Impey 1993; Elvis
et al. 1994). The bump is assumed to have a cut-off in the infrared
(IR) band at 9.1 µm (Korista et al. 1997), since most of the IR
emission from AGNs is believed to originate in warm dust outside
the BLR. The normalization constant A is fixed to provide a value
of αox = 1.4, as typically observed in AGNs (e.g. Zamorani et al.
1981). The continuum is then fixed by assuming a normalization
for the spectrum (parametrized using the bolometric luminosity Lill)
and the temperature of the bump, TBB.

Using this model for the continuum, we calculate the diffuse emis-
sion of the BLR for the hydrogen density and the hydrogen column
density of the clouds in the ranges n = 109–1011 cm−3 and NH =
1022–1024 cm−2, respectively. These intervals cover the region of the
parameter space allowed by detailed modelling of the lines observed
for few selected (radio-quiet) AGNs (e.g. Kaspi & Netzer 1999;
Korista & Goad 2000). A caveat (which applies also to the choice of
the spectral shape of the illuminating continuum) is that the present
knowledge of the geometry and the physical state of the gas in the
BLR mainly relies on the studies of (few) well-observed radio-quiet
AGNs (mainly Seyfert galaxies). Indeed it is conceivable that for the
sources for which we are interested here, namely powerful, radio-
loud quasars, the conditions could be different. Note moreover that,
for simplicity, we model the BLR with a unique value of the physical
parameters, although the recent detailed models of emission lines
quoted above seem to support the presence of a stratified BLR, with
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Figure 1. Sketch of the geometry for the calculation of the optical depth.
γ–rays are produced in the jet at a height Ro above the central black hole
and travel into the radiation field of the BLR, characterized by aperture α
and radius R BLR. The accretion disc illuminates the clouds.

chrotron photons dominate if the emitting region is located far be-
yond the BLR, as argued by, e.g., Sikora et al. (2008), Marscher et
al. (2008, 2010), Abdo et al. (2010). If the jet main emission re-
gion is located within the BLR, the emission line photons, besides
acting as seeds for the IC process, are also a source of opacity for
the outgoing γ–ray emission at energies above 1 GeV through the
reaction: γγ → e± (e.g. Donea & Protheroe 2003, Liu & Bai 2006,
Tavecchio &Mazin 2009, hereafter TM09, Poutanen & Stern 2010,
hereafter PS10). Assuming typical FSRQ parameters, the estimated
optical depth τ above few tens of GeV would exceeds τ ∼ 10,
making the detection of very high energy photons (VHE; E > 50
GeV) rather problematic in these sources. The great majority of FS-
RQs, indeed, display rather steep GeV spectra, and opacity effects
seem to explain quite well the “universal” break observed at few
GeV in the LAT spectra of FSRQs (PS10, Stern & Poutanen 2011).
However, the detection of a few FSRQs at VHE energies (Albert et
al. 2008, Wagner et al. 2010, Aleksic et al. 2011a) implies a min-
imal degree of absorption, leading to propose that, at least during
these events, the emission occurs beyond the BLR (Aleksic et al.
2011a,b, Tanaka et al. 2011, Tavecchio et al. 2011, Nalewajko et
al. 2012, Dermer et al. 2012), although the observed fast variability
requires a rather compact emission region.

Previous works generally assumed a spherical geometry for
the BLR. This paper aims at extending the study of the absorption
of γ rays in the BLR, already started in TM09, exploring in par-
ticular the consequences of a “flat” geometry for the BLR. In this
case one might expect a substantial reduction of the opacity to HE
and VHE photons. This guess is based on the fact that the most ef-
fective collisions are those head–on, disfavored in a flat geometry.
To this aim we calculate the expected BLR spectrum using the pho-
toionizing code CLOUDY (Ferland et al. 1998) with the assumption
already used in Tavecchio & Ghisellini (2008) and TM09, extend-
ing the calculation of τ to a flat geometry (§2). Then we discuss
the results, showing the optical depth for different combinations of
the parameters specifying the system (§3). We discuss the effect of
such a geometry on the expected break at GeV energies discussed
by PS10 and on the opacity at TeV energies. In §4 we discuss the
results.

Figure 2. Zoom on the optical–UV band of BLR spectrum for different
values of the ionization parameter, ξ = 10, 102 and 103. Dotted vertical
lines indicate the position of the most important emission lines (as labeled).
The two most prominent lines are the Lyα lines of H and He II. These are
also the two lines providing most of the opacity at GeV energies. The top
x–axis reports the energy of the target γ–ray photons, calculated for the
maximum of the cross section and head–on collisions (see text).

2 THE MODEL

2.1 BLR emission and geometry

We refer to Tavecchio & Ghisellini (2008) and TM09 for a deeper
discussion of the model and of the assumptions used in the calcula-
tions. The assumed geometry is sketched in Fig. 1. Although there
are indications pointing to a complex, stratified structure (e.g., Den-
ney et al. 2009), for simplicity we model the BLR as a thin spher-
ical shell with inner radius RBLR filled with clouds characterized
by density ngas = 1010 cm−3 and column NH = 1023 cm−2. To
mimic “flat” geometries we limit the BLR to an angle α (measured
from the disc plane) and we assume that at larger angles there are
no clouds (as in Fig. 1).

Based on the typical line/continuum luminosity ratio we
always assume that BLR clouds intercept a fraction C =
ΩBLR/2π = 0.1 of the illuminating continuum (we consider only
the emisphere toward the observer, since the other one is occulted
by the disk). In the case of a “flat geometry” this requirement im-
plies a lower limit to the BLR angle, αmin. The existence of this
limit can be simply understood considering that, in order to keep
C constant for decreasing α, the clouds are forced to occupy a
decreasing volume, until they will completely fill all the available
space. In that case the solid angle of the geometrical structure con-

c⃝ 0000 RAS, MNRAS 000, 000–000
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Figure 5. Dependence of τ on the position of the injection of γ rays for different values of the photon energy (10 GeV, red and 100 GeV black) and BLR
angle (solid line: α = 90◦; dotted: 60◦; dahsed: 30◦). The right and left panels show the case with Ld = 6 × 1046 erg s−1 and Ld = 5 × 1045 erg s−1,
respectively.

BLR. When the injection heigth coincides with the BLR radius,
the optical depth shows a rapid decrease, caused by the abrupt
transition from a situation in which τ is dominated by head–on
(θ = π) collision to that in which only unfavorable collision an-
gles (θ < π/2) are allowed. The same behaviour is followed by
the curves corresponding to different α (dotted lines: 60◦; dashed:
30◦) although the decrease of τ at Ro = RBLR is smoother due to
the intrinsic absence of the critical head–on collisions.

3.1 Effect on the spectrum: the “GeV break”

All the features discussed above for the optical depth τ (E) are re-
flected by the out–going absorbed γ–ray spectrum of FSRQ. In
particular, as pointed out in PS10, for power law intrinsic spec-
tra Fint(E) ∝ E−Γ, the “jumps” in the optical depth imprint in
the absorbed spectrum (lower panels in Fig. 3), spectral breaks
where the observed spectrum displays a sudden change of slope,
i.e. Fobs(E) = Fint(E) e−τ(E) ∝ E−(Γ+∆Γ) above the break en-
ergy E > Ebr corresponding to the energy threshold for a given
emission line. The breaks are clearly visible in the cases in which
the optical depth approaches unity, τ ! 0.1. For a closed geome-
try, these breaks are located always at the same energy and PS10
argued that this effect associated to the HeII line could account for
the “universal” energy break observed at few GeV in the LAT spec-
tra of FSRQs.

The variations of the energy of the jumps in τ caused by
changes in α and Ro translate in the change of the break ener-
gies in the observed spectrum. Furthermore, since the change of the
slope at the break is proportional to the optical depth around Ebr,
∆Γ ∝ τ (Ebr) (PS10), not only the energy of the break, but also
∆Γ will depend on α and Ro. Both effects are clearly visible in the
lower panel of Fig. 3. Figs. 6–8 separately show the dependence
of∆Γ and Ebr on the geometrical parameters. We limit the results
to the case of the HeII break whose energy is the most accessible
with Fermi/LAT data. As expected,∆Γ, directly proportional to the

optical depth, decreases with decreasing α and increasing Ro. On
the other hand, the dependence of Ebr on Ro, due to the angular
dependence of the threshold energy in Eq. 4, is more complex. For
α = π/2 the opacity is mostly determined by head–on collision
as long as Ro < RBLR and thus HeII line photons will produce
the break at EHeII. For emission sites beyond the BLR, instead,
soft photons are coming at angles θ < π/2 and thus, according
to the angular dependence in Eq. 4, the break will move to higher
energies.

For opened geometries, instead (with no head–on collisions),
the increase of Ro determines a decrease of the typical collision
angle between γ rays and BLR photons which, due to the angular
dependence of the threshold energy, translates in the monotonic in-
crease of Ebr withRo. Both dependences reflect that of τ in Figs. 4
and 5. Evidence for variations of the optical depth τ (Ebr) (and cor-
respondingly of ∆Γ) has been found by Stern & Poutanen (2011)
analyzing the Fermi/LAT spectra of the bright FSRQ 3C454.3 at
different epochs. They interpret these variations as due to differ-
ent location of the emitting region in a stratified BLR, in which
(high–ionization) HeII lines are produced at radii smaller than low–
ionization lines. Emission episodes occurring well within the BLR,
close to the “HeII BLR” would result in strong absorption and large
∆Γ. If γ–rays are instead produced at larger radii, the absorption
through HeII photons is suppressed and, correspondingly, the break
around the HeII threshold energy is less pronounced.

The flat BLR scenario allows a different, although related, in-
terpretation. Also in this case, in fact, the opacity depends on the
distance of the emission region from the central black hole. This
leads to envisage scenarios in which, analogously to the model of
Stern & Poutanen (2011), the location of the emission region in the
jet changes with time, causing the opacity to γ–rays to change. In
this case, however, the variations are fundamentally linked to the
angular dependence of kinematics and energy threshold of the ab-
sorption process. If the BLR is “closed” the break energy do not
change as long as the emission occurs within the BLR but ∆Γ de-
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Fig. 2.— Location of spectral peaks calculated for synchrotron (left panel) and ERC com-
ponents (right panel) for different values of σ and for both planar and spherical geometries

of BLR and HDR and flat accretion disk.
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• consider powerful jet 
in typical radiation 
environment 

• σ = LB / Lkin = 1  
predicts q < 1 
at Lsyn ~ 1047 erg/s 

• if that is not 
observed, there is no 
emission from high-σ 
regions 
(cf. Sironi et al. 2015)



extreme γ-ray flare in 3C 279

• Lγ = 6e48 erg/s 

• tvar = 2h 

• Γph = 1.7 

• q > 300 

• LB / Lj < 10
-4
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FIG. 2.— Gamma-ray light curves (integral photon flux) of 3C 279 around the three large flares with fine time bins. Top panels: > 100MeV; lower panel: >
1GeV. For Flares 1 and 2, the bins are equal to two Fermi orbital periods (192 min). For Flare 3, during a ToO observation, the bins are equal to one Fermi orbital
period (96 min). The vertical bars in data points represent 1σ statistical errors and the down arrows indicate 95% confidence level upper limits.

TABLE 1
FITTING RESULTS OF THE LIGHT CURVE PROFILE IN THE γ-RAY BAND MEASURED BY Fermi-LAT.

Flare τrise τfall b F0 t0
number (hrs) (hrs) (10−7 photons cm−2 s−1) (10−7 photons cm−2 s−1) (MJD)
Flare 1 1.4± 0.8 7.4± 3.2 150± 36 19± 12 56646.35± 0.04
Flare 2 6.4± 2.4 0.68± 0.59 100± 26 19± 5 56718.32± 0.07

Flare 3 (ToO) 2.6± 0.6 5.0± 0.8 216± 19 10.5± 6.6 56750.30± 0.04

for 3C 279, which were performed between 2014 March
31 21:59:47 UTC (MJD 56747.91652) and 2014 April 04
12:42:01 UTC (MJD 56751.52918), and those observations
are included in our analysis. The time series of the γ-ray flux
and photon index of 3C 279measured with Fermi-LAT during
the most active states from MJD 56615 (2013 November 19)
to MJD 56775 (2014 April 28), are illustrated in other panels
in Figure 1.
Three distinct flaring intervals are evident in the γ-ray light

curve: Flare 1 (∼MJD56650), Flare 2 (∼MJD56720) and
Flare 3 (∼MJD56750). The maximum 1-day averaged flux
above 100MeV reached (62.2±2.4)×10−7 photons cm−2 s−1
(TS = 3892) on MJD56749 (2014 April 03) 33, which is
about three times higher than the maximum 1-day averaged
flux recorded during the first two years (on MJD 54800:
Hayashida et al. 2012). On the other hand, the maximum 1-
day averaged flux above 1GeV was observed on MJD56645
(2013 December 20) at (9.8± 1.2)× 10−7 photons cm−2 s−1,
much higher than the> 1GeV flux onMJD56749, which was
(3.9± 0.4)× 10−7 photons cm−2 s−1. The photon index also
shows a hardening trend toward MJD 56645, when it reached
a very hard index of 1.82± 0.06, which is rarely observed in
FSRQs.
Figure 2 shows detailed light curves around the flares with

short time bins. During Flares 1 and 2, the fluxes were de-
rived with an interval of 192 min, corresponding to two or-
bital periods of Fermi-LAT. During Flare 3, because the ToO
pointing to 3C 279 increased the exposure, time bins as short
as one orbital period (96 min) were used. The peak flux above
100MeV in those time intervals (192min and 96min) reached
∼ 120× 10−7 photons cm−2 s−1 .
The very rapid variability apparent in the data can be fitted

by the following function to characterize the time profiles of

33 throughout this paper, each error represents a 1σ statistical uncertainty

the source flux variations:

F(t) = F0 +
b

e−(t−t0)/τrise + e(t−t0)/τfall
(1)

This formula has also been used in variability studies of
other LAT-detected bright blazars to characterize the temporal
structure of γ-ray light curves (Abdo et al. 2010c). The dou-
ble exponential form has been applied previously to the light
curves of blazars (Valtaoja et al. 1999) as well as gamma-ray
bursts (e.g., Norris et al. 2000). In this function, each τrise and
τfall represents the "characteristic" time scale for the rising and
falling parts of the light curve, respectively, and t0 describes
approximatively the time of the peak (it corresponds to the
actual maximum only for symmetric flares). In general, the
time of the maximum of a flare (tp) can be described using
parameters in Equation 1 as:

tp = t0 +
τriseτfall
τrise + τfall

ln
(

τfall
τrise

)

(2)

The parameters of the fitting results are summarized in Ta-
ble 1. The time profiles show asymmetric structures in all
flares; generally the rise times correspond to 1-2 hours, which
are several times shorter than the fall times of 5-8 hours
in Flares 1 and 3. On the other hand, the fall time ap-
pears to be less than 1 hour in Flare 2 (although the fit-
ting error of the parameter is quite large). One can see in
the light curve of Flare 2 in Figure 2 that the flux reached
∼ 90×10−7 photons cm−2 s−1at the peak but suddenly dropped
by a factor of∼ 3 in the next bin, 2 orbits (196 min) later.
Gamma-ray spectra were extracted from the following four

periods:

• (A) Overlapping with the first NuSTAR observation
(see Section 2.2.1). Although the NuSTAR observation
lasted for about one day, in order to increase the γ-ray
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FIG. 8.— Broadband spectral energy distributions of 3C 279 for the four observational periods defined in Section 2.1 (see also Table 2 and Figure 7). The
vertical bars in data points represent 1σ statistical errors and the down arrows indicate 95% confidence level upper limits. The plot includes historical SEDs of
3C 279 in a low state (in 2008 August) and in a flaring state (in 2009 February) from the 2008-2010 campaign (Hayashida et al. 2012).

The very hard electron energy distribution with p1 ≃ 1, re-
quired to explain the very hard γ-ray spectrum of Flare 1, and
the very high maximum Lorentz factor γ ! 2000 are chal-
lenging for many particle acceleration mechanism and emis-
sion scenarios (e.g., Blandford & Levinson 1995). Very hard
electron spectra can be obtained in relativistic magnetic re-
connection, but they require extremely high electron magneti-
zation σe > 100 (Sironi & Spitkovsky 2014; Guo et al. 2014;
Werner et al. 2014). In the case of an electron-proton jet com-
position with no e+e− pairs, one has σe ≃ (γ̄p/γ̄e)(mp/me)σ,
where γ̄p and γ̄e are typical Lorentz factors of protons and
electrons, respectively. In principle, it is possible that σe ≫ σ,
so that such extreme acceleration of electrons is possible even
in the case of σ " 1. The final outcome of the acceleration
depends on how the dissipated magnetic energy is shared be-
tween the protons and electrons; the first study of relativistic
electron-ion reconnection suggests roughly equal energy divi-
sion (Melzani et al. 2014).
We propose that Flare 1 of 3C 279, together with the simi-

lar flare of PKS 1510−089 peaking at MJD 55854 (Saito et al.
2013), constitute an emerging class of rapid γ-ray events char-
acterized by flux-doubling time scales of a couple of hours,
very hard γ-ray spectra with spectral peaks in the GeV band,
and significant time asymmetry with longer decay time scales
(Nalewajko 2013). Moreover, the results of this work indi-
cate that such events do not have significant multiwavelength
counterparts. Since only two clear examples were identified
in bright blazars during∼ 6 years so far of the Fermimission,
they appear to be rare events, and may not represent typical

conditions of dissipation and particle acceleration in blazar
jets.
In Figure 9, we also present two SED models for Flare 3

(Period D). This flare is characterized by a typical γ-ray spec-
trum, and a more typical Compton dominance, as compared
to Flare 1. In addition, for Flare 3 we have simultaneous
UV and X-ray data from Swift. The soft X-ray spectrum is
very hard, with ΓX = 1.22± 0.07. We first attempted — in
model D1 located in the BLR — to explain this X-ray spec-
trum by SSC emission from a very hard electron energy dis-
tribution (p1 = 1). By coincidence, model B1 described in
the previous subsection does exactly that. However, since the
γ-ray spectrum for Period D is much softer than the excep-
tionally hard γ-ray spectrum for Period B, in model D1 we
need to adopt a break in the electron energy distribution at
γbr " 200, which shifts the observed peak of the SSC compo-
nent to ∼ 100 keV; hence the X-ray part of the SSC spectrum
is too soft to explain the observed X-ray spectrum. We note
that Paliya et al. (2015) present an SED model for a period
overlapping with our Period D, in which the X-ray spectrum
is matched with the SSC component. They made the model
by adopting a higher value of γbr, which requires a superpo-
sition of ERC(BLR) and ERC(IR) components to explain the
γ-ray spectrum. In model D2 we were able to explain the X-
ray spectrum with the low-energy tail of the ERC emission.
The emission region in model D2 is located outside the BLR,
and the entire high-energy component is strongly dominated
by the ERC(IR) emission. We adopted a higher jet Lorentz
factor Γj = 30 and the low-energy electron distribution index

3C 279, Hayashida et al. (2015)

severe departure  
from equipartition 

(particle-dominated)



the origin of X-ray emission
• the hardest X-ray spectra of 

FSRQs: αx ~ 0.2 
(Sikora et al. 2009) 

• strong electron-proton coupling can 
lead to even harder spectra  
(Sikora et al. 2013) 

• need more NuSTAR data on FSRQs

• X-ray emission in FSRQs 
could be due to: 
✓ SSC 
✓ ERC (low-E tail) 
✓ coronae/jet base
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Figure 7. Numerical models fitted to observed spectral states of AO 0235+164, dominated energetically by the Comptonization of the infrared radiation from the
dusty torus (ERCIR). Red lines show a fit to the high state (MJD 54761-3), including the bulk-Compton feature (dashed line). Blue lines show a fit to the low state
(MJD 54803-5). Dotted lines indicate individual spectral components, in order of increasing peak frequencies: synchrotron, SSC, ERCIR, ERCBEL. Solid lines show
the sums of all individual components. Note that presented models do not cover the radio production which at ν < 100 GHz is strongly synchrotron-self-absorbed for
our source parameters and must originate at much larger distances from the BH than a few parsecs. The gray line shows the quasar composite SED adopted from Elvis
et al. (1994) and normalized to the accretion disk luminosity Ld = 4 × 1045 erg s−1.
(A color version of this figure is available in the online journal.)

criterion to be classified as a quasar (see also Murphy et al.
1993). This means that, according to the AGN unification
models, it should possess a typical dusty torus, a strong source of
thermal infrared radiation (IR) with a typical covering factor of
ξIR ∼ 0.1 (e.g., Haas et al. 2004). Recent mid-IR interferometric
observations for a sample of nearby AGNs show that such tori
can extend beyond 10 pc from the central BH (Tristram &
Schartmann 2011). The mass of the BH in this object is likely to
be in the range MBH ∼ 2–6 × 108 M⊙ (Liu et al. 2006; Raiteri
et al. 2007; Wu et al. 2011), which implies the Eddington ratio
Ld/LEDD ! 0.1.

In order to determine which process dominates the high-
energy emission, whether it is ERC or SSC, one can estimate
their luminosity ratio as LERC/LSSC ≃ u′

ext/u
′
syn, where u′

ext is
the comoving energy density of the external radiation, which,
depending on the source location, could be dominated either
by u′

BEL or u′
IR, and u′

syn is the comoving energy density
of the synchrotron radiation. These energy densities scale
like u′

BEL(IR) ≃ Γ2
j uBEL(IR) ≃ Γ2

j ξBEL(IR)Ld/(4πr2
BEL(IR)c) for

r " rBEL(IR), respectively, and u′
syn ≃ Lsyn/(4πR2D4c), where

rBEL ∼ 0.1(Ld,46)1/2 pc is the characteristic radius of the BLR,
rIR ∼ 2.5(Ld,46)1/2 pc is the inner radius of the dusty torus, R is
the emitting zone radius related to its distance by r = RΓj, Γj =
(1 − β2

j )−1/2 is the jet Lorentz factor, and βj is the jet velocity
in units of c (Sikora et al. 2009). Considering the emitting zone
located at either characteristic radius, i.e., r ≃ rBEL(IR), and
neglecting the distinction between the Doppler factor D and the
Lorentz factor Γj, we obtain LERC/LSSC ≃ ξBEL(IR)Γ4

j (Ld/Lsyn).
In the case of AO 0235+164, we observe Ld/Lsyn ∼ 0.01 and
thus LERC/LSSC ≃ 160(ξBEL(IR)/0.1)(Γj/20)4. Hence, even for
a moderate bulk Lorentz factor, in order for the SSC component
to dominate the ERC component, one requires covering factors
two orders of magnitude lower than typically assumed in
quasars.

In this section, we verify the ERC scenario by fitting the
observed SEDs with one-zone leptonic models (Moderski et al.
2003). We follow the evolution of relativistic electrons injected
into a thin spherical shell propagating conically with a constant
Lorentz factor Γj undergoing adiabatic and radiative losses
due to the synchrotron and inverse Compton emission. The
external radiation includes BELs of characteristic photon energy
EBEL ∼ 10 eV and infrared dust radiation of characteristic
energy EIR ∼ 0.3 eV. We attempted to fit the high state
of MJD 54761-3 with a “blazar zone” located either within
(ERCBEL model) or outside the BLR (ERCIR model). In
the ERCBEL model, the electron break inferred from the
synchrotron spectrum is too low to reproduce the γ -ray spectrum
above ∼1 GeV. This problem is absent in the ERCIR model
(red lines in Figure 7). This is because Comptonization of IR
photons is subject to much weaker Klein–Nishina suppression
in the GeV band than Comptonization of optical/UV emission-
line photons. The parameters of the ERCIR model are: location
r = rIR, Lorentz factor Γj = 20, opening angle θj = 1/Γj = 2.◦9
(hence the Doppler factor Dj = Γj), magnetic field strength
B ′ = 0.22 G, and viewing angle θobs = 2.◦3. Electrons
are injected with a doubly broken energy distribution with
γbr,1 = 100, γbr,2 = 5800, p1 = 1.5, p2 = 2.03, and p3 = 3.9.

The rate of electron energy injection is Ė′
e,inj ∼ 4.8 ×

1043 erg s−1. Over comoving time ∆t ′ ∼ rIR/(2Γjβjc) ∼
4×106 s, the total injected electron energy is E′

e,inj ∼ Ė′
e,inj∆t ′ ∼

1.9 × 1050 erg. At the end of the injection, the total number
of electrons is Ne = 6.6 × 1054 and their total energy in the
comoving frame is E′

e ∼ 1.1 × 1050 erg. The average efficiency
of electron energy losses is ηe,loss = 1 − (E′

e/E
′
e,inj) ∼ 0.42.

The electron flux is Ṅe ∼ πΓjR
2cNe/V ′ ∼ 1.2 × 1049 s−1,

where V ′ ∼ 4πR3/3 is the volume of the emitting region in the
comoving frame and R ∼ θjr is the jet radius. The electron
energy flux is Le ∼ πΓ2

j R
2cE′

e/V ′ ∼ 4.1 × 1045 erg s−1

16

AO 0235+164 
(Ackermann et al. 2012)
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Figure 4. Discrete correlation function (DCF; Edelson & Krolik 1988) calcu-
lated between the Fermi/LAT light curve at 2 GeV and the optical light curves in
the V band using either SMARTS (∆t = 1 day) or Swift/UVOT (∆t = 2 days)
data (see Figure 3). Positive argument values indicate optical signal delayed
with respect to the gamma-ray signal.
(A color version of this figure is available in the online journal.)

exceeded only in the 2009 active state. The long-term constancy
of the optical flux in quiet states indicates that it is not associated
with the relativistic jet, but rather it is dominated by the thermal
emission of the accretion disk. On the other hand, in the 2009
flaring state, the optical flux is most likely associated with jet
synchrotron emission. The lack of correlated optical activity
corresponding to the gamma-ray flares in the summer of 2011
can be explained by a low level of the synchrotron component

in the optical/NIR band. We will use these clues in our attempt
to model the broadband SED.

The long-term light-curve in the K band shows a somewhat
distinct behavior from the J band and higher frequencies. The
K flux approaches Fmin only in early 2011, and shows stronger
and faster variability in the quiet state. In Figure 7, we present
a color–luminosity diagram based on the whole SMARTS data
set for PKS 1510−089. We find that, while the B − J, V − J, and
R − J colors have a clear trend of being “redder-when-brighter,”
the K − J color shows no such behavior. The K − J part of the
νFν SED is consistently soft, while the J − B part is soft at
high luminosities and hard at low luminosities. It appears that in
the quiet state the K luminosity is rather poorly correlated with
other SMARTS bands. All the above evidence suggests that the
K band marks the high-energy cutoff/break of the synchrotron
component.

4. MODELING THE BROADBAND SED

In this section, we attempt to model the broadband SED of
PKS 1510−089 during our second Herschel epoch (H2), as
presented in Figure 5. We employ the leptonic radiative code
Blazar (Moderski et al. 2003), which incorporates the exact
treatment of the inverse-Compton emission in the Klein–Nishina
regime, synchrotron self-absorption, and pair-production ab-
sorption. Blazar calculates the evolution of electrons injected
at a constant rate over a distance range between r0/2 and r0
into a relativistically propagating spherical shell. The resulting
non-thermal radiation is integrated over the same scale, and
effectively it is dominated by the contribution from r0. The vari-
ability properties of the source, with gamma-ray flares having no
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(A color version of this figure is available in the online journal.)
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the brightest γ-ray flares of blazarsThe brightest blazar flares 1325

Figure 1. Light curves of individual gamma-ray flares calculated from the Fermi/LAT data, presented in the order of descending peak photon flux density. For
each flare, the upper panel shows the normalized photon flux density integrated in the energy range 0.1–300 GeV in 0.5-d time intervals with a 0.1-d step, and
the lower panel shows the corresponding photon index. The horizontal axes show time in days measured relative to the flare peak. The data points belonging
to the flare period are highlighted with colours.

flare. One can show that this definition does not allow any two flares
to overlap. Every two flares must be separated by a flux minimum
which is lower than half of the lower peak. A flare may include
minor peaks, but they are not considered to be peaks of separate
subflares. This definition is natural in a stochastic light curve with
a power density spectrum in the form of a power law, as it is based
on equal flux ranges on a logarithmic scale. It is practical, as it is
very easy to determine local flux peaks and the associated lower
flux limits. Also, it automatically provides two standard variability
time-scales often discussed in the blazar studies – the flux-doubling
time-scale and the flux-halving time-scale. Fig. 1 illustrates this
definition in various real light curves.

The process of selecting a flux-limited sample of blazar flares
is divided into two steps. In the first step, a preliminary list of
blazar active periods is extracted from the Fermi/LAT Monitored
Source List.1 It is a data base of daily and weekly flux esti-
mates for all sources exceeding the 0.1–300 GeV photon flux of

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

10−6 ph s−1 cm−2. I select all daily photon fluxes during the first
four years of the Fermi mission (MJD 54682–56143) above 3 ×
10−6 ph s−1 cm−2 for sources located away from the Galactic plane
(|b| > 10◦). For each blazar, these daily entries are grouped into
active periods, which are separated by gaps of at least 10 d. If an
active period contains two flux peaks separated by at least 10 d and
a flux minimum lower than the half of the lower peak flux or at least
one-day gap, it is split into two active periods along the flux mini-
mum. The active periods for all blazars are sorted according to the
decreasing peak flux, and the first 30 active periods are selected for
the second step. This choice corresponds to a minimum flux peak
of 4.5 × 10−6 s−1 cm−2, and the preliminary list of active periods
consists of six blazars: 3C 454.3, PKS 1510−089, PKS 1222+216,
3C 273, PKS 0402−362 and PKS 1329−049.

In the second step, I perform the maximum likelihood anal-
ysis of the Fermi/LAT data. I use the standard analysis soft-
ware package SCIENCE TOOLS v9r27p1, with the instrument re-
sponse function P7SOURCE_V6, the Galactic diffuse emission
model gal_2yearp7v6_v0 and the isotropic background model
iso_p7v6source. Events of the SOURCE class were extracted from
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Figure 1. Time-integrated flare spectra displaying the νFν flux (erg s−1 cm−2) vs observed energy (GeV) of the 40 brightest gamma-ray
blazar flares detected by Fermi/LAT. Statistically significant primary spectral breaks (those identified with a BPL fit to the entire energy
range 0.1− 10 GeV) and secondary spectral breaks (those identified with a BPL fit to only the energy range above or below the primary
break energy) are indicated by broken lines that illustrate the mean value of the spectral index Γ on either side of the break. Primary
breaks that are not statistically significant are indicated by open circles. Dotted lines show the best-fit primary log-parabola models.
The color of the spectrum indicates the host blazar.
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Figure 4 – continued

Figure 5. Distribution of the source-frame flare duration T/(1 + z) versus
the average photon index ⟨!⟩. The shape and colour of each point indicate
the host blazar, and the point size is proportional to the logarithm of peak
flux density Fpeak.

Figure 6. Distribution of the average photon index ⟨!⟩ versus the photon
index scatter rms(!). The shape and colour of each point indicate the host
blazar, and the point size is proportional to the logarithm of source-frame
flare duration T/(1 + z).
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Figure 2. Distributions of the source-frame break energy Ebr

(GeV), the change in photon index ∆Γ = Γ2 − Γ1, and the
peak photon flux Fpeak (10−5 ph s−1 cm−2), plotted for all iden-
tified spectral breaks in the top 40 Fermi/LAT gamma-ray flares.
The shape and color of each point indicate the host blazar. Solid
symbols indicate statistically significant primary and secondary
breaks, whereas unfilled symbols indicate primary breaks that
were not statistically significant.
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Figure 3. Distributions of the spectral curvature β and the spec-
tral peak position Epeak (resulting from a log parabola fit to the
spectrum) versus the duration T (days) of the flare, plotted for
the 40 brightest Fermi/LAT gamma-ray flares. The shape and
color of each point indicate the host blazar.
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• very short flares (<1 day) have harder and more curved 
spectra 

• systematic difference between 3C 454.3 and PKS 
1510-089 (or PKS 1222+216)? 

• no systematic spectral breaks



stochastic modeling of blazars variability

see poster 76!
by M. Sobolewska

The Astrophysical Journal, 786:143 (14pp), 2014 May 10 Sobolewska et al.

Figure 2. Results of modeling for 3C 66A, PKS 2155−304, and 3C 454.3. The sub-panels show for each source the Fermi/LAT light curves (top left); natural
logarithm of the light curves, the OU/sup-OU model corresponding to the highest posterior likelihood, and the model standardized residuals (bottom left/bottom
right); the histograms of the standardized residuals compared to the expected standard normal distribution (top right). Neither model can be favored based on DIC
(∆DIC < 10 in each source).
(A color version of this figure is available in the online journal.)
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Figure 6. Same as Figure 2 for Mkn 421. The sup-OU model is favored based on DIC (∆DIC > 10).
(A color version of this figure is available in the online journal.)

Figure 7. Posterior probability distributions of the logarithm of the characteristic timescale, τ0 = 1/ω0, resulting from the application of the OU process to the
Fermi/LAT light curves of 3C 454.3, 3C 66A, and PKS 2155−304.

noise process. Thus, we proceed to testing the sup-OU model
on the Fermi/LAT light curves of blazars.

4.2. The Sup-OU Process

In the next step, we considered the superposition of the OU
processes (sup-OU) and applied it to the Fermi/LAT blazar
light curves. We observed a significant improvement to the
quality of the fits in the low-flux periods, compared to the
case of the OU modeling. The distributions of the standardized
residuals assuming the sup-OU process can be compared with
the OU model fit residuals and the standard normal distribution
(Figures 3–6, right). The auto-correlation functions of the
standardized residuals assuming the sup-OU process indicate
that, indeed, in a majority of sources the sup-OU residuals
approximate the white noise process better than the OU process
residuals (Figure 8).

To formally evaluate what model is more successful in
describing the Fermi/LAT blazar light curves, we computed the
deviance information criterion (DIC; Spiegelhalter et al. 2002).
DIC is used in Bayesian model selection problems where the
posterior distributions of the models have been obtained by
Markov chain Monte Carlo simulations. Models with smaller
DIC are preferred to models with larger DIC. It is accepted that
∆(DIC) ! 10 is a difference substantial enough to prefer the
model with smaller DIC. We use the following definition of the
DIC

DIC = pV + D̄, (3)

where pV = 0.5 × Var[D(θ )] describes the effective number of
model parameters and hence the model complexity; while D(θ )
is the deviance defined as D(θ ) = −2 log[p(y|θ )], where p(y|θ )
is the model likelihood function, y is the data, and θ denotes the
parameters in the model. The second term in Equation (3), D̄,
is the expected value of the deviance.

The comparison of DIC computed for the two models
(Table 1) indicates that the sup-OU model is preferred over
the OU model in all sources except 3C 454.3, 3C 66A, and
PKS 2155-304, in which ∆DIC = DICsupOU − DICOU < 10.
Thus, for these three sources we accept the results of the OU
modeling, while for the remaining sources we assume the results
of the sup-OU modeling.

For each source, we plot the posterior probability distribu-
tions of the short and long characteristic timescales resulting
from the sup-OU model in Figure 9. We notice that in many
cases the posterior probability distributions of the characteristic
timescales deviate from a Gaussian distribution. It can be in-
ferred that while formally we can derive the median long and
short characteristic timescales and their 90% confidence inter-
vals in all sources, they may depend on our choice of τmin and
τmax. The least deviated shapes are those representing the long
characteristic timescale in PKS 1510−089; and the short char-
acteristic timescales in 3C 454.3, and (to a lesser degree) in
3C 66A, PKS 0716+714, and BL Lac. Thus, we provide the
median τL and/or τS and their uncertainties for these five cases,
and the relevant limits for all sources (Table 1). The upper limits
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• 13 blazars with 4-
year adaptive Fermi/
LAT light curves 

• variability modeling 
with Ornstein–
Uhlenbeck (OU) 
process, and 
superpositions (sup-
OU) 

• good description of 
3 sources 

• PSD indices cluster 
around 1



summary
• luminous blazars can be robustly constrained in the 

leptonic paradigm 

• pc-scale location of gamma-ray flares can be reconciled 
with the radio/mm activity 

• low magnetization of gamma-ray emitting regions 

• possible tension between core-shift magnetic fields and 
high Compton dominance 

• emerging class of short/hard gamma-ray flares in FSRQs 

• more insight possible from NuSTAR, sub-mm variability, 
polarization (including X-rays), CTA, MeV telescope

thank you for attention


