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Introduction



Active Galactic Nuclei (AGNs)
• >106 solar mass @ galactic 

center 

• Correlate with various physical 
parameters of host galaxies 

• Gas accretion  

• brighter than host galaxies 
(AGNs) 

• Relativistic jets 

• Hot Coronae

Blazar
Seyfert 

(no jet)

Black 
Hole

©NASA

Accretion 
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Radio 
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AGNs are the most energetic particle accelerators



Blazars

• AGNs whose relativistic jets 
pointing at us. 

• Variable (⊿t ~ 1 day) 

• ~10% polarization

© NRAO

Cyg A 
Radio Galaxy
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Blazar SpectraBlazar Spectral Energy Distributions

BL Lacs: emission to VHE/TeV energies
3C 454.3

3C 279
Mrk 421

Mrk 501
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FSRQs:  cutoffs at GeV with VHE episodes

VHE (> 100 GeV)

z = 0.538

z = 0.859

z = 0.031

z = 0.033

3C 279
z = 0.538

LSP, ISP, HSP © C. Dermer



Log10 (Energy [eV])

Typical Spectra of Blazars
• Non-thermal emission from 

radio to gamma-ray 
• Two peaks 

• Synchrotron 
• Inverse Compton 

• Hadronic? 
• Luminous blazars (Flat 

Spectrum Radio Quasars: 
FSRQs) tend to have lower 
peak energies (Fossati+’98, 
Kubo+’98)
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Blazar Emission



Blazar Emission Mechanism
• Non-thermal gamma rays 

• relativistic particles and intense photon 
fields 

• Leptonic model 

• non-thermal synchrotron associated w/ 
Synchrotron-Self-Compton (SSC) or 
External Compton (EC) components 

• Hadronic model 

• secondary nuclear production, proton 
synchrotron, photomeson production

Leptonic jet model:  
 Nonthermal synchrotron paradigm 
 Associated SSC and EC component(s) 
 Location of emission site 

Hadronic jet model: 
 Secondary nuclear production  
  pN → πο, π± → γ, ν, n, e± 

 Proton and ion synchrotron radiation  
  pB → γ 
 Photomeson production  
  pγ → πο,π± → γ, ν, n, e± 

High energy γ-ray component from γγ′ → e± → γ by 
Compton or synchrotron processes  
Neutrons escape to become UHECRs 

Nonthermal  γ rays ⇒ relativistic particles + 
intense photon fields 



Leptonic Scenario

• Radiation from accelerated electrons in inner jets 

• shock? turbulence? reconnection? shear? 

• One (multi)-zone synchrotron/SSC/EIC 

• target photon: synchrotron, broad line regions (BLRs), dust torus, accretion disk

The Astrophysical Journal, 736:131 (22pp), 2011 August 1 Abdo et al.
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Figure 11. SED of Mrk 421 with two one-zone SSC model fits obtained with
different minimum variability timescales: tvar = 1 day (red curve) and tvar = 1
hr (green curve). The parameter values are reported in Table 4. See the text for
further details.

Table 4
Parameter Values from the One-zone SSC Model Fits to the SED from

Mrk 421 Shown in Figure 11

Parameter Symbol Red Curve Green Curve

Variability timescale (s)a tv,min 8.64 × 104 3.6 × 103

Doppler factor δ 21 50
Magnetic field (G) B 3.8 × 10−2 8.2 × 10−2

Comoving blob radius (cm) R 5.2 × 1016 5.3 × 1015

Low-energy electron spectral index p 1 2.2 2.2
Medium-energy electron spectral index p 2 2.7 2.7
High-energy electron spectral index p 3 4.7 4.7
Minimum electron Lorentz factor γmin 8.0 × 102 4 × 102

Break1 electron Lorentz factor γbrk1 5.0 × 104 2.2 × 104

Break2 electron Lorentz factor γbrk2 3.9 × 105 1.7 × 105

Maximum electron Lorentz factor γmax 1.0 × 108 1.0 × 108

Jet power in magnetic field (erg s−1)bx Pj,B 1.3 × 1043 3.6 × 1042

Jet power in electrons (erg s−1) Pj,e 1.3 × 1044 1.0 × 1044

Jet power in photons (erg s−1)b Pj,ph 6.3 × 1042 1.1 × 1042

Notes.
a The variability timescale was not derived from the model fit, but rather used
as an input (constrain) to the model. See the text for further details.
b The quantities Pj,B and Pj,ph are derived quantities; only Pj,e is a free
parameter in the model.

so that
R = δctv,min

1 + z
! δctv

1 + z
. (1)

During the observing campaign, Mrk 421 was in a rather
low activity state, with multifrequency flux variations occurring
on timescales larger than one day (Paneque 2009), so we used
tv,min = 1 day in our modeling. In addition, given that this
only gives an upper limit on the size scale, and the history of
fast variability detected for this object (e.g., Gaidos et al. 1996;
Giebels et al. 2007), we also performed the SED model using
tv,min = 1 hr. The resulting SED models obtained with these
two variability timescales are shown in Figure 11, with the
parameter values reported in Table 4. The blob radii are large
enough in these models that synchrotron self-absorption (SSA)
is not important; for the tv,min = 1 hr model, νSSA = 3×1010 Hz,
at which frequency a break is barely visible in Figure 11. It is
worth stressing the good agreement between the model and the

data: the model describes very satisfactorily the entire measured
broadband SED. The model goes through the SMA (225 GHz)
data point, as well as through the VLBA (43 GHz) data point
for the partially resolved radio core. The size of the VLBA
core of the 2009 data from Mrk 421 at 15 GHz and 43 GHz
is ≃0.06–0.12 mas (as reported in Section 5.1.1) or using the
conversion scale 0.61 pc mas−1 ≃ 1–2 ×1017 cm. The VLBA
size estimation is the FWHM of a Gaussian representing the
brightness distribution of the blob, which could be approximated
as 0.9 times the radius of a corresponding spherical blob
(Marscher 1983). That implies that the size of the VLBA core is
comparable (a factor of about two to four times larger) than that
of the model blob for tvar = 1 day (∼5 × 1016 cm). Therefore,
it is reasonable to consider that the radio flux density from the
VLBA core is indeed dominated by the radio flux density of the
blazar emission. The other radio observations are single dish
measurements and hence integrate over a region that is orders
of magnitude larger than the blazar emission. Consequently, we
treat them as upper limits for the model.

The powers of the different jet components derived from
the model fits (assuming Γ = δ) are also reported in Table 4.
Estimates for the mass of the supermassive black hole in
Mrk 421 range from 2×108 M⊙ to 9×108 M⊙ (Barth et al. 2003;
Wu et al. 2002), and hence the Eddington luminosity should be
between 2.6 × 1046 and 1.2 × 1047 erg s−1, that is, well above
the jet luminosity.

It is important to note that the parameters resulting from
the modeling of our broadband SED differ somewhat from
the parameters obtained for this source of previous works
(Krawczynski et al. 2001; Błażejowski et al. 2005; Revillot
et al. 2006; Albert et al. 2007b; Giebels et al. 2007; Fossati
et al. 2008; Finke et al. 2008; Horan et al. 2009; Acciari et al.
2009). One difference, as already noted, is that an extra break is
required. This could be a feature of Mrk 421 in all states, but we
only now have the simultaneous high quality spectral coverage
to identify it. For the model with tvar = 1 day (which is the
time variability observed during the multifrequency campaign),
additional differences with previous models are in R, which is an
order of magnitude larger, and B, which is an order of magnitude
smaller. This mostly results from the longer variability time in
this low state. Note that using a shorter variability (tvar = 1 hr;
green curve) gives a smaller R and bigger B than most models
of this source.

Another difference in our one-zone SSC model with respect
to previous works relates to the parameter γmin. This parameter
has typically not been well constrained because the single-dish
radio data can only be used as upper limits for the radio flux
from the blazar emission. This means that the obtained value for
γmin (for a given set of other parameters R, B, and δ) can only be
taken as a lower limit: a higher value of γmin is usually possible.
In our modeling we use simultaneous Fermi-LAT data as well as
SMA and VLBA radio data, which we assume are dominated by
the blazar emission. We note that the size of the emission from
our SED model fit (when using tvar ∼1 day) is comparable to
the partially resolved VLBA radio core and hence we think this
assumption is reasonable. The requirement that the model SED
fit goes through those radio points further constrains the model,
and in particular the parameter γmin: a decrease in the value of
γmin would overpredict the radio data, while an increase of γmin
would underpredict the SMA and VLBA core radio data, as
well as the Fermi-LAT spectrum below 1 GeV if the increase in
γmin would be large. We explored model fits with different γmin
and p 1, and found that, for the SSC model fit with tvar = 1 day

16
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Mrk 421

Figure 9. Top 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. Bottom 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 SED models 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

= × −L 6 10 erg sd
45 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), and ERC(BLR). The axes and line types are the same as in the main plot.

12

The Astrophysical Journal, 807:79 (18pp), 2015 July 1 Hayashida et al.

Hayashida+’15

3C 279



Spectral Fitting w/ a Leptonic Model

YI & Tanaka ‘16b
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Maximum Proton Energy from HBLs 

• HBLs are not efficient 
accelerators having !g ~ 
5x104.   

• consistent with previous 
individual source studies  
(Inoue & Takahara ’96, Sato+’08, 
Finke+’08) 

• the maximum proton energy 
from HBLs is <1015 eV.

YI & Tanaka ‘16b
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A hadronic origin for UHBLs 11
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Figure 2. Top: modelling of the SED of RGB J0710+591, using data from Acciari et al. (2010b). left: proton-synchrotron scenario for (B[G],R[cm]) =
(1, 6.7 ⇥ 1017), (21, 8.2 ⇥ 1015), (446, 1 ⇥ 1014); right: lepto-hadronic scenario for (B[G],R[cm]) = (0.3, 8 ⇥ 1015), (0.4, 5 ⇥ 1015), (0.6, 3 ⇥ 1015). Colours are
used to identify the components corresponding to the same exemplary solutions in the B-R parameter space. In the left plot, from lower to higher energies, the
SED components are (with the same line-style as in Fig. 1): electron synchrotron emission (solid lines), synchrotron emission from cascades associated with
proton synchrotron emission (dotted lines), proton-synchrotron emission (solid line, high energies) and muon synchrotron emission (dashed lines). In the right
plot, the visible components are: electron synchrotron emission (solid line), proton synchrotron emission (solid lines at intermediate energies), SSC emission
(dotted lines) and the sum of SSC emission and the synchrotron emission from ⇡0- and ⇡±-induced cascades (dashed lines). The negligible Bethe-Heitler
component has not been computed to save CPU time. For a more detailed view of all the secondary particles associated with p-� interactions, see Figure 1.
Bottom left: representation in the B-R plane of the two distinct regions of solutions. The solid violet line corresponds to the equality in Equations 19, and the
nearby shadowed region represents the band of acceptable parameters for the proton-synchrotron scenario. The separate set of solutions in the bottom-left
part of the plot represents the lepto-hadronic scenario. Solutions with R  1014 cm have been excluded. The three coloured dots correspond to the solutions
shown in the top plots. Bottom right: same as the previous plot, but in the (up + ue)/uB � L plane. The horizontal dotted line represents the Eddington limit for
M• = 108.25 M�.

evidence for highly super-Eddington values (e.g. Cavagnolo et al.
2010). The Eddington luminosity for RGB J0710+591 (using
the SMBH mass estimate provided in Table 1), is denoted with
a dotted line in the bottom-right plot of Fig. 2, as well as in
Appendix A for all the other sources. As can be seen, our solutions
are all characterised by log(L) 2 [45, 48]. While the solutions with
the highest luminosities (i.e. lowest magnetic field and largest size)
may be disfavored, a significant part of the hadronic solutions do
not exceed the Eddington value. However, note that for the two
UHBLs with the lowest SMBH mass estimates (1ES 0347-121
and 1ES 1218+304), the total luminosity for the lepto-hadronic
models becomes comparable with the Eddington luminosity of the
SMBH.
The relatively low luminosities of our lepto-hadronic solutions are

also related to the hard proton spectra: for ↵1;p < 2.0 the proton
energy density is dominated by hadrons at �p;max. On the other
hand, if ↵1;p � 2.0 the contribution of the low-energy part of the
proton distribution becomes dominant in the evaluation of up,
and thus L. Softer injection spectra, although more in agreement
with simple shock acceleration scenarios, would thus have the
disadvantage of significantly increasing the total power of our
solutions.
The energy budget of the emitting region is dominated by the mag-
netic field energy density uB for the proton-synchrotron scenario,
and by the proton energy density up in the lepto-hadronic scenario.
The equipartition factor (up+ue)/uB (which is ' up/uB) is provided
for all the sources in Tables 3 and 4. Equipartition is often used
to reduce the number of free parameters in blazar modelling, pro-

c� 0000 RAS, MNRAS 000, 000–000

Lepto-Hadronic Scenario

• Proton (Ion) Synchrotron 

• p + B -> p + " 

• Photomeson interaction (cascade) 

• p+" -> p/n, # -> p/n, $, ", e

Cerruti+’14

RGB J0710+591 RGB J0710+591

Proton-Synchrotron Photomeson cascade



Photomeson Production Efficiency

• BL Lacs are inefficient neutrino factories, but UHECRs can survive 

• FSRQs are efficient because of external photon field 

• have a $ spectral peak at ~PeV due to BLR photons 

Table 1. Parameters for Different Classes of Relativistic
Black-Hole Jet Systems

# Source νLpk,synν tvar δD ! Γ νpk,14
Class (1048 erg s−1) (s) (1014 Hz)

1a,b LGRBa 1000 0.1 100, 1000 2 × 105
2a,b SGRBb 1000 10−3 100, 1000 106
3a,b LLGRBsc 0.1 100 2, 30 104
4a BL Lacd 0.001 105 5 102
4b BL Lacd 0.003 100 100 103
5a FSRQe 0.03 106 10 0.1
5b FSRQ 0.1 104 30 0.1

a Long Duration GRB
b Short Duration GRB
c Low-luminosity GRBs; (20)
d High-synchrotron peaked BL Lac object
e Flat Spectrum Radio Quasars

is the extreme sensitivity of the efficiency to Γ or δD, with ηintφπ ∝
Γ−4 at large proton energies. For LGRBs and SGRBs, low
(Γ ∼ 100) outflows are potentially much more neutrino lu-
minous than for high (Γ ∼ 1000) bursts. If the most power-
ful GRBs are also those with the largest bulk Lorentz factor
outflows, then their neutrino efficiency is then, unfortunately,
weak. This suggests examining neutrino production fromGRBs
that can be shown to have small Γ factors, e.g., GRB 090926A
whose Fermi-LAT spectrum shows a cutoff that can be due to a
Γ ∼ 200 – 700 (17).

The photomeson efficiency of LLGRBs is poorly known
due to the large uncertainty in determining Γ and t var. For
a hydrodynamic jet to penetrate the star, Γ ∼ 5 is suggested
(18). The synchrotron self-absorption interpretation of the low-
energy spectrum also indicates that Γ ∼ 5 and dissipation radii
around the photosphere (19). Values of Γ ∼ 5 – 20 are con-
sidered in (20); see also (21; 22). Related to the LLGRBs are
shock-breakout GRBs, where the dissipation is caused by tran-
srelativistic ejecta with Γ ∼ a few, and GRBs where neutrino
production takes place in the star (23; 24). We consider a broad
range of Γ between ∼ 2 and 30, and take tvar = 100 s.

The photopion efficiency for these sources, being strongly
dependent on Γ and tvar, indicates that efficient (ηφπ ! 1) pro-
duction of PeV neutrinos requires low bulk Lorentz factors. But
as seen from Fig. 2, higher energy protons and ions in the source
would lose energy due to the strong photopion losses rather than
escape. So the most luminous neutrino sources are unlikely to
be UHECR sources. HSP BL Lac objects, on the other hand,
have ηφπ ≪ 1 for the considered parameters except at the very
highest proton energies. (HSP blazars have peak synchrotron
frequencies > 1015 Hz as defined in Ref. (25).) Thus they would
not likely be powerful neutrino sources, but could be UHECR
sources if they can accelerate protons or ions to the highest en-
ergies, as we discuss below.
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Fig. 2. Photopion production efficiency presented in terms of
the ratio of the dynamical and energy-loss timescales using
parameters from Table 1 for long soft GRBs (LGRBs), short
hard GRBs (SGRBs), low-luminosity GRBs (LLGRBs), and
high-synchrotron peaked (HSP) BL Lac objects. For the
efficiency calculations, t′dyn = Γtvar = δDtvar for photopion
production with internal synchrotron photons.

4. Photopion production efficiency in black-hole jet sources
with external radiation fields.

We now treat the case of black-hole jet sources with strong
external radiation fields, most notably FSRQs, though BL Lac
objects with peak synchrotron frequencies " 1015 Hz may also
have external radiation fields with significant energy densities.
In contrast, HSP BL Lac objects have radiatively inefficient ac-
cretion flows and generally lack evidence for optically thick ac-
cretion disks or luminous BLRs, so external radiation fields can
be neglected. As we have seen, and shown earlier by detailed
Monte Carlo simulations (26), blazars without external radia-
tion fields radiate the bulk of the neutrino energy at≫ 10 17 eV,
and would have difficulty explaining the IceCube PeV neutri-
nos.

External radiation fields arise from accretion-disk radiation
absorbed by and reradiated from the molecular torus and BLR
clouds, and scattered by electrons (for recent reviews of AGN
and blazar physics, see (27; 28)). The external radiation field is
assumed to be have an isotropic distribution in the black-hole
frame, and the highly anisotropic direct accretion-disk radiation
field can be shown to be unimportant for the production of PeV
neutrinos (see Appendix A). The transformation of an isotropic
monochromatic external radiation field with energy density u 0
and photon energy ϵ0 to the fluid frame is easily performed us-
ing the transformation law u ′(ϵ′,Ω′) = u(ϵ,Ω)/[Γ(1 + βµ′)]3
for the specific spectral energy density u(ϵ,Ω) (see eq. (5.24)
in (15)). For a highly relativistic (Γ ≫ 1) flow, one obtains the
spectral energy density ϵ′u′(ϵ′)≈(u0/2Γ)(ϵ′/ϵ0)3H(ϵ′; 0, 2Γϵ0),
after integrating over angle. Substituting this expression into
eq. (1), noting eq. (3) and multiplying by t ′dyn, gives the effi-

3

Dermer, Murase, & YI ’14
32 C.D. Dermer et al. / Journal of High Energy Astrophysics 3–4 (2014) 29–40

photons develop as the jet becomes closer to the outer edge of 
the scattering zone. Calculations of γ -ray and neutrino SEDs en-
tail a reaction-rate factor (1 − βµ) that reduces the importance of 
tail-on photons. The assumption of isotropy is a good first approx-
imation well within the radiation reprocessing region, but should 
be relaxed in further studies.

The transformation of an isotropic monochromatic external ra-
diation field with energy density u0 and photon energy ϵ0 to 
the fluid frame is easily performed using the transformation law 
u′(ϵ′, Ω ′) = u(ϵ, Ω)/[Γ (1 + βµ′)]3 for the specific spectral energy 
density u(ϵ, Ω) (see Eq. (5.24) in Dermer and Menon, 2009). For 
a highly relativistic (Γ ≫ 1) flow, one obtains the spectral energy 
density ϵ′u′(ϵ′) ≈ (u0/2Γ )(ϵ′/ϵ0)

3 H(ϵ′; 0, 2Γ ϵ0), after integrating 
over angle. Substituting this expression into Eq. (1), noting Eq. (3)
and multiplying by t′

dyn , gives the efficiency

ηext
φπ = η0

[
1 − (1 + ln yu)

yu

]
H(yu − 1), η0 ≡ σ̂u0 R

mec2ϵ0
, (8)

where yu ≡ (4ϵ0γp/ϵ̄thr)
2 and the pathlength R ! Rext through the 

target radiation field of extent Rext . The comoving energy-loss rate 
for protons with escaping energy E p = mpc2γp ∼= mpc2Γ γ ′

p that 
lose energy through photopion processes with photons of a locally 
isotropic external radiation fields is therefore given by

−γ̇ ′
φπ (γp) = cσ̂ γp

mec2

∞∫

ϵ̄thr/4γp

dϵ
ϵu(ϵ)

ϵ2

[
1 − (1 + ln ȳu)

ȳu

]
, (9)

where ȳu ≡ (4ϵγp/ϵ̄thr)
2. In comparison with a proton bound in 

jet plasma moving with Γ ≫ 1, the corresponding efficiency of a 
neutron or proton traveling rectilinearly is ηext

φπ = η0(1 − 4/yu)×
H(yu − 4) (Murase et al., 2012b).2

We consider radiation fields associated with (1) the BLR, (2) the 
infrared-emitting dust torus, and (3) scattered accretion-disk pho-
tons, all of which provide target photons for photopion production 
with cosmic rays coming from the jet. In the first case, the Ly α
radiation field dominates. For external isotropic monochromatic ra-
diation, ϵu0(ϵ) ≈ ϵu0δ(ϵ−ϵ0). In the specific case of Ly α photons, 
ϵ0 = 2 ×10−5 is the Ly α photon energy in mec2 units. A spectrum 
of BLR lines has at most a small effect on the photon spectrum 
of Compton-scattered radiation (Cerruti et al., 2013), and similarly 
has a small effect on the neutrino spectrum except near the spec-
tral cutoffs. Nevertheless, we superpose a spectrum of lines in our 
subsequent neutrino production spectrum calculations.

For quasi-thermal infrared radiation from a dusty torus sur-
rounding the black hole, ϵuIR(ϵ) = 15uIR(ϵ/Θ)4/{π4[exp(−ϵ/Θ)
− 1]}, where the effective IR temperature TIR = mec2Θ/kB, and uIR
is the energy density of the torus field, restricted by the blackbody 
limit to uIR < ubb(T ) ∼= 0.008(T /1000 K)4 erg cm−3.

The third case involving scattered accretion-disk radiation is 
approximated by ϵudisk(ϵ) ≈ udisk(ϵ/ϵmax)

α exp(−ϵ/ϵmax), where 
udisk = Ldiskτsc/Γ (α)4π R2

scc, Ldisk is the accretion-disk luminosity, 
and τsc is the Thomson depth through the scattering volume of 
radius Rsc . For a Shakura–Sunyaev spectrum, α = 4/3, Γ (4/3) =
0.893 . . . , and ϵmax corresponds to the dimensionless temperature 
of the accretion disk near the innermost stable orbit, which must 
be " 2 × 10−5 in order to make strong Ly α radiation. In the cal-
culations, we take mec2ϵmax = 20 eV.

Fig. 3 shows a calculation of the photopion production effi-
ciency using typical parameters for γ -ray loud FSRQs. Compared 
to the sources in Fig. 2, the presence of the external radiation field 

2 The derivation depends on whether the proton is assumed to escape from the 
jet with γp ∼= Γ γ ′

p or γp ∼= 2Γ γ ′
p ; here we assume the former relation.

Fig. 3. Minimum photopion production efficiency as a function of escaping proton 
energy E p for parameters typical of quiescent and flaring states of FSRQs. The effi-
ciency for interactions with synchrotron radiation is determined by the dynamical 
timescale t′

dyn
∼= Γ tvar , using values from Table 1, and t′

dyn = Rext/(cΓ ) for exter-
nal processes, using values for the physical extent Rext = 0.1 and 1 pc of the BLR 
and IR radiation fields, respectively. Separate contributions from photopion produc-
tion with Ly α radiation in the BLR, scattered accretion-disk radiation, IR radiation, 
and synchrotron photons are shown separately. The differing internal synchrotron 
efficiency for the quiescent and flaring cases are plotted by the long-dashed and 
short-dashed curves, respectively. Also plotted by the thin green dotted curve is the 
photopion efficiency for energy loss by a proton or neutron traveling rectilinearly 
through the BLR radiation field. (For interpretation of the references to color in this 
figure legend, the reader is referred to the web version of this article.)

Table 2
BLR emission lines included in the modeling of neutrino production.a

Line Flux E (eV)

H Ly α 100 10.2
C IV 52.0 8.00
He Ly α 50.0 40.8
Broad featureb 30.2 7.75
Mg II 22.3 4.43
N V 22.0 10.00
O VI + Ly β 19.1 12.04
C III + Si III 13.2 6.53

a Line strengths are expressed as a ratio of the line flux to the H Ly α flux; see 
Telfer et al. (2002), Cerruti et al. (2013).

b Broad feature at ∼ 1600 Å has equivalent width of ≈ 38.5 Å and is treated as a 
monochromatic line.

of the BLR, as well as the scattered accretion-disk radiation field, is 
extremely important for neutrino production in FSRQs (Atoyan and 
Dermer, 2001). In this calculation, we take the energy density of 
the BLR radiation field uBLR = 0.026( fBLR/0.1) erg cm−3 (Ghisellini 
and Tavecchio, 2008), where fBLR is the covering factor for atomic-
line production. The BLR radiation is dominated by Ly α, but we 
also consider a range of lines with strengths given by analyses of 
AGN spectra (Cerruti et al., 2013; Telfer et al., 2002), as given in Ta-
ble 2. Furthermore, we assume that He Ly α lines are present with 
an energy density of one-half the Ly α energy density (Murase et 
al., 2014; Poutanen and Stern, 2010). For the IR radiation field of 
the dust torus, we set uIR = 10−3 erg cm−3 and assume it has an 
effective temperature of 1200 K (Malmrose et al., 2011).

In addition, an electron column with effective Thomson scatter-
ing depth of τsc = 0.01 in a region of extent Rsc = 0.1 pc is used 
in Fig. 3 to define the scattered accretion-disk radiation, which is 
approximated by a Shakura–Sunyaev spectrum with temperature 
of 20 eV and Ldisk = 1046 erg s−1. The direct accretion-disk radi-
ation field provides another external photon target (Mücke and 
Protheroe, 2001), but is unimportant for the production of PeV 
neutrinos (Appendix C), and is important for Compton scattering 
only if the emission region is within ≈ 1016 cm of the accretion 
disk (Dermer and Schlickeiser, 2002).

BL Lacs FSRQs
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Fermi Blazars Contribution

• Blazars are rare (~1-10 deg-2) 

• Fermi/LAT blazars can explain <7-27 % of the IceCube flux 

• Note: Fermi/LAT is not sensitive to MeV blazars (most powerful 
blazars) and extreme HBLs (highest energy blazars)

IceCube ‘17



IceCube 170922A (TXS 0506+056)

• A ~300 TeV neutrino from TXS 0506+056 
(blazar) 

• 3-sigma association

IceCube 2018
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Figure 2: Fermi-LAT and MAGIC observations of IceCube-170922A’s location. Sky position of IceCube-170922A in
J2000 equatorial coordinates overlaying the �-ray counts from Fermi-LAT above 1 GeV (A) and the signal significance as
observed by MAGIC (B) in this region. The tan square indicates the position reported in the initial alert and the green square
indicates the final best-fitting position from follow-up reconstructions (18). Gray and red curves show the 50% and 90%
neutrino containment regions, respectively, including statistical and systematic errors. Fermi-LAT data are shown as a photon
counts map in 9.5 years of data in units of counts per pixel, using detected photons with energy of 1 to 300 GeV in a 2� by
2� region around TXS0506+056. The map has a pixel size of 0.02� and was smoothed with a 0.02 degree-wide Gaussian
kernel. MAGIC data are shown as signal significance for �-rays above 90 GeV. Also shown are the locations of a �-ray source
observed by Fermi-LAT as given in the Fermi-LAT Third Source Catalog (3FGL) (23) and the Third Catalog of Hard Fermi-
LAT Sources (3FHL) (24) source catalogs, including the identified positionally coincident 3FGL object TXS 0506+056. For
Fermi-LAT catalog objects, marker sizes indicate the 95% C.L. positional uncertainty of the source.

5

Figure 3: Time-dependent multi-wavelength observations of TXS 0506+056 before and after IceCube-170922A. Sig-
nificant variability of the electromagnetic emission can be observed in all displayed energy bands, with the source being in
a high emission state around the time of the neutrino alert. From top to bottom: (A) VHE �-ray observations by MAGIC,
H.E.S.S. and VERITAS; (B) high-energy �-ray observations by Fermi-LAT and AGILE; (C and D) x-ray observations by
Swift XRT; (E) optical light curves from ASAS-SN, Kiso/KWFC, and Kanata/HONIR; and (F) radio observations by OVRO
and VLA. The red dashed line marks the detection time of the neutrino IceCube-170922A. The left set of panels shows mea-
surements between MJD 54700 (22 August, 2008) and MJD 58002 (6 September, 2017). The set of panels on the right shows
an expanded scale for time range MJD 58002 � MJD 58050 (24 October, 2017). The Fermi-LAT light curve is binned in
28 day bins on the left panel, while finer 7 day bins are used on the expanded panel. A VERITAS limit from MJD 58019.40
(23 September, 2017) of 2.1 ⇥ 10

�10 cm�2 s�1 is off the scale of the plot and not shown.
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Figure 4: Broadband spectral energy distribution for the blazar TXS 0506+056. The SED
is based on observations obtained within 14 days of the detection of the IceCube-170922A
event. The E

2
dN/dE vertical axis is equivalent to a ⌫F⌫ scale. Contributions are provided

by the following instruments: VLA (38), OVRO (39), Kanata Hiroshima Optical and Near-
InfraRed camera (HONIR) (52), Kiso and the Kiso Wide Field Camera (KWFC) (43), South-
eastern Association for Research in Astronomy Observatory (SARA/UA) (53), ASAS-SN (54),
Swift Ultraviolet and Optical Telescope (UVOT) and XRT (55), NuSTAR (56), INTEGRAL (57),
AGILE (58), Fermi-LAT (16), MAGIC (35), VERITAS (59), H.E.S.S. (60) and HAWC (61).
Specific observation dates and times are provided in (25). Differential flux upper limits (shown
as colored bands and indicated as “UL" in the legend) are quoted at the 95% C.L. while mark-
ers indicate significant detections. Archival observations are shown in gray to illustrate the
historical flux level of the blazar in the radio-to-keV range as retrieved from the ASDC SED
Builder (62), and in the �-ray band as listed in the Fermi-LAT 3FGL catalog (23) and from an
analysis of 2.5 years of HAWC data. The �-ray observations have not been corrected for ab-
sorption owing to the EBL. SARA/UA, ASAS-SN, and Kiso/KWFC observations have not been
corrected for Galactic attenuation. The electromagnetic SED displays a double-bump structure,
one peaking in the optical-ultraviolet range and the second one in the GeV range, which is char-
acteristic of the non-thermal emission from blazars. Even within this 14-day period, there is
variability observed in several of the energy bands shown (see Figure 3) and the data are not all
obtained simultaneously. Representative ⌫µ + ⌫µ neutrino flux upper limits that produce on av-
erage one detection like IceCube-170922A over a period of 0.5 (solid black line) and 7.5 years
(dashed black line) are shown assuming a spectrum of dN/dE / E

�2 at the most probable
neutrino energy (311 TeV).
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Theoretical Interpretation

• Pure hadronic model is ruled out because Too much X-ray fluxes 

• Lepto-hadronic model is favored (e.g., Keivani+’18;Cerruti+’18;Gao+’18,,,,). 

• Required jet power is comparable to Eddington luminosity.

16

expectation of an associated HE neutrino detection by
IceCube.

3.3. Hadronic Models (HMs)

In hadronic scenarios, while the low-energy peak in the
blazar’s SED is explained by synchrotron radiation from
relativistic primary electrons, the HE peak is explained
by EM cascades induced by pions and muons as de-
cay products of the photomeson production (Mannheim
1993; Mücke et al. 2003), or synchrotron radiation from
relativistic protons in the ultrahigh-energy range (Aha-
ronian 2000; Mücke et al. 2003). We coin this scenario
“HM”, which stands for Hadronic Model, in reference
to the hadronic origin of the �-rays. The synchrotron
and IC emission of secondary pairs may have an im-
portant contribution to the bolometric radiation of the
source. In contrast to the leptonic scenario (Sec. 3.2),
the parameters describing the proton distribution can be
directly constrained from the NuSTAR and Fermi LAT
data. For the TXS 0506+056 flare, in the hadronic sce-
nario, the SED can be fully explained without invoking
external radiation fields.
There are di↵erent combinations of parameters that

can successfully explain the SED in the HM sce-
nario (Böttcher et al. 2013; Cerruti et al. 2015). As
a starting point, we search for combinations of � and
B0 that lead to rough energy equipartition between
the magnetic field and protons, since the primary elec-
tron energy density is negligible in this scenario. With
analytical calculations we derive rough estimates of the
parameter values for equipartition: �eq ⇠ 5, B0

eq
⇠ 80 G,

R0
eq

⇠ 1016 cm, and "0p,max
⇠ 109 GeV (Petropoulou &

Dermer 2016).
The parameter values obtained by numerically mod-

eling the SED (see Fig. 6) are summarized in Table 8
and are similar to the estimates provided above. The
jet power computed for this parameter set (HM1) is
close to the minimum value expected in the hadronic
scenarios. More specifically, the absolute power of a
two-sided jet inferred for these parameters is Lj ⇡
2⇡cR02(�/2)2(u0

p + u0
e + u0

B) ⇠ 4 ⇥ 1047 erg s�1, with
u0
p ⇡ 2u0

B ⇠ 500 erg cm�3, where u0
p, u

0
e, u

0
B are comov-

ing energy densities of relativistic protons, electrons, and
magnetic fields, respectively. As demonstrated in Fig. 6,
the emission from the EM cascade forms a “bridge” be-
tween the low-energy and high-energy peaks of the SED
for � = �eq (gray dotted line). Despite minimizing the
power of the jet, the adopted set of parameters for HM1
cannot explain the SED due to the associated significant
EM cascade component.
The EM cascade emission can be suppressed if the

source becomes less opaque to the intra-source �� ab-

Table 8. Parameter values for hadronic models (HMs) for
TXS 0506+056 discussed in the text and presented in Fig. 6.

HM1 HM2 HM3

B0 [G] 85

R0 [in 1016cm] 2 3 4.5

� 5.2 10 15

L0
e [in 1043 erg s�1] 9.3 0.6 0.06

se,1 1.8

se,2 4.2 3.6 3.6

�0
e,min [in 102] 6.3 1 1

�0
e,br [in 102] 7.9 6.3 5

�0
e,max 104

L0
p [in 1046 erg s�1] 2.7 0.1 0.01

sp 2.1

�0
p,min 1

�0
p,max 2⇥ 109

Note—Parameter definitions are provided in Table 5.
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Figure 6. Hadronic Model (HM3) for the SED of
TXS 0506+056 flare (Ep. 1), as computed for di↵erent values
of the Doppler factor (gray curves), together with resulting
all-flavor neutrino fluxes (red curves) and electromagnetic
observations (colored points, showing allowed ranges at 90%
confidence). Photon attenuation at "� ⇠> 3⇥ 1011 eV due to
interactions with the extragalactic background light is not
included here.
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Figure 3: Energy flux from TXS0506+056 across the electromagnetic spectrum and for
neutrinos. Data are representated with their uncertainties as colored bow-ties or as sensitivity
curves in the TeV band. Here the energy spectrum is modeled in our hybrid scenario with both
leptonic and hadronic contributions. High-energy photons are absorbed during propagation by
extragalactic background light, here indicated by the blue shaded region and modeled as in (14).

tirely be reproduced with a hadronic model, see Fig. 2, right panel; an in-depth investigation on

hadronic models is available in the Supplementary Information. This leaves the question what

the maximal neutrino flux during the flare can be, and what the photon signature of a hadronic

model actually is. The same constraint applies to the quiescent state, although it is weaker there.

Instead, both the quiescent and the flare state are easily described by a leptonic scenario (see

Fig. 2, left panel, for an example).

We propose the hybrid model displayed in Fig. 3, in which the bulk of photon emission

is of leptonic origin, and hadronic contributions are as strong as permitted by the X-ray data.

Modeling the flare on the basis of an increase in the particle-acceleration power alone will
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Lepto-hadronic single-zone models for the γ and ν emission of TXS0506+056 3

 (Hz)ν
1010 1210 1410 1610 1810 2010 2210 2410 2610 2810 3010 3210 3410 3510

)
-1

 s
-2

 (
e

rg
 c

m
ν

 F
ν

-1410

-1310

-1210

-1110

-1010

-910

Energy (eV)
-410 -110 210 510 810 1110 1410 1710 2010 2110

 )
-1

 (
e

rg
 s

ν
 L

ν

4310

4410

4510

4610

4710

(a) Proton synchrotron modeling of TXS0506+056
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(b) Lepto-hadronic modeling of TXS0506+056

Figure 1. Modeling of TXS0506+056 for the proton synchrotron
(1a) and lepto-hadronic (1b) scenarios. Black points are data
from IceCube Collaboration et al. (2018b), while gray points are
archival data. For each model, bold lines represent the total emis-
sion in photons (E < 100 TeV) and neutrinos (single flavour, E
> 100 TeV); dashed lines the emission from pion cascades; dot-
ted lines the emission from Bethe-Heitler cascades; dotted-dashed
lines the proton synchrotron emission. Colours from red to blue
represent increasing values of R.

discussed here due to synchrotron self absorption, and are
likely associated with more extended regions in the jet.

The neutrino spectrum is extracted for each (anti-
) neutrino flavor and propagated to the observer frame.
It is assumed that the total neutrino flux is distributed
equally among the three flavours due to neutrino oscil-
lations. The estimated muon neutrino flux is then con-
volved with the effective areas for the IceCube EHE trig-
ger (IceCube Collaboration et al. 2018b) and the IceCube
point-source search (PS in the following, Aartsen et al.
2017) to estimate the detection rates.

2.1 Proton synchrotron solutions

In a first approach, we ascribe the high-energy peak of the
SED to proton-synchrotron emission, with sub-dominant
contributions from synchrotron-pair cascades. As γp,max is
defined by equating the acceleration and cooling time-scales,
there exists a maximum proton-synchrotron peak frequency
νmax, for a given choice of δ and η. We initially set η = 10

as in Cerruti et al. (2015). For the maximum allowed value
of νmax, the energy of the proton-synchrotron peak is too
high compared with the data. Lowering νpeak,p leads to a
denser emission region with a larger contribution from cas-
cades. Adjusting the peak energy to agree with the data,

Table 1. Parameters used for the hadronic models

Proton-synchrotron Lepto-hadronic

δ 35−50 30−50

R [1016 cm] 0.1−9.7 0.2−1.5
⋆τobs [days] 0.01−1.0 0.02−0.3

B 0.8−32 0.13−0.65
⋆uB [erg cm−3] 0.02−0.16 6.5×10−4 −0.017

γe,min 500 500

γe,break = γe,min = γe,max

γe,max [104] 0.6−1.0 0.8−1.7
αe,1 = αp,1 2.0 2.0
αe,2 = αp,2 3.0 3.0
Ke [cm−3] 6.3−9.1×103 9.5×103 −2.6×105

⋆ue [10−5 ergcm−3] 0.4−15.1 2.2×103 −43×103

γp,min 1 1
γp,break[109] = γp,max = γp,max

γp,max[109] 0.4−2.5 0.06−0.2
η 20−50 10

Kp [cm−3] 10.4−2.0×104 3.5×103 −6.6×104

⋆up [erg cm−3] 0.7−45 100−1400

⋆up/uB 1.0−89 3.9×104 −79×104

⋆L [1046 erg s−1] 0.8−170 35−350

⋆νEHE [yr−1] 5.7×10−3 −0.16 0.11−3.0
⋆νEHE,(0.183−4.3)PeV [yr−1] 2.4×10−5 −1.7×10−3 0.008−0.11
⋆νPS [yr−1] 0.011−0.32 0.3−6.9

The luminosity of the emitting region has been calculated as
L = 2πR2cΓ2

bulk
(uB +ue +up), where Γbulk = δ/2, and uB, ue, and

up, the energy densities of the magnetic field, the electrons, and
the protons, respectively. The quantities flagged with a star (⋆)
are derived quantities, and not model parameters. The full set of

parameters is available as online material.

without over-predicting the VHE and hard X-ray emission
due to the cascade component, requires an increase in the
value of η, i.e. a lower efficiency of the acceleration process.

The transition between the low-energy and high-energy
component in the SED is well constrained by the combi-
nation of the Swift/XRT and NuSTAR data. A large con-
tribution of the cascade component to the NuSTAR band
is disfavoured, as it would invariably overproduce the VHE
emission due to its broad spectral coverage. The only alter-
native is to adjust the spectral slope of the primary particle
spectrum so that the proton-synchrotron component domi-
nates the SED from theNuSTAR band up to the high-energy
peak. The index of the primary particle distributions is thus
fixed to a value of 2.0.

In this scenario, the electrons are in the fast-cooling
regime. Given the constraint on the co-acceleration of lep-
tons and hadrons, the large value of the spectral index for
particle injection leads to strong electron-synchrotron flux
in the optical and infrared range.

These various constraints imply a well defined region
in the parameter space. We scanned the following range of
parameters: δ ∈ [20− 50], with seven bins linearly spaced;
R ∈ [1015cm−Rmax], with ten bins logarithmically spaced;
νpeak,p ∈ [νmax/1000,νmax] with ten bins logarithmically
spaced; η ∈ [10,50], with five bins linearly spaced; and Kp ∈

[K⋆/3,3K⋆], with five bins logarithmically spaced, where K⋆

MNRAS 000, 1–6 (2018)
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Power of AGN Jets



Estimating Jet Power

• Particle distribution functions from 
data (e.g., Ghisellini+’15; YI & Tanaka’16) 
• assume e.g., cold protons

Blazar SED Fitting Large-scale Jet

• Empirical relation between radio 
luminosity and jet power (e.g., Willott+’99) 
• calibrated by X-ray cavity

The Astrophysical Journal, 767:12 (9pp), 2013 April 10 Godfrey & Shabala

2

W Hz-1 Sr-1

Figure 3. Comparison of the Qjet–L151 relations for FR I and FR II radio
galaxies. Here we plot the data and best-fit relation from Cavagnolo et al. (2010)
(red points and blue solid line). The shaded area illustrates uncertainty in the
normalization of the FR I best-fit relation. We also plot the model of Willott et al.
(1999) with f = 20 (uppermost black dashed line) and f = 1 (lowermost black
dashed line). We plot the FR II jet power measurements (green squares) which
have been derived using the hotspot method assuming g = 2 (see Sections 2.1
and 2.2). Note that the minimum allowed value is g = 1.06. The black cross
marks the location of Cygnus A and is clearly an outlier when compared to our
sample of FR II radio galaxies. This is due to the high-density environment into
which Cygnus A expands, resulting in “environmental boosting” of its radio
luminosity (Barthel & Arnaud 1996; see also Section 5.2).
(A color version of this figure is available in the online journal.)

cylindrical symmetry, and τ is the spectral age of the source. In
agreement with the results presented here, Daly et al. also found
that the Qjet–Lradio relation for luminous FR II radio galaxies is
in broad agreement with an extrapolation of the one given by
Cavagnolo et al. (2010) for FR I radio galaxies.

Our result, the broad agreement between the FR I and FR II
Qjet–Lradio relations, appears at odds with the emerging scenario
in which the fraction of energy in non-radiating particles differs
greatly between these two classes of radio galaxy. However, as
we discuss in Section 5.2, differences in the age and environment
for the two samples used in this study, as well as a possible
difference in the fraction of energy associated with shocks, will
counteract the offset between the Qjet–L151 relations expected
to arise due to the differing energy budgets of the radio lobes.

5. DISCUSSION

5.1. Hotspots as Calorimeters

Hotspots of FR II radio galaxies are thought to be variable on
short timescales (Laing 1989; Saxton et al. 2002, 2010), and as
such, caution must be exercised when interpreting the derived
jet power for individual objects. However, provided that the
general principle of conservation of momentum applies between
jet and hotspot, on a population basis we expect this method to be
a reliable estimator of jet power, and in particular, may be used
to investigate the Qjet–Lradio relation at high radio luminosities.
More than half of the sources in our sample have two hotspots,
one at each end of the source, that enable jet power estimates.

Ratio of hotspot derived jet power (with g=2) to that predicted 
from the Qjet - L151 scaling relation for FRI radio galaxies. 

Figure 4. Histogram of the ratio between hotspot jet power (with g = 2) and the
jet power calculated from Equation (12), the Qjet–L151 scaling relation for FR I
radio galaxies. The mean of this distribution (0.8) is illustrated by the dashed
line. It is clear that given g ≈ 2 as derived in Section 2.1, there is no evidence
for a substantial offset between the FR I and FR II Qjet–Lradio relations.

Figure 5. Histogram of the ratio of jet power derived from the two hotspots
at either end of the source. The median of the distribution is 2.0 and standard
deviation is 1.4.

We can test the reliability of the hotspot jet power method by
calculating, for each source, the ratio of jet power determined
for the two hotspots. Figure 5 is a histogram showing the
distribution of this Qhs ratio. More than half the sample have
Qjet estimates from both hotspots that agree to within a factor
of two. The largest discrepancy between hotspot measurements
is approximately a factor of five.

5.2. Predicted Offset Between the Qjet–Lradio
Relations for FR I and FR II Radio Galaxies

O’Sullivan et al. (2011) revised the analysis of Willott et al.
(1999) to account for a different minimum energy formalism.
In particular, these authors pointed out that a large fraction of
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Figure 11. SED of Mrk 421 with two one-zone SSC model fits obtained with
different minimum variability timescales: tvar = 1 day (red curve) and tvar = 1
hr (green curve). The parameter values are reported in Table 4. See the text for
further details.

Table 4
Parameter Values from the One-zone SSC Model Fits to the SED from

Mrk 421 Shown in Figure 11

Parameter Symbol Red Curve Green Curve

Variability timescale (s)a tv,min 8.64 × 104 3.6 × 103

Doppler factor δ 21 50
Magnetic field (G) B 3.8 × 10−2 8.2 × 10−2

Comoving blob radius (cm) R 5.2 × 1016 5.3 × 1015

Low-energy electron spectral index p 1 2.2 2.2
Medium-energy electron spectral index p 2 2.7 2.7
High-energy electron spectral index p 3 4.7 4.7
Minimum electron Lorentz factor γmin 8.0 × 102 4 × 102

Break1 electron Lorentz factor γbrk1 5.0 × 104 2.2 × 104

Break2 electron Lorentz factor γbrk2 3.9 × 105 1.7 × 105

Maximum electron Lorentz factor γmax 1.0 × 108 1.0 × 108

Jet power in magnetic field (erg s−1)bx Pj,B 1.3 × 1043 3.6 × 1042

Jet power in electrons (erg s−1) Pj,e 1.3 × 1044 1.0 × 1044

Jet power in photons (erg s−1)b Pj,ph 6.3 × 1042 1.1 × 1042

Notes.
a The variability timescale was not derived from the model fit, but rather used
as an input (constrain) to the model. See the text for further details.
b The quantities Pj,B and Pj,ph are derived quantities; only Pj,e is a free
parameter in the model.

so that
R = δctv,min

1 + z
! δctv

1 + z
. (1)

During the observing campaign, Mrk 421 was in a rather
low activity state, with multifrequency flux variations occurring
on timescales larger than one day (Paneque 2009), so we used
tv,min = 1 day in our modeling. In addition, given that this
only gives an upper limit on the size scale, and the history of
fast variability detected for this object (e.g., Gaidos et al. 1996;
Giebels et al. 2007), we also performed the SED model using
tv,min = 1 hr. The resulting SED models obtained with these
two variability timescales are shown in Figure 11, with the
parameter values reported in Table 4. The blob radii are large
enough in these models that synchrotron self-absorption (SSA)
is not important; for the tv,min = 1 hr model, νSSA = 3×1010 Hz,
at which frequency a break is barely visible in Figure 11. It is
worth stressing the good agreement between the model and the

data: the model describes very satisfactorily the entire measured
broadband SED. The model goes through the SMA (225 GHz)
data point, as well as through the VLBA (43 GHz) data point
for the partially resolved radio core. The size of the VLBA
core of the 2009 data from Mrk 421 at 15 GHz and 43 GHz
is ≃0.06–0.12 mas (as reported in Section 5.1.1) or using the
conversion scale 0.61 pc mas−1 ≃ 1–2 ×1017 cm. The VLBA
size estimation is the FWHM of a Gaussian representing the
brightness distribution of the blob, which could be approximated
as 0.9 times the radius of a corresponding spherical blob
(Marscher 1983). That implies that the size of the VLBA core is
comparable (a factor of about two to four times larger) than that
of the model blob for tvar = 1 day (∼5 × 1016 cm). Therefore,
it is reasonable to consider that the radio flux density from the
VLBA core is indeed dominated by the radio flux density of the
blazar emission. The other radio observations are single dish
measurements and hence integrate over a region that is orders
of magnitude larger than the blazar emission. Consequently, we
treat them as upper limits for the model.

The powers of the different jet components derived from
the model fits (assuming Γ = δ) are also reported in Table 4.
Estimates for the mass of the supermassive black hole in
Mrk 421 range from 2×108 M⊙ to 9×108 M⊙ (Barth et al. 2003;
Wu et al. 2002), and hence the Eddington luminosity should be
between 2.6 × 1046 and 1.2 × 1047 erg s−1, that is, well above
the jet luminosity.

It is important to note that the parameters resulting from
the modeling of our broadband SED differ somewhat from
the parameters obtained for this source of previous works
(Krawczynski et al. 2001; Błażejowski et al. 2005; Revillot
et al. 2006; Albert et al. 2007b; Giebels et al. 2007; Fossati
et al. 2008; Finke et al. 2008; Horan et al. 2009; Acciari et al.
2009). One difference, as already noted, is that an extra break is
required. This could be a feature of Mrk 421 in all states, but we
only now have the simultaneous high quality spectral coverage
to identify it. For the model with tvar = 1 day (which is the
time variability observed during the multifrequency campaign),
additional differences with previous models are in R, which is an
order of magnitude larger, and B, which is an order of magnitude
smaller. This mostly results from the longer variability time in
this low state. Note that using a shorter variability (tvar = 1 hr;
green curve) gives a smaller R and bigger B than most models
of this source.

Another difference in our one-zone SSC model with respect
to previous works relates to the parameter γmin. This parameter
has typically not been well constrained because the single-dish
radio data can only be used as upper limits for the radio flux
from the blazar emission. This means that the obtained value for
γmin (for a given set of other parameters R, B, and δ) can only be
taken as a lower limit: a higher value of γmin is usually possible.
In our modeling we use simultaneous Fermi-LAT data as well as
SMA and VLBA radio data, which we assume are dominated by
the blazar emission. We note that the size of the emission from
our SED model fit (when using tvar ∼1 day) is comparable to
the partially resolved VLBA radio core and hence we think this
assumption is reasonable. The requirement that the model SED
fit goes through those radio points further constrains the model,
and in particular the parameter γmin: a decrease in the value of
γmin would overpredict the radio data, while an increase of γmin
would underpredict the SMA and VLBA core radio data, as
well as the Fermi-LAT spectrum below 1 GeV if the increase in
γmin would be large. We explored model fits with different γmin
and p 1, and found that, for the SSC model fit with tvar = 1 day
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Fermi has seen many blazars

• ~1700 blazars are detected in GeV

>1 GeV
Fermi 

5-year survey



Blazar Jet Power
• One-zone leptonic model 

• Assume cold protons 

• Accretion rate from lines 

• 217 Fermi Blazars 

• Correlation between jet 
power and accretion rate 
(Ghisellini+’14) 

• Similar results for TeV blazars  
(YI & Tanaka’16)

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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Multi-wavelength Sky Survey

• Various sky survey data in various wavelengths are now available. 

• e.g., SDSS has identified >5x105 quasars with spectroscopy 

• Mass of SMBH & bolometric luminosity are available.

© SDSS © NRAO



Estimating Jet Power by X-ray Cavity

• an empirical relation between 
radio luminosity and jet power 
(Willott+’99) 

• calibrated by X-ray cavity & 
hot spot measurements 
(Godfrey & Shabala ’13).

The Astrophysical Journal, 767:12 (9pp), 2013 April 10 Godfrey & Shabala

2

W Hz-1 Sr-1

Figure 3. Comparison of the Qjet–L151 relations for FR I and FR II radio
galaxies. Here we plot the data and best-fit relation from Cavagnolo et al. (2010)
(red points and blue solid line). The shaded area illustrates uncertainty in the
normalization of the FR I best-fit relation. We also plot the model of Willott et al.
(1999) with f = 20 (uppermost black dashed line) and f = 1 (lowermost black
dashed line). We plot the FR II jet power measurements (green squares) which
have been derived using the hotspot method assuming g = 2 (see Sections 2.1
and 2.2). Note that the minimum allowed value is g = 1.06. The black cross
marks the location of Cygnus A and is clearly an outlier when compared to our
sample of FR II radio galaxies. This is due to the high-density environment into
which Cygnus A expands, resulting in “environmental boosting” of its radio
luminosity (Barthel & Arnaud 1996; see also Section 5.2).
(A color version of this figure is available in the online journal.)

cylindrical symmetry, and τ is the spectral age of the source. In
agreement with the results presented here, Daly et al. also found
that the Qjet–Lradio relation for luminous FR II radio galaxies is
in broad agreement with an extrapolation of the one given by
Cavagnolo et al. (2010) for FR I radio galaxies.

Our result, the broad agreement between the FR I and FR II
Qjet–Lradio relations, appears at odds with the emerging scenario
in which the fraction of energy in non-radiating particles differs
greatly between these two classes of radio galaxy. However, as
we discuss in Section 5.2, differences in the age and environment
for the two samples used in this study, as well as a possible
difference in the fraction of energy associated with shocks, will
counteract the offset between the Qjet–L151 relations expected
to arise due to the differing energy budgets of the radio lobes.

5. DISCUSSION

5.1. Hotspots as Calorimeters

Hotspots of FR II radio galaxies are thought to be variable on
short timescales (Laing 1989; Saxton et al. 2002, 2010), and as
such, caution must be exercised when interpreting the derived
jet power for individual objects. However, provided that the
general principle of conservation of momentum applies between
jet and hotspot, on a population basis we expect this method to be
a reliable estimator of jet power, and in particular, may be used
to investigate the Qjet–Lradio relation at high radio luminosities.
More than half of the sources in our sample have two hotspots,
one at each end of the source, that enable jet power estimates.

Ratio of hotspot derived jet power (with g=2) to that predicted 
from the Qjet - L151 scaling relation for FRI radio galaxies. 

Figure 4. Histogram of the ratio between hotspot jet power (with g = 2) and the
jet power calculated from Equation (12), the Qjet–L151 scaling relation for FR I
radio galaxies. The mean of this distribution (0.8) is illustrated by the dashed
line. It is clear that given g ≈ 2 as derived in Section 2.1, there is no evidence
for a substantial offset between the FR I and FR II Qjet–Lradio relations.

Figure 5. Histogram of the ratio of jet power derived from the two hotspots
at either end of the source. The median of the distribution is 2.0 and standard
deviation is 1.4.

We can test the reliability of the hotspot jet power method by
calculating, for each source, the ratio of jet power determined
for the two hotspots. Figure 5 is a histogram showing the
distribution of this Qhs ratio. More than half the sample have
Qjet estimates from both hotspots that agree to within a factor
of two. The largest discrepancy between hotspot measurements
is approximately a factor of five.

5.2. Predicted Offset Between the Qjet–Lradio
Relations for FR I and FR II Radio Galaxies

O’Sullivan et al. (2011) revised the analysis of Willott et al.
(1999) to account for a different minimum energy formalism.
In particular, these authors pointed out that a large fraction of
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Radio Quasar Jet Power
• SDSS-DR7 (Shen+’11) 

• NVSS @ 1.4 GHz (Condon+’98) 

➡~8000 radio quasars 

• Estimate jet power using the empirical 
relation 

• Accretion rate from bolometric disk 
luminosity 

• disk radiative efficiency % = 0.1 

• Jet power moderately correlates with 
disk luminosity (YI+’17, see also Shankar+’08; 
Velzen & Falcke’13 using different sample )

YI +’17
Pjet ⇠ 7⇥ 10�3Ṁinc
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AGN Jet Power
Blazar SED Fitting Large-scale Jet

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).

LETTER RESEARCH

2 0 N O V E M B E R 2 0 1 4 | V O L 5 1 5 | N A T U R E | 3 7 7

Macmillan Publishers Limited. All rights reserved©2014

Ghisellini+’14 YI+’17

Pjet ⇠ 7⇥ 10�3Ṁinc
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Causes of Discrepancy
Blazar SED Fitting Large-scale Jet

• Minimum electron Lorentz 
factor "min ~1 
• Observationally, "min 

<100~1000  
(Kataoka & Stawarz’16) 

• Jet composition 
• Pairs? 

• Leptohadronic emission 
• More power?

• Different timescales 
• Empirical relation? 

• Calibrated by Cavity? 
• role of shock?
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Evolution of Blazars



Sum of Components 

•  Blazars, star-forming galaxies and radio galaxies can explain the intensity 
and the spectrum of the EGB 

Preliminary 

As usual: it does not include the systematic uncertainty on the EGB!

Components of Cosmic Gamma-ray Background

• FSRQs (Ajello+’12), BL Lacs (Ajello+’14), Radio gals. (YI’11), & Star-
forming gals. (Ackermann+’12) makes almost 100% of CGB from 
0.1-1000 GeV.

Ajello, YI +’15



yielding valuable information about the dark sector. No hints of
a DM detection have been claimed up to now using the EGB.
However, competitive limits on the DM annihilation cross
section have been derived in several studies relying on the EGB
intensity (e.g., Abdo et al. 2010a; Bringmann et al. 2014;
Cholis et al. 2014) or the anisotropy level (Gómez-Vargas
et al. 2014).

Here, we use the main result of this analysis—that most of
the EGB emission is produced by known source classes—to
constrain the DM annihilation cross section. We rule out DM
models that, together with point-like sources, overproduce the
EGB emission at s⩾2 level. This is achieved by defining
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where the sum runs over the N bins of the EGB spectrum.
F F F, ,i i AST RO i,EGB , ,DM are the intensities of the EGB, point-like
sources, and DM,  is a renormalization constant of the
nominal integrated source intensity and s =

sá ñF/ ,i ASTRO i ASTRO, , its average uncertainty. In Equation (13),
si is the sum (in quadrature) of the uncertainty on the
unresolved EGB and the systematic uncertainty on the Galactic
foreground (AC14). We use the uncertainties on the unresolved
EGB because the uncertainties on the resolved source intensity
are already taken into account in s . The 2s limits are found
when the DM signal worsens the c ⩾by 42 with respect to the
optimized c2 with a free DM signal normalization (and a free
). Following Ackermann et al. (2014b), predictions of the
cosmological annihilation signal were obtained using both the
halo model (Ullio et al. 2002; Fornasa et al. 2013) and the
power spectrum approach (Serpico et al. 2012; Sefusatti et al.
2014). Though Equation (13) neglects bin-to-bin correlations,
we verified that our DM limits are within 10% of those
obtained if we adopt the foreground model (from AC14) that
gives the most conservative upper limit for each DM signal.
An example of a ruled-out DM signal is reported in Figure 3,

while Figure 4 shows the limits for DM annihilating to
t t+ -bb̄ and channels, including their uncertainties due to the

level of subhalos in our Galaxy and in all DM halos (Sánchez-
Conde & Prada 2014; Ackermann et al. 2014b). Our limits are
compared to the conservative and sensitivity-reach limits
reported in Ackermann et al. (2014b). The former assumes
that the unresolved EGB is entirely due to DM annihilations,

Figure 3. Top panel: integrated emission of blazars (with and without EBL
absorption), compared to the intensity of the EGB (data points from AC14).
Lower panel: as above, but including also the emission from star-forming
galaxies (gray band; Ackermann et al. 2012b) and radio galaxies (black striped
band; Inoue 2011) as well as the sum of all non-exotic components (yellow
band). An example of DM-induced γ-ray signal ruled out by our analysis is
shown by the solid pink line and summed with the non-exotic components
(long-dashed pink line). The inset shows the residual emission, computed as
the ratio of the summed contribution to the EGB spectrum, as a function of
energy as well as the uncertainty due to the foreground emission models
(see AC14).

Figure 4. Upper limits on the self-annihilation cross section for the bb̄ (top)
and t t+ - (bottom) channels as derived in this work (see Section 3) compared
to the conservative and sensitivity-reach limits reported in Ackermann et al.
(2014b). The blue band reflects the range of the theoretical predicted DM
signal intensities due to the uncertainties in the description of DM subhalos in
our Galaxy as well as other extragalactic halos, adopting a cutoff minimal halo
mass of 10 -

:M6 . For comparison, limits reported in the literature are also
shown (Abramowski et al. 2011; Ackermann et al. 2014a; Aleksić et al. 2014).
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• Padovani+’93; Stecker+’93; Salamon & Stecker ‘94; Chiang + ‘95; Stecker & Salamon ‘96; Chiang & Mukherjee ‘98; Mukherjee & Chiang ‘99; 
Muecke & Pohl ‘00; Narumoto & Totani ‘06; Giommi +’06; Dermer ‘07; Pavlidou & Venters ‘08; Kneiske & Mannheim ‘08; Bhattacharya +’09; YI & 
Totani ‘09; Abdo+’10; Stecker & Venters ‘10; Cavadini+’11, Abazajian+’11, Zeng+’12, Ajello+’12, Broderick+’12, Singal+’12, Harding & Abazajian 
’12, Di Mauro+’14, Ajello+’14,Singal+’14, Ajello, YI, +’15, 

• Blazars explain ~50% of CGB at 0.1-100 GeV. 

• explain ~100% of CGB at >100 GeV.

Ajello, YI+’15



Cosmological Evolution of Blazars

• FSRQs, luminous BL Lacs show positive evolution. 

• low-luminosity BL Lacs show negative evolution unlike 
other AGNs.

The Astrophysical Journal, 780:73 (24pp), 2014 January 1 Ajello et al.
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Figure 3. Observed redshift (upper left), luminosity (upper right), photon index (lower left), and source count (lower right) distributions of LAT BL Lac objects. The
continuous solid line is the best-fit LDDE model convolved with the selection effects of Fermi. The error bars reflect the statistical uncertainty including (for the
upper plots) the uncertainty in the sources’ redshifts. Error bars consistent with zero represent 1σ upper limits for the case of observing zero events in a given bin (see
Gehrels 1986).

respect to the PLE and PDE models. The fit with τ = 0 (all
luminosity classes evolve in the same way) already provides a
representation of the data, which is as good as the best-fit PLE
model (see Table 3). If we allow τ to vary, the fit improves
further with respect to the baseline LDDE1 model (TS = 30,
i.e., ∼5.5σ ). Figure 3 shows how the LDDE3 model reproduces
the observed distributions.

The improvement of the LDDE2 model with respect to the
PLE3 model can be quantified using the Akaike information
criterion (AIC; Akaike 1974; Wall & Jenkins 2012). For each
model, one can define the quantity AICi = 2npar − 2 ln L,
where npar is the number of free parameters and −2 ln L is
twice the log-likelihood value as reported in Tables 2 and 3. The
relative likelihood of a model with respect to another model can
be evaluated as p = e0.5(AICmin−AICi ), where AICmin comes from
the model providing the minimal AIC value. According to this
test, the PLE3 model has a relative likelihood with respect to
the LDDE2 model of ∼0.0024. Thus, the model LDDE2 whose
parameters are reported in Table 3 fits the Fermi data better
(∼3σ ) than the PLE3 model.

In this representation, low-luminosity (Lγ = 1044 erg s−1)
sources are found to evolve negatively (p1 = −7.6). On
the other hand, high-luminosity (Lγ = 1047 erg s−1) sources
are found to evolve positively (p1 = 7.1). Both evolutionary
trends are also correctly represented in the best-fit PLE model
(PLE3 in Table 2), but the LDDE model provides a slightly
better representation of the data. The different evolution of
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low-luminosity and high-luminosity sources can be readily
appreciated in Figure 4, which shows the space density of
different luminosity classes of BL Lac objects as a function
of redshift. This figure was created by taking into account the
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Blazar evolution?

• Stronger evolution in X-ray selected blazars? 

• Redshifts of 50% of Fermi BL Lacs are unknown. 

• ~10 hr exposure w/ 10-m telescope for TXS 0506+056 

2488 T. Sbarrato et al.

5 TWO E P O C H S F O R B L AC K H O L E
F O R M AT I O N ?

Our three blazars join the other two blazars already known in
the SDSS+FIRST region of the sky in the redshift bin 4 <

z < 5 and with a black hole mass MBH > 109 M⊙: SDSS
J083946.22+511202.8 and SDSS J151002.92+570243.3 (Sbarrato
et al. 2013a). They allow us to infer the existence of a large num-
ber of jetted quasars analogous to the five blazars. Since they are
all observed with θv < 1/", each of them traces the presence
of ∼2"2 = 338("/13)2 quasars with MBH > 109 M⊙. Since the
SDSS+FIRST survey covers 8770 deg2, the five blazars imply that
over the whole sky there must exist ∼7700 jetted AGN with similar
intrinsic properties, namely similar black hole masses. The comov-
ing volume in the redshift frame 4 < z < 5 is ∼425 Gpc3, therefore
we can conclude that there must be at least 18 radio-loud AGN per
Gpc3 with masses MBH > 109 M⊙, hosted in jetted systems.

How does this conclusion fit in the current paradigm of supermas-
sive black holes in the early Universe? Fig. 4 shows the comoving
number density of extremely massive black holes (MBH > 109 M⊙)
hosted by radio quiet (blue line, derived as in Ghisellini et al. 2010
from the mass function in Hopkins et al. 2007) and radio-loud
AGN [orange line, derived from Fermi/LAT (Ajello et al. 2012)
and Swift/BAT (Ajello et al. 2009) blazar luminosity functions as
in Ghisellini et al. 2010. Note that at z > 4 the comoving number
density of jetted quasars is no more supported by data from the two
blazar surveys (Fermi/LAT and Swift/BAT). Before the beginning of
our systematic search of high-redshift blazar candidates (see Ghis-
ellini et al. 2010, 2013), the serendipitous blazars known at z > 4
(green pentagons) could not provide sufficient statistics to continue
the calculation of comoving number density. For z > 4, the density
was assumed to decrease exponentially, as the corresponding one
for radio-quiet objects.

Nevertheless, a hint of different density distributions between
jetted and non-jetted objects was already visible in Ghisellini et al.
(2010) and Ghisellini et al. (2013). The two yellow pentagons in
Fig. 4 are the (all-sky) number densities derived from the five blazars
at 4 < z < 5 contained in the SDSS+FIRST sky area (three from
this work and two from Sbarrato et al. 2013a) and the two blazars
we classified at z > 5 (B2 1023+25 at z = 5.3, Sbarrato et al.
2012, Sbarrato et al. 2013b; SDSS J1146+403 at z = 5, Ghisellini
et al. 2014). Our observations clearly push towards an interesting
conclusion: the density of extremely massive black holes hosted
in jetted systems peak at least around z ∼ 4, while the non-jetted
systems peak at z ∼ 2–2.5. This suggests two different epochs of
SMBH formation, and the black holes that grow developing a jet
seem to be born earlier, and/or to grow faster.

The presence of a jet in AGN is commonly linked to high values of
black hole spin. This does not facilitate a fast accretion, according
to the common knowledge. Maximally spinning black holes (i.e.
with dimensionless spin values a ∼ 0.998) accrete from accretion
discs that are thought to be more efficient radiators (η = 0.3; Thorne
1974). Spending energy in radiation makes the accretion of matter
on the black hole much less efficient, slowing down the accretion
process. As explained in Ghisellini et al. (2013), in fact, a spinning
black hole accreting at Eddington rate would need 3.1 Gyr to grow
from a seed of 100 to 109 M⊙ (ignoring black hole merging). This
would imply that such massive black holes should not be visible at
z > 2.1, while their preferential formation epoch seems to be around
z ∼ 4. In Ghisellini et al. (2013), some options for a faster accretion
in presence of a jet are explored. The available energy, in fact, is not
all radiated away, but contributes to amplifying the magnetic field

Figure 4. Comoving number density of supermassive black holes with
MBH > 109 M⊙ hosted in radio-quiet (blue line, derived from the lumi-
nosity function by Hopkins, Richards & Hernquist 2007) and radio-loud
quasars (orange line). The radio-loud density is obtained from blazar num-
ber densities, by multiplying them by 450 = 2"2 (" = 15). Blue data and
the light blue line are derived from the γ -ray luminosity function obtained
by Fermi/LAT (Ajello et al. 2012). Red data points and the yellow line are
derived from the [15–55keV] luminosity function from Ajello et al. (2009),
modified as in Ghisellini et al. (2010). All the number density functions
are derived by integrating the corresponding luminosity functions at lumi-
nosities larger than what labelled in figure, to ensure that correspond to
MBH > 109 M⊙. Such a cut in luminosity selects objects that are the most
luminous in their corresponding bands, other than the most massive. Green
pentagons represent the state of the art before the beginning of our project,
with four serendipitous blazars in the 4 < z < 5 bin and the single detection
of Q0906+6930 at z > 5. The yellow pentagons are instead the number
densities derived from our results. In the redshift frame 5 < z < 6, the data
point is given by the two blazars we classified at z > 5 (B2 1023+25 and
SDSS J1146+403, both in the SDSS+FIRST region of the sky). At 4 < z

< 5, the new (yellow) lower limit is provided by the two already known
high-z blazars in the SDSS+FIRST survey (SDSS J083946.22+511202.8
and SDSS J151002.92+570243.3), along with the three classifications we
perform in this work. Our results confirm the existence of an early peak
(z ∼ 4) of black hole formation in jetted AGN, in contrast to the main
formation epoch of massive radio-quiet quasars (z ∼ 2.5).

and thus launching the jet. Considering this, the accretion is faster,
but black holes with MBH > 109 M⊙ are still hard to form before
z ∼ 4–5.

6 C O N C L U S I O N S

In this work, we observed with Swift/XRT three blazar candidates
contained in the SDSS+FIRST survey, having redshifts between
4 and 5 and black hole masses exceeding 109 M⊙. We can clas-
sify SDSS J142048.01+120545.9, SDSS J222032.50+002537.5
and PMN J2134−0419 as blazars, thanks to the their bright and
hard X-ray spectrum. The full SED fitting in fact requires bulk
Lorentz factors " ∼ 13, and viewing angles θv ∼ 3◦.

These three newly classified blazars join the other two already
known in the same region of the sky, same redshift bin, and black

MNRAS 446, 2483–2489 (2015)Downloaded from https://academic.oup.com/mnras/article-abstract/446/3/2483/2892664
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Figure 6. Luminosity density as a function of redshift produced by the Fermi BL Lac objects. The gray band represents the confidence region enclosing 68% of the
realizations of the best-fit LF to the Monte Carlo samples.
(A color version of this figure is available in the online journal.)
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PLEno−z in Table 2) changes fairly dramatically with respect to
the best-fit LDDE2 model. Indeed, instead of showing a change
in the evolution with source luminosity, it displays a very mild
positive evolution for all luminosity classes. This would lead
to a biased estimate of the evolution of BL Lac objects. We
thus believe that results based on BL Lac samples with scarce
redshift coverage are unreliable.

4.4. The Intrinsic Luminosity Function of BL Lac Objects

Beaming is known to alter the shape of the intrinsic LF (e.g.,
Urry & Shafer 1984; Urry & Padovani 1991). In this section we
correct for this effect, recovering the intrinsic LF of the Fermi BL
Lac objects and their Lorentz and Doppler factor distributions.
Here we adopt the formalism and symbols already used in Ajello
et al. (2012).

The observed 0.1–100 GeV luminosities L defined in the
present work are apparent isotropic luminosities (expressed
in erg s−1). Since the jet material is moving at relativistic speed,
the observed Doppler-boosted luminosities are related to the
intrinsic values by

L = δpL, (23)

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

δ = (γ −
√

γ 2 − 1 cos θ )−1, (24)

where γ = (1 − β2)−1/2 is the Lorentz factor, β = v/c is the
velocity of the emitting plasma, and θ is the angle between the
line of sight and the jet axis. We will assume that our sources
have Lorentz factors γ in the range of γa ! γ ! γb: then the
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Other (recent) topics about 
blazars



Golden Era for Blazar Studies

• Fermi has detected 3033 sources in its 4-year survey. 

• 1591 AGN samples (467 FSRQs and 632 BL Lacs)

Ackerman+’15



Location of Blazar Emission

• Lack of BLR photon attenuation signature in Fermi (gamma-ray) data 
(Costamante+’18) 

• Gaia (optical) emission locates ~20-50 pc away from the VLBI 
(radio) core (Plavin, Kovalev, Petrov ‘19)

DISSECTING THE AGN WITH VLBI & GAIA 3

Figure 3. Pairwise distribution of VLBI-Gaia offset direction and length in projected angular (left) and linear (right) units. Here and below we show a weighted
linear kernel density estimate (GuillamÃşn et al. 1998).

jets, leaving less than 27 % with randomly oriented offset di-
rections. Petrov et al. (2019) have modeled this distribution
differently, under stronger model assumptions, but achieved
similar results. We propose extended optical jets as the expla-
nation of the 0�-offsets downstream the jet. See also discus-
sion in Kovalev et al. (2017) who analysed Gaia DR1 data.
Host galaxy and dusty torus effects are discussed in section 6.

As the GDR2 contains more sources and their coordinates
are more accurate compared to GDR1, we can analyze the
joint distribution of offset-jet angle Y and the offset length
|V G| (Figure 3). Note that instead of filtering sources using
a sY threshold, we apply an error-based weighting while in-
cluding all the sources. Specifically, each source has a weight
w = 1/

q
s2

Y + (5�)2 where the 5� term is chosen empirically
and accounts for jet direction uncertainty as well as other
sources of error.

As one can see, sources with the Gaia position further down
the jet from the VLBI one, are present for basically any offset
length up to 50 mas or ⇠ 200 pc projected distance. There are
365 sources with significant offsets in this direction longer
than 1 mas, and they constitute 9.1 % of our sample. These
position differences are consistent with our interpretation that
0�-offsets are primarily caused by bright and extended optical
jets (Kovalev et al. 2017; Petrov & Kovalev 2017a). Lengths
of offsets in the Y = 0� directions imply that 20-50 pc opti-
cal jets are quite common while some of them extend even
beyond 100 pc.

Sources with the 180�-offsets are concentrated at smaller
|V G|, less than 2 mas or 20 pc. This requires that the
VLBI position is shifted downstream from the central engine.
The unaccounted source structure contribution to group de-
lay and frequency-dependent synchrotron opacity (core-shift)
may cause a shift in the estimates of radio positions towards

that direction. However, the typical magnitude of this shift
is estimated to be at a level of 0.2 mas (Kovalev et al. 2008;
Porcas 2009; Petrov & Kovalev 2017a), i.e. about one order
of magnitude smaller than observed by us. A large fraction
of AGNs is expected to have upstream VLBI-Gaia offsets
which are not seen at the current level of positional preci-
sion. We expect that they will appear in the next VLBI and
Gaia data releases. Note that 138 sources with significant up-
stream VLBI-Gaia DR2 offsets longer than 1 mas constitute
only 3.4 % of our sample, so they certainly do not represent
the typical case. We surmise that offset values about 1.5 mas
might represent the tail of their distribution partly affected by
the core shift variability (Plavin et al. 2018) and/or the mag-
nitude of the contribution of source structure and core-shift is
significantly underestimated and/or there is another, yet un-
known, cause of the offsets at the 180� direction. We plan to
investigate these hypotheses in detail in the future. Addition-
ally, the Gaia centroid of these objects should point close to
the central engine position either due to the dominance of the
accretion disk or the optical jet base. These scenarios will be
examined in the next section in detail. Since the radio sky is
dominated by one-sided jets due to Doppler boosting, we do
not consider counter-jets.

Since almost all images were generated using VLBA obser-
vations, their resolution along the declination axis is usually
poorer than along the right ascension axis. VLBI coordinates
also tend to have higher uncertainty along the declination axis.
To ensure that the offset-jet alignment is not due to this dis-
parity in resolution, we repeated our analysis by dropping the
sources with jet position angle withing ±20� of the declina-
tion and right ascension axes separately. Plots and results of
the analysis do not differ qualitatively from the full sample
presented in the paper. The RFC catalogue was formed to be
complete down to at least 200 mJy at 8 GHz (Kovalev et al.

Offset relative to jet

Plavin, Kovalev, Petrov ‘19

Costamante+’18
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Figure 1. Histogram of the distribution of the possible (as measured) vs expected maximum optical depths τmax (i.e. at the peak of the γ-γ cross-section, see
text), for the 83 objects for which LBLR is available. Histograms are calculated with 10 bins per decade, in logarithmic space. Where τmax ≤ 0.1, objects are
counted in the first bin. The optical depths measured with the fits can be considered upper limits to the possible amount of BLR absorption. The LAT data
indicate that the possible optical depth due to BLR photons is at most a factor ∼ 30− 100× lower than typically used in EC(BLR) models, and it is less than
1 in about 2/3 of the sample.

4 RESULTS: HIGH VS LOW STATES

For 21 objects with the highest overall statistics and/or a lightcurve
characterized by clearly recognizeable flares of high brightness (on
a 7-days time bin), we divided the spectra in a “high” and “low”
state by making a specific cut in flux or epoch, adapted to each
source’s lightcurve. The results of the fits are reported in Table 3,
together with the cut value for each source. Lightcurves and flux
cuts are shown in the Appendix, Fig. A3, together with the corre-
sponding gamma-ray spectra on the side.

With the exception of 3C 273, for which the high/low data are
not really constraining, all objects show absent or very low BLR
absorption in both high and low states. This means that, on aver-
age, the emitting region in these sources seems located outside the
BLR most of the time, regardless of variability. Changes by a factor
of 2 in the limiting flux do not affect the results. There seems to be
no relevant difference between the two states, with the possible ex-
ception of three cases where the attenuation seems slightly stronger
during the high state than in the low state (4C +28+07, PKS 0454-
234 and PKS 2326-502). This might indicate an emitting region
closer to the BLR during flares, but it could also be caused by a

different cut-off in the emitting particle spectrum. Given that the al-
lowed absorption even in such cases is rather low, with τmax ∼ 2−4
and photon paths ℓ∼ 1−2×1016 cm, the latter seems a more likely
scenario.

4.1 VHE-detected FSRQ

A particularly interesting case is represented by the FSRQ
4C +21.35 and PKS 1510-08. Their detection at VHE by MAGIC
(Aleksić et al. 2011) and H.E.S.S. (Abramowski et al. 2013) pro-
vided evidence for an emitting region beyond the BLR, also in ob-
jects with strong BLR and IR emission. This is confirmed by the
LAT data, with spectra in the high state extending to ∼80 GeV
rest-frame with no signs of cut-off (see Fig. 2).

Remarkably, we find that also during the low states the LAT
spectrum extends to very high energies – almost ∼100 GeV – with
no sign of BLR absorption. This means that for both 4C +21.35 and
PKS 1510-08, the dominant gamma-ray emitting region is always

located beyond the BLR, and not only during the high, VHE-bright
and fast-flaring episodes. The lack of any indication of high-energy
cut-off in the spectrum does not leave much room for γ-γ absorp-

MNRAS 000, 1–17 (2018)



Short time Variability
• Fast variabilities ~200 s 

(Aharonian+’07, Albert+’08) 

• requires very compact 
emitting region with &~100 

• Jet-in-Jet (Giannios+’09) ? 

• Star-Jet Interaction 
(Barkov+’12)? 

• BH Magnetosphere 
(Aleksic+’14)?

L72 AHARONIAN ET AL. Vol. 664

Fig. 1.—Integral flux above 200 GeV observed from PKS 2155!304 on
MJD 53,944 vs. time. The data are binned in 1 minute intervals. The horizontal
line represents I(1200 GeV) observed (Aharonian et al. 2006) from the Crab
Nebula. The curve is the fit to these data of the superposition of five bursts
(see text) and a constant flux.

Fig. 2.—Fourier power spectrum of the light curve and associated mea-
surement error. The gray shaded area corresponds to the 90% confidence in-
terval for a light curve with a power-law Fourier spectrum . The!2P ∝ nn

horizontal line is the average noise level (see text).

AGNs known as blazars. As a result, blazar variability studies
are crucial to unraveling the mysteries of AGNs. Over a dozen
blazars have been detected so far at very high energies (VHEs).
In the southern hemisphere, PKS 2155!304 is generally the
brightest blazar at these energies and is probably the best studied
at all wavelengths. The VHE flux observed (Aharonian et al.
2005a) from PKS 2155!304 is typically of the order ∼15% of
the Crab Nebula flux above 200 GeV. The highest flux previously
measured in one night is approximately 4 times this value, and
clear VHE-flux variability has been observed on daily timescales.
The most rapid flux variability measured for this source is 25
minutes (Aharonian et al. 2005b) occurring at X-ray energies. The
fastest variation published from any blazar, at any wavelength, is
an event lasting ∼800 s, where the X-ray flux from Mrk 501 varied
by 30% (Xue & Cui 2005),30 while at VHEs doubling timescales
as fast as ∼15 minutes have been observed from Mrk 421 (Gaidos
et al. 1996).

The High Energy Stereoscopic System (H.E.S.S.; Hinton
2004) is used to study VHE g-ray emission from a wide variety
of astrophysical objects. As part of the normal H.E.S.S. ob-
servation program, the flux from known VHE AGNs is mon-
itored regularly to search for bright flares. During such flares,
the unprecedented sensitivity of H.E.S.S. (5 standard deviation,
j, detection in ∼30 s for a Crab Nebula flux source at 20!
zenith angle) enables studies of VHE flux variability on time-
scales of a few tens of seconds. During the 2006 July dark
period, the average VHE flux observed by H.E.S.S. from PKS
2155!304 was more than 10 times its typical value. In par-
ticular, an extremely bright flare of PKS 2155!304 was ob-
served in the early hours of 2006 July 28 (MJD 53,944). This
article focuses solely on this particular flare. The results from
other H.E.S.S. observations of PKS 2155!304 from 2004
through 2006 will be published elsewhere.

2. RESULTS FROM MJD 53,944

A total of three observation runs (∼28 minutes each) were
taken on PKS 2155!304 in the early hours31 of MJD 53,944.

30 Xue & Cui (2005) also demonstrate that a 60% X-ray flux increase in
∼200 s observed (Catanese & Sambruna 2000) from Mrk 501 is likely an
artifact.

31 The three runs began at 00:35, 01:06, and 01:36 UTC, respectively.

These data entirely pass the standard H.E.S.S. data-quality se-
lection criteria, yielding an exposure of 1.32 hr live time at a
mean zenith angle of 13!. The standard H.E.S.S. calibration
(Aharonian et al. 2004) and analysis tools (Benbow 2005) are
used to extract the results shown here. As the observed signal
is exceptionally strong, the event-selection criteria (Benbow
2005) are performed using the “loose cuts,” instead of the
“standard cuts,” yielding an average postanalysis energy thresh-
old of 170 GeV. The loose cuts are selected since they have a
lower energy threshold and higher g-ray and background ac-
ceptance. The higher acceptances avoid low-statistics issues by
estimating the background and significance on short timescales,
thus simplifying the analysis. The on-source data are taken from
a circular region of radius centered on PKSv p 0.2!cut

2155!304, and the background (off-source data) is estimated
using the “Reflected-Region” method (Berge et al. 2007).

A total of 12,480 on-source events and 3296 off-source
events are measured with an on-off normalization of 0.215.
The observed excess is 11,771 events (∼2.5 Hz), corresponding
to a significance of 168 j calculated following the method of
equation (17) in Li & Ma (1983). It should be noted that use
of the standard cuts also yields a strong excess (6040 events,
159 j) and results (i.e., flux, spectrum, variability) consistent
with those detailed later.

2.1. Flux Variability

The average integral flux above 200 GeV observed from PKS
2155!304 is I(1200 GeV) p (1.72 " 0.05 " 0.34 ) #stat syst

cm s , equivalent to ∼7 times the I(1200 GeV) observed!9 !2 !110
from the Crab Nebula ( ; Aharonian et al. 2006). Figure 1ICrab

shows I(1200 GeV), binned in 1 minute intervals, versus time.
The fluxes in this light curve range from to ,0.65I 15.1ICrab Crab

and their fractional rms variability amplitude (Vaughan et al.
2003) is . This is ∼2 times higher than ar-F p 0.58 " 0.03var

chival X-ray variability (Zhang et al. 1999, 2005). The Fourier
power spectrum calculated from Figure 1 is shown in Figure 2.
The error on the power spectrum is the 90% confidence interval
estimated from simulated light curves. These curves are410
generated by adding a random constant to each individual flux
point, where this constant is taken randomly from a Gaussian
distribution with a dispersion equal to the error of the respective
point. The average power expected when the measurement error
dominates is shown as a dashed line (see the Appendix in
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θ ∼ 1/"j. The blob moves with "em ≫ "j provided that the motions
within the jet are relativistic. Such fast internal motions are possible
in a PDF where magnetohydrodynamics (MHD) waves approach
the speed of light.

2.1 The jet

For more quantitative estimates, we consider a jet with (isotropic)
luminosity Lj that moves with the bulk "j. The jet is assumed to
be strongly magnetized with Poynting-to-kinetic flux ratio (mag-
netization) σ ≫ 1. As reference values, we use "j = 10 and σ =
100. The Poynting luminosity of the jet may be inferred from the
flaring isotropic luminosity of PKS 2155−304 and is set to Lj =
1047 erg s−1.

The energy density in the jet is (as measured in a frame comoving
with the jet)

e′
j = Lj/4πr2c"2

j = 12Lj,47r
−2
2 "−2

j,1 erg cm−3, (3)

where A = 10xAx and the spherical radius is R = rRg with Rg = 1.5
× 1014 cm, corresponding to the gravitational radius of a black hole
of 109 solar masses. The magnetic field strength in the jet is

B ′
j =

√
4πe′

j = 12L
1/2
j,47r

−1
2 "−1

j,1 Gauss. (4)

For a proton-electron jet, the particle number density in the jet is

n′
j = B2

j /4πc2σmp = 80Lj,47r
−2
2 "−2

j,1 σ−1
2 cm−3. (5)

2.2 The emitting blob

We assume that a fraction of the magnetic energy of the jet is oc-
casionally dissipated through reconnection. In the PDF considered
here, current-driven instabilities are the most relevant ones in trig-
gering the dissipation (e.g. Eichler 1993; Begelman 1998; Giannios
& Spruit 2007; see, however, McKinney & Blandford 2009). Al-
ternatively, reversals in polarity of the magnetic field that threads
the black hole can lead to magnetic reconnection in the jet (see also
Section 5).

Our picture for relativistic reconnection is the following
(Lyubarsky 2005). High-σ material is advected into the reconnec-
tion region where the release of magnetic energy takes place. Part
of the dissipated magnetic energy serves to give bulk acceleration
of the ‘blob’ (in the rest frame of the jet) and the rest to heat the
outflowing material to relativistic temperature. We explore the pos-
sibility that emission from the outflowing material produces the
TeV flares, and refer to it as the ‘emitting blob’ or simply ‘blob’
(see Fig. 1).

For our quantitative estimates that follow, we adopt the rela-
tivistic generalization of Petschek-type reconnection worked out by
Lyubarsky (2005; see also Watanabe & Yokoyama 2006 for rela-
tivistic MHD simulations that support this picture). In this model,
the material leaves the reconnection region with bulk "co close to
the Alfvén speed of the upstream plasma "co ∼

√
σ ≃ 10σ

1/2
2 in the

rest frame of the jet (Petschek 1964; Lyutikov & Uzdensky 2003;
Lyubarsky 2005). For the last expression to be valid, we assume
that the guide field (i.e. non-reversing field component) is not strong
enough to affect the reconnection dynamics (i.e. B ′

guide!B ′
j/

√
σ ;

see also Section 5 for when this condition may be satisfied). As seen
in the lab frame, plasma is ejected from the reconnection region with
"em ∼ "j"co = 100"j,1σ

1/2
2 . The ratio of the thermal energy to rest

mass in the blob frame is ẽem/ρ̃emc2 ∼
√

σ , and reconnection leads

Figure 1. Schematic representation of the geometry of the ‘jets in a jet’
shown in a frame comoving with the jet. Right: the reconnection region en-
larged. Plasma heated and compressed by magnetic reconnection leaves the
reconnection region at relativistic speed "co ≫ 1 within the jet in the form
of blobs. Each blob emits efficiently through synchrotron-self-Compton in
a narrow beam within the jet emission cone, powering a fast evolving soft
X-ray and TeV flare. The sequence of flares seen in PKS 2155−304 may be
the result of multiple reconnection regions or intrinsic instabilities (e.g. tear-
ing) of one large reconnection region.

to compression of the outflowing material ρ̃em ∼
√

σρ ′
j . The energy

density in the blob is (Lyubarsky 2005)

ẽem ∼
√

σ ρ̃emc2 ∼ σρ ′
jc

2 = 12Lj,47r
−2
2 "−2

j,1 erg cm−3. (6)

The fact that this is similar to equation (3) is just a consequence of
the pressure balance across the reconnection region.

Even though we consider a PDF jet, the emitting (downstream)
region is not necessarily magnetically dominated since a large part
of the magnetic energy dissipates in the reconnection region. This
has important implications for the radiative processes discussed
below. On the other hand, the blob material may remain strongly
magnetized. Any guide field in the reconnection region will be
amplified by compression and will not dissipate. Lyubarsky (2005)
shows that for a guide field B ′

guide!B ′
j/

√
σ , the magnetization of

the blob (downstream plasma) is σ em ! 1. The magnetic field in the
blob rest frame is roughly estimated to be

B̃em !√
4πẽem = 12L

1/2
j,47r

−1
2 "−1

j,1 Gauss. (7)

If electrons receive an appreciable fraction of the released energy
f ∼ 0.5, they are heated to characteristic

γe ∼ f
√

σmp/me ∼ 104f1/2σ
1/2
2 , (8)

assumed to be isotropic in the blob rest frame.

2.2.1 The blob size

From the observed energy of the TeV flares, we can estimate the
energy contained in each blob. Combined with the energy density
(6), we derive an estimate of the size of the blob.

The TeV flares have observed (isotropic equivalent) luminosity
Lf ∼ 1047 erg s−1 (allowing for a few times the observed energy
to be emitted below ∼200 GeV, the low-energy threshold of the
observations) and duration of tf ∼ 300 s. The associated energy is
then Ef = Lf × tf ≃ 3 × 1049Lf,47 tf,300 erg.

In the model discussed here, the source of the flare moves with a
bulk "em ≫ 1. Its emission is concentrated in a cone that corresponds
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Polarization

• Luminous blazars tend to show higher maximum polarization degrees. 

• Superposition of multiple emission regions in spine-sheath jet 
(Itoh+’16)?

Itoh+’16

that is increasing from the HSP (∼10%) to the LSP (∼40%)
blazars. The maximum optical polarization degree as deter-
mined for individual sources appears to be fundamentally
correlated with either the gamma-ray luminosity or the
Compton dominance (here represented by the ratio of
gamma-ray to optical fluxes).

The optical emission of most blazars is dominated by
synchrotron emission, but in some FSRQs in their low state can
be contaminated by the thermal emission from the accretion
disk (in our sample, this seems to be the case for 3C 273). The
synchrotron emission of blazars observed in the optical band is
optically thin. The linear polarization of the optically thin
synchrotron radiation depends primarily on the structure of
magnetic fields in the emitting region and partially on the
energy distribution of emitting electrons.

The polarization degree of synchrotron radiation is max-
imized for uniform magnetic fields, and it depends on the
electron energy distribution index p (such that g gµ -N p( ) ):
P = + +p p1 7 3max ( ) ( ) (Westfold 1959). However, since
Pmax varies between 60% for p=1 and 80% for p=4, it is
not possible to explain large systematic variations in the
polarization degree solely by varying the electron distribution
function.

Therefore, we need to consider scenarios in which the
magnetic fields in the emitting regions of FSRQs are system-
atically better organized than in the case of BL Lacs. Magnetic
fields can be expected to be well organized at the base of
relativistic jets, where the magnetization parameter
( /s p= B w4B

2 , where w is the specific enthalpy) is well above
unity. As the jets evolve with distance, their magnetic energy is
converted to kinetic energy, and they are thought to roughly
approach equipartition. In this condition, it is likely that

magnetic fields become tangled by turbulent plasma motions,
e.g., triggered by current-driven instabilities (Begelman 1998).
If the chaotic magnetic field is completely isotropic, it will
produce no net synchrotron polarization. However, as noted by
Laing (1980), such chaotic fields can be compressed by shock
waves, resulting in the polarization degree (Hughes
et al. 1985):

P =
+

+
- F¢

- - F¢
p

p
k

k
1

7 3
1 cos

2 1 cos
, 3max

2 2

2 2

( )
( )

( )
[ ( ) ]

( )

where k is the shock compression ratio and F¢ is the inclination
of the observer to the shock compression plane in the
downstream jet comoving frame. For example, assuming
p=2 and F¢ = 0, the typical maximum polarization degree
value for FSRQs (P � 0.4max ) corresponds to �k 0.5, and that
for BL Lacs (P � 0.1max ) corresponds to �k 0.9. This would
suggest very weak shock waves in the case of BL Lacs,
potentially creating a problem for efficient particle acceleration.
The distribution of viewing angles in the comoving frame can
be expected to be roughly isotropic; hence, it is very unlikely
that the Pmax values could be reduced at low shock
compression ratios due to a specific choice of F¢ values. If
there would be strong shock waves with very low compression
ratios, we should observe even higher polarization degrees in
some blazars. Therefore, we think that variations in the shock
compression ratio cannot reasonably explain the differences in
maximum polarization degree across different types of blazars.
Depolarization of synchrotron radiation could result from a

superposition of multiple emitting regions with independent
orientations of magnetic field lines (Jones et al. 1985). In such a

Figure 5. Relations between measured properties. From top to bottom, the distribution of variability of gamma-ray flux, that of optical flux, and maximum polarization
are plotted with respect to optical luminosity, gamma-ray luminosity, and the ratio of the latter to the former (from left to right). The black, blue, green, and red
symbols indicate FSRQs, LSPs, ISPs, and HSPs, respectively.
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EBL pair cascade 
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Fig. 8.— The cascade spectrum of 1ES 0229+200, calculated with parameters similar to those of the calculation shown in Fig. 7, first
panel of Taylor et al. (2011). The HESS spectrum (Aharonian et al. 2007d) is shown as the diamonds, the primary, unabsorbed spectrum
is shown as the dashed line, and the primary absorbed spectrum as the solid line going through the HESS data points. The cascade spectra
are labeled by the IGMF strength used in the calculation. Other parameters are shown in Table 2.

the agreement is less good. In general, our calculation predicts lower emission at the lower energies than the MC of
Taylor et al. (2011). We conclude that our results are thus very conservative, since they under-predict the cascade
from more detailed calculations.
In Figure 10 we produce a cascade calculation with the same parameters as those from the right panel of Figure 3 of

Kachelrieß et al. (2012). Again, our calculation under-predicts the lower energy emission compared to their detailed
calculations, which implies that our results are very conservative.
In Figure 11 we reproduce Figure 9 from Arlen et al. (2014), who test B = 0. Our cascade calculation is similar to

theirs, but a bit lower by a factor of ≈ 1.4.

B. PROPERTIES OF PDF

In this appendix, we explore two properties of the PDF given by Equation (2),

p(x, y) =
xαx−1e−x/βx

Γf (αx)β
αx
x

1

σy

√

2π(1− ρ)
(B1)

× exp

{

−
(y − µy)2

2(1− ρ2)σ2
y
+

ρ(x− µx)(y − µy)

(1− ρ2)σxσy
−

ρ2(x− µx)2

2(1− ρ2)σ2
x

}

,

where the notation has been simplified by letting FLAT → x and Γ → y.
First we show that Equation (B1) reduces to a bivariate normal distribution for αx = (µx/σx)2 ≫ 1 and x is close

to µx. We begin by making use of the Sterling Approximation,

Γ(α) ≈

√

2π

α

(α

e

)α
, α ≫ 1 (B2)

Probing Intergalactic Magnetic Fields?

• Delayed cascade emission and pair halos are probes of intergalactic 
magnetic fields (Plaga’95, Neronov & Semikoz ’07, Ichiki+’08,….) 

• Current constraint rules out low B values, B<10-19 G for LB > 1 Mpc (Finke+’15).
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Fig. 4.— The values of parameter space of B and LB ruled out
for the combined conservative results of Section 4.1 for all of our
objects. The contours represent the significance a particular region
of parameter space is ruled out, in number of sigma, as indicated
by the bar. These constraints assume the Finke et al. (2010) EBL
model and θj = 0.1 rad.

There is a strange shape in the contours at 1 − 10 Mpc
due to this transition region, and due to the coarseness
of our grid, which is one order of magnitude in both B
and LB.
Low magnetic field values are inconsistent with the

data at > 5σ. We consider this quite a significant con-
straint. Since many authors (e.g., Neronov & Vovk 2010;
Dermer et al. 2011) have ruled out low B values if the
cascade component is above the LAT 2σ upper limits,
those authors are implicitly ruling out the B values at the
2σ level. The high magnetic field values are not signifi-
cantly ruled out. The most constraining sources in our
sample for low B values turned out to be 1ES 0229+200,
1ES 0347−121, and 1ES 1101−232, all of which individ-
ually ruled out low B values at ! 4.5σ.
Our lower limits on B are lower than what many

previous authors have found in a similar fashion, but
assuming tblazar = 1/H0 (e.g. Neronov & Vovk 2010;
Tavecchio et al. 2010, 2011; Dolag et al. 2011). We com-
pute a constraint with this less conservative assumption
on tblazar below in Section 4.3 for comparison. Several
authors have constrained the IGMF to be B ! 10−18 G
for LB = 1 Mpc by using a shorter tblazar as we do (e.g.,
Dermer et al. 2011; Taylor et al. 2011; Vovk et al. 2012).
Our lower limits are generally consistent with these au-
thors, although slightly lower (B > 10−19 G). The minor
difference could be due to the fact that we assume a sharp
cutoff at high energies in the intrinsic spectrum at the
maximum VHE energy bin observed from a source, while
other authors extrapolate above this energy in some way,
typically with an exponential form. This makes our re-
sults more conservative.

4.2. Robustness

In general, we consider our assumptions, and the re-
sults found in Section 4.1 quite reasonable, and indeed
quite conservative. However, to be thorough, we have
tested the robustness of these results by varying some of
the assumptions, particularly those that would weaken
the constraints, and seeing if this made a significant dif-
ference in our results.
The first item we explored is the EBL model. One

would expect that the parameter space will be ruled out
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Fig. 5.— The same as Figure 4, only with the EBL model of
Kneiske & Dole (2010).
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Fig. 6.— The same as Figure 4, only without the results from
the source 1ES 0229+200 and 1ES 1218+304, which have shown
evidence for γ-ray variability.

with greater significance if a more intense and absorb-
ing EBL model is used, while it would be ruled out with
lesser significance if a less intense EBL model is used.
We performed simulations for a less intense EBL model,
namely the model of Kneiske & Dole (2010). This model
was designed to be as close as possible to the observed
lower limits on the EBL from galaxy counts; however,
note that for some regions of parameter space, other EBL
models predict less absorption. The results can be seen
in Figure 5. The low B values are ruled out at 5.5σ, while
the high B values are still unconstrained. We also per-
formed simulations with the model of Franceschini et al.
(2008), which has a similar overall normalization as the
Finke et al. (2010) model, but its SED has a bit different
shape. With this model we found that low B values are
ruled out at 6.7σ, and high B values are again uncon-
strained.
There is some evidence in recent years that the source

1ES 0229+200 is variable at VHE energies (Aliu et al.
2014), as is 1ES 1218+304. We have therefore computed
our constraints leaving out these sources, and the results
can be seen in Figure 6. Similar regions of parameter
space are ruled out, but at much less significance; low
values of B are ruled out at 6.0σ.
We performed simulations with both larger (θj = 0.2

rad) and smaller (θj = 0.05 rad) values of the jet opening
angle. A Larger value of θj led to larger cascades, and

© J. Finke
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Blazars?



Blazars in radio band

• Compact and flat spectrum of '> -0.5 
(F$∝$')  

• Flat radio spectrum is caused by 
superposition of self-absorbed synchrotron 
emission regions (e.g., Markoff+10) 

• Flat radio spectrum is the key to select 
blazars

Radio spectra of radio 
galaxies and blazars 

(Longair 2011)



CRATES blazar candidate catalog  
(Healey et al. 2007)

• Flat radio sources at 1.4 GHz, 4.8 GHz and 8.4 GHz using NVSS, GB6, and VLA 
archives 

• 11131 sources with F4.8GHz > 65 mJy and located at |b|>10 deg 

• It has been used to identify Fermi MeV/GeV blazars and unIDs at high Galactic 
latitude



Blazar Radio and Optical Survey (BROS) Catalog

• A new blazar candidate catalog. (Itoh, YI+ in prep.) 

• NVSS-TGSS-PS1 

• >50,000 blazar candidates 

• ~35,000 with optical photometry data

Itoh, YI+ in prep



Optical Color

• 2 populations are present: 

✓ Quasar-like (including 
blazar population) 

✓ Elliptical galaxy-like 

• Elliptical galaxy templates of 
M=-21.5 at z<~0.3 well 
represents the “elliptical 
sequence”



What are blazars?

• Blazars are compact and flat 
spectrum in radio. 

• Cross-matching with Fermi 
detected blazars 

• Some Fermi blazars are 
soft and extended in radio.

BROS天体、alpha-C分布

Itoh, YI, + in prep.



Summary

• Blazars may be neutrino emitters. 

• But, we should be careful about their energetics. 

• ~50% of Fermi blazars do not have redshift information. 

• Blazar emission region may be far away (>20 pc). 

• Some blazars show extended structures and soft spectra. 

• What are blazars?


