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

• Correlate with various physical 
parameters of host galaxies 

• Gas accretion -> brighter than the 
galaxy (active galactic nuclei: AGNs) 

• Various population 

• Relativistic jet 

• Ultra-high-energy cosmic 
rays / high-energy neutrinos (?) 

• The SMBH of our galaxy does not 
show strong activities
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Blazars

• AGNs whose relativistic jets 
pointing at us. 

• Variable (⊿t ~ 1 day) 

• ~10% polarization

© NRAO
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Individual Blazar Spectra
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Typical Spectra of Blazars
• Non-thermal emission 
from radio to gamma-ray 
• Two spectral humps 

➡relativistic particles and 
intense photon fields 

• Luminous blazars (FSRQs) 
tend to have lower peak 
energies 
(Fossati+’98;Kubo+’98;Donato+’01;Ghis
ellini+’17)
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Blazar Emission Mechanism
• Leptonic model 

• 1st hump: non-thermal e- synchrotron  

• 2nd hump: 

• Synchrotron-Self-Compton (SSC) 

• External Inverse Compton (EIC) 

• Lepto-Hadronic model 

• 1st hump: non-thermal e- synchrotron  

• 2nd hump:  

• proton (ion) synchrotron 

• photomeson production (cascade)

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.
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Spectral Fitting w/ a Leptonic Model

YI & Tanaka ‘16b
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Maximum Proton Energy from HBLs 

• HBLs are not efficient 
accelerators having ηg ~ 
5x104.   

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

• the maximum proton energy 
from low-luminosity 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 + γ 

• Photomeson interaction (cascade) 

• p+γ -> p/n, π -> p/n, ν, γ, e 

• But, requires super-Eddington jet Pjet ~100 LEdd ?(Sikora+’09, Zdziarski & Bottcher ’15)

Cerutti+’14

RGB J0710+591 RGB J0710+591

Proton-Synchrotron Photomeson cascade



Photomeson Production in Blazars
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may also be accelerated, and they should interact with both
internal and external radiation fields during the dynamical
time. Internal nonthermal emission produced in the jet is
referred to as the jet component. We consider the jet
component first.
When the spectrum of internal synchrotron photons is

approximated by a power-law, the photomeson production
efficiency is estimated using the rectangular approximation
to the photohadronic cross section to be

fpγðE 0
pÞ ≈

tdyn
tpγ

≃ 2κΔσΔ
1 þ β

Δε̄Δ
ε̄Δ

3Ls
rad

4πrbΓ2cE 0
s

!
E 0
p

E 0b
p

"
β−1

;

ð19Þ

where σΔ ∼ 5 × 10−28 cm2, κΔ ∼ 0.2, ε̄Δ ∼ 0.34 GeV,
Δε̄Δ ∼ 0.2 GeV, and E 0b

p ≈ 0.5Γ2mpc2ε̄Δ=E 0
s. For example,

using parameters of BL Lac objects with Ls
rad ∼ 1045 erg=s

and E 0
s ∼ 10 eV, we have

fpγðE 0
pÞ ∼ 7.8 × 10−4Ls

rad;45Γ−4
1 δt0−15 ðE 0

s=10 eVÞ−1

×
# ðE 0

ν=E 0b
νÞβh−1 ðE 0

p ≦ E 0b
pÞ

ðE 0
ν=E 0b

νÞβl−1 ðE 0b
p < E 0

pÞ;
ð20Þ

where βl ∼ 1.5 and βh ∼ 2.5 are the low-energy and high-
energy photon indices, respectively. Note that contribu-
tions from various resonances and multipion production
become crucial for hard photon indices of β ≲ 1. The
neutrino energy corresponding to E 0b

p is

E 0b
ν ≈ 0.05E 0b

p ≃ 80 PeV Γ2
1ðE 0

s=10 eVÞ−1; ð21Þ

which is typically higher than 1 PeV and the Glashow
resonance energy at 6.3 PeV (for electron antineutrinos),
except for HSP BL Lac objects with E 0

s ∼ 1 keV. Noting
that E 0

s is lower for more luminous blazars, we conclude
that the jet component typically leads to production of very
high-energy, ≫ 1 PeV, neutrinos.
For fpγ < 1 (which is typically valid for PeV neutrino

production in the blazar zone), the neutrino spectrum is
approximated by

E 0
νLE 0

ν
≈
3

8
fpγE 0

pLE 0
p

∝

(
fpγðE 0b

pÞðE 0
ν=E 0b

νÞ1þ βh−s ðE 0
ν ≦ E 0b

νÞ
fpγðE 0b

pÞðE 0
ν=E 0b

νÞ1þ βl−s ðE 0b
ν < E 0

νÞ:
ð22Þ

This expression roughly agrees with numerical results on
the jet component, as clearly seen in Figs. 9 and 10 for
L5GHz ¼ 1041 erg s−1 and L5GHz ¼ 1042 erg s−1. We also
plot, with dotted curves, the differential neutrino luminos-
ities for the jet component based on blazar parameters given
in Table I.

For low-luminosity BL Lac objects, which typically have
high synchrotron peak frequencies [42], only the jet
component is relevant. For intermediate luminosity BL
Lac objects and QHBs, however, external radiation fields
become important for PeV–EeV neutrino production. As
we have seen, even in the blazar zone, the most important
contribution to PeV neutrino emission comes from photo-
hadronic interactions with BLR photons. Using the effec-
tive cross section σeffpγ ≈ κΔσΔðΔε̄Δ=ε̄ΔÞ, the photomeson
production efficiency in the blob is estimated to be

fpγ ≈ n̂BLσeffpγ rb ≃ 2.9 × 10−2fcov;−1Γ2
1δt

0
5; ð23Þ

provided rb < rBLR. Here n̂BL ≃ 1.6 × 109 cm−3fcov;−1 is
the number of broadline photons in the black-hole rest

FIG. 9 (color online). Differential luminosity spectra of neu-
trinos produced in the blazar zone (dotted) and in the BLR and
dust torus (solid). The muon neutrino spectrum is calculated for
s ¼ 2.3 and ξcr ¼ 100, with neutrino mixing taken into account.
From top to bottom, the curves refer to blazar sequence
parameters given in Table I (see also Fig. 2), with the top curve
corresponding to L5GHz ¼ 1047 erg s−1. Only five curves are
shown for the BLR/dust torus because blazars with the lowest
luminosities lack interactions with BLR and dust emission.

FIG. 10 (color online). Same as Fig. 9, except with s ¼ 2.0 and
ξcr ¼ 10.

KOHTA MURASE, YOSHIYUKI INOUE, AND CHARLES D. DERMER PHYSICAL REVIEW D 90, 023007 (2014)

023007-8

frame, and we take E 0
BL ≈ 10.2 eV as the typical energy of

broadline emission. Thanks to various resonances and
multipion production, the above expression is valid even
at energies above E 0b

p ≈ 0.5mpc2ε̄Δ=E 0
BL. Note that unless

CRs lose energy through adiabatic losses as the blob
expands, they should undergo further pγ interactions as
long as they remain in the BLR or dust-torus region (see the
next subsection). The corresponding neutrino energy is
crudely estimated to be

E 0b
ν ≈ 0.05ð0.5mpc2ε̄Δ=E 0

BLÞ≃ 0.78 PeV; ð24Þ

although detailed calculations of pion and muon decay are
needed to see the exact shape of neutrino spectra.
With these approximations, the neutrino spectrum is

given by

E 0
νLE 0

ν
∝
! fpγE 0 2

ν ðE 0
ν ≦ E 0b

νÞ
fpγE 0 2−s

ν ðE 0b
ν < E 0

νÞ
ð25Þ

and roughly describes the numerical neutrino spectra of
luminous QHBs in the PeV range, as plotted in Figs. 9
and 10. The dependence E 0

νLE 0
ν
∝ E 02

ν is suggested from the
decay kinematics of charged pions [63]. In addition to PeV
neutrino production, ∼0.1–1 EeV neutrinos are produced
via interactions between CR protons and IR photons from
the dust torus. Using the peak photon energy 2.82kTIR, the
characteristic neutrino energy is roughly estimated to be

E 0b
ν ≃ 0.066 EeVðTIR=500 KÞ−1: ð26Þ

The relative importance of the jet component compared to
the BLR and dust components depends on Γ and δt0. While
internal synchrotron photons play a major role for EeV
neutrino production as long as Γ and/or δt0 are small
enough, BLR photons are typically the most important for
PeV neutrino emission. Note that electron antineutrinos are
produced as a result of neutron decay. The typical neutrino
energy is ∼0.48 MeV in the neutron rest frame, which is
much lower than the neutron mass energy scale. Their
energy flux is expected to be lower than the energy flux of
neutrinos from pion decay especially for QHBs.
Note that pp neutrinos from the inner jet are likely

to be negligible. The (thermal) proton density in the inner
jet is estimated to be np ≈ 3Lkin=ð4πΓ4l2bmpc3Þ≃
1.9 × 104 cm−3Lkin;49:5Γ−6

1 δt0−25 , so the effective pp optical
depth is fpp ≈ κpσppnplb ≃ 2.2 × 10−5Γ−5

1 δt0−15 , using
κp ≈ 0.5 and σpp ≈ 8 × 10−26 cm2 at ∼100 PeV. As shown
in Ref. [25], high proton densities are unlikely in the γ-ray
emission region especially because of energetics argu-
ments. In large-scale jets, x-ray knots may have column
densities of NH ∼ 1020–1022 cm2 [64]. But the effective pp
optical depth fpp ≃ 4 × 10−5NH;21 is still low, and one
needs to take into account the covering factor of the knots
since only a part of the jet intersects them. QHBs may have

radio lobes, but their contribution to pp neutrinos is
typically small due to their low density [65]. There are
some exceptions. CRs escaping from AGN are confined in
galaxies and galaxy assemblies for a long time and may
produce neutrinos [11]. Another possible exception is the
vicinity of the accretion disk or disk wind, where the
density could be higher. But γ rays would not escape from
such compact regions, so we do not consider such AGN
core models in this work.

C. Neutrinos from the BLR and dust torus

If high-energy CRs, including UHECRs, come from
blazars, then the CRs have to be able to escape from the
sources. The CRs from the acceleration region unavoidably
interact with external radiation fields while they propagate
in the BLR and dust torus [26]. In this paper, we consider
power-law CR spectra (cf. Ref. [53]) and use a CR escape
fraction fesc ¼ ð1 −min½1; tdyn=tc%Þ (recall that tc is the
cooling time scale). Although this is an optimistic scenario
of escape, it can be realized if the CRs reach the BLR
without additional significant losses, including adiabatic
cooling. Such a scenario is also invoked in models explain-
ing PeV neutrinos and/or TeV γ rays by photohadronic
interactions in intergalactic space [27,66,67]. Other pos-
sible features of such a system, e.g., neutron production and
escape, or direct or diffusive escape of CR protons within
tdyn, may generate spectra of escaping CRs that are too hard
to accurately represent the measured high-energy CR
spectrum [25,26] or to explain the IceCube data, but
specific properties of this system depend on blob dynamics,
magnetic field properties, and the presence of other accel-
eration processes that require further studies.
The photomeson production efficiency in the BLR for

CR protons above the threshold for interacting with BLR
photons is estimated to be

fpγ ≈ n̂BLσeffpγrBLR ≃ 5.4 × 10−2fcov;−1L
1=2
AD;46.5: ð27Þ

The important fact is that this does not depend on Γ and δt0

as long as the acceleration region is located inside the BLR.
For luminous QHBs, PeV neutrino production is unavoid-
able for CRs propagating in the BLR. The disk emission
could be dominant if τsc ≳ fcov.
Based on Ref. [26], the photomeson production effi-

ciency for CR protons propagating in IR radiation fields
supplied by the dust torus is estimated to be

fpγ ≃ 0.89L1=2
AD;46.5ðTIR=500 KÞ−1; ð28Þ

where the dependence on LAD is similar to Eq. (27).
The pγ optical depth in the BLR and dust torus is

shown in Figs. 11 and 12. Again, we note that the resulting
curves are meaningful only when rb < rBLR or rb < rDT.
The broadline component is important for QHBs, and
the photomeson production efficiency is ∼0.1–1 for
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frame, and we take E 0
BL ≈ 10.2 eV as the typical energy of

broadline emission. Thanks to various resonances and
multipion production, the above expression is valid even
at energies above E 0b

p ≈ 0.5mpc2ε̄Δ=E 0
BL. Note that unless

CRs lose energy through adiabatic losses as the blob
expands, they should undergo further pγ interactions as
long as they remain in the BLR or dust-torus region (see the
next subsection). The corresponding neutrino energy is
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E 0b
ν ≈ 0.05ð0.5mpc2ε̄Δ=E 0

BLÞ≃ 0.78 PeV; ð24Þ

although detailed calculations of pion and muon decay are
needed to see the exact shape of neutrino spectra.
With these approximations, the neutrino spectrum is

given by

E 0
νLE 0

ν
∝
! fpγE 0 2

ν ðE 0
ν ≦ E 0b

νÞ
fpγE 0 2−s

ν ðE 0b
ν < E 0

νÞ
ð25Þ
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and 10. The dependence E 0

νLE 0
ν
∝ E 02

ν is suggested from the
decay kinematics of charged pions [63]. In addition to PeV
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E 0b
ν ≃ 0.066 EeVðTIR=500 KÞ−1: ð26Þ
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internal synchrotron photons play a major role for EeV
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fraction fesc ¼ ð1 −min½1; tdyn=tc%Þ (recall that tc is the
cooling time scale). Although this is an optimistic scenario
of escape, it can be realized if the CRs reach the BLR
without additional significant losses, including adiabatic
cooling. Such a scenario is also invoked in models explain-
ing PeV neutrinos and/or TeV γ rays by photohadronic
interactions in intergalactic space [27,66,67]. Other pos-
sible features of such a system, e.g., neutron production and
escape, or direct or diffusive escape of CR protons within
tdyn, may generate spectra of escaping CRs that are too hard
to accurately represent the measured high-energy CR
spectrum [25,26] or to explain the IceCube data, but
specific properties of this system depend on blob dynamics,
magnetic field properties, and the presence of other accel-
eration processes that require further studies.
The photomeson production efficiency in the BLR for

CR protons above the threshold for interacting with BLR
photons is estimated to be

fpγ ≈ n̂BLσeffpγrBLR ≃ 5.4 × 10−2fcov;−1L
1=2
AD;46.5: ð27Þ

The important fact is that this does not depend on Γ and δt0

as long as the acceleration region is located inside the BLR.
For luminous QHBs, PeV neutrino production is unavoid-
able for CRs propagating in the BLR. The disk emission
could be dominant if τsc ≳ fcov.
Based on Ref. [26], the photomeson production effi-

ciency for CR protons propagating in IR radiation fields
supplied by the dust torus is estimated to be

fpγ ≃ 0.89L1=2
AD;46.5ðTIR=500 KÞ−1; ð28Þ

where the dependence on LAD is similar to Eq. (27).
The pγ optical depth in the BLR and dust torus is

shown in Figs. 11 and 12. Again, we note that the resulting
curves are meaningful only when rb < rBLR or rb < rDT.
The broadline component is important for QHBs, and
the photomeson production efficiency is ∼0.1–1 for
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Photomeson Production Efficiency

• Production efficiency (= effective optical depth) 

•   

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

• FSRQs are more efficient due to external photon field 

• have a ν 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-
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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).
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Neutrino SEDs

• Luminous blazars are brighter in ν 

• pγ with internal rad. field: 

• pγ with external rad. field: 

• because
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Cosmic TeV-PeV Neutrino Background

• Difficult to explain IceCube results only by blazars 

• Spectral structure by BLR & Dust Torus emission 

• Normalized by UHECRs ⇒ EeV ν detectable in futureHowever, there are three issues. First, this model cannot
explain sub-PeV neutrino events. This is because broadline
emission leads to a low-energy cutoff in neutrino spectra
around PeV energies. Also, both accretion-disk and internal
synchrotron emission components have soft spectra in the
relevant UV and soft x-ray energy range, so the neutrino
spectra are generally quite hard at sub-PeV energies, which
appears to be incompatible with observations. (In principle,
lower-energy neutrinos could be produced by assuming
higher-temperature accretion disks and τsc ∼ 1, but we
expect hidden neutrino sources as in the AGN core model,
since multi-GeV γ rays cannot escape.) Thus, for radio-loud
AGN to explain the excess IceCube neutrino signal, a two-
component scenario is needed, as discussed in several works
[73,74]. In our case, sub-PeV neutrino events could be
attributed to an atmospheric prompt neutrino background
that is higher than the prediction by Enberg et al. [75] or,

alternately, different classes of astrophysical sources such as
star-forming galaxies and galaxy groups/clusters. Then it is
natural to expect a spectral dip between the two components,
in the sub-PeV range. It would be premature to study such
possibilities, however, because the statistics are not yet
sufficient to discriminate between competing scenarios.
The second issue is that the calculated neutrino spectra

are quite hard above PeV energies. CR spectral indices of
s ≈ 2.0 are inconsistent with the IceCube data, as many
more higher-energy neutrino events would be predicted,
given the Glashow resonance at 6.3 PeVand the increasing
neutrino-nucleon cross section. To avoid this problem, one
sees from Figs. 13 and 14 that steep CR spectra with
s≳ 2.5, or maximum energies of E 0max

p ≲ 100 PeV, are
needed. Another possible option is to consider more
complicated CR spectra, such as a log-parabola function
[73]. Note that if a simple power-law CR spectrum is
assumed from low energies to high energies (as expected in
the conventional shock acceleration theory), steep spectral
indices unavoidably lead to excessively large CR energy
budgets, whereas more complicated curving or broken-
power law CR spectra could explain the IceCube data and
relax source energetics.
The third issue is that the CR loading factor required to

explain the PeV neutrino flux is larger than that for
UHECRs, although it seems less problematic compared
to the first and second issues. As seen in Eq. (27), we found
that the photomeson production efficiency is typically a
few percent. Then, for redshift evolution of blazars, the
differential CR energy injection rate to achieve E 2

νΦν ∼
3 × 10−8 GeVcm−2 s−1 sr−1 is E 0

pQE 0
p
j1017 eV ∼ 1.5×

1044fpγ;−1 ergMpc−3 yr−1. This implies that the required
CR loading factor is ξcr ∼ 50–500, while the CR loading
factor to explain UHECRs is ξcr ∼ 3–50 or even lower. In
our simple setup, where fcov ¼ 0.1 for the BLR and ξcr ∝
L0
rad are assumed, the former large values lead to over-

shooting the observed UHECR flux. Hence, the simple
model considered here has difficulty in explaining the
neutrino and UHECR data simultaneously, but more
complicated models might work. For example, CRs could
lose their energies via energy losses such as adiabatic
cooling before leaving the sources. Or the CR spectrum
may be convex, or the maximum energy may be lower [73].
Second, if ξcr somehow increases as Lrad, one could have
higher neutrino fluxes from QHBs without increasing the
UHECR flux. Third, possibly, fpγ may be higher due to
uncertainties of n̂BL and rBLR, and ξcr can be slightly
smaller. Although values of fcov ≳ 0.5 seem unlikely, more
detailed measurements of n̂BL and rBLR with multiwave-
length observations of FSRQs are relevant.
While the inner jet model with a power-law CR proton

spectrum faces a couple of difficulties to consistently explain
the IceCube neutrino signal, it does suggest that radio-loud
AGN are promising sources of 0.1–1 EeV neutrinos (see
Figs. 13, 14, 15, and 16). In particular, for ξcr ¼ 3 and

FIG. 13 (color online). Cumulative neutrino background from
radio-loud AGN in the blazar sequence model. The CR spectral
index s ¼ 2.3, and the CR loading factor ξcr ¼ 100 (thick) and
500 (thin). Note that the former value is motivated by the AGN-
UHECR hypothesis, where the CR energy injection rate is
normalized by the observed UHECR energy generation rate.
The atmospheric muon neutrino background is also shown
(dotted dashed).

FIG. 14 (color online). Same as Fig. 13, but for s ¼ 2.0. Here
ξcr ¼ 3 (thick), and ξcr ¼ 50 (thin). Note that the former value is
motivated by the AGN-UHECR hypothesis.

KOHTA MURASE, YOSHIYUKI INOUE, AND CHARLES D. DERMER PHYSICAL REVIEW D 90, 023007 (2014)
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HE Neutrinos from AGN Jets: Constraints
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Can Blazars Explain the IceCube Data?

Can blazars dominantly explain the IceCube data? – challenging
- Need a cutoff or steepening around a few PeV (ex. stochastic acceleration)
- Medium-energy (<100 TeV) data cannot be explained by proposed models
Can blazars dominantly explain the UHECR data? – maybe
- But the simultaneous explanation for the IceCube data is challenging

from KM 2015 

Can Blazars Explain the IceCube Data?
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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



Neutrinos From Flaring Blazars
• Kadler+’16 

• IceCube: HESE-35 (2 PeV) 

• PKS B1424-418 (z=1.52) 

• Association level: ~2σ 

• Lucarelli+’17 

• ICECUBE-160731 (several hundred 
TeV?) 

• 1RXS J141658.0-001449 

• Association level: ~4σ
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Figure 1: a) �-ray light curve of PKS B1424�418. The Fermi/LAT data are shown as two-week binned

photon fluxes between 100 MeV and 300 GeV (black), the Bayesian blocks light curve (blue), and the IC 35

time stamp (red line). The first three years of IceCube integration (2010 May through 2013 May) and the

included outburst time range are highlighted in color. b) TANAMI VLBI images of PKS B1424�418. The

images show the core region at 8.4 GHz from 2011 Nov, 2012 Sep and 2013 Mar in uniform color scale.

1 mas corresponds to about 8.3 pc. All contours start at 3.3mJy beam�1 and increase logarithmically by

factors of 2. The images were convolved with the enclosing beam from all three observations of 2.26mas⇥

0.79mas at a position angle of 9.5�, which is shown in the bottom left. The peak flux density increases from

1.95 Jy beam�1 (2011 Apr) to 5.62 Jy beam�1 (2013 Mar).
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Fermi-LAT might be due to a low exposure of the ICECUBE
region during the AGILE gamma-ray transient.

At the time of the neutrino event T0, the INTEGRAL satellite,
which also has the capability to cover almost the whole
sky(Savchenko et al. 2016), was not observing because it was
close to perigee inside the Earth radiation belts.

The ICECUBE region was also observed in the VHE band
by several experiments (see Table 4). Apart from HAWC,
which has a 24-hr duty cycle, all the others could repoint to the
ICECUBE position hours after T0, reporting only flux ULs
above different energy thresholds. During a search for a steady
source using archival data, the HAWC Collaboration reported a
location with a pre-trial significance of 3.57σ at R.A., decl.
(J2000)=(216.43, 0.15) (deg)(Taboada 2016); shown as a
cyan cross in Figure 4), although it was more than 2° away
from the neutrino error circle. Considering the number of trials
quoted in the HAWC GCN, this is not a significant detection.

5. Possible Neutrino-emitter e.m. Sources in the ICECUBE-
160731 and AGILE AGL J1418+0008 Error Regions

In what follows, we will further investigate whether some of
the steady/transient sources found during the MWL follow-up
are good candidates as the ICECUBE-160731 emitter. In
particular, we decided to review only the e.m. sources still
within the revised ICECUBE error region, plus the closest
optical transient detected by iPTF48 (named iPTF16elf,
Singer et al. 2016; see Figure 4). Table 1 shows the main
characteristics of the five e.m. sources satisfying the chosen
selection criteria. The table also shows the most likely known
association as reported from each of the ATel announcing the
detection obtained during the follow-up.
To find some of the key features of one of the most

promising neutrino-emitter candidates, high-energy peaked BL
Lac (HBL) AGNs(Padovani et al. 2016; Resconi et al. 2017),

Figure 4. AGILE-GRID intensity map in - - -( )ph cm s sr2 1 1 zoomed-in around the ICECUBE-160731 position, in the time interval - -( )T T1.8; 0.80 0 days. The
black and white circles again show, respectively, the 90% c.r. of the ICECUBE event and the 95% C.L. contour of the AGILE-GRID detection AGL J1418+0008. The
figure also shows the positions of several e.m. candidates found during the MWL follow-up. Cyan cross: HAWC best archival search result(Taboada 2016); blue
crosses: the six SWIFT-XRT sources reported in Evans et al. (2016a, 2016b); yellow boxes: two optical sources (one steady, one transient) detected by the Global
MASTER net (Lipunov et al. 2016a, 2016b); magenta diamonds: two optical transients detected by iPTF P48(Singer et al. 2016); black point: the X-ray source 1RXS
J141658.0−001449, which appears within both error circles, and is one of the best neutrino-emitter candidates found in the additional search made with the ASDC
tools described in the text.

Table 1
Optical and X-Ray Sources Detected within the Revised ICECUBE-160731 Error Circle during the MWL Follow-up

Mission/Observatory Source ID/namea R.A. (J2000) Decl. (J2000) Association Class
(deg) (deg)

SWIFT-XRT (ATel #9294) XRT #2 214.90209 −1.145917 2QZ J141936.0−010841 quasar
SWIFT-XRT (ATel #9294) XRT #5 214.95898 −0.11266 2QZ J141949.8-000644 quasar
SWIFT-XRT (ATel #9294) XRT #6 214.61169 0.24144 2MASS J14182661+0014283 star
Global MASTER net (ATel #9298) OT J142038.73−002500.1b 215.161375 −0.416694 SDSS J142041.62−002413.1 galaxy
iPTF P48 (GCN 19760) iPTF16elf 213.555124 −0.894361 Z 18–88 galaxy

Notes.
a See Figure 4.
b The astrophysical origin of this transient is not confirmed.
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IceCube 170922A
• Initial alert by AMON 

• Eν ~ 300 TeV 

• Flare of TXS 0506+056, located inside the error region 

• Fermi ATel #10791 (Tanaka+) 

• MAGIC ATel #10817 (Mirzoyan+) 

• Swift GCN #21930, ATel #10942 (Keivani+) 

• NuSTAR ATel #10861 (Fox+) 

• Kanata, Subaru, and so on,,, 

• ?? True association ??



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; 
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‘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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Figure 7. Redshift distribution of Fermi’s BL Lac derived using all constraints of Section 3.3 compared to spectroscopic redshift distributions of BL Lac objects in the
2LAC catalog (Ackermann et al. 2011) and the Roma blazar catalog (BZCAT; Massaro et al. 2009). The gray band encloses the 68% of all realizations of the redshift
distribution of the Monte Carlo samples.
(A color version of this figure is available in the online journal.)

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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• Above 1 TeV, there is no gamma-ray data, though it is 
important for neutrino studies.



•TeV gamma-ray photons are absorbed by EBL  

•electron-positron pairs are created 
•pairs scatter CMB via inverse-Compton process 

• 1 TeV (primary) -> ~1 GeV (secondary) 

•Note: plasma instability may suppress the cascade  
(Broderick+’12, but see also Sironi & Giannios ‘14)

GeV-TeV Gamma-ray Connection: Cascade
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Upper Bound on the Cosmic Gamma-ray Background

• Cascade component from the TeV background can not exceed the 
Fermi data (Coppi & Aharonian ’97, YI & Ioka ’12, Murase+’12, Ackermann+’14). 

• No or negative evolution is required -> low-luminosity BL Lacs show 
negative evolution (Ajello+’14).

Cascade
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UL

Intrinsic

YI & Ioka ’12



Galaxy Counts: Lower Bound on the Cosmic 
Optical/Infrared Background
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Known TeV sources
• Select 35 known TeV 
sources at |b|>10 deg 
from the default TeVcat 
catalog. 

• low-state data only 

• 30 are blazars, 3 are 
radio galaxies, 2 are 
starbursts 

• 3FGL SED data for the 
GeV data.

YI & Tanaka ’16
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Lower Bound on the Cosmic Gamma-ray Background

• TeV source counts give lower limit on to the cosmic gamma-ray background. 

• Fermi has resolved more portion of the TeV sky than IACTs do. 

• CTA survey will be important (YI, Totani, & Mori 10; Dubus, YI, +’13; De Franco, YI,+’17)
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Bounds on the Cosmic TeV Gamma-ray 
Background

• Current limit at 0.3-10 TeV is 

• 3x10-8 (E/0.1 TeV)-0.8 exp(-E/2 TeV) < E2dN/dE < 1x10-7 (E/0.1 TeV)-0.5  [GeV/cm2/s/sr]  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Summary

• Blazar emission mechanism 

• Leptonic? Lepto-Hadronic? 

• Even if blazars are neutrino emitters,  

• blazars can not explain the whole IceCube data 

• Currently, association w/ blazars is still uncertain.  

• More events & more follow-ups 

• We still do not understand evolution history of blazars 

• Can CTA/HAWC measure the TeV background?


