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4. The Extragalactic Background Light (EBL)

Infrared/optical EBL from past 
stellar activity and dust 
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Difficult to directly measure

Provides a source of JJ opacity 
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Figure 4: Di↵use emission arising from blazars (with or without EBL absorption), in comparison with
the intensity of the total emission from sources (both resolved and unresolved), called here “EGB” (red
data points, from Ref. [9]). Taken from Ref. [25]

.

sample. The sources were considered as either one single population, or split into HSPs
and a second sub-class including ISPs and LSPs. In their best-fit model, HSPs dominates
the dN/dS below S = 5⇥ 10�9cm�2s�1 and their SED extends to much higher energies
than in the ISP+LSP class (the best-fit cut-o↵ energy is 910 GeV for HSPs and 37 GeV
for the class of ISPs and LSPs). That is the reason why the cumulative emission from
HSPs (computed from Eq. (1) above L� � 1038erg s�1) can extend up to very high
energies and it is able to explain the whole DGRB emission reported in Ref. [112] above
few tens of GeV (see Fig. 3). Between 0.1 and 100 GeV, unresolved BL Lacs account
for ⇠ 11% of the Fermi LAT DGRB in Ref. [112], in agreement with Ref. [23].

Ref. [25] repeated the analysis of Ref. [23] on a sample of 403 blazars from 1FGL,
this time considering both FSRQs and BL Lacs as one single population by allowing
the spectral index distribution to depend on L� . A double power-law energy spectrum,
proportional to [(E0/Eb)1.7+(E0/Eb)2.6]�1, is assumed and the energy scale Eb is found
to correlate with the index � obtained when the SED is fitted by a single power law.
The same LF used in Ref. [23] and based on a luminosity-dependent density evolution
is implemented in Ref. [25], together with other evolution schemes. They all provide an
acceptable description of the blazar population, even if the luminosity-dependent density
evolution is the one corresponding to the largest log-likelihood. The predicted cumula-
tive emission of blazars (FSRQs and BL Lacs, resolved and unresolved) can be seen in
the Fig. 4 as a dotted blue band, compared to the total emission from resolved and unre-
solved sources taken from Ref. [9] (labeled “EGB” here, red data points). Blazars (both
resolved and unresolved) accounts for the 50+12

�11% of the total emission from resolved
and unresolved sources, above 100 MeV. Unresolved blazars, on the other hand, are

14

from Dermer 

Ajello+ 15 

• Steady outflow

• Continuous shell ejection with a width of R0/Γ in commoving frame
• Elecrton injection from R=R0 to 2R0 with stochastic acceleration

• Turbulence Index: Kolmogorov q=5/3

• Both injection and acceleration stop at R=2R0

Model

• Electron injection

• Stochastic acceleration

• Synchrotron emission and cooling

• Inverse Compton emission and cooling

• Adiabatic cooling （V∝R2）
• Photon escape

• No electron escape!

Physical Processes
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Fig. 5.— Locations of the sources in the Clean Sample in Galactic (top) and J2000 equatorial (bot-

tom) coordinates. Red circles: FSRQs, blue circles: BL Lacs, green triangles: blazars of unknown

type, magenta stars: other AGNs.

Blazars: Main Extragalactic Sources in the γ-ray Sky 

48 months of observations :  
2192 TS>25, |b|>10° sources  
3LAC: 1563 sources  
1444 AGNs in the clean sample  
415 FSRQs  
602 BL Lacs  
413 of unknown type 
23 other AGNs  
 

Ackermann+ 15 

Ajello+ 15 Local (z=0) luminosity density 
BL Lacs: 
2x1045 erg Mpc-3 yr-1 

FSRQs: 
~(1-4)x1044 erg Mpc-3 yr-1 

 
UHECR: 
~1044 erg Mpc-3 yr-1  

Candidate sources of UHECRs 



Blazars: Success of Multiwavelength Observations 
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Fig. 8.— Spectral energy distribution of Mrk 421 averaged over all the observations taken
during the multifrequency campaign from 2009 January 19 (MJD 54850) to 2009 June 1

(MJD 54983). The legend reports the correspondence between the instruments and the mea-
sured fluxes. The host galaxy has been subtracted, and the optical/X-ray data were corrected

for the Galactic extinction. The TeV data from MAGIC were corrected for the absorption in
the extragalactic background light using the prescription given in Franceschini et al. (2008).

Spectral energy distribution (SED): “two hump” structure 
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Fig. 8.— Spectral energy distribution for Mrk 501 averaged over all observations taken during

the multifrequency campaign performed between 2009 March 15 (MJD 54905) and 2009
August 1 (MJD 55044). The legend reports the correspondence between the instruments

and the measured fluxes. Further details about the instruments are given in §5.1. The
optical and X-ray data have been corrected for Galactic extinction, but the host galaxy
(which is clearly visible at the IR/optical frequencies) has not been subtracted. The TeV

data from MAGIC and VERITAS have been corrected for the absorption in the extragalactic
background light using the model reported in Franceschini et al. (2008). The VERITAS data

from the time interval MJD 54952.9–54955.9 were removed from the data set used to compute
the average spectrum, and are depicted separately in the SED plot (in green diamonds). See
text for further details.
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Fig. 16.— The SED of 0FGL J1256.1-0547 = 3C279 (left) and of 0FGL J1310.6+3220 =

1Jy1308+326 (right)
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Fig. 17.— The SED of 0FGL J1457.6-3538 = PKS 1454-354 (left) and of 0FGL J1504.3+1030 =

PKS1502+106 (right)
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Fig. 18.— The SED of 0FGL J1512.7-0905 = PKS 1510-089 (left) and of 0FGL J1522.2+3143 =

B2 1520+31 (right)

Mrk 421 (z=0.033) 
              Abdo+ 11 

F. Tavecchio et al.: On the origin of gamma-ray emission of PKS 1222+216

Fig. 1. Spectral energy distribution of PKS 1222+216 close to
the epoch of the MAGIC detection (2010 June 17). Red points at
optical–UV and X–ray frequencies are from a Swift observation
of June 20. For comparison, cyan data-points show the X-ray
spectrum two weeks before, on May 29 (see text). Fermi/LAT
(red squares and “bow tie”) and MAGIC data (corrected for ab-
sorption by the EBL using the model of Dominguez et al. 2011)
are taken from Aleksic et al. (2011b). The thick black solid
line shows the LAT spectrum in quiescence (from Tanaka et
al. 2011). Magenta open squares are SDSS photometric points.
Magenta filled pentagons are IR data from Malmrose et al.
(2011). Green points report historical data (from NED, circles,
and Tornikoski et al. 1996, squares).

as clearly visible in the SEDs. This difference could reveal an in-
crease of the accretion luminosity between the SDSS (Jan. 2008)
and the UVOT (June 2010) observations, possibly related to the
high activity in γ rays.

Malmrose et al. (2011) recently reported Spitzer observa-
tions in the IR band for four sources, including PKS 1222+216.
The IR data points (filled magenta pentagons in Fig.3) track a
bump around 3 µm which is well fitted by a black body with
temperature of T = 1200 K, clearly related to the thermal emis-
sion from the putative dusty torus. Finally, we also add historical
radio (from NED) and millimeter (Tornikoski et al. 1996) data
(green open circles and open squares, respectively).

3. Modelling the SED
3.1. Observational facts and problems
In modeling the observed SED we are constrained/guided by the
following observational facts:
1) The MAGIC VHE spectrum (70–400 GeV) is well described
by a hard power law, with photon index (after correction for
absorption by the interaction with the extragalactic background
light) of 2.7±0.3, and a cut-off for energies lower than 130 GeV
is excluded. This spectrum smoothly connects with the LAT
spectrum close to the MAGIC detection (Tanaka et al. 2011),
strongly suggesting that high-energy and VHE emissions belong
to a unique spectral component, originating in the same region.
2) The MAGIC lightcurve shows a significative increase of the
flux during the 30 min observation, with a doubling time of

about tvar ≃ 10 minutes. The causality relation R < ctvar(1 + z)δ
allows us to constrain the size of the emitting region to R <
2.5 × 1014(δ/10) cm for typical values of the Doppler factor
δ = 10.
3) The LAT long-term lightcurve (Tanaka et al. 2011) is charac-
terized by periods of quiescence and smooth, long lasting (∼ 1
week) flares. The MAGIC detection coincides with the raising
part of a flare lasting for approximately 3 days. The γ–ray LAT
flux (F>100MeV ∼ 6.5 × 10−6 ph cm−2 s−1) was about half that
recorded at the maximum of the flare (F>100MeV ∼ 13.5 × 10−6
ph cm−2 s−1), reached the day after the MAGIC detection .

Standard one-zone models for FSRQ generally assume that
a single region in the jet, with a size comparable with that of the
jet cross sectional radius, is responsible for the emission from
IR to GeV frequencies. The location of this region is generally
assumed to be inside the BLR (e.g. Dermer et al. 2009, Ghisellini
& Tavecchio 2009), but scenarios considering regions beyond it
have been discussed (e.g., Sikora et al. 2008, Marscher et al.
2008).

The observational facts listed above already pose some prob-
lems to this view. Points 1) and 2) imply that the entire MeV-
GeV and VHE emission component at the epoch of the MAGIC
detection was produced in a very compact emission region out-
side the BLR, to minimize the expected severe absorption above
10 GeV (but see Stern & Poutanen 2011). In the framework of
one-zone models, a first possibility is therefore to assume that
the entire γ–ray activity is due to the cumulative emission of very
compact, uncorrelated traveling regions (resulting from, e.g. in-
ternal shocks, Spada et al. 2001). However, in this case the ex-
pected erratic behavior is in contrast with the smooth long-term
evolution shown by LAT. One way to reconcile this scenario
with point 3) seems to assume the existence of a very com-
pact and stationary region: this would allow fast variations of
the flux and, at the same time, the long term modulation of the
jet power would account for the smooth and coherent evolution.
As an alternative we could envision the existence of two emit-
ting regions, a large region responsible for the long-term evolu-
tion visible in the LAT band and an extremely compact region
accounting for the fast variations.

Motivated by the arguments above, in the following we
present three different scenarios for the VHE flare of PKS
1222+216 (see Fig. 2). In the first case (A) we assume that the
entire SED is produced by a single compact blob outside the
BLR. In the other two cases we consider a two-zone model with
the large region located outside (B) or inside (C) the BLR. For
consistency with the scenario sketched above, in cases B and C
we admit that the large region could substantially contribute to
(even if not dominate) the LAT band also at the epoch of the
MAGIC detection.

3.2. Model setup

A sketch of the assumed geometry is shown in Fig. 2. In all cases
a central BH is surrounded by an accretion disk whose radia-
tion, with luminosity Ld, photoionizes the BLR, modelled as a
spherical shell located at distance RBLR from the BH. Following
Ghisellini & Tavecchio (2009), we set RBLR = 1017L0.5d,45 cm.
This relation provides a good approximation of the most recent
results of the reverberation mapping studies (e.g. Kaspi et al.
2007, Bentz et al. 2009). We suppose that the BLR clouds inter-
cept and reprocess (mainly into emission lines) a fraction ξBLR
of Ld. As discussed in Tavecchio & Ghisellini (2008) a rather

3

Flat-spectrum quasars (FSRQs) 
(or quasar-hosted blazars (QHBs)) 
mosty LSPs (νpk<1014 Hz), GeV break 

BL Lac objects (BL Lacs) 
emission to VHE/TeV energies 

more  
powerful 

less 
powerful 

Mrk 501 (z=0.031) 
              Abdo+ 11 

4C21+35 (z=0.538) 
        Tavecchio+ 11 

3C279 (z=0.538) 
           Abdo+ 10 



Leptonic Scenario 
HE radiation: relativistic electrons accelerated in inner jets 
                     (magnetic reconnection, shock acc., shear acc., turbulence etc.)  

•  Basic tool: one-zone syn./SSC model w. syn. self-absorption and internal γγ
•  For EIC: bloadline regions (BLR), dust torus, (scattered) accretion disk 
•  Complicated injection spectrum (intrinsic spectral break & low max. energy) 
•  Log-parabolic function works well: stochastic acc.?  
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Fig. 11.— SED of Mrk 421 with two 1-zone SSC model fits obtained with different minimum
variability timescales: tvar = 1 day (red curve) and tvar = 1 hour (green curve) . The

parameter values are reported in Table 4. See text for further details.

Abdo et al. (2011) 

FSRQ Modeling

At least three additional 
spectral components:
Accretion disk
EC Disk
EC BLR

External radiation field 
provides a new source of 
opacity; need to perform 
Compton scattering and JJ
opacity self-consistently

Opacity spectral break at a 
few GeV 

Dermer et al. (2009)

BL Lacs 
synchrotron/SSC fitting 

FSRQs or QHBs 
synchrotron/SSC+EIC model fits  

(ex. Tramacere+ 11) 

Mrk 421 (z=0.033) 



Lepto-Hadronic Scenario 

“SEDs can be fitted by both leptonic    
 and lepto-hadronic scenarios” 

• Nonthermal synchrotron radiation    
  from primary electrons for radio   
  through optical (low-energy hump)  
• Proton and ion synchrotron radiation 
  p+B → γ  
• Photomeson production  
  pγ → π0,π± → γ, ν, n, e±  
• Neutrons escape to become UHECRs  
• Hadronuclear process  
  p+N → π0, π± → γ, ν, n, e± 
   (“heavy” jet problem; Atoyan & Dermer 03)  

– 55 –

Fig. 9.— Hadronic model fit components: π0-cascade (black dotted line), π± cascade

(green dashed-dotted line), µ-synchrotron and cascade (blue dashed-triple-dotted line), pro-
ton synchrotron and cascade (red dashed line). The black thick solid line is the sum of all

emission components (which also includes the synchrotron emission of the primary electrons
at optical/X-ray frequencies). The resulting model parameters are reported in table 3.
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Abdo+ 11 

Smoking gun?  
- neutrinos 
- detailed studies of γ-ray spectra   
- X-ray & γ-ray polarization (Zhang& Bottcher 13)  

π-induced 

µ-induced 

p-syn 

Mrk 421 (z=0.033) 



Blazar Sequence & pγ Efficiency 

Stronger sequence in pγ emission 
Lcr ∝ Lγ, fpγ ∝ Lγ1/2 (for ext. rad.) 
→ Lν ∝ Lγ1.5 
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“Blazar sequence” 
softer spectra at higher L 
LSP: powerful ⇆ HSP: weak  

(Fossati+ 98) 

7
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FIG. 9: The neutrino SED sequence of blazars. The muon
neutrino spectrum is shown for s = 2.3 and ξcr = 100. The
neutrino mixing is taken into account.
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FIG. 10: The same as Fig. 9, but for s = 2.0 and ξcr = 10.

B. Neutrinos from the bloadline region and dust
torus

If blazars are CR sources, the CRs have to escape from
the acceleration region. Then, the CRs must interact
with external radiation fields while they propagate in the
BLR and dust torus. In this paper, we consider essen-
tially power-law spectra by using the CR escape fraction
fesc = (1 − min[1, tdyn/tc]). Although our setup corre-
sponds to an optimistic case for escaping CRs, it may be
realized if accelerated CRs reach the BLR without fur-
ther significant losses including adiabatic cooling. Such
a situation is also motivated by models explaining PeV
neutrinos and/or TeV γ rays by photohadronic interac-
tions in intergalactic space. If we consider more details
including neutron escape or direct escape or diffusive es-
cape within tdyn, spectra of escaping CRs are so hard that
we have more difficulty in explaining the IceCube signal,
and these details depend on blob dynamics, magnetic
field properties, and the presence of other acceleration
processes.

The most important target photons are provided by
the BLR, and the photomeson production efficiency in

the BLR is estimated to be

fpγ ≈ n̂BLσ
eff
pγ rBLR ≃ 5.4× 10−2 L1/2

AD,46.5. (26)

The important fact is that this does not depend on Γ
and δt. Thus, for luminous blazars such as QHBs, PeV
neutrino production is unavoidable for CRs propagating
in the BLR.
The pγ optical depth of the BLR and dust torus is

shown in Figs. 11 and 12. Again, we note that the re-
sulting curves are meaningful only when rb < rBLR or
rb < rDT. The broadline component is important for
QHBs, and the photomeson production efficiency is or-
der of ∼ 0.1–1 for L5GHz ∼ 1045–1047 erg s−1. For
such luminous blazars, the dust component can deplete
ultrahigh-energy protons and neutrons. While the pho-
tomeson production can be very efficient at ! 109 GeV
energies, results on PeV neutrinos are not much affected
by IR photons from the dust torus.
For photohadronic interactions in the BLR, the neu-

trino spectrum is approximated by

E′
νLE′

ν
≈

3

8
fpγ(E

′
pLE′

p
)

×

{

(E′
ν/E

′b
ν)

2
(for E′

ν " E′b
ν)

(E′
ν/E

′b
ν)

2−s
(for E′b

ν < E′
ν)

(27)

which basically agrees with the numerical spectra shown
in Figs. 9 and 10. Note that IR photons from the dust
torus lead to efficient production of neutrinos E′

ν ∼
1 EeV. This feature can be more clearly seen for s = 2.0
in Fig. 10.
Finally, just for comparison, we discuss photohadronic

interactions in intergalactic space. Sufficiently high-
energy CRs escaping from the source can interact with
the cosmic microwave background (CMB) and extra-
galactic background light (EBL). For PeV neutrinos, in-
teractions with the EBL in the ultraviolet range are rele-
vant, and the photomeson production efficiency can sim-
ilarly estimated to be

fpγ ≈ n̂EBLσ
eff
pγ d ≃ 1.9× 10−4 n̂EBL,−4d28.5, (28)

where n̂EBL ∼ 10−4 cm−3 is the number of EBL photons
and d is the particle travel distance. Thus, the neutrino
production in the BLR is more efficient than in inter-
galactic space.

IV. DIFFUSE FLUX

Formally, the diffuse neutrino flux from extragalactic
astrophysical sources is calculated by

Φν =
c

4πH0

∫ zmax

dz
1

√

(1 + z)3Ωm + ΩΛ

×

∫

dLγ
dρ

dLγ
(Lγ , z)

LE′

ν
(Lγ)

E′
ν

(29)

large CR power in lepto-hadronic interpretations for HSPs 
(Lcr~1047-1049 erg/s; see Bottcher+ 12) 

disk 

dust  
torus 

jet 



Maximum CR Energy 
~10% of AGN have powerful jets (radio-loud): ns~10-4 Mpc-3 
Most of them are FR I galaxies and BL Lacs  
　 
　 
　　 

KM, Dermer, Takami, & Migliori 2012 ApJ 

Hillas condition: EA
max=ZeB’ΓR’ 

nearby FR I & blazars seen by Fermi	
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Ep

max ~ 1018-1019 eV for BL Lacs 
Ep

max ~ 1020 eV for FSRQs 
but pγ losses are relevant for FSRQs  

FSRQ w. Γ=10 
(comoving frame) 

Ep
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Some Remarks on CR Acc. in Blazars 
•  BL Lacs can accelerate heavy nuclei up to ~1020 eV 

FSRQs are more powerful but pγ cooling limits the max. energy  
 

•  Auger results suggest heavy nuclei at UHE energies 
nucleus survival: OK in BL Lacs but not in FSRQs 
open question: how heavy nuclei are loaded in AGN jets 
hard injection spectra (s<2) are suggested 
 

•  UHECRs from most blazars should be largely isotropized 
otherwise strong anisotropy was observed 
(or acceleration region is not beamed as in radio galaxies) 

•  UHECR-AGN hypothesis 
does not mean the lepto-hadronic scenario 
does not mean they give the main origin of IceCube neutrinos 

(Taylor+ 15) 

(Takami, KM & Dermer 14) 

(KM+ 12, 14) 



HE Neutrinos from AGN Jets 
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Standard jet models as the cosmic ν origin: difficult, many constraints…  
- Blazars: power-law CR spectra → hard spectral shape (KM, Inoue & Dermer 14) 

                point-source limits & correlation studies (KM & Waxman 15, IceCube Coll. 15) 

Various diffuse ν predictions 

IC-79/86 
prelim. 

lepto-hadronic norm. 
BL Lacs (w.o. external fields) 

leptonic 
BL Lacs + FSRQ 

leptonic w. UHECR norm. 
BL Lacs + FSRQ 
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Can We Play a Game? 

Can blazars explain IceCube data? Yes but… 
- Only PeV data unless multi-zone models are invoked 
- Need cutoff at 1017 eV to avoid UHE upper limits (stochastic acc.?)   
 Can blazars explain UHECRs? Yes but IceCube νs have a different origin 

- pγ w. BLR & dust-torus photons: cross-corr. w. known <100 bright quasars 
- UHECR norm. (reasonable) → EeV ν detectable by ARA & GRAND 

Kalashev, Kusenko & Essey 
Dermer, KM & Inoue 14 
Tavechhio & Ghisellini 14 



Possible VHE Anomaly in Weakly Variable Blazars?	 

Finke et al. 2010 ApJ   

Weakly Variable Class of TeV BL Lac Objects

Weak Fermi LAT fluxes

Compton-scattered CMBR 
from  extended jet/lobe 
produces weakly variable
TeV J rays

Böttcher, CD, Finke 2008

1ES 0229+200      z = 0.14
1ES 0347‐121       z = 0.186
1ES 1101‐232       z = 0.14
1ES 0548‐322       z = 0.069
RGB J0152+0.17  z = 0.08

Cerruti et al. 2013

1ES 0229+200
Tavecchio et al. 2011



Extreme VHE Blazars: Challenge? 

Maxwellian distribution?

Lefa+ 2011

ptcool s/1 β=
ppDp

α−∝ 2

3/1=pα for Kolmogorov

In extreme cases, the acceleration &
cooling balance each other,
then we have very hard spectrum.

16 M. Cerruti et al.
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Figure A1. Same as Figure 2, for 1ES 0229+200, using data from Aliu et al. (2014). The values of the magnetic field and the emitting region size are
(B[G],R[cm]) = (1, 6.8 ⇥ 1017), (13, 2.6 ⇥ 1016), (160, 1 ⇥ 1015), for the proton-synchrotron scenario, and (B[G],R[cm]) = (0.2, 3.2 ⇥ 1016), (0.3, 5.6 ⇥
1015), (0.8, 1 ⇥ 1015) for the lepto-hadronic scenario.

APPENDIX A: FIGURES
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Cerutti + 15 Lefa+ 11  

De-absorbed spectrum is as hard as s~1-1.5 
Almost mono-energetic electron distribution is needed 
Suggested values of B seem much smaller 
 
Have been used to constrain intergalactic fields in voids 
Cascade component appear as a GeV excess? 

lepto-hadronic stochastic acceleration (leptonic)  

(e.g., Vovk+ 12) 

(e.g., Tavechhio+ 11) 



Intergalactic Cascade Emission? 

•  Spectrum 
F. Oikonomou et al.: Synchrotron pair halo and echo emission from blazars in the cosmic web
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Fig. 2. Solid lines: the energy flux of secondary leptons produced by
p� interactions in a 3 Mpc magnetised region around a source at red-
shift z = 0.14 that emits UHECRs with Lcr,iso = 1047 erg s�1. The
volume-averaged magnetic field strength in the magnetised region is
B̄ = 31.6 nG (purple), 316 nG (green). The noise in the pion bump is due
to the finite number of particles injected in our simulations. Dot-dashed
lines: the energy flux of secondary leptons produced by p� interactions
beyond the first 3 Mpc of propagation.

blazar jet we (arbitrarily) consider ✓jet = 0.192 ' 11�, but the
results presented here are not sensitive to this choice.

For the EBL energy density and redshift evolution, we con-
sider a range of models that are consistent with current observa-
tions (Kneiske et al. 2004; Kneiske & Dole 2008; Franceschini
et al. 2008; Inoue et al. 2013) and for the CMB a black body
spectrum of temperature 2.7 K. For the extragalactic radio back-
ground the model of Protheroe & Biermann (1996) and mea-
surements of Clark et al. (1970) as implemented by CRPropa
are used. Uncertainties on the spectrum and redshift evolution of
the EBL and to a lesser extent of the radio background, intro-
duce an uncertainty into our results but as we show in the next
section, our results are robust to the choice of EBL model for
the representative range of models that we have considered in
this work.

3. Robustness of synchrotron signal

with application to specific sources

The blazars studied in this work have gamma-ray peaks between
⇠10 GeV�10 TeV; however, irrespective of their intrinsic spec-
tra, a cut-o↵ is observed in the TeV that strongly depends on the
redshift of the source and details of the EBL spectrum and red-
shift evolution. The optical depth of the EBL to 1 TeV gamma
rays is thought to be O(1) at z ⇠ 0.1 hence for all the sources
studied in this work a strong suppression of the intrinsic source
flux above this energy is expected.

In the secondary synchrotron model the main contribution
to the secondary energy flux within the magnetised region will
be from photomeson production due to the significantly shorter
cooling length compared to that of Bethe-Heitler pair produc-
tion. Figure 2 presents the secondary leptons (photons and
electron-positron pairs) produced inside and outside the mag-
netised region for a source at redshift z = 0.14 that emits
UHECRs with Lcr,iso =

R
1018eV dE(dLcr,iso/dE) = 1047 erg s�1.

Here and throughout the injected luminosity quoted is above
1018 eV and the injection spectral index, ↵ = 2.0, unless oth-
erwise stated. Protons with energy lower than ⇠1018 eV should
be present in the jet and will contribute to the total jet power but
not the observed gamma-ray flux because they are most likely
confined in the jet. Considering the contribution of protons with
Emin >⇠ �mpc2 to the total jet power, where � ' 10 is the typical
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Fig. 3. The fit of the UHECR secondary synchrotron model to the
spectrum of 1ES 0229+200, assuming a mean strength of the mag-
netic field in the magnetised region, B̄ in the range 6�316 nG. Here
Lcr,iso = 1046.5erg s�1 has been assumed. Fermi/LAT data points for this
source here and throughout have been adapted from Vovk et al. (2012).
The model spectra shown account for the attenuation by the EBL, for
which the model of Kneiske & Dole (2008) has been considered.

Lorentz factor of the bulk motion and mp the proton mass, in-
creases the Lcr,iso required to produce the same secondary lepton
flux by ln(Emax/Emin)/ln(Emax/1018 eV), which is a factor of a
few. We observe in Fig. 2 that for our chosen injection spectrum
the peak of the energy spectrum of the first generation of elec-
trons from photomeson production is at Ee ⇠ 1019 eV as a result
of the competition between the abundance of primary protons
with increasing energy and the energy loss rate of the primary
protons. The characteristic energy of the synchrotron emission
of these electrons will be at Esyn ⇠ 6.7 ⇥ 1011 (B/100 nG) eV,
which for the typical magnetic fields expected in the large scale
structures we study, is near the peak of the blazar spectra. The
synchrotron emission that is emitted with energy beyond a few
TeV will be absorbed by the EBL. The dot-dashed component in
Fig. 2, which is produced beyond the first 3 Mpc from the source,
could also contribute to the cascaded emission, since its level is
higher than the flux produced closer to the source. As already
mentioned this low energy component is likely to be diluted by
IGMFs and not contribute to the GeV flux of the source if inter-
vening IGMFs are non-negligible. In this sense the results shown
here correspond to the limit where IGMFs are strong enough to
isotropise this low energy cascade component.

3.1. 1ES 0229+200

Figure 3 shows the model prediction of the secondary syn-
chrotron signal to the observed spectrum of 1ES 0229+200 for B̄
in the range 6�316 nG. The assumed isotropic equivalent lumi-
nosity is Lcr,iso = 1047 erg s�1. For this source, whose spectrum
peaks at >⇠10 TeV, B̄ = 316 nG is consistent with the combined
GeV–TeV data, whereas considering values of B̄ <⇠ 100 nG re-
sults in a poorer fit.

In Fig. 4 we show the robustness of the model fit to the un-
certainty in the intensity and redshift evolution of the EBL, by
considering a range of EBL models that are consistent with ex-
isting limits and measurements. The goodness of the model fit to
the spectrum of 1ES 0229+200 depends on the EBL that is as-
sumed, and the best fit is obtained with the lower limit model of
Kneiske & Dole (2008). All the models we considered slightly
under-predict the energy flux at the highest TeV datapoint but
for the fit with the EBL model of Kneiske & Dole (2008), this
disagreement is very small. Considering a slightly higher value

A110, page 5 of 11

Essey & Kusenko 10, Essey+ 11, 12 Oikonomou, KM & Kotera 13 

Alternative scenario:  
neutrino and hadronic gamma-ray production outside sources  

p(A) 

CMB γ
νµ

νe

e+

µ+

π+
νµ
νe

e+

n(A’s) p 

pγ meson production 
(Greisen-Kuzmin-Zatsepin) 

p(A) 

CMB γ

e+

p(A) 

e-

Bethe-Heitler process 

Inverse-Compton cascades in voids Synchrotron cascades in filaments/clusters 
e+γ→ e+γ (IC)

€ 

e + B→ e + γ (syn)γ +γ→ e+ + e−



Predictions for VHE Gamma-Ray Spectra	 

KM, Dermer, Takami, & Migliori 12 ApJ 749 63   

Primary CR-induced:  
Intergalactic IC cascades 
Intergalactic syn. cascades 

Primary γ-induced:  
leptonic 
lepto-hadronic 
Intergalactic syn. cascades 

discrimination by CTA	

Many models: buy classified into two distinct features in VHE spectra  



The Astrophysical Journal Letters, 771:L32 (5pp), 2013 July 10 Takami, Murase, & Dermer
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Figure 1. SEDs calculated for gamma-ray-induced (red) and UHECR-induced
(blue) cascade scenarios for KUV 00311−1938 (z = 0.61) using low IR (thick)
and best fit (thin) EBL models deduced by Kneiske et al. (2004) with the analyzed
LAT data (green) with a H.E.S.S. preliminary spectrum (magenta; Becherini
et al. 2012). We take s = 1.76. The isotropic equivalent energy of input gamma
rays for the gamma-ray-induced cascade Liso

γ and of UHECR source protons for
a UHECR-induced cascade Liso

p are 3.5×1046 erg s−1 and 1.1×1047 erg s−1, re-
spectively. The differential sensitivity curve for a 50 hr observation with H.E.S.S.
I (http://www.mpi-hd.mpg.de/hfm/HESS/pages/home/proposals/; dashed line),
and the 50 hr sensitivity goal of the Cherenkov Telescope Array (CTA; Actis
et al. 2011; dotted line) are also plotted. The flux lower than the sensitivity
curve can be achieved under a relaxed criterion of wider energy-bins and lower
significance required to estimate flux in each bin.
(A color version of this figure is available in the online journal.)

reproduced by both gamma-ray- and UHECR-induced cascade
scenarios between 10 and 100 GeV. The UHECR-induced cas-
cade predicts larger flux above 200 GeV and harder spectrum
than the gamma-ray-induced scenario above ∼1 TeV. Prelimi-
nary H.E.S.S. data support the hadronic interpretation. Note that
the redshift of this object is uncertain (see Section 5).

We confirmed that the SEDs of the other more distant sources
in the list, excepting sources with steep spectra, namely PKS
0426−380 and PKS 2142−75, are reproduced by both gamma-
ray-induced and UHECR-induced cascade scenarios for the
quoted redshifts. More distant sources allow the possibility
to distinguish the two scenarios clearly by the difference in
predicted spectral fluxes above ∼1 TeV. Due to their large
distances, a sharper cutoff of the gamma-ray-induced spectra
compared to the UHECR-induced spectra is predicted at the
characteristic EBL absorption energy Ec (Murase et al. 2012b),
and a plateau of emission extending to >10 TeV is predicted in
the hadronic scenario.

In general, differential sensitivity is defined more conserva-
tively than integral sensitivity for IACTs. Conventionally, the
differential sensitivity requires a 5σ signal for a 50 hr obser-
vation in each of four equal-width logarithmic bins per decade,
whereas the integral sensitivity is defined as a 5σ excess of
gamma rays above a given threshold energy for a 50 hr obser-
vation (e.g., Aleksić et al. 2012). Thus, integral flux is more
sensitive to the scenario distinction.

Figure 2 shows the integral flux corresponding to the pre-
dictions in Figure 1. Here, we can obviously recognize that
the UHECR-induced scenario can be distinguished from the
gamma-ray-induced scenario by the Cherenkov Telescope Ar-
ray (CTA). This source is detectable at the 5σ level up to ∼3 TeV
for the low-IR model and ∼1 TeV for the best-fit model in the
UHECR-induced scenario, while it should only be detected up
to ∼500 GeV in the gamma-ray-induced scenario. Detection of
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Figure 2. Integral flux corresponding to the SEDs in Figure 1 (KUV
00311−1938) with the H.E.S.S. I integral sensitivity (presented by Y. Becherini
in Rencontres de Moriond 2009; http://moriond.in2p3.fr/J09/) and the integral
sensitivity goal of CTA for a 50 hr observation (Actis et al. 2011). The inset
shows a >10 GeV light curve with 16 equal time bins, each lasting 90.3 days.
The light curve is consistent with a constant flux hypothesis with χ2

r = 0.95
which is calculated only from finite flux points.
(A color version of this figure is available in the online journal.)

10-15

10-14

10-13

10-12

10-11

10-10

1010 1011 1012 1013 1014

F
(>

E
) 

[c
m

-2
 s

-1
]

E [eV]

MAGIC II

CTA

γ-induced (low IR)
γ-induced (best fit)

CR-induced (low IR)
CR-induced (best fit)

 0

 1

 54500 55000 55500 56000 56500F
(>

1
0

 G
e

V
) 

[1
0

-9
 c

m
-2

 s
-1

]

Modified Julian Day

Figure 3. Same as Figure 2, but for PG 1246+586 (z = 0.847). Liso
γ =

7.5×1046 erg s−1 and Liso
p = 2.0×1047 erg s−1. We take s = 1.94. The inset is

a light curve similar to Figure 2, with χ2
r = 0.40 for a constant flux hypothesis.

(A color version of this figure is available in the online journal.)

this source above 1 TeV would be very strong evidence for a
hadronic origin of the radiation.

We demonstrate this behavior for a more distant source, PG
1246+586, in Figure 3. Despite its distance, this source can
be detected by CTA below ∼200 GeV for both scenarios. It
is possible to distinguish between the two scenarios because
the difference in detecting photons for the two scenarios would
be larger than the range of uncertainties implied by the EBL
models used, even with the flux of the characteristic hadronic
plateau at high energies being below the CTA sensitivity. Thus,
even gamma-ray sources with z ∼ 0.85 can be utilized to
disentangle the two scenarios. Other sources detectable with
50 hr observations with CTA in the source list are Ton 116,
B3 1307+433, 4C +55.17, and PKS 1958−179. Note that
the sensitivity of CTA North may be somewhat worse above
∼10 TeV because no small-size telescopes are projected to be a
part of the array.

3

Smoking Gun: High-Energy Tail of Distant Blazars	 

Takami, KM & Dermer 13 ApJL 
see also KM, Dermer, Takami & Migliori 12 ApJ, Aharonian+ 13 PRD 

Primary UHECR-induced: 

Primary γ-induced: 
 
 
dIγ ~ -(1/λγγ) Iγ dr 
→ ∝ exp(-τγγ) TeV 

dIγ ~ -(1/λγγ) Iγ dr + (1/λBH) ICR dr 
→ ∝ (1-exp(-τγγ))/τγγ

Key tests:  
- go to higher energies and/or higher redshifts (→ CTA) 
- weak variability 

KUV 00311−1938  
(z =0.61)  

The Astrophysical Journal, 749:63 (15pp), 2012 April 10 Murase et al.
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Figure 6. Effects of the structured EGMFs on the deflection of UHE protons.
Relative contributions represent how much the apparent cosmic luminosity at
which cosmic rays enter the void region is diluted from ELCR

E at the source.
Note that a two-sided jet is considered throughout this work.
(A color version of this figure is available in the online journal.)

γ -ray-induced fluxes. Indeed, one sees that the relative impor-
tance of the proton-induced γ -ray flux to the γ -ray-induced
flux increases with distance (compare Figure 7 with Figures 1
and 3). Importantly for distant sources, the proton-induced cas-
cade spectrum is much harder than the γ -ray-induced spectrum,
especially above TeV energies. Future VHE observations by
CTA and HAWC are important to identify the origin of UHE-
CRs through detection of high-energy γ -rays, as we demonstrate
for 1ES 0229+200 in the next subsection.

In this work, we are interested in cases where IC cascade
emission in voids is important in the VHE range, since it can
explain hard VHE spectra of extreme TeV blazars as suggested
by Essey et al. (2010). When pairs are mainly supplied via
the Bethe–Heitler process, the timescale of secondary photons
produced by a proton beam roughly becomes

∆t IGV ≃ 14 yr E−2
γ ,11B

2
IGV,−17(λBH/Gpc)(1 + z)−1, (12)

which is more relevant than ∆T CR when the void IGMF is
so strong that ∆T CR < ∆t IGV is satisfied. Here, λBH is the
Bethe–Heitler energy-loss length. One should also keep in mind
that the proton-induced GeV–TeV synchrotron emission from
the structured region itself, where the EGMFs are stronger,
should also be expected (see Gabici & Aharonian 2005; Kotera
et al. 2009, 2011 and references therein). For a weak IGMF that
is of interest in this work, its relative importance is somewhat
smaller when the volume filling fraction of the magnetized
region is taken into account.

We have demonstrated the likely importance of the struc-
tured EGMFs for proton-induced intergalactic cascade emis-
sion. They are also important for UHE nuclei. Since
nuclei with energy ZEp have the same deflection angle as
protons with energy Ep, our results indicate that Fe nuclei
should be significantly isotropized for all observed UHECR
energies. For UHE nuclei, the photodisintegration energy-loss
length is ∼100 Mpc, for which the energy fraction carried by
γ -rays and neutrinos is small as long as Emax

A is not too high.
On the other hand, UHE nuclei supply high-energy pairs via
the Bethe–Heitler process, whose effective cross section is
κBH,AσBH,A ∼ κBH,pσBH,p(Z2/A), which induces cascades in
the same manner as UHE protons. Therefore, the intergalactic
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Figure 7. Spectra of UHE proton-induced cascade emission for various source
redshifts. We assume LUHECR = 1045 erg s−1 with Emax

p = 1019 eV and p = 2.
The source is assumed to be located in the filament with BEG = 10 nG and
λmax = 0.1 Mpc. The low-IR EBL model is here assumed.
(A color version of this figure is available in the online journal.)

cascade signal, which is generated outside the source, is also
important for sources of primary UHE nuclei.9

3.3. Implications for TeV–PeV Observations

In a wide range of EBL models, deabsorption of measured
TeV blazar spectra leads to hard excesses at >TeV energies
in, e.g., 1ES 1101−232, 1ES 0229+200, and 1ES 0347−121
(see, e.g., Figure 8 in Finke et al. 2010). These unusual TeV
spectral emission components are conventionally explained by
(either leptonic or hadronic) emissions at the source, but they
could also be explained by intergalactic cascade emissions. Non-
simultaneous TeV excesses are also seen above the extrapolation
of the GeV flux in NGC 1275 (Abdo et al. 2009b) and the core
of Cen A (Abdo et al. 2010d), but because of their proximity,
these excesses are unlikely to be UHECR-induced emissions
made in intergalactic space.

Figure 8 demonstrates that 1ES 0229+200 can be fit by both
the γ -ray-induced cascade and proton-induced cascade emis-
sions. Because of the uncertainty in EBL models, it is not easy
to distinguish between the two possibilities at ∼0.1–1 TeV
energies. At higher energies, however, our calculations show
that UHECR-induced cascade emission becomes harder than
γ -ray-induced cascade emission resulting from attenuation of
hard γ -ray source photons for a given EBL model. More im-
portantly, the emission spectrum measured as a result of the
injection of VHE/UHE photons at the source is strongly sup-
pressed above ∼10 TeV for a wide range of EBL models,
whereas a cosmic-ray-induced cascade displays a significantly
harder spectrum above this energy, and detection of >25 TeV
γ -rays from 1ES 0229+200 is only compatible if the γ -rays are
hadronic in origin. This is because UHE protons (and UHE nu-
clei) can inject high-energy pairs over the Bethe–Heitler energy-
loss length (λBH ∼ (A/Z2) Gpc at EA ∼ A1019 eV) that is
typically longer than the effective loss length of VHE/UHE

9 On the other hand, the emission of γ -rays and neutrinos produced inside the
source of primary UHE nuclei is limited by the nuclear survival condition, as
shown in Murase & Beacom (2010a, 2010b). Given that the observed
UHECRs are dominated by heavy nuclei, this limitation is also applied to
neutrinos produced outside the source, i.e., cosmogenic neutrinos (Murase &
Beacom 2010a).

10



Variable Hadronic Cascade Emission: UHE Neutral Beams 	 

Magnetized region 
e.g., filaments/clusters	

size ~ Mpc 
B ~ nG-µG 	

UHEn/γ	e	
e	 UHEγ	

TeVγ	

galaxy scale (~kpc) ⇔ ~day 
dust torus scale (~pc) ⇔ ~minute 	w. additional fields	

~month	CMB/CRB/EBL	

KM 2012 ApJL 745 L16 



Application to Blazars F. Tavecchio et al.: On the origin of gamma-ray emission of PKS 1222+216

good approximation for the BLR radiation field as seen in the
comoving frame is a black body peaked at ν′BLR ≈ 3× 10

15Γ Hz.
Since the UVOT data–points probably trace the direct disk

emission we fix Ld by reproducing the UVOT fluxes with a
black body. Assuming that the peak is in correspondence with
the UVOT filter at the highest frequency (UVW2), a lower limit
for the disk luminosity is Ld = 5 × 1046 erg s−1 (Fig. 3, black
short dashed line). This luminosity is exactly ten times larger
than that estimated by Tanaka et al. (2011) by using the BLR
total luminosity (and assuming ξBLR ∼ 0.1), in turn estimated by
the luminosity of the Hβ line in the SDSS spectrum (Fan et al.
2006). Considering the difference between the flux at the epoch
of the SDSS (Jan 2008) and UVOT measures discussed in §2
the discrepancy is reduced by a factor of ≈ 2. A difference by
a factor of 5 between the two estimates could be explained by
assuming ξBLR ∼ 0.02. Setting Ld = 5 × 1046 erg s−1, we have
RBLR = 7 × 1017 cm.

Outside the BLR a dusty torus intercepts and re-emits part
of the central disk emission. The radiation field of the torus is
modeled as a black body with temperature TIR = 1.2 × 103 K
with total luminosity LIR = 1046 erg s−1 (black long dashed line
on Fig. 3) filling a volume that, for simplicity, is approximated
as a spherical shell with radius RIR = 7 × 1018 cm.

In all the cases we model the compact emission region as a
sphere with radius Rb (the subscript “b” marks all the physical
quantities related to the blob), moving with bulk Lorentz factor
Γb, filled with uniform and tangled magnetic field Bb. We assume
that relativistic electrons follow a smoothed broken power law
energy distribution with normalization K and slope n1 and n2
below and above the break at the energy γpmec2.

We assume a conical jet propagating from the BH vicinity,
with semi–aperture angle φ = 0.1 rad. A spherical region at
distance d and radius R = φ d moving along the jet with bulk
Lorentz factor Γ, carries tangled magnetic field (with uniform
intensity B) and relativistic electrons with a distribution of the
same functional form as in the case of the blob.

In case (A) we consider only the emission from the compact
blob. In case (B) and (C) we consider the emission from both
regions.

Both regions will emit synchrotron and IC radiation. For the
blob and the jet components we consider as seed photons for the
IC scattering the locally-produced synchrotron photons (SSC),
the thermal emission from the dusty torus (EC/IR) and, in case
(B), the synchrotron photons produced in the other region of the
jet (we will call them the EC/J and EC/b component). In case
(C) for the large region we consider also the photons reprocessed
from the BLR (EC/BLR). The calculations have been performed
adapting the code described in detail in Maraschi & Tavecchio
(2003).

Since by construction the contribution of the large region is
always negligible above 20-30 GeV, for simplicity we neglect
absorption for this component when considering the region in-
side the BLR. For the blob we expect a very weak absorption
due to the IR radiation field of the torus, starting to be important
at energies higher than a few TeV. We also neglect this effect in
the spectra shown in Figs. 3 and 4.

3.3. Results

We first consider (case A) the possibility that the very compact
blob emitting TeV photons is responsible for the entire SED,
from IR up to TeV energies (see Fig. 3). As a consequence of
the large compactness implied by the short variability timescale,
the system naturally produces a powerful SSC component peak-

Fig. 2. Sketch of the geometrical arrangement assumed in the
model (not to scale). We consider a spherical BLR with radius
RBLR and a dusty torus at RIR. In all the cases we consider the
emission from a small compact “blob” of radius Rb moving with
Lorentz factor Γb. While in case A we suppose that the blob is
responsible for the entire SED, in case B and C we also consider
the emission from a “standard” spherical emission with radius
R equal to the cross sectional size of a conical jet with semi–
aperture angle φ, moving with bulk Lorentz factor Γ located out-
side (B) or inside (C) the BLR. Each region is characterized by
different values of the physical parameters, such as the magnetic
field, electron density and energies. See text for more details.

ing in the X-ray band. As detailed in the Appendix A, the short
variability timescale and the condition that the SSC compo-
nent lies below the observed X-ray spectrum constrains the ratio
Bb/δ5b ∼ 10

−9 G. Therefore either we adopt a “standard” value
of the magnetic field (Bb = 0.1 − 1 G) using extremely large
Doppler factors, δb > 50 or, conversely, we fix δb to smaller
values δb ∼ 10 with extremely low magnetic fields, Bb ∼ 10−4

4

FSRQ 4C+21.35 (z=0.432) 
>30 GeV γ rays (made inside BLR)    
are damped (e-30~10-13)  
but fast variability w. ~10 min 
 
“a very compact emission region   
 outside BLR” 
R’~1015 (Γ/100) cm << 1017 cm 
 
Alternative explanations: 
- Minute-scale echo produced by 
  UHE neutral beams 
 
- Axion-like particles 
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(Dermer, KM & Takami 12) 
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(Tanaka+ 11, MAGIC Coll. +11) 



Summary 
- Blazars & radio-loud AGN have been promising UHECR sources 
  dominant sources of the luminosity density in the γ-ray band 
 
- Leptonic vs lepto-hadronic  
  both can explain SEDs (though more literature in leptonic) 
 
- HE neutrinos start to give crucial tests for CR ion acc. in AGN   
  explaining the IceCube data w. blazars seems challenging 
  simultaneous UHECR explanation: tough in standard models  
 
- Extreme blazars: hints of intergalactic cascade emission? 
  CTA, HESS-II: crucial tests for primary γ-ray vs CR-induced 
 
- Fast-variability could be produced by UHE neutral beams  
 



Can UHECR be the Main Origin of Isotropic Diffuse Gamma-Ray Background 

Cosmogenic γ can contribute to diffuse γ-ray background 
Steeper than spectra of preliminary Fermi data  
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The Fate of Gamma Rays 
   	

€ 

γ + γCMB/CIB → e+ + e−

•IC cascade or synchrotron 
•probe of close CR accelerators 
 (hadronic) 

•IC cascade 
•distant (> 100 Mpc) sources 
  can be observed 
  (either hadronic or leptonic) 

>3 EeV	< 100 TeV	

Mpc	

Structured EGMF 
relevant	



Issues: Assumption on CR Beaming 

CR beams can be isotropized by many reasons  
- structured magnetic fields 
  (cluster: ~ µG) 
  (filament: ~ 10 nG) 
- radio bubbles/lobes (~ mG)  
- plasma instabilities 
  oblique 
  CR streaming 
 
If isotropized, CR luminosity exceeds 
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Figure 6. Effects of the structured EGMFs on the deflection of UHE protons.
Relative contributions represent how much the apparent cosmic luminosity at
which cosmic rays enter the void region is diluted from ELCR

E at the source.
Note that a two-sided jet is considered throughout this work.
(A color version of this figure is available in the online journal.)

γ -ray-induced fluxes. Indeed, one sees that the relative impor-
tance of the proton-induced γ -ray flux to the γ -ray-induced
flux increases with distance (compare Figure 7 with Figures 1
and 3). Importantly for distant sources, the proton-induced cas-
cade spectrum is much harder than the γ -ray-induced spectrum,
especially above TeV energies. Future VHE observations by
CTA and HAWC are important to identify the origin of UHE-
CRs through detection of high-energy γ -rays, as we demonstrate
for 1ES 0229+200 in the next subsection.

In this work, we are interested in cases where IC cascade
emission in voids is important in the VHE range, since it can
explain hard VHE spectra of extreme TeV blazars as suggested
by Essey et al. (2010). When pairs are mainly supplied via
the Bethe–Heitler process, the timescale of secondary photons
produced by a proton beam roughly becomes

∆t IGV ≃ 14 yr E−2
γ ,11B

2
IGV,−17(λBH/Gpc)(1 + z)−1, (12)

which is more relevant than ∆T CR when the void IGMF is
so strong that ∆T CR < ∆t IGV is satisfied. Here, λBH is the
Bethe–Heitler energy-loss length. One should also keep in mind
that the proton-induced GeV–TeV synchrotron emission from
the structured region itself, where the EGMFs are stronger,
should also be expected (see Gabici & Aharonian 2005; Kotera
et al. 2009, 2011 and references therein). For a weak IGMF that
is of interest in this work, its relative importance is somewhat
smaller when the volume filling fraction of the magnetized
region is taken into account.

We have demonstrated the likely importance of the struc-
tured EGMFs for proton-induced intergalactic cascade emis-
sion. They are also important for UHE nuclei. Since
nuclei with energy ZEp have the same deflection angle as
protons with energy Ep, our results indicate that Fe nuclei
should be significantly isotropized for all observed UHECR
energies. For UHE nuclei, the photodisintegration energy-loss
length is ∼100 Mpc, for which the energy fraction carried by
γ -rays and neutrinos is small as long as Emax

A is not too high.
On the other hand, UHE nuclei supply high-energy pairs via
the Bethe–Heitler process, whose effective cross section is
κBH,AσBH,A ∼ κBH,pσBH,p(Z2/A), which induces cascades in
the same manner as UHE protons. Therefore, the intergalactic
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Figure 7. Spectra of UHE proton-induced cascade emission for various source
redshifts. We assume LUHECR = 1045 erg s−1 with Emax

p = 1019 eV and p = 2.
The source is assumed to be located in the filament with BEG = 10 nG and
λmax = 0.1 Mpc. The low-IR EBL model is here assumed.
(A color version of this figure is available in the online journal.)

cascade signal, which is generated outside the source, is also
important for sources of primary UHE nuclei.9

3.3. Implications for TeV–PeV Observations

In a wide range of EBL models, deabsorption of measured
TeV blazar spectra leads to hard excesses at >TeV energies
in, e.g., 1ES 1101−232, 1ES 0229+200, and 1ES 0347−121
(see, e.g., Figure 8 in Finke et al. 2010). These unusual TeV
spectral emission components are conventionally explained by
(either leptonic or hadronic) emissions at the source, but they
could also be explained by intergalactic cascade emissions. Non-
simultaneous TeV excesses are also seen above the extrapolation
of the GeV flux in NGC 1275 (Abdo et al. 2009b) and the core
of Cen A (Abdo et al. 2010d), but because of their proximity,
these excesses are unlikely to be UHECR-induced emissions
made in intergalactic space.

Figure 8 demonstrates that 1ES 0229+200 can be fit by both
the γ -ray-induced cascade and proton-induced cascade emis-
sions. Because of the uncertainty in EBL models, it is not easy
to distinguish between the two possibilities at ∼0.1–1 TeV
energies. At higher energies, however, our calculations show
that UHECR-induced cascade emission becomes harder than
γ -ray-induced cascade emission resulting from attenuation of
hard γ -ray source photons for a given EBL model. More im-
portantly, the emission spectrum measured as a result of the
injection of VHE/UHE photons at the source is strongly sup-
pressed above ∼10 TeV for a wide range of EBL models,
whereas a cosmic-ray-induced cascade displays a significantly
harder spectrum above this energy, and detection of >25 TeV
γ -rays from 1ES 0229+200 is only compatible if the γ -rays are
hadronic in origin. This is because UHE protons (and UHE nu-
clei) can inject high-energy pairs over the Bethe–Heitler energy-
loss length (λBH ∼ (A/Z2) Gpc at EA ∼ A1019 eV) that is
typically longer than the effective loss length of VHE/UHE

9 On the other hand, the emission of γ -rays and neutrinos produced inside the
source of primary UHE nuclei is limited by the nuclear survival condition, as
shown in Murase & Beacom (2010a, 2010b). Given that the observed
UHECRs are dominated by heavy nuclei, this limitation is also applied to
neutrinos produced outside the source, i.e., cosmogenic neutrinos (Murase &
Beacom 2010a).

10
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black hole,

LEdd,abs = 4πGMBHmpc

σT

≃ 1.3 × 1046 erg s−1
(

MBH

108 M⊙

)
,

(13)
where MBH is the black hole mass. Therefore, the intergalac-
tic UHECR-induced cascade interpretation becomes problem-
atic if runaway UHECRs are significantly isotropized and/or
the spectral index of cosmic rays is steep enough. Such
isotropization may be realized by some plasma instability, or
by the structured EGMFs and/or magnetic fields in radio bub-
bles or lobes accompanied by radio-loud AGNs (see below).

Note that our conclusion from Table 2 does not hold in the
intergalactic hadronic cascade interpretation of extreme blazars
since the SSC model is here abandoned. But one may adopt
Emax

p ∼ 1019 eV, motivated by results of the SSC modeling for
typical, variable blazars (see Table 2). On the other hand, higher
Emax

p is also possible and a proton spectrum with higher Emax
p

is favored in view of smaller deflections and relaxed luminosity
requirement to fit TeV data (see Figure 6). However, similar
to the proton synchrotron blazar model for variable BL Lac
objects, the proton synchrotron component is expected as well
as the intergalactic hadronic cascade component.

It is useful to compare those luminosities with the required
UHECR energy budget indicated from UHECR observations.
From recent PAO observations, the local UHECR energy budget
above 1018.5 eV is a few ×1044 erg Mpc−3 yr−1. For the local
blazar density, ns ∼ 10−6.5 Mpc−3 (Padovani & Urry 1990), the
inferred isotropic-equivalent UHECR luminosity is LUHECR ∼
1043.5 erg s−1 (regarding blazars as radio-loud AGNs pointing
toward us). This is much smaller than the cosmic-ray luminosity
required for explaining extreme TeV blazars, and implies that
those distant radio-loud AGNs with hard VHE spectra should
be rarer and more powerful in cosmic rays than nearby AGNs
responsible for the observed UHECRs. For 1ES 0229+200, the
single-source flux is ∼10% of the observed UHECR flux so that
the anisotropy can be used as a useful probe.

We demonstrated the importance of structured EGMFs that
help isotropize the trajectories of UHECRs, though the EGMF
strengths are still uncertain. In addition, there are other causes
that can diminish the beaming of UHECRs and resulting cascade
fluxes. One arises from plasma instabilities induced by cosmic
rays (K. Murase et al. 2011, in preparation). Second, radio
lobes of powerful radio-loud AGNs, like in the case of Cen
A with B ∼ 1 µG, would also isotropize UHECRs (Dermer
et al. 2009), as might radio bubbles from the jets of typical
FR-I radio galaxies and aligned counterparts. These magnetic
fields seem relevant in order that cosmic rays from relativistic
jets of radio-loud AGNs to contribute to the observed flux of
UHECRs. Indeed, for nearby radio-loud AGNs, the UHECRs
must be significantly isotropized, since there is no blazar (i.e.,
aligned radio-loud AGNs) within ∼100 Mpc10 and no evidence
of cross-correlation with nearby blazars such as Mrk 501 and
Mrk 421 (Dermer et al. 2009). The isotropic-equivalent UHECR
luminosity (at the source) LUHECR ! 1045 erg s−1 at ∼100 Mpc

10 In other words, the “apparent” UHECR source density indicated from
analyses of auto-correlation satisfies ns ! 10−5 Mpc−3 (Kashti & Waxman
2008; Takami & Sato 2009), which is larger than the local blazar number
density, ns ∼ 10−6.5 Mpc−3. If UHECRs are isotropized rather than beamed,
one may compare it to the local FR-I galaxy density, ns ∼ 10−4 Mpc−3 (e.g.,
Padovani & Urry 1990), which is consistent with the lower limit on the
apparent UHECR source density. Then, the inferred UHECR luminosity per
source is typically LUHECR,j ∼ 1041 erg s−1.

will lead to overproduction of the observed UHECR spectral
flux.

4. DISCUSSION AND SUMMARY

In this work we studied BL Lac objects and FR-I radio
galaxies as potential UHECR sources in light of recent Fermi
and imaging atmospheric Cerenkov telescope observations, and
considered how future CTA, HAWC, and other high-energy
γ -ray experiments might test the origin of the γ -rays from this
class of blazars.

If one accepts the standard synchrotron/SSC model for
typical, FR-I galaxies and highly variable BL Lac objects
that comprise the majority of VHE radio-loud AGNs, the
proton maximum energy is typically ∼1–10 EeV unless UHE
protons are produced as rare transient events, and only heavier
nuclei normally reach !1020 eV energies. In terms of the
maximum energy, a heavy-ion-dominated composition can be
compatible with the standard SSC model because Fe nuclei
can be accelerated to !1020.5 eV while surviving against
photodisintegration (if δ ! 20; see Equation (8)). An open issue
of the heavy-ion-dominated composition scenario of radio-loud
AGNs is how the significant amount of heavy nuclei is loaded in
AGN jets, which is suggested from the PAO composition results
(Wilk & Wlodarczyk 2011) and the observed isotropy in arrival
distribution at ∼1019 eVZ−1

1.5EA,20.5 (Abreu et al. 2011).
On the other hand, if hadronic models are adopted for typical,

FR-I galaxies and highly variable BL Lac objects, then the
observed VHE emission from these objects could be proton
synchrotron radiation if protons are accelerated up to ∼1020.5 eV,
which requires strong magnetic fields, B ′ ∼ 10–100 G, that
could be found in the inner jets of the radio-loud AGN. Such
hadronic models can be compatible with a proton-dominated
composition. Especially for luminous blazars with spectacular
flares and low-peaked BL Lac objects with scattered radiation
fields, one may expect high-energy neutrinos produced in inner
jets as one of the hadronic signatures (e.g., Atoyan & Dermer
2001).

In either of the synchrotron/SSC or hadronic model, we
mainly considered the blazar zone in the inner jet as the
emission region of γ -rays. However, some recent studies based
on simultaneous radio and γ -ray observations are questioning
the standard idea that the blazar region is located near the AGN
core (e.g., Marscher et al. 2010). For example, in the case of
3C 345, Schinzel et al. (2012) proposed that the emitting region
is located at ∼23 pc along the jet.

Extreme TeV blazars, in sources like 1ES 0229+200, 1ES
0347−121, H 2346-309, and 1ES 1101−232 (Neronov & Vovk
2010), are extreme both in their deabsorbed TeV spectra and
their quiescent, non-blazar-like behavior. Their hard source
spectra can be explained by γ -rays that are produced either
via electronic SSC or hadronic processes in inner jets, but
hard EBL-deabsorbed VHE spectra typically require extreme
source parameters or a special setup (Tavecchio et al. 2011;
Zacharopoulou et al. 2011). An alternative interpretation for the
extreme blazars, whose variability is slow or absent, comes from
intergalactic cascade emissions. γ -ray-induced or UHECR-
induced cascaded emissions can make slowly variable or almost
non-variable components provided that the IGMF is weak
enough, and the former may be seen as a slowly variable pair-
echo component, following a more rapidly variable component.

We examined these possibilities with numerical calculations,
taking into account effects of structured EGMFs in filaments and
clusters, and demonstrated that the structured EGMFs would

12

Broderik+ 12, Shlickeiser+ 13 but see Mianiti & Elyiv 13 

KM+ 12 
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Figure 1. The 95% CL upper limits of the UHECR proton luminosity LisoUHECR,MS = E
2dN/dE at 1019 eV as a function of the exposure of a UHECR experiment

with uniform aperture. The cases of sources located at five representative redshifts and for two spectral indices (s = 2.0 [solid lines] and s = 2.6 [dotted lines]) are
shown. The assumed strengths of the LEGMF are BLEG = 0 nG (upper left), 1 nG (upper right), 10 nG (lower left), and 100 nG (lower right). The cutoff energy
of injected UHECR spectra is Ec = 1020 eV. The exposure reported in 2013 for the PAO is ∼ 3.2× 104 km2 sr yr (The Pierre Auger Collaboration et al. 2013).

general upper limits are mentioned. First, EGMFs surround-
ing sources can increase the constrained LisoUHECR,MS compared
to LisoUHECR. Although the upper limits of LisoUHECR,MS remain
unchanged for the isotropic sources of UHECRs, upper lim-
its on the intrinsic isotropic-equivalent CR luminosity may be
10 – 100 times larger than those of LisoUHECR,MS, depending on
the opening angle of jets and the configuration of the mag-
netic structure if CRs originate from beaming sources such
as blazars (Murase et al. 2012). Higher CR luminosities are
more challenging for the UHECR-induced cascade model to
work.

3.2. Implications
The simple scaling of the CR luminosity constraints can

rule out the existence of typical persistent UHECR sources in
the very local universe. The observed isotropy is consistent
with the existence of UHECR sources with average CR lumi-
nosity LaveUHECR within the distance where the CR luminosity
upper limit LisoUHECR,MS is larger than the average CR luminos-
ity. This implies that the characteristic CR source distance

d ! 24
(

ns
10−4 Mpc−3

)−1/2
(

Liso,ulUHECR,MS(z = 0.01)
1041 erg s−1

)−1/2

Mpc, (9)

where the right-hand side is normalized by the source num-
ber density estimated from observations of UHECRs above
6× 1019 eV (Takami & Sato 2009). Here, E(1019 eV) = 1044
erg Mpc−3 yr−1 is applied and Liso,ulUHECR,MS(z = 0.01) is the CR
luminosity upper limit of a source located at z = 0.01 at 1019
eV, which is used for interpolation to lower shift.
The upper limits of CR luminosity allow us to estimate the

source number density of UHECRs with energyEp≈ 1019 eV.
The mean separation of two UHECR sources in local universe
dmean ∼ (3/4πns)1/3 can be regarded as the typical distance of
the nearest UHECR source from the Milky Way. This should
be larger than the critical distance dcrit defined as the right-
hand side of equation (9), that is, dmean > dcrit, and therefore
the source number density is constrained to be

ns ! 3× 10−3
(

Liso,ulUHECR,MS(z = 0.01)
1041 erg s−1

)−3

Mpc−3. (10)

Figure 1 shows Liso,ulUHECR,MS(z = 0.01) ∼ 1041 erg s−1 is al-
ready achieved by the PAO for BLEG " 1 nG. Then, inter-
estingly, the numerical value in equation (10) is larger than
that of radio galaxies (Fanaroff-Riley I + II), ∼ 10−4 Mpc−3
(Padovani & Urry 1990; van Velzen et al. 2012). This numer-
ical value is also consistent with an early estimation of the

UHECR “Isotropy” Problem 

No anisotropy → ns>10-3 Mpc-3 at 1019 eV 
Extreme blazars are not UHECR sources or weird EGMF 

Emax ~ 1019 eV 
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