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Formalism

*see also Neronov & Vovk 2010, Taylor et al 2011, Dermer et al. 2011, Murase et al. 2008, Ichiki et al. 2008, 
Dolag et al. 2011, Huan et al. 2011
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sources 
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Fast implementation for Fermi Analysis/
parameter surveys 
Time dependent/exact geometry 
Benchmark with Monte Carlo (ELMAG)

FO, Murase, Kotera, in prep. / PoS(ICRC2017)869

full KN cross-section on or off-axis jet
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Inverse-Compton pair halo emission

Neronov & Semikoz 2009
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UHECR induced synchrotron pair echo/halo

filament/galaxy cluster
B > nG

typically ~few Mpc

λsyn < λIC

prompt synchrotron γ-raysUHECRs
x
x

e+e-

Gabici, Aharonian 2005,7
Kotera, Allard, Lemoine 2011
FO, Murase, Kotera 2014

Extreme blazars and hadronic cascades 3

Figure 1. SED of the EHBL analyzed in this work. Red symbols show Swift (XRT and UVOT) data, orange points report Fermi/LAT data (detections or upper
limits from 2FGL catalogue, Nolan et al. 2012), red (gray) filled circles show the observed (de-absorbed) TeV data. Black circles for 1ES 0229+200 show
LAT data from Vovk et al. (2012). Green symbols show historical data. For 1ES 1101-232 we used UV-optical data from Costamante (2007). See Tavecchio
et al. (2010) for references. The dashed blue line in the 1ES 0229+200 panel shows the theoretical spectrum from the hadronic cascade derived by Murase et
al. (2012). The solid curves show the result of the emission model for Doppler factor of δ = 10 (black) and δ = 30 (magenta). The dashed curves at TeV
energies is the spectrum including absorption through interaction with the EBL (using the Dominguez et al. 2011 model).

cal values we obtain:

Emax = 2.6× 1019
Z
δ1

Ls,44

L1/2
C,42.5

Γ
δ

eV, (2)

where we introduced the notation QX ≡ Q/10X . We calculate
f = 11.4 with α1 = 0.3 and α2 = 1.1, suitable to model the syn-
chrotron peak of EHBL. The synchrotron luminosity is specialized
to the value observed in EHBL, while LC is normalized to a value
ten times smaller than the value of the luminosity of the high en-
ergy component, tracked by the GeV and TeV data, Lγ ∼ 3×1043

erg s−1.
Interestingly, Emax depends only on the synchrotron and SSC

output and on the Doppler factor of the jet. Since Ls is observed
and LC can be limited, Emax depends only on the Doppler factor.
The inverse proportionality between Emax and LC is easily under-

stood considering that, for a fixed synchrotron luminosity, a lower
LC implies a larger magnetic field (and viceversa) and thus a larger
Emax.

Given the high peak frequencies typical of EHBL, the SSC
component is likely produced in the Klein-Nishina regime. In this
case the correct expression includes also a (weak) dependence on
the synchrotron and SSC peak frequencies, νs and νC . Following
TMG98 (see Appendix) we obtain (here and in the following we
neglect the redshift correction given the small z of the considered
sources):

Emax = 3× 1019
Z
δα1

1

(νs,17νC,25)
(α1−1)/2 Ls,44

L1/2
C,42.5

Γ
δ

eV (3)

where we used again α1 = 0.3 and α2 = 1.1.
Acceleration of protons up to ∼ 2 − 3 × 1019 eV or iron

c⃝ 0000 RAS, MNRAS 000, 000–000

deabsorbed

Tavecchio 2014
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Summary

New analytical formalism to constrain EGMF strength with blazar pair-echoes/halos

Treatment of time-dependent pair-echo and pair-halo emission (transient sources) 
and off-axis emission (radio galaxies) 

Fast implementation/Fermi-LAT parameter surveys

Synchrotron emission by UHECRs can explain hard-spectrum ultra-high energy 
peaked blazars (UHBLs) and probes MF strength in structured regions
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UHECR induced synchrotron pair echo/halo

Kotera et al. 2011

D = 1 Gpc 
B = 1 nG  
Eγ = 1−100 GeV 
LCR,19 = 1046 erg s−1  

GeV cm−2 s−1

*sensitive to EGMFs in structured regions

D = 100 Mpc 
at level of total CR flux

* + flux integrated up to 
angular extension θD = 1 Gpc 

10% of total CR flux

Kotera et al. 2011

assuming CTA at 10 GeV: 
~ 10-10 GeV cm-2 s-1  (θsource /1°)

Fermi 10 yrs
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Back-up: UHECRs vs. UHE neutrals
*sensitive to EGMFs in structured regions
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distinguishable!

UHE photons 
B3 Mpc = 316 nG

α = 2, Eγ,ΜΑΧ = 1019.5 eV

LCR,j ~ 1045 erg s -1

~ year TeV variability? Aliu et al 2014

UHECR IC cascade/
UHECR seeded synchrotron 
strongly disfavoured

 FO, Murase & Kotera, 2017 [PoS(ICRC2017)869]
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Back-up: Source at z>1 

13

Aharonian et al, Phys.Rev. D87 (2013) no.6, 063002
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Hint of halo emission by Chen et al. 2015 analysis

14

Chen et al. Phys.Rev.Lett. 115 (2015) 

 24 Fermi stacked BL Lacs 0.069 < z < 0.5

 Θ = 0.5º

Consistent with B = 10-17-10-15 G (if sources steady)

Chen et al. 2015
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UHECR Inverse-Compton cascade

e.g., Essey et al 2010a,b,  
Murase et al 2012,  
Tavecchio 2014 
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Takami et al. 2014

Example: KUV 00311−1938 (z = 0.61)

UHECR Inverse-Compton cascade

Extreme blazars and hadronic cascades 3

Figure 1. SED of the EHBL analyzed in this work. Red symbols show Swift (XRT and UVOT) data, orange points report Fermi/LAT data (detections or upper
limits from 2FGL catalogue, Nolan et al. 2012), red (gray) filled circles show the observed (de-absorbed) TeV data. Black circles for 1ES 0229+200 show
LAT data from Vovk et al. (2012). Green symbols show historical data. For 1ES 1101-232 we used UV-optical data from Costamante (2007). See Tavecchio
et al. (2010) for references. The dashed blue line in the 1ES 0229+200 panel shows the theoretical spectrum from the hadronic cascade derived by Murase et
al. (2012). The solid curves show the result of the emission model for Doppler factor of δ = 10 (black) and δ = 30 (magenta). The dashed curves at TeV
energies is the spectrum including absorption through interaction with the EBL (using the Dominguez et al. 2011 model).

cal values we obtain:

Emax = 2.6× 1019
Z
δ1

Ls,44

L1/2
C,42.5

Γ
δ

eV, (2)

where we introduced the notation QX ≡ Q/10X . We calculate
f = 11.4 with α1 = 0.3 and α2 = 1.1, suitable to model the syn-
chrotron peak of EHBL. The synchrotron luminosity is specialized
to the value observed in EHBL, while LC is normalized to a value
ten times smaller than the value of the luminosity of the high en-
ergy component, tracked by the GeV and TeV data, Lγ ∼ 3×1043

erg s−1.
Interestingly, Emax depends only on the synchrotron and SSC

output and on the Doppler factor of the jet. Since Ls is observed
and LC can be limited, Emax depends only on the Doppler factor.
The inverse proportionality between Emax and LC is easily under-

stood considering that, for a fixed synchrotron luminosity, a lower
LC implies a larger magnetic field (and viceversa) and thus a larger
Emax.

Given the high peak frequencies typical of EHBL, the SSC
component is likely produced in the Klein-Nishina regime. In this
case the correct expression includes also a (weak) dependence on
the synchrotron and SSC peak frequencies, νs and νC . Following
TMG98 (see Appendix) we obtain (here and in the following we
neglect the redshift correction given the small z of the considered
sources):

Emax = 3× 1019
Z
δα1

1

(νs,17νC,25)
(α1−1)/2 Ls,44

L1/2
C,42.5

Γ
δ

eV (3)

where we used again α1 = 0.3 and α2 = 1.1.
Acceleration of protons up to ∼ 2 − 3 × 1019 eV or iron

c⃝ 0000 RAS, MNRAS 000, 000–000

deabsorbed

Tavecchio 2014

Can explain hard spectrum TeV blazars

e.g., Essey et al 2010a,b,  
Murase et al 2012,  
Tavecchio 2014 
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Takami et al. 2014

Example: KUV 00311−1938 (z = 0.61)

UHECR Inverse-Compton cascade

Extreme blazars and hadronic cascades 3

Figure 1. SED of the EHBL analyzed in this work. Red symbols show Swift (XRT and UVOT) data, orange points report Fermi/LAT data (detections or upper
limits from 2FGL catalogue, Nolan et al. 2012), red (gray) filled circles show the observed (de-absorbed) TeV data. Black circles for 1ES 0229+200 show
LAT data from Vovk et al. (2012). Green symbols show historical data. For 1ES 1101-232 we used UV-optical data from Costamante (2007). See Tavecchio
et al. (2010) for references. The dashed blue line in the 1ES 0229+200 panel shows the theoretical spectrum from the hadronic cascade derived by Murase et
al. (2012). The solid curves show the result of the emission model for Doppler factor of δ = 10 (black) and δ = 30 (magenta). The dashed curves at TeV
energies is the spectrum including absorption through interaction with the EBL (using the Dominguez et al. 2011 model).
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where we introduced the notation QX ≡ Q/10X . We calculate
f = 11.4 with α1 = 0.3 and α2 = 1.1, suitable to model the syn-
chrotron peak of EHBL. The synchrotron luminosity is specialized
to the value observed in EHBL, while LC is normalized to a value
ten times smaller than the value of the luminosity of the high en-
ergy component, tracked by the GeV and TeV data, Lγ ∼ 3×1043

erg s−1.
Interestingly, Emax depends only on the synchrotron and SSC

output and on the Doppler factor of the jet. Since Ls is observed
and LC can be limited, Emax depends only on the Doppler factor.
The inverse proportionality between Emax and LC is easily under-

stood considering that, for a fixed synchrotron luminosity, a lower
LC implies a larger magnetic field (and viceversa) and thus a larger
Emax.

Given the high peak frequencies typical of EHBL, the SSC
component is likely produced in the Klein-Nishina regime. In this
case the correct expression includes also a (weak) dependence on
the synchrotron and SSC peak frequencies, νs and νC . Following
TMG98 (see Appendix) we obtain (here and in the following we
neglect the redshift correction given the small z of the considered
sources):

Emax = 3× 1019
Z
δα1

1

(νs,17νC,25)
(α1−1)/2 Ls,44

L1/2
C,42.5

Γ
δ

eV (3)

where we used again α1 = 0.3 and α2 = 1.1.
Acceleration of protons up to ∼ 2 − 3 × 1019 eV or iron
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Fig. 8. Angular profiles of the images of the sources represented in
Fig. 7. We represent the gamma ray flux integrated over energies Eγ =
1 − 100 GeV averaged over angular bins, for a filament seen along its
axis, at 1 Gpc and LE,19 = 10

46 erg s−1 (black solid line), and at 100 Mpc
and LE,19 = 10

44 erg s−1 (green dashed line). The black stars and green
crosses present the corresponding integrated flux up to a given angular
extension in the sky θ.

3.3 . Inverse Compton cascades

Let us briefly discuss the gamma ray signal expected from
Compton cascades of ultra-high energy photons and pairs in-
jected in the intergalactic medium. The physics of these cas-
cades has been discussed in detail in Wdowczyk et al. (1972);
Protheroe (1986); Protheroe & Stanev (1993); Aharonian et al.
(1994); Ferrigno et al. (2004). These cascades have been con-
sidered in the study of Armengaud et al. (2006) (for a source
located in a cluster of galaxies) but dismissed in the study of
Gabici & Aharonian (2005) because of the dilution of the emit-
ted flux through the large deflection of the pairs in the low energy
range of the cascade. Indeed, the effective inverse Compton cool-
ing length of electrons of energy Ee ! 100 TeV can be written as
xeγ ≃ 3.5 kpc (Ee/100 TeV)

−1 and on this distance scale, the de-
flection imparted by a magnetic field of coherence length λB ≫
xeγ reads θe ∼ xeγ/rL,e ∼ 3 × 10

−2(Ee/100 TeV)
−2(B/10−12 G).

Then, assuming that the last pair of the cascade carries an en-
ergy Efin ∼ 20 TeV (so that the photon produced through the
interaction with the CMB carries a typical energy ! 1 TeV), one
finds that a magnetic field larger than ∼ 10−12 G isotropizes the
low energy cascade, in agreement with the estimates of Gabici
& Aharonian (2005).

This situation is modified when one takes into account the
inhomogeneous distribution of extra-galactic magnetic fields, as
we now discuss. Primary cosmic rays, upon traveling through
the voids of large scale structure may inject secondary pairs
which undergo inverse Compton cascades in these unmagnetized
regions. If the field in such regions is smaller than the above
10−12 G, then the cascade will transmit its energy in forward
!TeV photons. Of course, depending on the exact value of B
where the cascade ends, the resulting image will be spread by
some finite angle. Since we are interested in sharply peaked im-
ages, let us consider a typical angular size θ and ignore those
regions in which the magnetic field is large enough to give a
contribution to the image on a size larger than θ. For θ ≪ 1,

the problem remains one-dimensional as before, and one can
compute the total energy injected in inverse Compton cascades
within θ, as follows.

The luminosity injected in secondary pairs and photons up
to distance d is written χeLcr(> E). Since we are interested in
the signatures of ultrahigh cosmic ray sources, we require that
E ≥ 1019 eV; for protons, the energy loss length due pair produc-
tion moreover increases dramatically as E becomes smaller than
1019 eV, so that the contribution of lower energy particles can be
neglected in a first approximation. For photo-pair production, the
fraction transfered is χe,ee ≃ d/1Gpc of LE,19 = Lcr(> 10

19 eV)
up to d ∼ 1Gpc. For pion production, the fraction of energy
transfered is roughlyχe,π ≃ d/100Mpc of Lcr(> 6 10

19 eV) in the
continuous energy loss approximation. At distances 100Mpc ≤
d ≤ 1Gpc, the fraction χe of LE,19 injected into secondary pairs
and photons thus ranges from ∼ 0.5 for d = 100Mpc to ∼ 1
at d = 1Gpc; in short, it is expected to be of order unity or
slightly less. All the energy injected in this way in sufficiently
unmagnetized regions (see below) will be deposited through the
inverse Compton cascade in the sub-TeV range, with a typi-

cal energy flux dependence ∝ E
1/2
γ up to some maximal en-

ergy Eγ,max ∼ 1 − 10 TeV beyond which the Universe is opaque
to gamma rays on the distance scale d (Ferrigno et al. 2004).
Neglecting any redshift dependence for simplicity, the gamma-
ray energy flux per unit energy interval may then be approxi-
mated as:

E2γ
dNγ

dEγ
≈ f1d(< Bθ) χe

Lcr

8πd2

(

Eγ

Eγ,max

)1/2

≃ 2.5 × 10−10 GeV cm−2 s−1 f1d(< Bθ)χe

×
LE,19

1042 erg/s

(

d

100Mpc

)−2 (
Eγ

Eγ,max

)1/2

. (6)

where f1d(< Bθ) denotes the one-dimensional filling factor, i.e.
the fraction of the line of sight in which the magnetic field is
smaller than the value Bθ such that the deflection of the low en-
ergy cascade is θ. For reference, Bθ ≃ 2 × 10−14 G for θ = 1◦.
In general, one finds in the literature the three-dimensional fill-
ing factor f3d, but f1d(< Bθ) ∼ f3d(< Bθ) up to a numerical
prefactor of order unity that depends on the geometry of the
structures. Interestingly enough, the amount of magnetization of
the voids of large scale structure is directly related to the origin
of large scale magnetic fields. Obviously, if galactic and clus-
ter magnetic fields originate from a seed field produced in a
homogeneous way with a present day strength B ≫ 10−14 G,
then the above gamma ray flux will be diluted to large angular
scales, hence below detection threshold. However, if the seed
field, extrapolated to present day values is much lower than
this value, or if most of the magnetic enrichment of the in-
tergalactic medium results from the pollution by star forming
galaxies and radio-galaxies, then one should expect f1d(< Bθ)
to be non negligible. For instance, Donnert et al. (2009) obtain
f3d(< 10

−14 G) ∼ 0.03 in such models. Given the sensitivity of
current and future gamma ray experiments, the inverse Compton
cascades might then produce degree-size detectable halos for
source luminosities " 2×1043(d/100Mpc)−2 erg/s. We note that
intergalactic magnetic fields of strength B < 10−15 G might be
probed through the delay time of the high energy afterglow of
gamma-ray bursts (Plaga 1995; Ichiki et al. 2008) or the GeV
emission around blazars (Neronov & Semikoz 2006).
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