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“possible” 
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HESS limit

the Universe is more transparent 
to γ-rays than expected
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E0 = 100 TeV

~universal (calorimetric) 
E-1.5 spectrum

high energy “core” 
plus more extended 
low energy emission
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 pair haloes form if the magnetic field is large (greater or similar to 10-12 G)

 the size of the halo depends on the m.f.p. of gamma rays in the EBL -> probes 

of the cosmological evolution of the EBL

 pair haloes -> time integrated power in very high energy gamma rays of the 

central source (Compton cooling time of electrons <1 Myr)

 the halo emission is centered onto the central source if the primary emission is 

isotropic -> misalignement in case of beamed sources

↺

↺
↺ ↺↺
↺



Detection of pair halos/γ-ray halos?
some confusion in the literature 

about what a pair halo is



Detection of pair halos/γ-ray halos?
some confusion in the literature 

about what a pair halo is

solid angle at small θ, providing evidence for extended
emission since the additional counts in the extended halo
reduce the scaled counts at small angles after normalization.
The deficit in counts at small θ (evidence for extended
emission) is only significant in the lowest energy bin,
consistent with the expectation that the angular extent of
the halo is larger at lower energies, as indicated in Eq. (1).
In contrast, the angular profiles of the stacked FSRQs are
indistinguishable from our surrogate point-source data from
pulsars, as shown in Fig. 1.
Statistical evidence for pair-halo emission and

estimation of the IGMF.—To model the normalized angular
profiles gðθÞ, we use

gðθ; fhalo;ΘÞ ¼ fhaloghaloðθ;ΘÞ þ ð1 − fhaloÞgpsfðθÞ; ð2Þ

where fhalo is the fraction of the pair-halo component, and
Θ is a single parameter characterizing the angular extent of
the halo. gpsfðθÞ is the effective PSF for the stacked source
[21] and ghaloðθ;ΘÞ is a Gaussian function of θ (in the
small-angle approximation) convolved with the PSF. Then,
the number of photon events in the jth angular bin around
the stacked source is estimated by

λjðfhalo;Θ; μ;AÞ ¼
X

i

ðAigj þ μiÞΩi;jwi;j; ð3Þ

where gj is the discrete value of the normalized angular
distribution gðθÞ given by Eq. (2), and A and μ are a set of
normalization factors fAig and a set of the assumed
uniform background values (in counts per unit solid angle)
fμig, respectively, for each source i. Ωi;j is the solid angle
of the jth angular bin around the ith source. wi;j ¼ Ei;1=Ei;j
is the exposure corrector to calibrate the expected counts in
the jth angular bin around the ith source to the level of the
center angular bin of this source, where E is the averaged
exposure of the angular bin. For a given configuration of
the angular bins, a set of estimators fλjg is a function of
fhalo, Θ, μ, and A.
We present both a frequentist test and a Bayesian

estimation of the data. A set of observed counts N ¼
fNi;jg are estimated by the model given by Eq. (3), where
Ni;j is the number of counts in the jth angular bin around the
ith source. Counts in the background bins are also estimated
by the isotropic background model derived from μ. For the

frequentist analysis, the maximum likelihood estimation
(MLE) is used for the model fitting. The logarithm of the
likelihood ratio is evaluated as a test statistic (TS), providing
the confidence level of gettingN.A simple application of a full
maximum likelihood method requires that we introduce free
parameters fAig, fμig describing the independent normali-
zation factors and background parameters for each source. In
principle, the best fit parameters can then be found by
simultaneously maximizing the joint likelihood functionL≡Q

i;jPðNi;jjλi;jÞ with respect to fAig, fμig and parameters
describing the effective halo fraction and angular extent.
However, the small number of counts in each source or
angular bin fNi;jg and the large set of (nonidentical) prob-
ability distributions results in a nonconverging distribution of
the TS, and both a procedural problem in finding the global
maximum.While this is addressed by the Bayesian analysis, it
is problematic for a frequentist inference [33].Herewe adopt a
novel approach [21] where we repartition the data into two
sets: the stacked angular distribution f

Pn
i¼1Ni;jg≡ fηjg

obtained by summing over sources i, and the stacked source
distribution f

Pm
j¼1 Ni;jg≡ fζig obtained by summing over

angular bins j, wherem and n are the total number of angular
bins and stacked sources, respectively. The likelihood of
obtaining fζig and fηjg is calculated asLon. This is combined
with the likelihoodof getting a set of fNi;mg counts detected in
each background bin around each source Loff .
We subsequently evaluate the joint likelihood L ¼ Lon ×

Loff which is defined in the multidimensional space of the
model parameters, x ¼ ðfhalo;Θ; μ;AÞ [21]. Note that both ζi
and ηj have relatively large numbers of counts, and Ni;m is
also relatively large since the solid angle of the background
bins ismuch larger than that of an individual angular bin (i, j);
hence, the following frequentist analysis acting on ζi, ηj,
andNi;m will not encounter the problem of small sample size.
To get the quantitative significance of the pair halo, we focus
on the space of the two model parameters, fhalo and Θ. We
must distinguish between two hypotheses in this space: the
hypothesis of halo emissionH1 and the null hypothesis H0,
whereH0 denotes a pure point source where either fhalo ¼ 0
orΘ ¼ 0, and forH1, the two parameters are free. The ratio of
the maximum likelihood ofH1 for a given pair of fhalo andΘ
to that of H0 is evaluated and displayed in (fhalo;Θ) space.
Figure 2 shows the likelihood ratio maps for the stacked BL
Lacs (a) and the maps for the simulated point source (labeled
PSF)with total number of events in each energy bin set to that
of the stacked BL Lacs (b). From Eq. (2), H0 gives
gðθÞ ¼ gpsfðθÞ, indicating that any point on fhalo and Θ axes
in each map gives a constant likelihood corresponding to a
nullmodelwithout extended emission. Figure 2(b) shows that
the maximum values of the likelihood ratio are distributed
along the axes, consistent with the null hypothesis.
The 1–1.58 GeV likelihood ratio map shows a peak at

nonzero fhalo and Θ (Fig. 2). In the higher energy bins [21],
the highest likelihood appears close to the fhalo and Θ axes
(where the null model is located). The fact that the
likelihood maps for the higher energy bins are consistent
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FIG. 1 (color online). Angular distribution of photon events
around the stacked pulsars (black), the stacked FSRQs (red), and
the stacked BL Lacs (blue): vertical errors are the 68% confidence
intervals; horizontal errors show the size of angular bins.
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where fhalo is the fraction of the pair-halo component, and
Θ is a single parameter characterizing the angular extent of
the halo. gpsfðθÞ is the effective PSF for the stacked source
[21] and ghaloðθ;ΘÞ is a Gaussian function of θ (in the
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where gj is the discrete value of the normalized angular
distribution gðθÞ given by Eq. (2), and A and μ are a set of
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fNi;jg are estimated by the model given by Eq. (3), where
Ni;j is the number of counts in the jth angular bin around the
ith source. Counts in the background bins are also estimated
by the isotropic background model derived from μ. For the

frequentist analysis, the maximum likelihood estimation
(MLE) is used for the model fitting. The logarithm of the
likelihood ratio is evaluated as a test statistic (TS), providing
the confidence level of gettingN.A simple application of a full
maximum likelihood method requires that we introduce free
parameters fAig, fμig describing the independent normali-
zation factors and background parameters for each source. In
principle, the best fit parameters can then be found by
simultaneously maximizing the joint likelihood functionL≡Q

i;jPðNi;jjλi;jÞ with respect to fAig, fμig and parameters
describing the effective halo fraction and angular extent.
However, the small number of counts in each source or
angular bin fNi;jg and the large set of (nonidentical) prob-
ability distributions results in a nonconverging distribution of
the TS, and both a procedural problem in finding the global
maximum.While this is addressed by the Bayesian analysis, it
is problematic for a frequentist inference [33].Herewe adopt a
novel approach [21] where we repartition the data into two
sets: the stacked angular distribution f
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distribution f
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angular bins j, wherem and n are the total number of angular
bins and stacked sources, respectively. The likelihood of
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and ηj have relatively large numbers of counts, and Ni;m is
also relatively large since the solid angle of the background
bins ismuch larger than that of an individual angular bin (i, j);
hence, the following frequentist analysis acting on ζi, ηj,
andNi;m will not encounter the problem of small sample size.
To get the quantitative significance of the pair halo, we focus
on the space of the two model parameters, fhalo and Θ. We
must distinguish between two hypotheses in this space: the
hypothesis of halo emissionH1 and the null hypothesis H0,
whereH0 denotes a pure point source where either fhalo ¼ 0
orΘ ¼ 0, and forH1, the two parameters are free. The ratio of
the maximum likelihood ofH1 for a given pair of fhalo andΘ
to that of H0 is evaluated and displayed in (fhalo;Θ) space.
Figure 2 shows the likelihood ratio maps for the stacked BL
Lacs (a) and the maps for the simulated point source (labeled
PSF)with total number of events in each energy bin set to that
of the stacked BL Lacs (b). From Eq. (2), H0 gives
gðθÞ ¼ gpsfðθÞ, indicating that any point on fhalo and Θ axes
in each map gives a constant likelihood corresponding to a
nullmodelwithout extended emission. Figure 2(b) shows that
the maximum values of the likelihood ratio are distributed
along the axes, consistent with the null hypothesis.
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solid angle at small θ, providing evidence for extended
emission since the additional counts in the extended halo
reduce the scaled counts at small angles after normalization.
The deficit in counts at small θ (evidence for extended
emission) is only significant in the lowest energy bin,
consistent with the expectation that the angular extent of
the halo is larger at lower energies, as indicated in Eq. (1).
In contrast, the angular profiles of the stacked FSRQs are
indistinguishable from our surrogate point-source data from
pulsars, as shown in Fig. 1.
Statistical evidence for pair-halo emission and

estimation of the IGMF.—To model the normalized angular
profiles gðθÞ, we use

gðθ; fhalo;ΘÞ ¼ fhaloghaloðθ;ΘÞ þ ð1 − fhaloÞgpsfðθÞ; ð2Þ

where fhalo is the fraction of the pair-halo component, and
Θ is a single parameter characterizing the angular extent of
the halo. gpsfðθÞ is the effective PSF for the stacked source
[21] and ghaloðθ;ΘÞ is a Gaussian function of θ (in the
small-angle approximation) convolved with the PSF. Then,
the number of photon events in the jth angular bin around
the stacked source is estimated by

λjðfhalo;Θ; μ;AÞ ¼
X
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where gj is the discrete value of the normalized angular
distribution gðθÞ given by Eq. (2), and A and μ are a set of
normalization factors fAig and a set of the assumed
uniform background values (in counts per unit solid angle)
fμig, respectively, for each source i. Ωi;j is the solid angle
of the jth angular bin around the ith source. wi;j ¼ Ei;1=Ei;j
is the exposure corrector to calibrate the expected counts in
the jth angular bin around the ith source to the level of the
center angular bin of this source, where E is the averaged
exposure of the angular bin. For a given configuration of
the angular bins, a set of estimators fλjg is a function of
fhalo, Θ, μ, and A.
We present both a frequentist test and a Bayesian

estimation of the data. A set of observed counts N ¼
fNi;jg are estimated by the model given by Eq. (3), where
Ni;j is the number of counts in the jth angular bin around the
ith source. Counts in the background bins are also estimated
by the isotropic background model derived from μ. For the

frequentist analysis, the maximum likelihood estimation
(MLE) is used for the model fitting. The logarithm of the
likelihood ratio is evaluated as a test statistic (TS), providing
the confidence level of gettingN.A simple application of a full
maximum likelihood method requires that we introduce free
parameters fAig, fμig describing the independent normali-
zation factors and background parameters for each source. In
principle, the best fit parameters can then be found by
simultaneously maximizing the joint likelihood functionL≡Q

i;jPðNi;jjλi;jÞ with respect to fAig, fμig and parameters
describing the effective halo fraction and angular extent.
However, the small number of counts in each source or
angular bin fNi;jg and the large set of (nonidentical) prob-
ability distributions results in a nonconverging distribution of
the TS, and both a procedural problem in finding the global
maximum.While this is addressed by the Bayesian analysis, it
is problematic for a frequentist inference [33].Herewe adopt a
novel approach [21] where we repartition the data into two
sets: the stacked angular distribution f

Pn
i¼1Ni;jg≡ fηjg

obtained by summing over sources i, and the stacked source
distribution f

Pm
j¼1 Ni;jg≡ fζig obtained by summing over

angular bins j, wherem and n are the total number of angular
bins and stacked sources, respectively. The likelihood of
obtaining fζig and fηjg is calculated asLon. This is combined
with the likelihoodof getting a set of fNi;mg counts detected in
each background bin around each source Loff .
We subsequently evaluate the joint likelihood L ¼ Lon ×

Loff which is defined in the multidimensional space of the
model parameters, x ¼ ðfhalo;Θ; μ;AÞ [21]. Note that both ζi
and ηj have relatively large numbers of counts, and Ni;m is
also relatively large since the solid angle of the background
bins ismuch larger than that of an individual angular bin (i, j);
hence, the following frequentist analysis acting on ζi, ηj,
andNi;m will not encounter the problem of small sample size.
To get the quantitative significance of the pair halo, we focus
on the space of the two model parameters, fhalo and Θ. We
must distinguish between two hypotheses in this space: the
hypothesis of halo emissionH1 and the null hypothesis H0,
whereH0 denotes a pure point source where either fhalo ¼ 0
orΘ ¼ 0, and forH1, the two parameters are free. The ratio of
the maximum likelihood ofH1 for a given pair of fhalo andΘ
to that of H0 is evaluated and displayed in (fhalo;Θ) space.
Figure 2 shows the likelihood ratio maps for the stacked BL
Lacs (a) and the maps for the simulated point source (labeled
PSF)with total number of events in each energy bin set to that
of the stacked BL Lacs (b). From Eq. (2), H0 gives
gðθÞ ¼ gpsfðθÞ, indicating that any point on fhalo and Θ axes
in each map gives a constant likelihood corresponding to a
nullmodelwithout extended emission. Figure 2(b) shows that
the maximum values of the likelihood ratio are distributed
along the axes, consistent with the null hypothesis.
The 1–1.58 GeV likelihood ratio map shows a peak at

nonzero fhalo and Θ (Fig. 2). In the higher energy bins [21],
the highest likelihood appears close to the fhalo and Θ axes
(where the null model is located). The fact that the
likelihood maps for the higher energy bins are consistent
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FIG. 1 (color online). Angular distribution of photon events
around the stacked pulsars (black), the stacked FSRQs (red), and
the stacked BL Lacs (blue): vertical errors are the 68% confidence
intervals; horizontal errors show the size of angular bins.
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Delayed emission from blazars

time broadening of the signal:often assumed to be of the order of the delay time 
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Delayed emission from blazars

time broadening of the signal:often assumed to be of the order of the delay time 

Fdelay ⇡ tvar
tvar +�t

F0

tvar -> typical time for blazar variability (days?)

cascade emission is suppressed

�t

Dai+ 2002, Murase+ 2008, Neronov&Semikoz 2009

Mrk 501 (z~0.03) 2005 flare

tvar ⇡ 0.5day

t = tvar

t = 3 x tvar

within the reach 
of FERMI
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Constraints from GeV-TeV observations
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implicit assumption: steady and isotropic emission from the blazars
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Dermer+ 2011

how do we know whether the emission from a blazar is steady or not?

steady source B & 3⇥ 10�16G
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Fig. 12 Constraints on the IGMF from the non-observation of γ -ray cascade emission

An important uncertainty in the lower bounds on IGMF derived from γ -ray data
stems from the uncertainty of the EBL measurements. Indeed, the overall power of
the cascade source is equal to the fraction of initial γ -ray power of the primary
source, absorbed in the IGM. This fraction is proportional to the suppression fac-
tor exp(−D/λγγ ), which, in turn, depends on the EBL density nEBL via λγγ , see
Eq. (139). The dependence of the power of cascade source on nEBL is exponential, so
that even a moderate uncertainty of a factor 2 in the EBL density induces an order-of-
magnitude uncertainty in the cascade power. This uncertainty affects the prediction
for the cascade flux in the GeV band, which is then compared to the data. Vovk
et al. (2012) have investigated the influence of this uncertainty on the lower bounds
on IGMF and found that reducing to EBL density to the level of 0.8 of the density
assumed in the models of Franceschini et al. (2008) and Domínguez et al. (2011)
reduces the lower bound on the IGMF significantly, see Fig. 13. Similar conclusions
have been reached by Arlen et al. (2012) who found that uncertainties of the intrin-
sic source spectra combined with the uncertainties of the EBL measurement might
even wash out the lower bound if the EBL is significantly below the value found by
Franceschini et al. (2008).

Note that recent measurement of the EBL spectrum by HESS (Abramowski et al.
2012a) rules out EBL spectra with normalizations lower than that of Franceschini

Neronov&Durrer 2013
random walk (2 parameters)

full power spectrum (3 parameters)

nB = �3

nB = 2
nB = �2



The role of the power spectrum

Caprini&Gabici 2015 0.001 0.01 0.1 1 10 100 10001¥10-18

5¥10-18
1¥10-17

5¥10-17
1¥10-16

5¥10-16
1¥10-15

lBêDe

B r
m
s@GD

R. Durrer and A. Neronov: Cosmological magnetic fields Page 67 of 109

Fig. 12 Constraints on the IGMF from the non-observation of γ -ray cascade emission

An important uncertainty in the lower bounds on IGMF derived from γ -ray data
stems from the uncertainty of the EBL measurements. Indeed, the overall power of
the cascade source is equal to the fraction of initial γ -ray power of the primary
source, absorbed in the IGM. This fraction is proportional to the suppression fac-
tor exp(−D/λγγ ), which, in turn, depends on the EBL density nEBL via λγγ , see
Eq. (139). The dependence of the power of cascade source on nEBL is exponential, so
that even a moderate uncertainty of a factor 2 in the EBL density induces an order-of-
magnitude uncertainty in the cascade power. This uncertainty affects the prediction
for the cascade flux in the GeV band, which is then compared to the data. Vovk
et al. (2012) have investigated the influence of this uncertainty on the lower bounds
on IGMF and found that reducing to EBL density to the level of 0.8 of the density
assumed in the models of Franceschini et al. (2008) and Domínguez et al. (2011)
reduces the lower bound on the IGMF significantly, see Fig. 13. Similar conclusions
have been reached by Arlen et al. (2012) who found that uncertainties of the intrin-
sic source spectra combined with the uncertainties of the EBL measurement might
even wash out the lower bound if the EBL is significantly below the value found by
Franceschini et al. (2008).

Note that recent measurement of the EBL spectrum by HESS (Abramowski et al.
2012a) rules out EBL spectra with normalizations lower than that of Franceschini
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Fig. 12 Constraints on the IGMF from the non-observation of γ -ray cascade emission

An important uncertainty in the lower bounds on IGMF derived from γ -ray data
stems from the uncertainty of the EBL measurements. Indeed, the overall power of
the cascade source is equal to the fraction of initial γ -ray power of the primary
source, absorbed in the IGM. This fraction is proportional to the suppression fac-
tor exp(−D/λγγ ), which, in turn, depends on the EBL density nEBL via λγγ , see
Eq. (139). The dependence of the power of cascade source on nEBL is exponential, so
that even a moderate uncertainty of a factor 2 in the EBL density induces an order-of-
magnitude uncertainty in the cascade power. This uncertainty affects the prediction
for the cascade flux in the GeV band, which is then compared to the data. Vovk
et al. (2012) have investigated the influence of this uncertainty on the lower bounds
on IGMF and found that reducing to EBL density to the level of 0.8 of the density
assumed in the models of Franceschini et al. (2008) and Domínguez et al. (2011)
reduces the lower bound on the IGMF significantly, see Fig. 13. Similar conclusions
have been reached by Arlen et al. (2012) who found that uncertainties of the intrin-
sic source spectra combined with the uncertainties of the EBL measurement might
even wash out the lower bound if the EBL is significantly below the value found by
Franceschini et al. (2008).

Note that recent measurement of the EBL spectrum by HESS (Abramowski et al.
2012a) rules out EBL spectra with normalizations lower than that of Franceschini

Neronov&Durrer 2013
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conservative limits on intergalactic B fields at ALL scales: 
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Helicity, coherence length…
A&A 554, A31 (2013)

now write the amount of the cascade emission which reaches
the observer per time interval dtd as

dFIC

dtd
=

1
d2
@2PIC(�)
@r@⌦

dr
dtd
=

cE�0 N0RL

⇡↵2D3D�0

(19)

⇥ exp
 
� r

D�0

!
8>>>>>>><
>>>>>>>:

1
� (1 + RL�/De)2 , �B � De

2RL
�B

1⇣
1 + R2

L�
2/(De�B)

⌘2 , �B ⌧ De

where r and � = ↵ + 2ctd/D↵ are expressed as functions of td.
Jet opening angle e↵ects – The light curve of cascade emis-

sion from a jet of finite opening angle aligned with the line of
sight can be obtained by summation of the light curves of all the
beams forming the jet, i.e. via integration over the angle of the
beam with respect to the line of sight ↵:

dFIC

dtd
=

Z ↵jet

↵min

2⇡↵d↵
dFIC

dtd
(20)

where ↵jet is the jet opening angle and ↵min is found from the
condition D/ sin � = D�0/ sin↵min, which gives

↵min =

r
2(⌧ � 1)ctd

D
· (21)

Substituting the expression for dFIC/dtd (19) into (20) and taking
the integral one finds at the limit of small td:

dF IC

dtd
⇠

(
t�1/2
d , �B � De

const., �B ⌧ De.
(22)

The slope of the cascade emission light curve depends on the
relation between the IGMF correlation length and electron cool-
ing distance. This fact can be used for the measurement of �B.
At a fixed cascade photon energy, measurement of a flat cas-
cade emission light curve would impose an upper bound on the
IGMF correlation length, �B ⌧ De. For the opposite case, a
lower bound on �B would be set. If �B is larger than the IC cool-
ing distance of the highest energy electrons, but shorter than the
cooling distance of the lowest energy electrons contributing to
the cascade �-ray emission detectable by a �-ray telescope, one
expects to find a change in the slope of the cascade emission
light curve at the energy E�,br where De ⇠ �B. In this case,
measurement of the break energy E�,br would provide a mea-
surement of the IGMF correlation length, given by Eq. (17). The
range of length scales probable by this method is therefore dic-
tated by the dynamic energy range of the instrument. For the
example case of Fermi LAT, with a dynamic range of approxi-
mately 4 decades (20 MeV to 300 GeV Atwood et al. 2009), the
corresponding coherence scale range probable by this method is
10 kpc . �B . 1 Mpc.

4. Verification with Monte Carlo simulation

Since relations (16) and (22) have been obtained using a sim-
plified two-generation model, we here compare these results
against those obtained with a complete multi-generation numer-
ical description. Using the Monte Carlo simulation described in
Taylor et al. (2011) in which the full cascade development is
carried out and the spatial deflection of the electrons tracked a
comparison of the two-generation results was carried out.

Adopting a delta-type injection spectrum with dN/dE� =
�(1013 eV), for a blazar redshift of z = 0.13, we compare in
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Fig. 2. Angular profile of the arriving �-ray flux following a flaring
episode obstained with both Monte Carlo and analytic (Eq. (16)) meth-
ods. The angles shown are measured relative to the center of the blazar.
For this plot, the angular profile of 1�3 GeV photons in a cascade from
a source at z = 0.13 for a 10�15 G IGMF with coherence lengths 10 kpc
(black lines) and 10 Mpc (red lines) are shown.
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Fig. 3. Time-delay in the arriving �-ray flux following a flaring episode
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arrival time. For this plot, the time-delay of 1�3 GeV photons in a cas-
cade from a source at z = 0.13 for a 10�15 G IGMF with coherence
lengths 10 kpc (black lines) and 10 Mpc (red lines) are shown.

Figs. 2 and 3 the Monte Carlo obtained with expressions (16)
and (22). Such comparisons confirm that the simplified analytic
expressions obtained can indeed provide reasonably accurate de-
scriptions of these distributions, particularly in the asymptotic
regions. However, we do note that some degree of divergence is
found in the intermediate region between the asymptotic zones
for the small correlation length case (LB/De ⌧ 1).

5. Conclusion

Present generation �-ray observational results have recently been
used to provide challenging new bounds on the IGMF strength.
The coherence length for this field, however, remains largely un-
constrained. We here consider what handle future �-ray obser-
vations may be able to provide with regards a measurement of
both the IGMF strength and its coherence length. We show that
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Figure 7. The halo map for Case 4. We have taken � = +1 and  = 0. For � = �1 the handedness
of the spiral is reversed, and for a phase shift  6= 0 the halo map is uniformly rotated, but otherwise
the structure remains unchanged. In the left panel, if � is further decreased below 100Mpc the spiral
becomes tighter, and if � is further increased above 1 Gpc the halo map asymptotes to a straight line.

and

�e↵(�, ✓) =  +
2⇡

�
(ds � d�0 cos(� � ✓)) (4.20)

is the e↵ective skew angle. For this case, eqs. (3.17)–(3.19)reduce to the set of equations

tan� = �� tan�e↵(�, ✓) (4.21a)

sin ✓ =
d�0
ds

sin � (4.21b)

cos � = cos
De

R
, (4.21c)

which can be solved analytically. The solutions are shown in figure 7. The most striking
feature in these figures is that the halo map forms a spiral pattern. The handedness of the
spiral is controlled by the helicity of the magnetic field, parametrized here by � = ±1. As
the phase shift  is varied, the halo map is uniformly rotated clockwise or counterclockwise.

As we vary the coherence length � the spiral becomes flatter or tighter. In the limit
of large coherence length � � d�0 ⇠ 100 Mpc, the cascade takes place in an e↵ectively

homogeneous magnetic field, B̂ ⇡ ŷ. Then we regain the behavior of Case 2 from section 4.2
in which the gamma rays propagate in a plane and arrive at Earth collimated into a line with
small transverse extent. In the opposite limit of small coherence length, �⌧ d�0 ⇠ 100 Mpc,
the TeV gamma rays sample the magnetic field at a random phase. In terms of the halo
map, this translates into a tightly wound spiral with multiple cycles. Varying the magnetic
field strength has the same e↵ect as in the previous cases. In the PH regime where the
field is weak, the angular size of the halo grows with increasing field strength, while in the
MBC regime where the field is strong, the angular size of the halo is limited by the geometry
(brown curve in right panel).
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Figure 7:

Proton energy loss lengths: black solid line for photo-pion production on CMB and IR-UV

photons; red solid line for pair production on CMB photons. Dashed lines represent the

interaction length (or mean free path to interaction) for photo-pion production on CMB photons

(thick) and IR-UV photons (thin), assuming the background of Stecker et al. (2006). The dotted

line indicates the losses due to cosmological expansion.

composition, spectrum, and redshift evolution translates to many orders of magnitude un-

certainty in the expected cosmogenic neutrino flux as discussed in Section 6.

3 The propagation of Ultrahigh Energy Cosmic Rays

While propagating from their sources to the observer, UHECRs experience two types of

processes: (i) interactions with cosmic backgrounds that a↵ect their energy and their com-

position, but not their direction; and (ii) interactions with cosmic magnetic fields that a↵ect

their direction and travel time, but not their energy and composition. Both leave a variety

of signatures on the observables of UHECRs and generate secondary neutrinos and gamma

rays (see Section 6.3).
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around the UHECR source. For an isotropic source, the
size of the halo can be roughly estimated as follows.
Let Eobs

γ be the energy of the gamma ray photons ob-
served from the Earth. Such photons are CMB photons
Compton-upscattered by electrons with energy Ee ∼

20(Eobs
γ /TeV)1/2 TeV. These are the electrons forming

the pair halo. Since electrons are rapidly isotropized in
the IGMF, one can assume that they do not propagate
away from the sites in which they are created. Elec-
trons in the halo are in turn produced by parent pho-
tons with energy Epar

γ ! Ee. Since the photon mean free
path against pair production in the infrared background
λpp decreases rapidly with increasing energy [15], we can
safely neglect the contribution to the halo size from older
generation (higher energy) photons. Thus, the size of the
halo can be roughly estimated as lhalo ∼ λpp(Epar

γ ) [5].
For a ∼ 20 TeV photon the mean free path is about a few
tens of megaparsecs (see Fig. 2 in [11]). In fact, for the sit-
uation considered here, the size of the halo is even bigger,
since the UHECR protons and the first generation elec-
trons propagate ∼ 10÷ 20 Mpc before initiating the EM
cascade (see Fig. 2). Thus, a conservative estimate of the
apparent angular size of the halo at 1 TeV can be given
by: ϑ ∼ (lhalo/D) ≈ 10o(lhalo/20Mpc)(D/100Mpc)−1,
where D is the distance of the source. This indicates
that pair halos are extremely extended, bigger than the
field of view of Cherenkov telescopes (the HESS field
of view is ∼ 5o) and thus hardly detectable. The problem
becomes even worse if one considers also protons with en-
ergy below 1020 eV, which have much longer loss length,
increasing up to ∼ 1 Gpc for proton energies equal to
∼ 5 1019 eV. On the other hand, such protons are likely
to contribute only to the TeV flux of very distant sources.

In the recent work by Armengaud et al. [9] the deflec-
tion of electrons in the IGMF has been neglected, even
when a IGMF stronger than Biso ∼ 10−12 G was as-
sumed. On the other hand, the authors considered the
deflection of ∼ 1020 eV protons, which is in fact totally
negligible if compared with the full isotropization of elec-
trons. Therefore their claim about the detectability of
cascade gamma-rays seems to us over-optimistic.

The cascade emission peaks at TeV energies [6], mak-
ing a detection by GLAST problematic.

4 Regime III: synchrotron gamma rays

If the IGMF close to the UHECR accelerator is at the
level of 1 nG or above, the development of the cascade
is strongly suppressed, since the very high energy elec-
trons produced during pγ interactions cool rapidly via
synchrotron losses before undergoing Compton scatter-
ing. It is evident from Fig. 2 that for a ∼ nG IGMF this
is true for electron energies well in excess of Ee ∼ 1018

eV. Such electrons emit synchrotron photons with en-
ergy Esyn ≈ 2 (B/nG)(E/1019eV)2GeV, detectable by
GLAST. It is important to stress that our results are sen-

Fig. 1 Effective electron loss length. Solid: Compton/pair-
production losses in the CMB and radio background (with a
cutoff at 2MHz [12]). Dashed: synchrotron losses.

sitive only to the value of the IGMF close to the source,
while they are unaffected by the value of the field on
much larger scales. This is because synchrotron emit-
ting electrons are produced within a proton interaction
length lpγ ≈ 10 Mpc from the accelerator. As a conse-
quence, the only assumption required is that the size of
the magnetized region surrounding the accelerator must
be greater or comparable with lpγ .Superclusters of galax-
ies constitute an example of large and magnetized regions
satisfying our requirement [10].

We now estimate the angular size of the synchrotron
emission. After propagating over an interaction length,
a proton of energy Ep is deflected by an angle ϑp ≈

0.8o(1020eV/Ep)(B/nG)
√

(lpγ/10Mpc)
√

(lc/Mpc) where
lc is the IGMF coherence length [13]. Due to the high
energies considered, secondary electrons produced in pγ
interactions move in the same direction of the parent
protons. In a cooling time electrons are deflected by an
angle ϑe ∼ αλ/RL, RL being the electron Larmor ra-
dius and α a number of order unity representing the
probability that the leading particle is actually an elec-
tron [8]. Remarkably, if expressed as a function of the
synchrotron photon energy, the deflection angle is inde-
pendent on the magnetic field strength and reads: ϑe ≈

0.5o(Esyn/10GeV )−1. Thus, an observer at a distance D

would see a source with angular size: ϑobs ≈

√

ϑ2
p + ϑ2

e

(

lpγ

D

)

that, for D = 100 Mpc and for photon energies of 1÷ 10
GeV is of the order of a fraction of a degree. This is
comparable with the angular resolution of GLAST, that
would classify these sources as point-like if they are lo-
cated at a distance of ∼ 100 Mpc or more. This leads to
the important conclusion that, even if synchrotron pho-
tons are produced in an extended region of size ∼ lpγ sur-
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around the UHECR source. For an isotropic source, the
size of the halo can be roughly estimated as follows.
Let Eobs

γ be the energy of the gamma ray photons ob-
served from the Earth. Such photons are CMB photons
Compton-upscattered by electrons with energy Ee ∼

20(Eobs
γ /TeV)1/2 TeV. These are the electrons forming

the pair halo. Since electrons are rapidly isotropized in
the IGMF, one can assume that they do not propagate
away from the sites in which they are created. Elec-
trons in the halo are in turn produced by parent pho-
tons with energy Epar

γ ! Ee. Since the photon mean free
path against pair production in the infrared background
λpp decreases rapidly with increasing energy [15], we can
safely neglect the contribution to the halo size from older
generation (higher energy) photons. Thus, the size of the
halo can be roughly estimated as lhalo ∼ λpp(Epar

γ ) [5].
For a ∼ 20 TeV photon the mean free path is about a few
tens of megaparsecs (see Fig. 2 in [11]). In fact, for the sit-
uation considered here, the size of the halo is even bigger,
since the UHECR protons and the first generation elec-
trons propagate ∼ 10÷ 20 Mpc before initiating the EM
cascade (see Fig. 2). Thus, a conservative estimate of the
apparent angular size of the halo at 1 TeV can be given
by: ϑ ∼ (lhalo/D) ≈ 10o(lhalo/20Mpc)(D/100Mpc)−1,
where D is the distance of the source. This indicates
that pair halos are extremely extended, bigger than the
field of view of Cherenkov telescopes (the HESS field
of view is ∼ 5o) and thus hardly detectable. The problem
becomes even worse if one considers also protons with en-
ergy below 1020 eV, which have much longer loss length,
increasing up to ∼ 1 Gpc for proton energies equal to
∼ 5 1019 eV. On the other hand, such protons are likely
to contribute only to the TeV flux of very distant sources.

In the recent work by Armengaud et al. [9] the deflec-
tion of electrons in the IGMF has been neglected, even
when a IGMF stronger than Biso ∼ 10−12 G was as-
sumed. On the other hand, the authors considered the
deflection of ∼ 1020 eV protons, which is in fact totally
negligible if compared with the full isotropization of elec-
trons. Therefore their claim about the detectability of
cascade gamma-rays seems to us over-optimistic.

The cascade emission peaks at TeV energies [6], mak-
ing a detection by GLAST problematic.

4 Regime III: synchrotron gamma rays

If the IGMF close to the UHECR accelerator is at the
level of 1 nG or above, the development of the cascade
is strongly suppressed, since the very high energy elec-
trons produced during pγ interactions cool rapidly via
synchrotron losses before undergoing Compton scatter-
ing. It is evident from Fig. 2 that for a ∼ nG IGMF this
is true for electron energies well in excess of Ee ∼ 1018

eV. Such electrons emit synchrotron photons with en-
ergy Esyn ≈ 2 (B/nG)(E/1019eV)2GeV, detectable by
GLAST. It is important to stress that our results are sen-

Fig. 1 Effective electron loss length. Solid: Compton/pair-
production losses in the CMB and radio background (with a
cutoff at 2MHz [12]). Dashed: synchrotron losses.

sitive only to the value of the IGMF close to the source,
while they are unaffected by the value of the field on
much larger scales. This is because synchrotron emit-
ting electrons are produced within a proton interaction
length lpγ ≈ 10 Mpc from the accelerator. As a conse-
quence, the only assumption required is that the size of
the magnetized region surrounding the accelerator must
be greater or comparable with lpγ .Superclusters of galax-
ies constitute an example of large and magnetized regions
satisfying our requirement [10].

We now estimate the angular size of the synchrotron
emission. After propagating over an interaction length,
a proton of energy Ep is deflected by an angle ϑp ≈

0.8o(1020eV/Ep)(B/nG)
√

(lpγ/10Mpc)
√

(lc/Mpc) where
lc is the IGMF coherence length [13]. Due to the high
energies considered, secondary electrons produced in pγ
interactions move in the same direction of the parent
protons. In a cooling time electrons are deflected by an
angle ϑe ∼ αλ/RL, RL being the electron Larmor ra-
dius and α a number of order unity representing the
probability that the leading particle is actually an elec-
tron [8]. Remarkably, if expressed as a function of the
synchrotron photon energy, the deflection angle is inde-
pendent on the magnetic field strength and reads: ϑe ≈

0.5o(Esyn/10GeV )−1. Thus, an observer at a distance D

would see a source with angular size: ϑobs ≈

√

ϑ2
p + ϑ2

e

(

lpγ

D

)

that, for D = 100 Mpc and for photon energies of 1÷ 10
GeV is of the order of a fraction of a degree. This is
comparable with the angular resolution of GLAST, that
would classify these sources as point-like if they are lo-
cated at a distance of ∼ 100 Mpc or more. This leads to
the important conclusion that, even if synchrotron pho-
tons are produced in an extended region of size ∼ lpγ sur-
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3 The propagation of Ultrahigh Energy Cosmic Rays

While propagating from their sources to the observer, UHECRs experience two types of

processes: (i) interactions with cosmic backgrounds that a↵ect their energy and their com-

position, but not their direction; and (ii) interactions with cosmic magnetic fields that a↵ect

their direction and travel time, but not their energy and composition. Both leave a variety

of signatures on the observables of UHECRs and generate secondary neutrinos and gamma
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around the UHECR source. For an isotropic source, the
size of the halo can be roughly estimated as follows.
Let Eobs

γ be the energy of the gamma ray photons ob-
served from the Earth. Such photons are CMB photons
Compton-upscattered by electrons with energy Ee ∼

20(Eobs
γ /TeV)1/2 TeV. These are the electrons forming

the pair halo. Since electrons are rapidly isotropized in
the IGMF, one can assume that they do not propagate
away from the sites in which they are created. Elec-
trons in the halo are in turn produced by parent pho-
tons with energy Epar

γ ! Ee. Since the photon mean free
path against pair production in the infrared background
λpp decreases rapidly with increasing energy [15], we can
safely neglect the contribution to the halo size from older
generation (higher energy) photons. Thus, the size of the
halo can be roughly estimated as lhalo ∼ λpp(Epar

γ ) [5].
For a ∼ 20 TeV photon the mean free path is about a few
tens of megaparsecs (see Fig. 2 in [11]). In fact, for the sit-
uation considered here, the size of the halo is even bigger,
since the UHECR protons and the first generation elec-
trons propagate ∼ 10÷ 20 Mpc before initiating the EM
cascade (see Fig. 2). Thus, a conservative estimate of the
apparent angular size of the halo at 1 TeV can be given
by: ϑ ∼ (lhalo/D) ≈ 10o(lhalo/20Mpc)(D/100Mpc)−1,
where D is the distance of the source. This indicates
that pair halos are extremely extended, bigger than the
field of view of Cherenkov telescopes (the HESS field
of view is ∼ 5o) and thus hardly detectable. The problem
becomes even worse if one considers also protons with en-
ergy below 1020 eV, which have much longer loss length,
increasing up to ∼ 1 Gpc for proton energies equal to
∼ 5 1019 eV. On the other hand, such protons are likely
to contribute only to the TeV flux of very distant sources.

In the recent work by Armengaud et al. [9] the deflec-
tion of electrons in the IGMF has been neglected, even
when a IGMF stronger than Biso ∼ 10−12 G was as-
sumed. On the other hand, the authors considered the
deflection of ∼ 1020 eV protons, which is in fact totally
negligible if compared with the full isotropization of elec-
trons. Therefore their claim about the detectability of
cascade gamma-rays seems to us over-optimistic.

The cascade emission peaks at TeV energies [6], mak-
ing a detection by GLAST problematic.

4 Regime III: synchrotron gamma rays

If the IGMF close to the UHECR accelerator is at the
level of 1 nG or above, the development of the cascade
is strongly suppressed, since the very high energy elec-
trons produced during pγ interactions cool rapidly via
synchrotron losses before undergoing Compton scatter-
ing. It is evident from Fig. 2 that for a ∼ nG IGMF this
is true for electron energies well in excess of Ee ∼ 1018

eV. Such electrons emit synchrotron photons with en-
ergy Esyn ≈ 2 (B/nG)(E/1019eV)2GeV, detectable by
GLAST. It is important to stress that our results are sen-

Fig. 1 Effective electron loss length. Solid: Compton/pair-
production losses in the CMB and radio background (with a
cutoff at 2MHz [12]). Dashed: synchrotron losses.

sitive only to the value of the IGMF close to the source,
while they are unaffected by the value of the field on
much larger scales. This is because synchrotron emit-
ting electrons are produced within a proton interaction
length lpγ ≈ 10 Mpc from the accelerator. As a conse-
quence, the only assumption required is that the size of
the magnetized region surrounding the accelerator must
be greater or comparable with lpγ .Superclusters of galax-
ies constitute an example of large and magnetized regions
satisfying our requirement [10].

We now estimate the angular size of the synchrotron
emission. After propagating over an interaction length,
a proton of energy Ep is deflected by an angle ϑp ≈

0.8o(1020eV/Ep)(B/nG)
√

(lpγ/10Mpc)
√

(lc/Mpc) where
lc is the IGMF coherence length [13]. Due to the high
energies considered, secondary electrons produced in pγ
interactions move in the same direction of the parent
protons. In a cooling time electrons are deflected by an
angle ϑe ∼ αλ/RL, RL being the electron Larmor ra-
dius and α a number of order unity representing the
probability that the leading particle is actually an elec-
tron [8]. Remarkably, if expressed as a function of the
synchrotron photon energy, the deflection angle is inde-
pendent on the magnetic field strength and reads: ϑe ≈

0.5o(Esyn/10GeV )−1. Thus, an observer at a distance D

would see a source with angular size: ϑobs ≈

√

ϑ2
p + ϑ2

e

(

lpγ

D

)

that, for D = 100 Mpc and for photon energies of 1÷ 10
GeV is of the order of a fraction of a degree. This is
comparable with the angular resolution of GLAST, that
would classify these sources as point-like if they are lo-
cated at a distance of ∼ 100 Mpc or more. This leads to
the important conclusion that, even if synchrotron pho-
tons are produced in an extended region of size ∼ lpγ sur-
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FIG. 2: Photon spectra for a source at a distance of 1Gpc
in a 20Mpc magnetized region. The luminosity in UHE-
CRs is 1046erg/s, the proton spectral index is δ = 2. TOP:
Ecut = 1021eV, magnetic field 0.5 (curve 1), 5 (2), 50nG (3).
BOTTOM: Ecut = 51020, 1021, 5 1021eV, magnetic field is
1nG. Dotted lines represent the intrinsic spectra, solid lines
show the effect of absorption in the infrared background. The
sensitivities of GLAST and of a generic IACT are shown.

ever, low energy electrons produced during the last steps
of the cascade are effectively isotropized in the intergalac-
tic magnetic field if their Larmor radius is smaller than
or comparable with the Compton cooling length. This
condition is satisfied when the magnetic field is greater
than ∼ 10−12(Eγ/TeV) G, Eγ being the energy of the
Compton-upscattered photons. This implies that, unless
the intergalactic magnetic field is extremely weak, elec-
trons will emit Compton photons isotropically and the
cascade will result in the formation of a very extended,
hardly detectable gamma ray halo [9]. For this reason,
we consider here only the synchrotron component.
Detectability and energetics.– Fig. 2 shows synchrotron

spectra for an UHECR source at a distance of 1 Gpc.
Steady state proton and electron spectra have been cal-
culated taking into account energy losses (photopion pro-
duction and Compton/pair-production processes respec-
tively) and proton escape from the magnetized region
with a caracteristic time dp/c. The size of the magnetized
region is dp = 20Mpc. Solid lines have been computed
taking into account the opacity of the Universe to very
high energy photons due to pair production in the cosmic
infrared background [16] , while dotted lines show the un-
absorbed spectra. The total luminosity in UHECRs with
energy above 1019eV is LUHE = 1046erg/s, with a differ-
ential energy distribution Q(E) = Q0E−δexp(−E/Ecut).

We further assume δ = 2, though results are quite insen-
sitive to the slope of the CR spectrum.

In the top panel of Fig. 2 we fix Ecut = 1021eV and
we consider three different values for the magnetic field:
0.5, 5 and 50 nG (curves 1, 2 and 3 respectively). If
the magnetic field is significantly greater than ∼ 50 nG,
the peak of the emission falls at TeV energies, where
absorption is very strong. The absorbed photons start an
electromagnetic cascade that will appear as an extended
halo. On the other hand, if the field is well below ∼

0.5 nG, synchrotron emission becomes unimportant and
again the cascade contribution dominates. However, for
the broad interval of values of the magnetic field strength
between 0.5 and 50 nG, the formation of a synchrotron
point-like gamma ray source seems to be unavoidable.

In the bottom panel of Fig. 2, our predictions are com-
pared with the sensitivities of GLAST and of a generic
IACT array such as HESS [15]. A magnetic field of
1 nG is assumed and the three different curves refer
to values of the cutoff energy in the proton spectrum
equal to Ecut = 5 1021, 1021 and 1021eV (top to bot-
tom). For such a magnetic field, the condition for the
detectability of a point source by GLAST is roughly
LUHE ≥ 8 1043 ÷ 2 1044(D/100Mpc)2erg/s for δ in the
range 2.0 ÷ 2.6. In contrast, for IACT arrays the mini-
mum detectable luminosity is about 2 orders of magni-
tude higher, since the source has to be located at a dis-
tance of ∼ 1Gpc in order to appear point-like. Moreover,
distant sources may be undetectable above 100 GeV due
to the strong absorption in the infrared background. In
this case, the maximum energy of UHECRs is very im-
portant, since it determines the extension of the gamma
ray spectrum towards high energies. Since the peak of
the emission falls at ∼ 10 GeV, the future IACT arrays
operating in the energy range 10 ÷ 100 GeV would be
powerful tools to search for these sources.

If the CR spectrum is a smooth power law with in-
dex δ = 2 down to GeV energies, the required to-
tal CR luminosity for a source to be detected by
GLAST is LCR ≥ 5 1044(D/100Mpc)2erg/s. If CRs
are beamed along one axis, the luminosity is reduced
by a factor fb ∼ 0.02(ϑb/10o), ϑb being the beaming
angle. In this case, the detectability condition reads:
LCR ≥ 1043(fb/0.02)(D/100Mpc)2erg/s. This luminos-
ity is small if compared, for example, with the kinetic
power of an AGN jet, that can be as high as ∼ 1047erg/s
[18]. Thus, astrophysical object that could in principle
satisfy the energy requirement for detectability do exist.

In calculating the spectra shown in Fig. 2 we assumed
the UHECR accelerator to be active for a time tON long
enough to reach steady state. This situation is achieved if
the accelerator lifetime is greater than the pγ interaction
time, namely, if tON ≥ 100 Myr. Under this assumption,
the total energy deposited in CRs during the whole source
lifetime is ECR ≥ 3 1058(fb/0.02)(D/100Mpc)2erg. If
the UHECR accelerator is located inside a rich cluster
of galaxies, then the bulk of this nonthermal energy ac-
cumulates in it, due to effective diffusive confinement of
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FIG. 2: Photon spectra for a source at a distance of 1Gpc
in a 20Mpc magnetized region. The luminosity in UHE-
CRs is 1046erg/s, the proton spectral index is δ = 2. TOP:
Ecut = 1021eV, magnetic field 0.5 (curve 1), 5 (2), 50nG (3).
BOTTOM: Ecut = 51020, 1021, 5 1021eV, magnetic field is
1nG. Dotted lines represent the intrinsic spectra, solid lines
show the effect of absorption in the infrared background. The
sensitivities of GLAST and of a generic IACT are shown.

ever, low energy electrons produced during the last steps
of the cascade are effectively isotropized in the intergalac-
tic magnetic field if their Larmor radius is smaller than
or comparable with the Compton cooling length. This
condition is satisfied when the magnetic field is greater
than ∼ 10−12(Eγ/TeV) G, Eγ being the energy of the
Compton-upscattered photons. This implies that, unless
the intergalactic magnetic field is extremely weak, elec-
trons will emit Compton photons isotropically and the
cascade will result in the formation of a very extended,
hardly detectable gamma ray halo [9]. For this reason,
we consider here only the synchrotron component.
Detectability and energetics.– Fig. 2 shows synchrotron

spectra for an UHECR source at a distance of 1 Gpc.
Steady state proton and electron spectra have been cal-
culated taking into account energy losses (photopion pro-
duction and Compton/pair-production processes respec-
tively) and proton escape from the magnetized region
with a caracteristic time dp/c. The size of the magnetized
region is dp = 20Mpc. Solid lines have been computed
taking into account the opacity of the Universe to very
high energy photons due to pair production in the cosmic
infrared background [16] , while dotted lines show the un-
absorbed spectra. The total luminosity in UHECRs with
energy above 1019eV is LUHE = 1046erg/s, with a differ-
ential energy distribution Q(E) = Q0E−δexp(−E/Ecut).

We further assume δ = 2, though results are quite insen-
sitive to the slope of the CR spectrum.

In the top panel of Fig. 2 we fix Ecut = 1021eV and
we consider three different values for the magnetic field:
0.5, 5 and 50 nG (curves 1, 2 and 3 respectively). If
the magnetic field is significantly greater than ∼ 50 nG,
the peak of the emission falls at TeV energies, where
absorption is very strong. The absorbed photons start an
electromagnetic cascade that will appear as an extended
halo. On the other hand, if the field is well below ∼

0.5 nG, synchrotron emission becomes unimportant and
again the cascade contribution dominates. However, for
the broad interval of values of the magnetic field strength
between 0.5 and 50 nG, the formation of a synchrotron
point-like gamma ray source seems to be unavoidable.

In the bottom panel of Fig. 2, our predictions are com-
pared with the sensitivities of GLAST and of a generic
IACT array such as HESS [15]. A magnetic field of
1 nG is assumed and the three different curves refer
to values of the cutoff energy in the proton spectrum
equal to Ecut = 5 1021, 1021 and 1021eV (top to bot-
tom). For such a magnetic field, the condition for the
detectability of a point source by GLAST is roughly
LUHE ≥ 8 1043 ÷ 2 1044(D/100Mpc)2erg/s for δ in the
range 2.0 ÷ 2.6. In contrast, for IACT arrays the mini-
mum detectable luminosity is about 2 orders of magni-
tude higher, since the source has to be located at a dis-
tance of ∼ 1Gpc in order to appear point-like. Moreover,
distant sources may be undetectable above 100 GeV due
to the strong absorption in the infrared background. In
this case, the maximum energy of UHECRs is very im-
portant, since it determines the extension of the gamma
ray spectrum towards high energies. Since the peak of
the emission falls at ∼ 10 GeV, the future IACT arrays
operating in the energy range 10 ÷ 100 GeV would be
powerful tools to search for these sources.

If the CR spectrum is a smooth power law with in-
dex δ = 2 down to GeV energies, the required to-
tal CR luminosity for a source to be detected by
GLAST is LCR ≥ 5 1044(D/100Mpc)2erg/s. If CRs
are beamed along one axis, the luminosity is reduced
by a factor fb ∼ 0.02(ϑb/10o), ϑb being the beaming
angle. In this case, the detectability condition reads:
LCR ≥ 1043(fb/0.02)(D/100Mpc)2erg/s. This luminos-
ity is small if compared, for example, with the kinetic
power of an AGN jet, that can be as high as ∼ 1047erg/s
[18]. Thus, astrophysical object that could in principle
satisfy the energy requirement for detectability do exist.

In calculating the spectra shown in Fig. 2 we assumed
the UHECR accelerator to be active for a time tON long
enough to reach steady state. This situation is achieved if
the accelerator lifetime is greater than the pγ interaction
time, namely, if tON ≥ 100 Myr. Under this assumption,
the total energy deposited in CRs during the whole source
lifetime is ECR ≥ 3 1058(fb/0.02)(D/100Mpc)2erg. If
the UHECR accelerator is located inside a rich cluster
of galaxies, then the bulk of this nonthermal energy ac-
cumulates in it, due to effective diffusive confinement of
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Fig. 6. Propagated spectra of ultrahigh energy cosmic-rays from a single
source with luminosity LE,19 = 1046 erg s−1 located at a distance of
D = 1 Gpc (black solid) or LE,19 = 1044 erg s−1 and D = 100 Mpc
(green dashed). The injection spectral index is 2.0 in both cases. The
observed Auger spectrum (Abraham et al. 2008b) is overlaid.

be higher than the average allowed by the cosmic-ray normal-
ization for equal luminosity sources LE,19 = 1044 erg s−1 and
LE,19 = 1046 erg s−1. As a case study, we place these sources at
a distance of D = 100 Mpc and D = 1 Gpc, respectively. These
distances are consistent with the number density of objects found
at comparable photon luminosities (see for example Wall et al.
2005).

The ultrahigh energy cosmic-ray spectra obtained after prop-
agation from these two model sources are represented in Fig. 6.
The injection at the source is assumed to consist purely of pro-
tons and have a spectral index of 2.0. The comparison with
the Auger data shows that the close-by source (green dashed)
is marginally excluded. More precisely, this source should pro-
duce a strong anisotropy signal, close to unity, relative to the
all-sky background if the magnetic deflection at this energy
∼7 × 1019 eV is smaller than unity. Following Kotera & Lemoine
(2008b), the expected deflection is about 2◦ Z if one models the
magnetized Universe as a collection of magnetized filaments
with B = 10 nG (λB = 100 kpc) immersed in unmagnetized
voids of typical separation ∼40 Mpc. This estimate neglects the
deflection due to the Galactic magnetic field, which depends on
incoming direction and charge. Qualitatively speaking, however,
one would then expect the above source to produce a strong
anisotropy signal unless it injects only iron group nuclei with
Z ∼ 26 at the highest energies. In this latter case, however, the
gamma-ray signal would be lower by a factor ∼5 or even sup-
pressed if Emax,p were less than the pion production threshold,
as discussed in the previous Section. Furthermore, this source
might also induce a strong anisotropy at energies ∼3 EeV, de-
pending on the ratio of the composition of injected protons to
iron group nuclei (Lemoine & Waxman 2009).

In contrast, the remote source (indicated by the black solid
line in Fig. 6) contributes to ∼10% of the total flux around
Ecr ∼ 1019 eV. This source would be completely invisible in ul-
trahigh energy cosmic-rays, because of the large expected mag-
netic deflection at this energy, on a large path length of 1 Gpc.

We now discuss the possibility of detecting these sources
in gamma rays. Figure 7 presents our computed images of syn-
chrotron gamma-ray emission for these two examples of sources
embedded in the filament shown in Fig. 1.

However, one should be aware that the sensitivity of gamma-
ray telescopes weakens for extended sources by the ratio of the
radius of the emission to the angular resolution. Typically, Fermi
LAT and HESS have an angular resolution of some fractions of
a degree around energies of 10 GeV and 100 GeV, respectively.
CTA has an even higher resolution of the order of the arc-minute
above 100 GeV. For this reason, one will have to find a source
with an acceptable range in luminosity and distance, so as not to
lose too much flux due to the angular extension, but still being
able to resolve this extension. We note that the magnetic con-
figuration around the source should have a negligible role on
the flux intensity, as we demonstrated in Sect. 2. However, the
magnetic configuration, in particular the strength and the coher-
ence length, directly controls the extension of the image, which
is given by the transverse displacement of the protons by means
of magnetic deflection (Gabici & Aharonian 2005).

Figure 8 demonstrates that the synchrotron gamma ray emis-
sion from both our model sources could be observed by Fermi
LAT and CTA. Their flux integrated over the angular resolution
of these instruments at ∼10 GeV are indeed above their cor-
responding sensitivities. The case presented by a dashed green
line is however marginally excluded by the observed spectrum
of cosmic-rays and even more so by the search for anisotropy, as
discussed previously (Fig. 6). It thus appears that the gamma-ray
flux of a source of luminosity LE,19 ∼ 1044 erg s−1 will be hardly
observable, as placing the source at a greater distance to recon-
cile its spectrum with the observations will dilute the gamma-ray
emission, below the current instrument sensitivities. The detec-
tion of extremely powerful sources with LE,19 = 1046 erg s−1

located around 1 Gpc is more promising. According to Fig. 8,
the emission from these sources would spread over a fraction of
a degree, hence their image could possibly be resolved by Fermi
and certainly by CTA.

As discussed in the introduction, the observation of a multi-
GeV extended emission as obtained in these images would pro-
vide clear evidence of acceleration to ultrahigh energies, pro-
vided that the possible background associated with a halo seeded
by TeV photons can be removed. As discussed in Aharonian
et al. (1994), Dai et al. (2002), d’Avezac et al. (2007), Elyiv
et al. (2009), and Neronov & Semikoz (2009), the angular size
of the latter signal is a rather strong function of the average in-
tergalactic magnetic field. In particular, if the field is assumed
to be homogeneous and of strength larger than 10−14 G, the im-
age is diluted on large angular scales. Accounting for the inho-
mogeneity of the magnetic field (see Sect. 3.3 below for a de-
tailed discussion), one concludes that the flux associated with
this image, on a degree scale, is reduced by the filling factor
of voids in which B ! 10−14 G within ∼40 Mpc of the source
(this distance corresponding to the energy loss distance of the
primary ∼20 TeV photons). Furthermore, the angular size of the
halo seeded by multi-TeV photons depends strongly on photon
energy, i.e. δθ ∝ E−2

γ or δθ ∝ E−1.75
γ depending on λB (see

Neronov & Semikoz 2009). In contrast, the synchrotron halo
is more strongly peaked in energy around 10 GeV and in this
range its angular size is essentially independent of energy, but
is determined instead by the magnetic field strength and source
distance. Assuming comparable total power in both signals, dis-
crimination between them should thus be feasible, although all
the more easier if the halo signal seeded by multi-TeV gamma-
rays were diluted on large angular scales.
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FIG. 2: Photon spectra for a source at a distance of 1Gpc
in a 20Mpc magnetized region. The luminosity in UHE-
CRs is 1046erg/s, the proton spectral index is δ = 2. TOP:
Ecut = 1021eV, magnetic field 0.5 (curve 1), 5 (2), 50nG (3).
BOTTOM: Ecut = 51020, 1021, 5 1021eV, magnetic field is
1nG. Dotted lines represent the intrinsic spectra, solid lines
show the effect of absorption in the infrared background. The
sensitivities of GLAST and of a generic IACT are shown.

ever, low energy electrons produced during the last steps
of the cascade are effectively isotropized in the intergalac-
tic magnetic field if their Larmor radius is smaller than
or comparable with the Compton cooling length. This
condition is satisfied when the magnetic field is greater
than ∼ 10−12(Eγ/TeV) G, Eγ being the energy of the
Compton-upscattered photons. This implies that, unless
the intergalactic magnetic field is extremely weak, elec-
trons will emit Compton photons isotropically and the
cascade will result in the formation of a very extended,
hardly detectable gamma ray halo [9]. For this reason,
we consider here only the synchrotron component.
Detectability and energetics.– Fig. 2 shows synchrotron

spectra for an UHECR source at a distance of 1 Gpc.
Steady state proton and electron spectra have been cal-
culated taking into account energy losses (photopion pro-
duction and Compton/pair-production processes respec-
tively) and proton escape from the magnetized region
with a caracteristic time dp/c. The size of the magnetized
region is dp = 20Mpc. Solid lines have been computed
taking into account the opacity of the Universe to very
high energy photons due to pair production in the cosmic
infrared background [16] , while dotted lines show the un-
absorbed spectra. The total luminosity in UHECRs with
energy above 1019eV is LUHE = 1046erg/s, with a differ-
ential energy distribution Q(E) = Q0E−δexp(−E/Ecut).

We further assume δ = 2, though results are quite insen-
sitive to the slope of the CR spectrum.

In the top panel of Fig. 2 we fix Ecut = 1021eV and
we consider three different values for the magnetic field:
0.5, 5 and 50 nG (curves 1, 2 and 3 respectively). If
the magnetic field is significantly greater than ∼ 50 nG,
the peak of the emission falls at TeV energies, where
absorption is very strong. The absorbed photons start an
electromagnetic cascade that will appear as an extended
halo. On the other hand, if the field is well below ∼

0.5 nG, synchrotron emission becomes unimportant and
again the cascade contribution dominates. However, for
the broad interval of values of the magnetic field strength
between 0.5 and 50 nG, the formation of a synchrotron
point-like gamma ray source seems to be unavoidable.

In the bottom panel of Fig. 2, our predictions are com-
pared with the sensitivities of GLAST and of a generic
IACT array such as HESS [15]. A magnetic field of
1 nG is assumed and the three different curves refer
to values of the cutoff energy in the proton spectrum
equal to Ecut = 5 1021, 1021 and 1021eV (top to bot-
tom). For such a magnetic field, the condition for the
detectability of a point source by GLAST is roughly
LUHE ≥ 8 1043 ÷ 2 1044(D/100Mpc)2erg/s for δ in the
range 2.0 ÷ 2.6. In contrast, for IACT arrays the mini-
mum detectable luminosity is about 2 orders of magni-
tude higher, since the source has to be located at a dis-
tance of ∼ 1Gpc in order to appear point-like. Moreover,
distant sources may be undetectable above 100 GeV due
to the strong absorption in the infrared background. In
this case, the maximum energy of UHECRs is very im-
portant, since it determines the extension of the gamma
ray spectrum towards high energies. Since the peak of
the emission falls at ∼ 10 GeV, the future IACT arrays
operating in the energy range 10 ÷ 100 GeV would be
powerful tools to search for these sources.

If the CR spectrum is a smooth power law with in-
dex δ = 2 down to GeV energies, the required to-
tal CR luminosity for a source to be detected by
GLAST is LCR ≥ 5 1044(D/100Mpc)2erg/s. If CRs
are beamed along one axis, the luminosity is reduced
by a factor fb ∼ 0.02(ϑb/10o), ϑb being the beaming
angle. In this case, the detectability condition reads:
LCR ≥ 1043(fb/0.02)(D/100Mpc)2erg/s. This luminos-
ity is small if compared, for example, with the kinetic
power of an AGN jet, that can be as high as ∼ 1047erg/s
[18]. Thus, astrophysical object that could in principle
satisfy the energy requirement for detectability do exist.

In calculating the spectra shown in Fig. 2 we assumed
the UHECR accelerator to be active for a time tON long
enough to reach steady state. This situation is achieved if
the accelerator lifetime is greater than the pγ interaction
time, namely, if tON ≥ 100 Myr. Under this assumption,
the total energy deposited in CRs during the whole source
lifetime is ECR ≥ 3 1058(fb/0.02)(D/100Mpc)2erg. If
the UHECR accelerator is located inside a rich cluster
of galaxies, then the bulk of this nonthermal energy ac-
cumulates in it, due to effective diffusive confinement of

Detectability condition
Ga

bi
ci

&A
ha

ro
ni

an
 2

00
5,

 2
00

7

LUHECR = 1046 erg/s, d = 1 Gpc

E
max

= 1021eV

0.5, 5, 50nG !

1 nG

5⇥ 1020, 1021, 5⇥ 1021eV !

A&A 527, A54 (2011)

Fig. 6. Propagated spectra of ultrahigh energy cosmic-rays from a single
source with luminosity LE,19 = 1046 erg s−1 located at a distance of
D = 1 Gpc (black solid) or LE,19 = 1044 erg s−1 and D = 100 Mpc
(green dashed). The injection spectral index is 2.0 in both cases. The
observed Auger spectrum (Abraham et al. 2008b) is overlaid.

be higher than the average allowed by the cosmic-ray normal-
ization for equal luminosity sources LE,19 = 1044 erg s−1 and
LE,19 = 1046 erg s−1. As a case study, we place these sources at
a distance of D = 100 Mpc and D = 1 Gpc, respectively. These
distances are consistent with the number density of objects found
at comparable photon luminosities (see for example Wall et al.
2005).

The ultrahigh energy cosmic-ray spectra obtained after prop-
agation from these two model sources are represented in Fig. 6.
The injection at the source is assumed to consist purely of pro-
tons and have a spectral index of 2.0. The comparison with
the Auger data shows that the close-by source (green dashed)
is marginally excluded. More precisely, this source should pro-
duce a strong anisotropy signal, close to unity, relative to the
all-sky background if the magnetic deflection at this energy
∼7 × 1019 eV is smaller than unity. Following Kotera & Lemoine
(2008b), the expected deflection is about 2◦ Z if one models the
magnetized Universe as a collection of magnetized filaments
with B = 10 nG (λB = 100 kpc) immersed in unmagnetized
voids of typical separation ∼40 Mpc. This estimate neglects the
deflection due to the Galactic magnetic field, which depends on
incoming direction and charge. Qualitatively speaking, however,
one would then expect the above source to produce a strong
anisotropy signal unless it injects only iron group nuclei with
Z ∼ 26 at the highest energies. In this latter case, however, the
gamma-ray signal would be lower by a factor ∼5 or even sup-
pressed if Emax,p were less than the pion production threshold,
as discussed in the previous Section. Furthermore, this source
might also induce a strong anisotropy at energies ∼3 EeV, de-
pending on the ratio of the composition of injected protons to
iron group nuclei (Lemoine & Waxman 2009).

In contrast, the remote source (indicated by the black solid
line in Fig. 6) contributes to ∼10% of the total flux around
Ecr ∼ 1019 eV. This source would be completely invisible in ul-
trahigh energy cosmic-rays, because of the large expected mag-
netic deflection at this energy, on a large path length of 1 Gpc.

We now discuss the possibility of detecting these sources
in gamma rays. Figure 7 presents our computed images of syn-
chrotron gamma-ray emission for these two examples of sources
embedded in the filament shown in Fig. 1.

However, one should be aware that the sensitivity of gamma-
ray telescopes weakens for extended sources by the ratio of the
radius of the emission to the angular resolution. Typically, Fermi
LAT and HESS have an angular resolution of some fractions of
a degree around energies of 10 GeV and 100 GeV, respectively.
CTA has an even higher resolution of the order of the arc-minute
above 100 GeV. For this reason, one will have to find a source
with an acceptable range in luminosity and distance, so as not to
lose too much flux due to the angular extension, but still being
able to resolve this extension. We note that the magnetic con-
figuration around the source should have a negligible role on
the flux intensity, as we demonstrated in Sect. 2. However, the
magnetic configuration, in particular the strength and the coher-
ence length, directly controls the extension of the image, which
is given by the transverse displacement of the protons by means
of magnetic deflection (Gabici & Aharonian 2005).

Figure 8 demonstrates that the synchrotron gamma ray emis-
sion from both our model sources could be observed by Fermi
LAT and CTA. Their flux integrated over the angular resolution
of these instruments at ∼10 GeV are indeed above their cor-
responding sensitivities. The case presented by a dashed green
line is however marginally excluded by the observed spectrum
of cosmic-rays and even more so by the search for anisotropy, as
discussed previously (Fig. 6). It thus appears that the gamma-ray
flux of a source of luminosity LE,19 ∼ 1044 erg s−1 will be hardly
observable, as placing the source at a greater distance to recon-
cile its spectrum with the observations will dilute the gamma-ray
emission, below the current instrument sensitivities. The detec-
tion of extremely powerful sources with LE,19 = 1046 erg s−1

located around 1 Gpc is more promising. According to Fig. 8,
the emission from these sources would spread over a fraction of
a degree, hence their image could possibly be resolved by Fermi
and certainly by CTA.

As discussed in the introduction, the observation of a multi-
GeV extended emission as obtained in these images would pro-
vide clear evidence of acceleration to ultrahigh energies, pro-
vided that the possible background associated with a halo seeded
by TeV photons can be removed. As discussed in Aharonian
et al. (1994), Dai et al. (2002), d’Avezac et al. (2007), Elyiv
et al. (2009), and Neronov & Semikoz (2009), the angular size
of the latter signal is a rather strong function of the average in-
tergalactic magnetic field. In particular, if the field is assumed
to be homogeneous and of strength larger than 10−14 G, the im-
age is diluted on large angular scales. Accounting for the inho-
mogeneity of the magnetic field (see Sect. 3.3 below for a de-
tailed discussion), one concludes that the flux associated with
this image, on a degree scale, is reduced by the filling factor
of voids in which B ! 10−14 G within ∼40 Mpc of the source
(this distance corresponding to the energy loss distance of the
primary ∼20 TeV photons). Furthermore, the angular size of the
halo seeded by multi-TeV photons depends strongly on photon
energy, i.e. δθ ∝ E−2

γ or δθ ∝ E−1.75
γ depending on λB (see

Neronov & Semikoz 2009). In contrast, the synchrotron halo
is more strongly peaked in energy around 10 GeV and in this
range its angular size is essentially independent of energy, but
is determined instead by the magnetic field strength and source
distance. Assuming comparable total power in both signals, dis-
crimination between them should thus be feasible, although all
the more easier if the halo signal seeded by multi-TeV gamma-
rays were diluted on large angular scales.
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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
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γ-ray blazar: an alternative scenario
Essey & Kusenko 2010, Essey+ 2010, 2011

ture of primary and secondary photons, with the latter
dominating at high energies.

IceCube can search for point sources in up-going events
at low energy [30], and can explore the higher energies
using the downgoing events [31]. The results presented in
Fig. 1 are not within the current reach of IceCube, but
should be within the reach of IceCube80 for the Stecker
EBL model. Of course, the lower EBL models would

require a longer exposure time to be within IceCube80’s
sensitivity.
The AGN models have many uncertainties, and a devia-

tion in the model parameters from the values we have
assumed for the spectrum and the beaming factor of
UHECR can affect the predictions of our model, but a
variety of parameters leave the AGN within IceCube’s
predicted range. For instance, !> 2 increases the Leff

needed to normalize to gamma-ray data and makes the
source brighter for IceCube. Thus, IceCube may be able to
distinguish between certain model parameters. In particu-
lar, the position of the energy peak in neutrinos is sensitive
to Emax, unlike the gamma rays.
If the point sources are detected by IceCube, one can test

the hypothesis of secondary photons and neutrinos. One
test is the fuzziness of the pointlike sources: equal halos
around the blazar images in " rays and neutrinos would
indicate that both of them are secondary particles produced
in proton interactions with EBL. The application of this
test may be complicated by the limitations in the IceCube
angular resolution. However, the mere fact that some very
distant sources are observed, along with some luminosity-
distance relations, can prove that the observed particles are
secondary. The proton flux is proportional to 1=D2

source,
while the probability of a proton interaction with EBL is

proportional to distance D1þ#ðzÞ
source . The parameter #ðzÞ ac-

counts for the evolution of the EBL with redshift and varies
over the range #ðzÞ ¼ 0:2–0:8 for redshifts z ¼ 0:1–1. The

resulting 1=D1%#ðzÞ
source scaling of both secondary photons and

neutrinos could be used as a statistical test of their origin by
comparing the signals from blazars at different distances.
This is different from the 1=D2

source scaling expected for
primary neutrinos produced at the source, and it is also
different from the expected spectral properties of " rays,
which should show a suppression due to their interaction
with EBL. This is probably the strongest test of the model,
since such a scaling would be difficult to explain otherwise.
A detection of some distant sources by IceCube would help
distinguish between our model and the alternatives since a
1=D2

source scaling would quickly drop the flux below
IceCube’s sensitivity. The data on the variety of distant
AGN observed by the existing "-ray telescopes may also
allow an application of this test in the very near future.
If our mechanism, along with its requisite assumption of

low IGMF, is confirmed, then "-ray and neutrino data may
be used to study the UHECR sources at distances far
beyond the GZK cutoff. For example, "-ray bursts
(GRB) are also likely sources of UHECR [32]. The GRB
observed by the "-ray instruments occur at distances well
in excess of the GZK radius. However, the interactions of
UHECR produced in GRB with EBL along the line of sight
can generate the fluxes of photons and neutrinos that can be
used to confirm the production of UHECR in GRB.
The unique properties of our model mentioned above

should be easily testable in the near future since the multi-
wavelength and multiparticle observations of AGN are
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FIG. 2 (color online). Photon (low energy) and neutrino (high-
energy) spectra expected from an AGN at z ¼ 0:14 (such as
1ES0229þ 200), normalized to HESS data points (shown) [36],
with ! ¼ 2, for EBL of Ref. [11], and for Emax ¼ 108 GeV,
1010 GeV, and 1011 GeV shown by the solid, dashed, and dash-
dotted lines, respectively. The Leff for each Emax was set at 6&
1048 erg=s, 2& 1046 erg=s, and 9& 1045 erg=s, respectively.
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FIG. 1 (color online). Expected neutrino spectra from an AGN
at z ¼ 0:14 (such as 1ES0229þ 200) for three EBL models:
Franceschini et al. [9] (dash-dotted line), Primack et al. [34]
(short-dashed line), and Stecker et al. [11] (long-dashed line).
The cosmic ray emission power above 107 GeV, Lsource, con-
sistent with HESS data [36] for fbeam ¼ 102 and Emax ¼
108 GeV is 2& 1047 erg=s, 1:5& 1047 erg=s, and 6&
1046 erg=s, respectively. The solid line corresponds to an AGN
at z ¼ 0:03, such as Mrk421 and Mrk501, assuming Lsource ¼
5& 1047 erg=s and fbeam ¼ 102. The IceCube sensitivity for
1ES0229þ 200 is shown for 80 strings with 1 yr exposure
time, and the sensitivity for Mrk421 and Mrk501 is for 22 strings
with 0.75 yr exposure time [35].
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ture of primary and secondary photons, with the latter
dominating at high energies.

IceCube can search for point sources in up-going events
at low energy [30], and can explore the higher energies
using the downgoing events [31]. The results presented in
Fig. 1 are not within the current reach of IceCube, but
should be within the reach of IceCube80 for the Stecker
EBL model. Of course, the lower EBL models would

require a longer exposure time to be within IceCube80’s
sensitivity.
The AGN models have many uncertainties, and a devia-

tion in the model parameters from the values we have
assumed for the spectrum and the beaming factor of
UHECR can affect the predictions of our model, but a
variety of parameters leave the AGN within IceCube’s
predicted range. For instance, !> 2 increases the Leff

needed to normalize to gamma-ray data and makes the
source brighter for IceCube. Thus, IceCube may be able to
distinguish between certain model parameters. In particu-
lar, the position of the energy peak in neutrinos is sensitive
to Emax, unlike the gamma rays.
If the point sources are detected by IceCube, one can test

the hypothesis of secondary photons and neutrinos. One
test is the fuzziness of the pointlike sources: equal halos
around the blazar images in " rays and neutrinos would
indicate that both of them are secondary particles produced
in proton interactions with EBL. The application of this
test may be complicated by the limitations in the IceCube
angular resolution. However, the mere fact that some very
distant sources are observed, along with some luminosity-
distance relations, can prove that the observed particles are
secondary. The proton flux is proportional to 1=D2

source,
while the probability of a proton interaction with EBL is

proportional to distance D1þ#ðzÞ
source . The parameter #ðzÞ ac-

counts for the evolution of the EBL with redshift and varies
over the range #ðzÞ ¼ 0:2–0:8 for redshifts z ¼ 0:1–1. The

resulting 1=D1%#ðzÞ
source scaling of both secondary photons and

neutrinos could be used as a statistical test of their origin by
comparing the signals from blazars at different distances.
This is different from the 1=D2

source scaling expected for
primary neutrinos produced at the source, and it is also
different from the expected spectral properties of " rays,
which should show a suppression due to their interaction
with EBL. This is probably the strongest test of the model,
since such a scaling would be difficult to explain otherwise.
A detection of some distant sources by IceCube would help
distinguish between our model and the alternatives since a
1=D2

source scaling would quickly drop the flux below
IceCube’s sensitivity. The data on the variety of distant
AGN observed by the existing "-ray telescopes may also
allow an application of this test in the very near future.
If our mechanism, along with its requisite assumption of

low IGMF, is confirmed, then "-ray and neutrino data may
be used to study the UHECR sources at distances far
beyond the GZK cutoff. For example, "-ray bursts
(GRB) are also likely sources of UHECR [32]. The GRB
observed by the "-ray instruments occur at distances well
in excess of the GZK radius. However, the interactions of
UHECR produced in GRB with EBL along the line of sight
can generate the fluxes of photons and neutrinos that can be
used to confirm the production of UHECR in GRB.
The unique properties of our model mentioned above

should be easily testable in the near future since the multi-
wavelength and multiparticle observations of AGN are
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FIG. 1 (color online). Expected neutrino spectra from an AGN
at z ¼ 0:14 (such as 1ES0229þ 200) for three EBL models:
Franceschini et al. [9] (dash-dotted line), Primack et al. [34]
(short-dashed line), and Stecker et al. [11] (long-dashed line).
The cosmic ray emission power above 107 GeV, Lsource, con-
sistent with HESS data [36] for fbeam ¼ 102 and Emax ¼
108 GeV is 2& 1047 erg=s, 1:5& 1047 erg=s, and 6&
1046 erg=s, respectively. The solid line corresponds to an AGN
at z ¼ 0:03, such as Mrk421 and Mrk501, assuming Lsource ¼
5& 1047 erg=s and fbeam ¼ 102. The IceCube sensitivity for
1ES0229þ 200 is shown for 80 strings with 1 yr exposure
time, and the sensitivity for Mrk421 and Mrk501 is for 22 strings
with 0.75 yr exposure time [35].

PRL 104, 141102 (2010) P HY S I CA L R EV I EW LE T T E R S
week ending
9 APRIL 2010

141102-3

all the γ-ray emission comes from the cascade initiated by UHECR interactions

photons

neutrinos
quite “universal” 

spectrum

Leff (> 107 GeV) = 6⇥ 1048 erg/s

Leff (> 107 GeV) = 2⇥ 1046 erg/s

Leff (> 107 GeV) = 9⇥ 1045 erg/s

10�17G < B < 3⇥ 10�14GFermi non detection + HESS detection ->

variability?  
-> low B

z = 0.14



γ-rays from high z blazar

Aharonian+ 2013

rationale: blazars at z~0.2 -> EBL close to minimum possible level 
-> we shouldn’t see gamma rays from blazars at z>0.2



Figure 7:

Proton energy loss lengths: black solid line for photo-pion production on CMB and IR-UV

photons; red solid line for pair production on CMB photons. Dashed lines represent the

interaction length (or mean free path to interaction) for photo-pion production on CMB photons

(thick) and IR-UV photons (thin), assuming the background of Stecker et al. (2006). The dotted

line indicates the losses due to cosmological expansion.

composition, spectrum, and redshift evolution translates to many orders of magnitude un-

certainty in the expected cosmogenic neutrino flux as discussed in Section 6.

3 The propagation of Ultrahigh Energy Cosmic Rays

While propagating from their sources to the observer, UHECRs experience two types of

processes: (i) interactions with cosmic backgrounds that a↵ect their energy and their com-

position, but not their direction; and (ii) interactions with cosmic magnetic fields that a↵ect

their direction and travel time, but not their energy and composition. Both leave a variety

of signatures on the observables of UHECRs and generate secondary neutrinos and gamma

rays (see Section 6.3).
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line indicates the losses due to cosmological expansion.
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Conclusions
 gamma ray observations of blazars -> EM cascade in EBL -> constrain the 

extragalactic magnetic fields (especially in voids) 

 PSF constrain: B > 10-15 G 

 time delay constrain: B > 10-17 G 

 alternative scenarios to the pure electromagnetic cascade exist: cascades 

initiated by UHECR interactions. this typically works well for distant and very 

powerful sources (remember that powerful sources are indeed expected to be 

distant!) 

 extreme synchrotron scenario -> accelerator immersed in a nG field (steady 

emission) 

 UHECR scenario -> gamma rays from very distant blazars without axions and/or 

violation of Lorentz invariance





Simple sketch 

(�

���

d

(⇥

valid for very small deflections only!

↵(

h
h ⇠ d ↵ ⇠ x �

x

z

z ⇠ ��� ↵ ⇠ x ⇥

h/z �! ⇥ ⇠ ���

d
�


