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Fig. 8. Angular profiles of the images of the sources represented in
Fig. 7. We represent the gamma ray flux integrated over energies Eγ =
1 − 100 GeV averaged over angular bins, for a filament seen along its
axis, at 1 Gpc and LE,19 = 10

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

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

3.3 . Inverse Compton cascades

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

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

−2(Ee/100 TeV)
−2(B/10−12 G).

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

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

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

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

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

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

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

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

E2γ
dNγ

dEγ
≈ f1d(< Bθ) χe

Lcr

8πd2

(

Eγ

Eγ,max

)1/2

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

×
LE,19

1042 erg/s

(

d

100Mpc

)−2 (
Eγ

Eγ,max

)1/2

. (6)

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

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

K.K. et al. 2010
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!TeV photons. Of course, depending on the exact value of B
where the cascade ends, the resulting image will be spread by
some finite angle. Since we are interested in sharply peaked im-
ages, let us consider a typical angular size θ and ignore those
regions in which the magnetic field is large enough to give a
contribution to the image on a size larger than θ. For θ & 1,

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

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

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

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

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

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

E2γ
dNγ

dEγ
≈ f1d(< Bθ) χe

Lcr

8πd2

(

Eγ

Eγ,max

)1/2

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

×
LE,19

1042 erg/s

(

d

100Mpc

)−2 (
Eγ

Eγ,max

)1/2

. (6)

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

−14 G) ∼ 0.03 in such models. Given the sensitivity of
current and future gamma ray experiments, the inverse Compton
cascades might then produce degree-size detectable halos for
source luminosities " 2×1043(d/100Mpc)−2 erg/s. We note that
intergalactic magnetic fields of strength B < 10−15 G might be
probed through the delay time of the high energy afterglow of
gamma-ray bursts (Plaga 1995; Ichiki et al. 2008) or the GeV
emission around blazars (Neronov & Semikoz 2006).
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Fig. 2. Flux of photons produced by synchrotron emission for a filament observed from the directions forming the indicated angles with its axis.
The filament is located at 100 Mpc and harbors a source that injects a pure proton composition with a luminosity of LE,19 = 10

42 erg/s and a spectral
index of 2.3. The four panels represent various models of magnetic fields. From left to right: “anisotropic” with B0 = 0.1 nG, “anisotropic” with
B0 = 1 nG, “isotropic” with B0 = 1 nG and “contrasted” with B0 = 1 nG.

not fundamentally modified by the chosen distribution and the
photon flux is hardly more sensitive to the overall intensity of
the field (in particular, we tested that a value of B0 = 10 nG does
not affect the results of more than a factor 2, for all magnetic
configurations). All in all, for a quite reasonable normalization
of the magnetic field, meaning an average B0 ∼ 0.1 − 10 nG at
density contrast unity, the variations in flux remain smaller than
an order of magnitude in the range Eγ ∼ 10 − 1000GeV.

Note that the flux should be cut off above Eγ ∼ 10 TeV due
to the opacity of the Universe to photons above this energy. This
effect is not represented in these plots for simplicity, as its pre-
cise spectral shape depends on the distance d to the source (while
the sub-TeV gamma ray flux scales in proportion to Lcr/d

2).

At lower energy (Eγ ! 1 GeV), the flux intensity can vary
by more than two orders of magnitude depending on the chosen
magnetic configuration. In the low energy range, magnetic con-
finement indeed starts to play an important role. Furthermore,
the inverse Compton energy loss length shortens drastically at
these energies so that only strong magnetic fields can help avoid-
ing the formation of an electromagnetic cascade and lead instead
to synchrotron emission in the filament.

2.4 . Synchrotron signal for various chemica l compositions
and injection spectra

In this section, we discuss the effect of the injected chemical
composition and of the spectral index at the source. As discussed
above, there are conflicting claims as to the measured chemical
composition at ultrahigh energies; in particular, the HiRes exper-
iment reports a light composition (Abbasi et al. 2010) while the
Pierre Auger Observatory measurements point toward a compo-
sition that becomes increasingly heavier at energies above the
ankle (Abraham et al. 2010). Theory is here of little help, as the
source of ultrahigh energy cosmic rays is unknown; protons are
usually considered as prime candidates because of their large
cosmic abundance, but at the same time one may argue that a
large atomic number facilitates acceleration to high energy.

In this framework, Lemoine & Waxman (2009) have pro-
posed a test of the chemical composition of ultra-high energy
cosmic rays on the sky, using the anisotropy patterns measured
at various energies, instead of relying on measurements of the
depth of maximum shower development. It is shown in particu-
lar that, at equal magnetic rigidities E/Z, one should observe a

comparable or stronger anisotropy signal from the proton com-
ponent than from the heavy nuclei component emitted by the
source, even if the source injects protons and heavy nuclei in
equal numbers at a given energy. When compared to the 99%
c.l. anisotropy signal reported by the Pierre Auger Observatory
at energies above 5.7 × 1019 eV (Abraham et al. 2007, 2008a),
one concludes that: if the composition is heavy at these energies,
and if the source injects protons in at least equal number (at a
given energy) as heavy nuclei, then one should observe a com-
parable or stronger anisotropy pattern above 5.7 × 1019/Z eV.

Future data will hopefully cast light on this issue, but in
the meantime it is necessary to consider a large set of possible
chemical compositions.We thus consider the following injection
spectra:

1. Two pure proton compositions with indices α = 2.3 and
2.7. A soft spectral index of ∼ 2.7 seems to be favored to
fit the observed cosmic ray spectrum in the case of a pure
proton composition, especially in the “dip-model” proposed
by Berezinsky et al. (2006), where the transition between the
Galactic and extragalactic components happens at relatively
low energy (E ∼ 1017.5 eV).

2. A proton dominated mix composition with spectral index
α = 2.3, based on Galactic cosmic ray abundances as in
Allard et al. (2006). Such a spectrum is mostly proton domi-
nated at ultra-high energies.

3. A pure iron composition with spectral index α = 2.3.
4. A mixed composition that was proposed by Allard et al.
(2008), that contains 30% of iron. In this injection, the max-
imum proton energy is Emax,p = 10

19 eV (Allard et al. 2008

considered Emax,p = 4 × 10
19 eV but an equally satisfying fit

ot the spectrum can be obtained for a lower value). Assuming
that heavy elements are accelerated at an energy Z × Emax,p,
and because of the propagation effects that disintegrate inter-
mediate nuclei preferentially as compared to heavier nuclei,
one would then measure on the Earth a heavy composition at
the highest energy. The resulting detected spectrum allows
to reproduce the maximum depth of shower measurements
of the Pierre Auger Observatory. However, the anisotropy
pattern should also appear in this case at energies of order a
few EeV, as discussed above. An injection spectrum of 2.0 is
necessary to fit the observed cosmic ray spectrum.
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Fig. 2. Flux of photons produced by synchrotron emission for a filament observed from the directions forming the indicated angles with its axis.
The filament is located at 100 Mpc and harbors a source that injects a pure proton composition with a luminosity of LE,19 = 10

42 erg/s and a spectral
index of 2.3. The four panels represent various models of magnetic fields. From left to right: “anisotropic” with B0 = 0.1 nG, “anisotropic” with
B0 = 1 nG, “isotropic” with B0 = 1 nG and “contrasted” with B0 = 1 nG.

not fundamentally modified by the chosen distribution and the
photon flux is hardly more sensitive to the overall intensity of
the field (in particular, we tested that a value of B0 = 10 nG does
not affect the results of more than a factor 2, for all magnetic
configurations). All in all, for a quite reasonable normalization
of the magnetic field, meaning an average B0 ∼ 0.1 − 10 nG at
density contrast unity, the variations in flux remain smaller than
an order of magnitude in the range Eγ ∼ 10 − 1000GeV.

Note that the flux should be cut off above Eγ ∼ 10 TeV due
to the opacity of the Universe to photons above this energy. This
effect is not represented in these plots for simplicity, as its pre-
cise spectral shape depends on the distance d to the source (while
the sub-TeV gamma ray flux scales in proportion to Lcr/d

2).

At lower energy (Eγ ! 1 GeV), the flux intensity can vary
by more than two orders of magnitude depending on the chosen
magnetic configuration. In the low energy range, magnetic con-
finement indeed starts to play an important role. Furthermore,
the inverse Compton energy loss length shortens drastically at
these energies so that only strong magnetic fields can help avoid-
ing the formation of an electromagnetic cascade and lead instead
to synchrotron emission in the filament.

2.4 . Synchrotron signal for various chemica l compositions
and injection spectra

In this section, we discuss the effect of the injected chemical
composition and of the spectral index at the source. As discussed
above, there are conflicting claims as to the measured chemical
composition at ultrahigh energies; in particular, the HiRes exper-
iment reports a light composition (Abbasi et al. 2010) while the
Pierre Auger Observatory measurements point toward a compo-
sition that becomes increasingly heavier at energies above the
ankle (Abraham et al. 2010). Theory is here of little help, as the
source of ultrahigh energy cosmic rays is unknown; protons are
usually considered as prime candidates because of their large
cosmic abundance, but at the same time one may argue that a
large atomic number facilitates acceleration to high energy.

In this framework, Lemoine & Waxman (2009) have pro-
posed a test of the chemical composition of ultra-high energy
cosmic rays on the sky, using the anisotropy patterns measured
at various energies, instead of relying on measurements of the
depth of maximum shower development. It is shown in particu-
lar that, at equal magnetic rigidities E/Z, one should observe a

comparable or stronger anisotropy signal from the proton com-
ponent than from the heavy nuclei component emitted by the
source, even if the source injects protons and heavy nuclei in
equal numbers at a given energy. When compared to the 99%
c.l. anisotropy signal reported by the Pierre Auger Observatory
at energies above 5.7 × 1019 eV (Abraham et al. 2007, 2008a),
one concludes that: if the composition is heavy at these energies,
and if the source injects protons in at least equal number (at a
given energy) as heavy nuclei, then one should observe a com-
parable or stronger anisotropy pattern above 5.7 × 1019/Z eV.

Future data will hopefully cast light on this issue, but in
the meantime it is necessary to consider a large set of possible
chemical compositions.We thus consider the following injection
spectra:

1. Two pure proton compositions with indices α = 2.3 and
2.7. A soft spectral index of ∼ 2.7 seems to be favored to
fit the observed cosmic ray spectrum in the case of a pure
proton composition, especially in the “dip-model” proposed
by Berezinsky et al. (2006), where the transition between the
Galactic and extragalactic components happens at relatively
low energy (E ∼ 1017.5 eV).

2. A proton dominated mix composition with spectral index
α = 2.3, based on Galactic cosmic ray abundances as in
Allard et al. (2006). Such a spectrum is mostly proton domi-
nated at ultra-high energies.

3. A pure iron composition with spectral index α = 2.3.
4. A mixed composition that was proposed by Allard et al.
(2008), that contains 30% of iron. In this injection, the max-
imum proton energy is Emax,p = 10

19 eV (Allard et al. 2008

considered Emax,p = 4 × 10
19 eV but an equally satisfying fit

ot the spectrum can be obtained for a lower value). Assuming
that heavy elements are accelerated at an energy Z × Emax,p,
and because of the propagation effects that disintegrate inter-
mediate nuclei preferentially as compared to heavier nuclei,
one would then measure on the Earth a heavy composition at
the highest energy. The resulting detected spectrum allows
to reproduce the maximum depth of shower measurements
of the Pierre Auger Observatory. However, the anisotropy
pattern should also appear in this case at energies of order a
few EeV, as discussed above. An injection spectrum of 2.0 is
necessary to fit the observed cosmic ray spectrum.
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Fig. 2. Flux of photons produced by synchrotron emission for a filament observed from the directions forming the indicated angles with its axis.
The filament is located at 100 Mpc and harbors a source that injects a pure proton composition with a luminosity of LE,19 = 10

42 erg/s and a spectral
index of 2.3. The four panels represent various models of magnetic fields. From left to right: “anisotropic” with B0 = 0.1 nG, “anisotropic” with
B0 = 1 nG, “isotropic” with B0 = 1 nG and “contrasted” with B0 = 1 nG.

not fundamentally modified by the chosen distribution and the
photon flux is hardly more sensitive to the overall intensity of
the field (in particular, we tested that a value of B0 = 10 nG does
not affect the results of more than a factor 2, for all magnetic
configurations). All in all, for a quite reasonable normalization
of the magnetic field, meaning an average B0 ∼ 0.1 − 10 nG at
density contrast unity, the variations in flux remain smaller than
an order of magnitude in the range Eγ ∼ 10 − 1000GeV.

Note that the flux should be cut off above Eγ ∼ 10 TeV due
to the opacity of the Universe to photons above this energy. This
effect is not represented in these plots for simplicity, as its pre-
cise spectral shape depends on the distance d to the source (while
the sub-TeV gamma ray flux scales in proportion to Lcr/d

2).

At lower energy (Eγ ! 1 GeV), the flux intensity can vary
by more than two orders of magnitude depending on the chosen
magnetic configuration. In the low energy range, magnetic con-
finement indeed starts to play an important role. Furthermore,
the inverse Compton energy loss length shortens drastically at
these energies so that only strong magnetic fields can help avoid-
ing the formation of an electromagnetic cascade and lead instead
to synchrotron emission in the filament.

2.4 . Synchrotron signal for various chemica l compositions
and injection spectra

In this section, we discuss the effect of the injected chemical
composition and of the spectral index at the source. As discussed
above, there are conflicting claims as to the measured chemical
composition at ultrahigh energies; in particular, the HiRes exper-
iment reports a light composition (Abbasi et al. 2010) while the
Pierre Auger Observatory measurements point toward a compo-
sition that becomes increasingly heavier at energies above the
ankle (Abraham et al. 2010). Theory is here of little help, as the
source of ultrahigh energy cosmic rays is unknown; protons are
usually considered as prime candidates because of their large
cosmic abundance, but at the same time one may argue that a
large atomic number facilitates acceleration to high energy.

In this framework, Lemoine & Waxman (2009) have pro-
posed a test of the chemical composition of ultra-high energy
cosmic rays on the sky, using the anisotropy patterns measured
at various energies, instead of relying on measurements of the
depth of maximum shower development. It is shown in particu-
lar that, at equal magnetic rigidities E/Z, one should observe a

comparable or stronger anisotropy signal from the proton com-
ponent than from the heavy nuclei component emitted by the
source, even if the source injects protons and heavy nuclei in
equal numbers at a given energy. When compared to the 99%
c.l. anisotropy signal reported by the Pierre Auger Observatory
at energies above 5.7 × 1019 eV (Abraham et al. 2007, 2008a),
one concludes that: if the composition is heavy at these energies,
and if the source injects protons in at least equal number (at a
given energy) as heavy nuclei, then one should observe a com-
parable or stronger anisotropy pattern above 5.7 × 1019/Z eV.

Future data will hopefully cast light on this issue, but in
the meantime it is necessary to consider a large set of possible
chemical compositions.We thus consider the following injection
spectra:

1. Two pure proton compositions with indices α = 2.3 and
2.7. A soft spectral index of ∼ 2.7 seems to be favored to
fit the observed cosmic ray spectrum in the case of a pure
proton composition, especially in the “dip-model” proposed
by Berezinsky et al. (2006), where the transition between the
Galactic and extragalactic components happens at relatively
low energy (E ∼ 1017.5 eV).

2. A proton dominated mix composition with spectral index
α = 2.3, based on Galactic cosmic ray abundances as in
Allard et al. (2006). Such a spectrum is mostly proton domi-
nated at ultra-high energies.

3. A pure iron composition with spectral index α = 2.3.
4. A mixed composition that was proposed by Allard et al.
(2008), that contains 30% of iron. In this injection, the max-
imum proton energy is Emax,p = 10

19 eV (Allard et al. 2008

considered Emax,p = 4 × 10
19 eV but an equally satisfying fit

ot the spectrum can be obtained for a lower value). Assuming
that heavy elements are accelerated at an energy Z × Emax,p,
and because of the propagation effects that disintegrate inter-
mediate nuclei preferentially as compared to heavier nuclei,
one would then measure on the Earth a heavy composition at
the highest energy. The resulting detected spectrum allows
to reproduce the maximum depth of shower measurements
of the Pierre Auger Observatory. However, the anisotropy
pattern should also appear in this case at energies of order a
few EeV, as discussed above. An injection spectrum of 2.0 is
necessary to fit the observed cosmic ray spectrum.
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Fig. 2. Flux of photons produced by synchrotron emission for a filament observed from the directions forming the indicated angles with its axis.
The filament is located at 100 Mpc and harbors a source that injects a pure proton composition with a luminosity of LE,19 = 10

42 erg/s and a spectral
index of 2.3. The four panels represent various models of magnetic fields. From left to right: “anisotropic” with B0 = 0.1 nG, “anisotropic” with
B0 = 1 nG, “isotropic” with B0 = 1 nG and “contrasted” with B0 = 1 nG.

not fundamentally modified by the chosen distribution and the
photon flux is hardly more sensitive to the overall intensity of
the field (in particular, we tested that a value of B0 = 10 nG does
not affect the results of more than a factor 2, for all magnetic
configurations). All in all, for a quite reasonable normalization
of the magnetic field, meaning an average B0 ∼ 0.1 − 10 nG at
density contrast unity, the variations in flux remain smaller than
an order of magnitude in the range Eγ ∼ 10 − 1000GeV.

Note that the flux should be cut off above Eγ ∼ 10 TeV due
to the opacity of the Universe to photons above this energy. This
effect is not represented in these plots for simplicity, as its pre-
cise spectral shape depends on the distance d to the source (while
the sub-TeV gamma ray flux scales in proportion to Lcr/d

2).

At lower energy (Eγ ! 1 GeV), the flux intensity can vary
by more than two orders of magnitude depending on the chosen
magnetic configuration. In the low energy range, magnetic con-
finement indeed starts to play an important role. Furthermore,
the inverse Compton energy loss length shortens drastically at
these energies so that only strong magnetic fields can help avoid-
ing the formation of an electromagnetic cascade and lead instead
to synchrotron emission in the filament.

2.4 . Synchrotron signal for various chemica l compositions
and injection spectra

In this section, we discuss the effect of the injected chemical
composition and of the spectral index at the source. As discussed
above, there are conflicting claims as to the measured chemical
composition at ultrahigh energies; in particular, the HiRes exper-
iment reports a light composition (Abbasi et al. 2010) while the
Pierre Auger Observatory measurements point toward a compo-
sition that becomes increasingly heavier at energies above the
ankle (Abraham et al. 2010). Theory is here of little help, as the
source of ultrahigh energy cosmic rays is unknown; protons are
usually considered as prime candidates because of their large
cosmic abundance, but at the same time one may argue that a
large atomic number facilitates acceleration to high energy.

In this framework, Lemoine & Waxman (2009) have pro-
posed a test of the chemical composition of ultra-high energy
cosmic rays on the sky, using the anisotropy patterns measured
at various energies, instead of relying on measurements of the
depth of maximum shower development. It is shown in particu-
lar that, at equal magnetic rigidities E/Z, one should observe a

comparable or stronger anisotropy signal from the proton com-
ponent than from the heavy nuclei component emitted by the
source, even if the source injects protons and heavy nuclei in
equal numbers at a given energy. When compared to the 99%
c.l. anisotropy signal reported by the Pierre Auger Observatory
at energies above 5.7 × 1019 eV (Abraham et al. 2007, 2008a),
one concludes that: if the composition is heavy at these energies,
and if the source injects protons in at least equal number (at a
given energy) as heavy nuclei, then one should observe a com-
parable or stronger anisotropy pattern above 5.7 × 1019/Z eV.

Future data will hopefully cast light on this issue, but in
the meantime it is necessary to consider a large set of possible
chemical compositions.We thus consider the following injection
spectra:

1. Two pure proton compositions with indices α = 2.3 and
2.7. A soft spectral index of ∼ 2.7 seems to be favored to
fit the observed cosmic ray spectrum in the case of a pure
proton composition, especially in the “dip-model” proposed
by Berezinsky et al. (2006), where the transition between the
Galactic and extragalactic components happens at relatively
low energy (E ∼ 1017.5 eV).

2. A proton dominated mix composition with spectral index
α = 2.3, based on Galactic cosmic ray abundances as in
Allard et al. (2006). Such a spectrum is mostly proton domi-
nated at ultra-high energies.

3. A pure iron composition with spectral index α = 2.3.
4. A mixed composition that was proposed by Allard et al.
(2008), that contains 30% of iron. In this injection, the max-
imum proton energy is Emax,p = 10

19 eV (Allard et al. 2008

considered Emax,p = 4 × 10
19 eV but an equally satisfying fit

ot the spectrum can be obtained for a lower value). Assuming
that heavy elements are accelerated at an energy Z × Emax,p,
and because of the propagation effects that disintegrate inter-
mediate nuclei preferentially as compared to heavier nuclei,
one would then measure on the Earth a heavy composition at
the highest energy. The resulting detected spectrum allows
to reproduce the maximum depth of shower measurements
of the Pierre Auger Observatory. However, the anisotropy
pattern should also appear in this case at energies of order a
few EeV, as discussed above. An injection spectrum of 2.0 is
necessary to fit the observed cosmic ray spectrum.

Chemical compositions of primary UHECRExtragalactic magnetic field configurations

Synchrotron component
+ cascaded component: flux x a few

average type of source: fits Auger spectrum for nsources = 10-5 Mpc-3



Lcr(E>1019 eV) = 1042 erg s-1 

distance to observer d = 100 Mpc

5

<B> = 1 nG

 Emax = 1020.5 eV, spectral index = 2.3
K. Kotera et al.: Detectability of ultrahigh energy cosmic ray signatures in gamma rays 5

Fig. 2. Flux of photons produced by synchrotron emission for a filament observed from the directions forming the indicated angles with its axis.
The filament is located at 100 Mpc and harbors a source that injects a pure proton composition with a luminosity of LE,19 = 10

42 erg/s and a spectral
index of 2.3. The four panels represent various models of magnetic fields. From left to right: “anisotropic” with B0 = 0.1 nG, “anisotropic” with
B0 = 1 nG, “isotropic” with B0 = 1 nG and “contrasted” with B0 = 1 nG.

not fundamentally modified by the chosen distribution and the
photon flux is hardly more sensitive to the overall intensity of
the field (in particular, we tested that a value of B0 = 10 nG does
not affect the results of more than a factor 2, for all magnetic
configurations). All in all, for a quite reasonable normalization
of the magnetic field, meaning an average B0 ∼ 0.1 − 10 nG at
density contrast unity, the variations in flux remain smaller than
an order of magnitude in the range Eγ ∼ 10 − 1000GeV.

Note that the flux should be cut off above Eγ ∼ 10 TeV due
to the opacity of the Universe to photons above this energy. This
effect is not represented in these plots for simplicity, as its pre-
cise spectral shape depends on the distance d to the source (while
the sub-TeV gamma ray flux scales in proportion to Lcr/d

2).

At lower energy (Eγ ! 1 GeV), the flux intensity can vary
by more than two orders of magnitude depending on the chosen
magnetic configuration. In the low energy range, magnetic con-
finement indeed starts to play an important role. Furthermore,
the inverse Compton energy loss length shortens drastically at
these energies so that only strong magnetic fields can help avoid-
ing the formation of an electromagnetic cascade and lead instead
to synchrotron emission in the filament.

2.4 . Synchrotron signal for various chemica l compositions
and injection spectra

In this section, we discuss the effect of the injected chemical
composition and of the spectral index at the source. As discussed
above, there are conflicting claims as to the measured chemical
composition at ultrahigh energies; in particular, the HiRes exper-
iment reports a light composition (Abbasi et al. 2010) while the
Pierre Auger Observatory measurements point toward a compo-
sition that becomes increasingly heavier at energies above the
ankle (Abraham et al. 2010). Theory is here of little help, as the
source of ultrahigh energy cosmic rays is unknown; protons are
usually considered as prime candidates because of their large
cosmic abundance, but at the same time one may argue that a
large atomic number facilitates acceleration to high energy.

In this framework, Lemoine & Waxman (2009) have pro-
posed a test of the chemical composition of ultra-high energy
cosmic rays on the sky, using the anisotropy patterns measured
at various energies, instead of relying on measurements of the
depth of maximum shower development. It is shown in particu-
lar that, at equal magnetic rigidities E/Z, one should observe a

comparable or stronger anisotropy signal from the proton com-
ponent than from the heavy nuclei component emitted by the
source, even if the source injects protons and heavy nuclei in
equal numbers at a given energy. When compared to the 99%
c.l. anisotropy signal reported by the Pierre Auger Observatory
at energies above 5.7 × 1019 eV (Abraham et al. 2007, 2008a),
one concludes that: if the composition is heavy at these energies,
and if the source injects protons in at least equal number (at a
given energy) as heavy nuclei, then one should observe a com-
parable or stronger anisotropy pattern above 5.7 × 1019/Z eV.

Future data will hopefully cast light on this issue, but in
the meantime it is necessary to consider a large set of possible
chemical compositions.We thus consider the following injection
spectra:

1. Two pure proton compositions with indices α = 2.3 and
2.7. A soft spectral index of ∼ 2.7 seems to be favored to
fit the observed cosmic ray spectrum in the case of a pure
proton composition, especially in the “dip-model” proposed
by Berezinsky et al. (2006), where the transition between the
Galactic and extragalactic components happens at relatively
low energy (E ∼ 1017.5 eV).

2. A proton dominated mix composition with spectral index
α = 2.3, based on Galactic cosmic ray abundances as in
Allard et al. (2006). Such a spectrum is mostly proton domi-
nated at ultra-high energies.

3. A pure iron composition with spectral index α = 2.3.
4. A mixed composition that was proposed by Allard et al.
(2008), that contains 30% of iron. In this injection, the max-
imum proton energy is Emax,p = 10

19 eV (Allard et al. 2008

considered Emax,p = 4 × 10
19 eV but an equally satisfying fit

ot the spectrum can be obtained for a lower value). Assuming
that heavy elements are accelerated at an energy Z × Emax,p,
and because of the propagation effects that disintegrate inter-
mediate nuclei preferentially as compared to heavier nuclei,
one would then measure on the Earth a heavy composition at
the highest energy. The resulting detected spectrum allows
to reproduce the maximum depth of shower measurements
of the Pierre Auger Observatory. However, the anisotropy
pattern should also appear in this case at energies of order a
few EeV, as discussed above. An injection spectrum of 2.0 is
necessary to fit the observed cosmic ray spectrum.
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Fig. 2. Flux of photons produced by synchrotron emission for a filament observed from the directions forming the indicated angles with its axis.
The filament is located at 100 Mpc and harbors a source that injects a pure proton composition with a luminosity of LE,19 = 10

42 erg/s and a spectral
index of 2.3. The four panels represent various models of magnetic fields. From left to right: “anisotropic” with B0 = 0.1 nG, “anisotropic” with
B0 = 1 nG, “isotropic” with B0 = 1 nG and “contrasted” with B0 = 1 nG.

not fundamentally modified by the chosen distribution and the
photon flux is hardly more sensitive to the overall intensity of
the field (in particular, we tested that a value of B0 = 10 nG does
not affect the results of more than a factor 2, for all magnetic
configurations). All in all, for a quite reasonable normalization
of the magnetic field, meaning an average B0 ∼ 0.1 − 10 nG at
density contrast unity, the variations in flux remain smaller than
an order of magnitude in the range Eγ ∼ 10 − 1000GeV.

Note that the flux should be cut off above Eγ ∼ 10 TeV due
to the opacity of the Universe to photons above this energy. This
effect is not represented in these plots for simplicity, as its pre-
cise spectral shape depends on the distance d to the source (while
the sub-TeV gamma ray flux scales in proportion to Lcr/d

2).

At lower energy (Eγ ! 1 GeV), the flux intensity can vary
by more than two orders of magnitude depending on the chosen
magnetic configuration. In the low energy range, magnetic con-
finement indeed starts to play an important role. Furthermore,
the inverse Compton energy loss length shortens drastically at
these energies so that only strong magnetic fields can help avoid-
ing the formation of an electromagnetic cascade and lead instead
to synchrotron emission in the filament.

2.4 . Synchrotron signal for various chemica l compositions
and injection spectra

In this section, we discuss the effect of the injected chemical
composition and of the spectral index at the source. As discussed
above, there are conflicting claims as to the measured chemical
composition at ultrahigh energies; in particular, the HiRes exper-
iment reports a light composition (Abbasi et al. 2010) while the
Pierre Auger Observatory measurements point toward a compo-
sition that becomes increasingly heavier at energies above the
ankle (Abraham et al. 2010). Theory is here of little help, as the
source of ultrahigh energy cosmic rays is unknown; protons are
usually considered as prime candidates because of their large
cosmic abundance, but at the same time one may argue that a
large atomic number facilitates acceleration to high energy.

In this framework, Lemoine & Waxman (2009) have pro-
posed a test of the chemical composition of ultra-high energy
cosmic rays on the sky, using the anisotropy patterns measured
at various energies, instead of relying on measurements of the
depth of maximum shower development. It is shown in particu-
lar that, at equal magnetic rigidities E/Z, one should observe a

comparable or stronger anisotropy signal from the proton com-
ponent than from the heavy nuclei component emitted by the
source, even if the source injects protons and heavy nuclei in
equal numbers at a given energy. When compared to the 99%
c.l. anisotropy signal reported by the Pierre Auger Observatory
at energies above 5.7 × 1019 eV (Abraham et al. 2007, 2008a),
one concludes that: if the composition is heavy at these energies,
and if the source injects protons in at least equal number (at a
given energy) as heavy nuclei, then one should observe a com-
parable or stronger anisotropy pattern above 5.7 × 1019/Z eV.

Future data will hopefully cast light on this issue, but in
the meantime it is necessary to consider a large set of possible
chemical compositions.We thus consider the following injection
spectra:

1. Two pure proton compositions with indices α = 2.3 and
2.7. A soft spectral index of ∼ 2.7 seems to be favored to
fit the observed cosmic ray spectrum in the case of a pure
proton composition, especially in the “dip-model” proposed
by Berezinsky et al. (2006), where the transition between the
Galactic and extragalactic components happens at relatively
low energy (E ∼ 1017.5 eV).

2. A proton dominated mix composition with spectral index
α = 2.3, based on Galactic cosmic ray abundances as in
Allard et al. (2006). Such a spectrum is mostly proton domi-
nated at ultra-high energies.

3. A pure iron composition with spectral index α = 2.3.
4. A mixed composition that was proposed by Allard et al.
(2008), that contains 30% of iron. In this injection, the max-
imum proton energy is Emax,p = 10

19 eV (Allard et al. 2008

considered Emax,p = 4 × 10
19 eV but an equally satisfying fit

ot the spectrum can be obtained for a lower value). Assuming
that heavy elements are accelerated at an energy Z × Emax,p,
and because of the propagation effects that disintegrate inter-
mediate nuclei preferentially as compared to heavier nuclei,
one would then measure on the Earth a heavy composition at
the highest energy. The resulting detected spectrum allows
to reproduce the maximum depth of shower measurements
of the Pierre Auger Observatory. However, the anisotropy
pattern should also appear in this case at energies of order a
few EeV, as discussed above. An injection spectrum of 2.0 is
necessary to fit the observed cosmic ray spectrum.
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Fig. 2. Flux of photons produced by synchrotron emission for a filament observed from the directions forming the indicated angles with its axis.
The filament is located at 100 Mpc and harbors a source that injects a pure proton composition with a luminosity of LE,19 = 10
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not fundamentally modified by the chosen distribution and the
photon flux is hardly more sensitive to the overall intensity of
the field (in particular, we tested that a value of B0 = 10 nG does
not affect the results of more than a factor 2, for all magnetic
configurations). All in all, for a quite reasonable normalization
of the magnetic field, meaning an average B0 ∼ 0.1 − 10 nG at
density contrast unity, the variations in flux remain smaller than
an order of magnitude in the range Eγ ∼ 10 − 1000GeV.

Note that the flux should be cut off above Eγ ∼ 10 TeV due
to the opacity of the Universe to photons above this energy. This
effect is not represented in these plots for simplicity, as its pre-
cise spectral shape depends on the distance d to the source (while
the sub-TeV gamma ray flux scales in proportion to Lcr/d

2).

At lower energy (Eγ ! 1 GeV), the flux intensity can vary
by more than two orders of magnitude depending on the chosen
magnetic configuration. In the low energy range, magnetic con-
finement indeed starts to play an important role. Furthermore,
the inverse Compton energy loss length shortens drastically at
these energies so that only strong magnetic fields can help avoid-
ing the formation of an electromagnetic cascade and lead instead
to synchrotron emission in the filament.

2.4 . Synchrotron signal for various chemica l compositions
and injection spectra

In this section, we discuss the effect of the injected chemical
composition and of the spectral index at the source. As discussed
above, there are conflicting claims as to the measured chemical
composition at ultrahigh energies; in particular, the HiRes exper-
iment reports a light composition (Abbasi et al. 2010) while the
Pierre Auger Observatory measurements point toward a compo-
sition that becomes increasingly heavier at energies above the
ankle (Abraham et al. 2010). Theory is here of little help, as the
source of ultrahigh energy cosmic rays is unknown; protons are
usually considered as prime candidates because of their large
cosmic abundance, but at the same time one may argue that a
large atomic number facilitates acceleration to high energy.

In this framework, Lemoine & Waxman (2009) have pro-
posed a test of the chemical composition of ultra-high energy
cosmic rays on the sky, using the anisotropy patterns measured
at various energies, instead of relying on measurements of the
depth of maximum shower development. It is shown in particu-
lar that, at equal magnetic rigidities E/Z, one should observe a

comparable or stronger anisotropy signal from the proton com-
ponent than from the heavy nuclei component emitted by the
source, even if the source injects protons and heavy nuclei in
equal numbers at a given energy. When compared to the 99%
c.l. anisotropy signal reported by the Pierre Auger Observatory
at energies above 5.7 × 1019 eV (Abraham et al. 2007, 2008a),
one concludes that: if the composition is heavy at these energies,
and if the source injects protons in at least equal number (at a
given energy) as heavy nuclei, then one should observe a com-
parable or stronger anisotropy pattern above 5.7 × 1019/Z eV.

Future data will hopefully cast light on this issue, but in
the meantime it is necessary to consider a large set of possible
chemical compositions.We thus consider the following injection
spectra:

1. Two pure proton compositions with indices α = 2.3 and
2.7. A soft spectral index of ∼ 2.7 seems to be favored to
fit the observed cosmic ray spectrum in the case of a pure
proton composition, especially in the “dip-model” proposed
by Berezinsky et al. (2006), where the transition between the
Galactic and extragalactic components happens at relatively
low energy (E ∼ 1017.5 eV).

2. A proton dominated mix composition with spectral index
α = 2.3, based on Galactic cosmic ray abundances as in
Allard et al. (2006). Such a spectrum is mostly proton domi-
nated at ultra-high energies.

3. A pure iron composition with spectral index α = 2.3.
4. A mixed composition that was proposed by Allard et al.
(2008), that contains 30% of iron. In this injection, the max-
imum proton energy is Emax,p = 10

19 eV (Allard et al. 2008

considered Emax,p = 4 × 10
19 eV but an equally satisfying fit

ot the spectrum can be obtained for a lower value). Assuming
that heavy elements are accelerated at an energy Z × Emax,p,
and because of the propagation effects that disintegrate inter-
mediate nuclei preferentially as compared to heavier nuclei,
one would then measure on the Earth a heavy composition at
the highest energy. The resulting detected spectrum allows
to reproduce the maximum depth of shower measurements
of the Pierre Auger Observatory. However, the anisotropy
pattern should also appear in this case at energies of order a
few EeV, as discussed above. An injection spectrum of 2.0 is
necessary to fit the observed cosmic ray spectrum.
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Fig. 2. Flux of photons produced by synchrotron emission for a filament observed from the directions forming the indicated angles with its axis.
The filament is located at 100 Mpc and harbors a source that injects a pure proton composition with a luminosity of LE,19 = 10
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not fundamentally modified by the chosen distribution and the
photon flux is hardly more sensitive to the overall intensity of
the field (in particular, we tested that a value of B0 = 10 nG does
not affect the results of more than a factor 2, for all magnetic
configurations). All in all, for a quite reasonable normalization
of the magnetic field, meaning an average B0 ∼ 0.1 − 10 nG at
density contrast unity, the variations in flux remain smaller than
an order of magnitude in the range Eγ ∼ 10 − 1000GeV.

Note that the flux should be cut off above Eγ ∼ 10 TeV due
to the opacity of the Universe to photons above this energy. This
effect is not represented in these plots for simplicity, as its pre-
cise spectral shape depends on the distance d to the source (while
the sub-TeV gamma ray flux scales in proportion to Lcr/d

2).

At lower energy (Eγ ! 1 GeV), the flux intensity can vary
by more than two orders of magnitude depending on the chosen
magnetic configuration. In the low energy range, magnetic con-
finement indeed starts to play an important role. Furthermore,
the inverse Compton energy loss length shortens drastically at
these energies so that only strong magnetic fields can help avoid-
ing the formation of an electromagnetic cascade and lead instead
to synchrotron emission in the filament.

2.4 . Synchrotron signal for various chemica l compositions
and injection spectra

In this section, we discuss the effect of the injected chemical
composition and of the spectral index at the source. As discussed
above, there are conflicting claims as to the measured chemical
composition at ultrahigh energies; in particular, the HiRes exper-
iment reports a light composition (Abbasi et al. 2010) while the
Pierre Auger Observatory measurements point toward a compo-
sition that becomes increasingly heavier at energies above the
ankle (Abraham et al. 2010). Theory is here of little help, as the
source of ultrahigh energy cosmic rays is unknown; protons are
usually considered as prime candidates because of their large
cosmic abundance, but at the same time one may argue that a
large atomic number facilitates acceleration to high energy.

In this framework, Lemoine & Waxman (2009) have pro-
posed a test of the chemical composition of ultra-high energy
cosmic rays on the sky, using the anisotropy patterns measured
at various energies, instead of relying on measurements of the
depth of maximum shower development. It is shown in particu-
lar that, at equal magnetic rigidities E/Z, one should observe a

comparable or stronger anisotropy signal from the proton com-
ponent than from the heavy nuclei component emitted by the
source, even if the source injects protons and heavy nuclei in
equal numbers at a given energy. When compared to the 99%
c.l. anisotropy signal reported by the Pierre Auger Observatory
at energies above 5.7 × 1019 eV (Abraham et al. 2007, 2008a),
one concludes that: if the composition is heavy at these energies,
and if the source injects protons in at least equal number (at a
given energy) as heavy nuclei, then one should observe a com-
parable or stronger anisotropy pattern above 5.7 × 1019/Z eV.

Future data will hopefully cast light on this issue, but in
the meantime it is necessary to consider a large set of possible
chemical compositions.We thus consider the following injection
spectra:

1. Two pure proton compositions with indices α = 2.3 and
2.7. A soft spectral index of ∼ 2.7 seems to be favored to
fit the observed cosmic ray spectrum in the case of a pure
proton composition, especially in the “dip-model” proposed
by Berezinsky et al. (2006), where the transition between the
Galactic and extragalactic components happens at relatively
low energy (E ∼ 1017.5 eV).

2. A proton dominated mix composition with spectral index
α = 2.3, based on Galactic cosmic ray abundances as in
Allard et al. (2006). Such a spectrum is mostly proton domi-
nated at ultra-high energies.

3. A pure iron composition with spectral index α = 2.3.
4. A mixed composition that was proposed by Allard et al.
(2008), that contains 30% of iron. In this injection, the max-
imum proton energy is Emax,p = 10

19 eV (Allard et al. 2008

considered Emax,p = 4 × 10
19 eV but an equally satisfying fit

ot the spectrum can be obtained for a lower value). Assuming
that heavy elements are accelerated at an energy Z × Emax,p,
and because of the propagation effects that disintegrate inter-
mediate nuclei preferentially as compared to heavier nuclei,
one would then measure on the Earth a heavy composition at
the highest energy. The resulting detected spectrum allows
to reproduce the maximum depth of shower measurements
of the Pierre Auger Observatory. However, the anisotropy
pattern should also appear in this case at energies of order a
few EeV, as discussed above. An injection spectrum of 2.0 is
necessary to fit the observed cosmic ray spectrum.
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Fig. 2. Flux of photons produced by synchrotron emission for a filament observed from the directions forming the indicated angles with its axis.
The filament is located at 100 Mpc and harbors a source that injects a pure proton composition with a luminosity of LE,19 = 10

42 erg/s and a spectral
index of 2.3. The four panels represent various models of magnetic fields. From left to right: “anisotropic” with B0 = 0.1 nG, “anisotropic” with
B0 = 1 nG, “isotropic” with B0 = 1 nG and “contrasted” with B0 = 1 nG.

not fundamentally modified by the chosen distribution and the
photon flux is hardly more sensitive to the overall intensity of
the field (in particular, we tested that a value of B0 = 10 nG does
not affect the results of more than a factor 2, for all magnetic
configurations). All in all, for a quite reasonable normalization
of the magnetic field, meaning an average B0 ∼ 0.1 − 10 nG at
density contrast unity, the variations in flux remain smaller than
an order of magnitude in the range Eγ ∼ 10 − 1000GeV.

Note that the flux should be cut off above Eγ ∼ 10 TeV due
to the opacity of the Universe to photons above this energy. This
effect is not represented in these plots for simplicity, as its pre-
cise spectral shape depends on the distance d to the source (while
the sub-TeV gamma ray flux scales in proportion to Lcr/d

2).

At lower energy (Eγ ! 1 GeV), the flux intensity can vary
by more than two orders of magnitude depending on the chosen
magnetic configuration. In the low energy range, magnetic con-
finement indeed starts to play an important role. Furthermore,
the inverse Compton energy loss length shortens drastically at
these energies so that only strong magnetic fields can help avoid-
ing the formation of an electromagnetic cascade and lead instead
to synchrotron emission in the filament.

2.4 . Synchrotron signal for various chemica l compositions
and injection spectra

In this section, we discuss the effect of the injected chemical
composition and of the spectral index at the source. As discussed
above, there are conflicting claims as to the measured chemical
composition at ultrahigh energies; in particular, the HiRes exper-
iment reports a light composition (Abbasi et al. 2010) while the
Pierre Auger Observatory measurements point toward a compo-
sition that becomes increasingly heavier at energies above the
ankle (Abraham et al. 2010). Theory is here of little help, as the
source of ultrahigh energy cosmic rays is unknown; protons are
usually considered as prime candidates because of their large
cosmic abundance, but at the same time one may argue that a
large atomic number facilitates acceleration to high energy.

In this framework, Lemoine & Waxman (2009) have pro-
posed a test of the chemical composition of ultra-high energy
cosmic rays on the sky, using the anisotropy patterns measured
at various energies, instead of relying on measurements of the
depth of maximum shower development. It is shown in particu-
lar that, at equal magnetic rigidities E/Z, one should observe a

comparable or stronger anisotropy signal from the proton com-
ponent than from the heavy nuclei component emitted by the
source, even if the source injects protons and heavy nuclei in
equal numbers at a given energy. When compared to the 99%
c.l. anisotropy signal reported by the Pierre Auger Observatory
at energies above 5.7 × 1019 eV (Abraham et al. 2007, 2008a),
one concludes that: if the composition is heavy at these energies,
and if the source injects protons in at least equal number (at a
given energy) as heavy nuclei, then one should observe a com-
parable or stronger anisotropy pattern above 5.7 × 1019/Z eV.

Future data will hopefully cast light on this issue, but in
the meantime it is necessary to consider a large set of possible
chemical compositions.We thus consider the following injection
spectra:

1. Two pure proton compositions with indices α = 2.3 and
2.7. A soft spectral index of ∼ 2.7 seems to be favored to
fit the observed cosmic ray spectrum in the case of a pure
proton composition, especially in the “dip-model” proposed
by Berezinsky et al. (2006), where the transition between the
Galactic and extragalactic components happens at relatively
low energy (E ∼ 1017.5 eV).

2. A proton dominated mix composition with spectral index
α = 2.3, based on Galactic cosmic ray abundances as in
Allard et al. (2006). Such a spectrum is mostly proton domi-
nated at ultra-high energies.

3. A pure iron composition with spectral index α = 2.3.
4. A mixed composition that was proposed by Allard et al.
(2008), that contains 30% of iron. In this injection, the max-
imum proton energy is Emax,p = 10

19 eV (Allard et al. 2008

considered Emax,p = 4 × 10
19 eV but an equally satisfying fit

ot the spectrum can be obtained for a lower value). Assuming
that heavy elements are accelerated at an energy Z × Emax,p,
and because of the propagation effects that disintegrate inter-
mediate nuclei preferentially as compared to heavier nuclei,
one would then measure on the Earth a heavy composition at
the highest energy. The resulting detected spectrum allows
to reproduce the maximum depth of shower measurements
of the Pierre Auger Observatory. However, the anisotropy
pattern should also appear in this case at energies of order a
few EeV, as discussed above. An injection spectrum of 2.0 is
necessary to fit the observed cosmic ray spectrum.
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Fig. 2. Flux of photons produced by synchrotron emission for a filament observed from the directions forming the indicated angles with its axis.
The filament is located at 100 Mpc and harbors a source that injects a pure proton composition with a luminosity of LE,19 = 10
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not fundamentally modified by the chosen distribution and the
photon flux is hardly more sensitive to the overall intensity of
the field (in particular, we tested that a value of B0 = 10 nG does
not affect the results of more than a factor 2, for all magnetic
configurations). All in all, for a quite reasonable normalization
of the magnetic field, meaning an average B0 ∼ 0.1 − 10 nG at
density contrast unity, the variations in flux remain smaller than
an order of magnitude in the range Eγ ∼ 10 − 1000GeV.

Note that the flux should be cut off above Eγ ∼ 10 TeV due
to the opacity of the Universe to photons above this energy. This
effect is not represented in these plots for simplicity, as its pre-
cise spectral shape depends on the distance d to the source (while
the sub-TeV gamma ray flux scales in proportion to Lcr/d

2).

At lower energy (Eγ ! 1 GeV), the flux intensity can vary
by more than two orders of magnitude depending on the chosen
magnetic configuration. In the low energy range, magnetic con-
finement indeed starts to play an important role. Furthermore,
the inverse Compton energy loss length shortens drastically at
these energies so that only strong magnetic fields can help avoid-
ing the formation of an electromagnetic cascade and lead instead
to synchrotron emission in the filament.

2.4 . Synchrotron signal for various chemica l compositions
and injection spectra

In this section, we discuss the effect of the injected chemical
composition and of the spectral index at the source. As discussed
above, there are conflicting claims as to the measured chemical
composition at ultrahigh energies; in particular, the HiRes exper-
iment reports a light composition (Abbasi et al. 2010) while the
Pierre Auger Observatory measurements point toward a compo-
sition that becomes increasingly heavier at energies above the
ankle (Abraham et al. 2010). Theory is here of little help, as the
source of ultrahigh energy cosmic rays is unknown; protons are
usually considered as prime candidates because of their large
cosmic abundance, but at the same time one may argue that a
large atomic number facilitates acceleration to high energy.

In this framework, Lemoine & Waxman (2009) have pro-
posed a test of the chemical composition of ultra-high energy
cosmic rays on the sky, using the anisotropy patterns measured
at various energies, instead of relying on measurements of the
depth of maximum shower development. It is shown in particu-
lar that, at equal magnetic rigidities E/Z, one should observe a

comparable or stronger anisotropy signal from the proton com-
ponent than from the heavy nuclei component emitted by the
source, even if the source injects protons and heavy nuclei in
equal numbers at a given energy. When compared to the 99%
c.l. anisotropy signal reported by the Pierre Auger Observatory
at energies above 5.7 × 1019 eV (Abraham et al. 2007, 2008a),
one concludes that: if the composition is heavy at these energies,
and if the source injects protons in at least equal number (at a
given energy) as heavy nuclei, then one should observe a com-
parable or stronger anisotropy pattern above 5.7 × 1019/Z eV.

Future data will hopefully cast light on this issue, but in
the meantime it is necessary to consider a large set of possible
chemical compositions.We thus consider the following injection
spectra:

1. Two pure proton compositions with indices α = 2.3 and
2.7. A soft spectral index of ∼ 2.7 seems to be favored to
fit the observed cosmic ray spectrum in the case of a pure
proton composition, especially in the “dip-model” proposed
by Berezinsky et al. (2006), where the transition between the
Galactic and extragalactic components happens at relatively
low energy (E ∼ 1017.5 eV).

2. A proton dominated mix composition with spectral index
α = 2.3, based on Galactic cosmic ray abundances as in
Allard et al. (2006). Such a spectrum is mostly proton domi-
nated at ultra-high energies.

3. A pure iron composition with spectral index α = 2.3.
4. A mixed composition that was proposed by Allard et al.
(2008), that contains 30% of iron. In this injection, the max-
imum proton energy is Emax,p = 10

19 eV (Allard et al. 2008

considered Emax,p = 4 × 10
19 eV but an equally satisfying fit

ot the spectrum can be obtained for a lower value). Assuming
that heavy elements are accelerated at an energy Z × Emax,p,
and because of the propagation effects that disintegrate inter-
mediate nuclei preferentially as compared to heavier nuclei,
one would then measure on the Earth a heavy composition at
the highest energy. The resulting detected spectrum allows
to reproduce the maximum depth of shower measurements
of the Pierre Auger Observatory. However, the anisotropy
pattern should also appear in this case at energies of order a
few EeV, as discussed above. An injection spectrum of 2.0 is
necessary to fit the observed cosmic ray spectrum.
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Fig. 2. Flux of photons produced by synchrotron emission for a filament observed from the directions forming the indicated angles with its axis.
The filament is located at 100 Mpc and harbors a source that injects a pure proton composition with a luminosity of LE,19 = 10
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not fundamentally modified by the chosen distribution and the
photon flux is hardly more sensitive to the overall intensity of
the field (in particular, we tested that a value of B0 = 10 nG does
not affect the results of more than a factor 2, for all magnetic
configurations). All in all, for a quite reasonable normalization
of the magnetic field, meaning an average B0 ∼ 0.1 − 10 nG at
density contrast unity, the variations in flux remain smaller than
an order of magnitude in the range Eγ ∼ 10 − 1000GeV.

Note that the flux should be cut off above Eγ ∼ 10 TeV due
to the opacity of the Universe to photons above this energy. This
effect is not represented in these plots for simplicity, as its pre-
cise spectral shape depends on the distance d to the source (while
the sub-TeV gamma ray flux scales in proportion to Lcr/d

2).

At lower energy (Eγ ! 1 GeV), the flux intensity can vary
by more than two orders of magnitude depending on the chosen
magnetic configuration. In the low energy range, magnetic con-
finement indeed starts to play an important role. Furthermore,
the inverse Compton energy loss length shortens drastically at
these energies so that only strong magnetic fields can help avoid-
ing the formation of an electromagnetic cascade and lead instead
to synchrotron emission in the filament.

2.4 . Synchrotron signal for various chemica l compositions
and injection spectra

In this section, we discuss the effect of the injected chemical
composition and of the spectral index at the source. As discussed
above, there are conflicting claims as to the measured chemical
composition at ultrahigh energies; in particular, the HiRes exper-
iment reports a light composition (Abbasi et al. 2010) while the
Pierre Auger Observatory measurements point toward a compo-
sition that becomes increasingly heavier at energies above the
ankle (Abraham et al. 2010). Theory is here of little help, as the
source of ultrahigh energy cosmic rays is unknown; protons are
usually considered as prime candidates because of their large
cosmic abundance, but at the same time one may argue that a
large atomic number facilitates acceleration to high energy.

In this framework, Lemoine & Waxman (2009) have pro-
posed a test of the chemical composition of ultra-high energy
cosmic rays on the sky, using the anisotropy patterns measured
at various energies, instead of relying on measurements of the
depth of maximum shower development. It is shown in particu-
lar that, at equal magnetic rigidities E/Z, one should observe a

comparable or stronger anisotropy signal from the proton com-
ponent than from the heavy nuclei component emitted by the
source, even if the source injects protons and heavy nuclei in
equal numbers at a given energy. When compared to the 99%
c.l. anisotropy signal reported by the Pierre Auger Observatory
at energies above 5.7 × 1019 eV (Abraham et al. 2007, 2008a),
one concludes that: if the composition is heavy at these energies,
and if the source injects protons in at least equal number (at a
given energy) as heavy nuclei, then one should observe a com-
parable or stronger anisotropy pattern above 5.7 × 1019/Z eV.

Future data will hopefully cast light on this issue, but in
the meantime it is necessary to consider a large set of possible
chemical compositions.We thus consider the following injection
spectra:

1. Two pure proton compositions with indices α = 2.3 and
2.7. A soft spectral index of ∼ 2.7 seems to be favored to
fit the observed cosmic ray spectrum in the case of a pure
proton composition, especially in the “dip-model” proposed
by Berezinsky et al. (2006), where the transition between the
Galactic and extragalactic components happens at relatively
low energy (E ∼ 1017.5 eV).

2. A proton dominated mix composition with spectral index
α = 2.3, based on Galactic cosmic ray abundances as in
Allard et al. (2006). Such a spectrum is mostly proton domi-
nated at ultra-high energies.

3. A pure iron composition with spectral index α = 2.3.
4. A mixed composition that was proposed by Allard et al.
(2008), that contains 30% of iron. In this injection, the max-
imum proton energy is Emax,p = 10

19 eV (Allard et al. 2008

considered Emax,p = 4 × 10
19 eV but an equally satisfying fit

ot the spectrum can be obtained for a lower value). Assuming
that heavy elements are accelerated at an energy Z × Emax,p,
and because of the propagation effects that disintegrate inter-
mediate nuclei preferentially as compared to heavier nuclei,
one would then measure on the Earth a heavy composition at
the highest energy. The resulting detected spectrum allows
to reproduce the maximum depth of shower measurements
of the Pierre Auger Observatory. However, the anisotropy
pattern should also appear in this case at energies of order a
few EeV, as discussed above. An injection spectrum of 2.0 is
necessary to fit the observed cosmic ray spectrum.

K. Kotera et al.: Detectability of ultrahigh energy cosmic ray signatures in gamma rays 5

Fig. 2. Flux of photons produced by synchrotron emission for a filament observed from the directions forming the indicated angles with its axis.
The filament is located at 100 Mpc and harbors a source that injects a pure proton composition with a luminosity of LE,19 = 10

42 erg/s and a spectral
index of 2.3. The four panels represent various models of magnetic fields. From left to right: “anisotropic” with B0 = 0.1 nG, “anisotropic” with
B0 = 1 nG, “isotropic” with B0 = 1 nG and “contrasted” with B0 = 1 nG.

not fundamentally modified by the chosen distribution and the
photon flux is hardly more sensitive to the overall intensity of
the field (in particular, we tested that a value of B0 = 10 nG does
not affect the results of more than a factor 2, for all magnetic
configurations). All in all, for a quite reasonable normalization
of the magnetic field, meaning an average B0 ∼ 0.1 − 10 nG at
density contrast unity, the variations in flux remain smaller than
an order of magnitude in the range Eγ ∼ 10 − 1000GeV.

Note that the flux should be cut off above Eγ ∼ 10 TeV due
to the opacity of the Universe to photons above this energy. This
effect is not represented in these plots for simplicity, as its pre-
cise spectral shape depends on the distance d to the source (while
the sub-TeV gamma ray flux scales in proportion to Lcr/d

2).

At lower energy (Eγ ! 1 GeV), the flux intensity can vary
by more than two orders of magnitude depending on the chosen
magnetic configuration. In the low energy range, magnetic con-
finement indeed starts to play an important role. Furthermore,
the inverse Compton energy loss length shortens drastically at
these energies so that only strong magnetic fields can help avoid-
ing the formation of an electromagnetic cascade and lead instead
to synchrotron emission in the filament.

2.4 . Synchrotron signal for various chemica l compositions
and injection spectra

In this section, we discuss the effect of the injected chemical
composition and of the spectral index at the source. As discussed
above, there are conflicting claims as to the measured chemical
composition at ultrahigh energies; in particular, the HiRes exper-
iment reports a light composition (Abbasi et al. 2010) while the
Pierre Auger Observatory measurements point toward a compo-
sition that becomes increasingly heavier at energies above the
ankle (Abraham et al. 2010). Theory is here of little help, as the
source of ultrahigh energy cosmic rays is unknown; protons are
usually considered as prime candidates because of their large
cosmic abundance, but at the same time one may argue that a
large atomic number facilitates acceleration to high energy.

In this framework, Lemoine & Waxman (2009) have pro-
posed a test of the chemical composition of ultra-high energy
cosmic rays on the sky, using the anisotropy patterns measured
at various energies, instead of relying on measurements of the
depth of maximum shower development. It is shown in particu-
lar that, at equal magnetic rigidities E/Z, one should observe a

comparable or stronger anisotropy signal from the proton com-
ponent than from the heavy nuclei component emitted by the
source, even if the source injects protons and heavy nuclei in
equal numbers at a given energy. When compared to the 99%
c.l. anisotropy signal reported by the Pierre Auger Observatory
at energies above 5.7 × 1019 eV (Abraham et al. 2007, 2008a),
one concludes that: if the composition is heavy at these energies,
and if the source injects protons in at least equal number (at a
given energy) as heavy nuclei, then one should observe a com-
parable or stronger anisotropy pattern above 5.7 × 1019/Z eV.

Future data will hopefully cast light on this issue, but in
the meantime it is necessary to consider a large set of possible
chemical compositions.We thus consider the following injection
spectra:

1. Two pure proton compositions with indices α = 2.3 and
2.7. A soft spectral index of ∼ 2.7 seems to be favored to
fit the observed cosmic ray spectrum in the case of a pure
proton composition, especially in the “dip-model” proposed
by Berezinsky et al. (2006), where the transition between the
Galactic and extragalactic components happens at relatively
low energy (E ∼ 1017.5 eV).

2. A proton dominated mix composition with spectral index
α = 2.3, based on Galactic cosmic ray abundances as in
Allard et al. (2006). Such a spectrum is mostly proton domi-
nated at ultra-high energies.

3. A pure iron composition with spectral index α = 2.3.
4. A mixed composition that was proposed by Allard et al.
(2008), that contains 30% of iron. In this injection, the max-
imum proton energy is Emax,p = 10

19 eV (Allard et al. 2008

considered Emax,p = 4 × 10
19 eV but an equally satisfying fit

ot the spectrum can be obtained for a lower value). Assuming
that heavy elements are accelerated at an energy Z × Emax,p,
and because of the propagation effects that disintegrate inter-
mediate nuclei preferentially as compared to heavier nuclei,
one would then measure on the Earth a heavy composition at
the highest energy. The resulting detected spectrum allows
to reproduce the maximum depth of shower measurements
of the Pierre Auger Observatory. However, the anisotropy
pattern should also appear in this case at energies of order a
few EeV, as discussed above. An injection spectrum of 2.0 is
necessary to fit the observed cosmic ray spectrum.
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Fig. 2. Flux of photons produced by synchrotron emission for a filament observed from the directions forming the indicated angles with its axis.
The filament is located at 100 Mpc and harbors a source that injects a pure proton composition with a luminosity of LE,19 = 10

42 erg/s and a spectral
index of 2.3. The four panels represent various models of magnetic fields. From left to right: “anisotropic” with B0 = 0.1 nG, “anisotropic” with
B0 = 1 nG, “isotropic” with B0 = 1 nG and “contrasted” with B0 = 1 nG.

not fundamentally modified by the chosen distribution and the
photon flux is hardly more sensitive to the overall intensity of
the field (in particular, we tested that a value of B0 = 10 nG does
not affect the results of more than a factor 2, for all magnetic
configurations). All in all, for a quite reasonable normalization
of the magnetic field, meaning an average B0 ∼ 0.1 − 10 nG at
density contrast unity, the variations in flux remain smaller than
an order of magnitude in the range Eγ ∼ 10 − 1000GeV.

Note that the flux should be cut off above Eγ ∼ 10 TeV due
to the opacity of the Universe to photons above this energy. This
effect is not represented in these plots for simplicity, as its pre-
cise spectral shape depends on the distance d to the source (while
the sub-TeV gamma ray flux scales in proportion to Lcr/d

2).

At lower energy (Eγ ! 1 GeV), the flux intensity can vary
by more than two orders of magnitude depending on the chosen
magnetic configuration. In the low energy range, magnetic con-
finement indeed starts to play an important role. Furthermore,
the inverse Compton energy loss length shortens drastically at
these energies so that only strong magnetic fields can help avoid-
ing the formation of an electromagnetic cascade and lead instead
to synchrotron emission in the filament.

2.4 . Synchrotron signal for various chemica l compositions
and injection spectra

In this section, we discuss the effect of the injected chemical
composition and of the spectral index at the source. As discussed
above, there are conflicting claims as to the measured chemical
composition at ultrahigh energies; in particular, the HiRes exper-
iment reports a light composition (Abbasi et al. 2010) while the
Pierre Auger Observatory measurements point toward a compo-
sition that becomes increasingly heavier at energies above the
ankle (Abraham et al. 2010). Theory is here of little help, as the
source of ultrahigh energy cosmic rays is unknown; protons are
usually considered as prime candidates because of their large
cosmic abundance, but at the same time one may argue that a
large atomic number facilitates acceleration to high energy.

In this framework, Lemoine & Waxman (2009) have pro-
posed a test of the chemical composition of ultra-high energy
cosmic rays on the sky, using the anisotropy patterns measured
at various energies, instead of relying on measurements of the
depth of maximum shower development. It is shown in particu-
lar that, at equal magnetic rigidities E/Z, one should observe a

comparable or stronger anisotropy signal from the proton com-
ponent than from the heavy nuclei component emitted by the
source, even if the source injects protons and heavy nuclei in
equal numbers at a given energy. When compared to the 99%
c.l. anisotropy signal reported by the Pierre Auger Observatory
at energies above 5.7 × 1019 eV (Abraham et al. 2007, 2008a),
one concludes that: if the composition is heavy at these energies,
and if the source injects protons in at least equal number (at a
given energy) as heavy nuclei, then one should observe a com-
parable or stronger anisotropy pattern above 5.7 × 1019/Z eV.

Future data will hopefully cast light on this issue, but in
the meantime it is necessary to consider a large set of possible
chemical compositions.We thus consider the following injection
spectra:

1. Two pure proton compositions with indices α = 2.3 and
2.7. A soft spectral index of ∼ 2.7 seems to be favored to
fit the observed cosmic ray spectrum in the case of a pure
proton composition, especially in the “dip-model” proposed
by Berezinsky et al. (2006), where the transition between the
Galactic and extragalactic components happens at relatively
low energy (E ∼ 1017.5 eV).

2. A proton dominated mix composition with spectral index
α = 2.3, based on Galactic cosmic ray abundances as in
Allard et al. (2006). Such a spectrum is mostly proton domi-
nated at ultra-high energies.

3. A pure iron composition with spectral index α = 2.3.
4. A mixed composition that was proposed by Allard et al.
(2008), that contains 30% of iron. In this injection, the max-
imum proton energy is Emax,p = 10

19 eV (Allard et al. 2008

considered Emax,p = 4 × 10
19 eV but an equally satisfying fit

ot the spectrum can be obtained for a lower value). Assuming
that heavy elements are accelerated at an energy Z × Emax,p,
and because of the propagation effects that disintegrate inter-
mediate nuclei preferentially as compared to heavier nuclei,
one would then measure on the Earth a heavy composition at
the highest energy. The resulting detected spectrum allows
to reproduce the maximum depth of shower measurements
of the Pierre Auger Observatory. However, the anisotropy
pattern should also appear in this case at energies of order a
few EeV, as discussed above. An injection spectrum of 2.0 is
necessary to fit the observed cosmic ray spectrum.
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Fig. 2. Flux of photons produced by synchrotron emission for a filament observed from the directions forming the indicated angles with its axis.
The filament is located at 100 Mpc and harbors a source that injects a pure proton composition with a luminosity of LE,19 = 10

42 erg/s and a spectral
index of 2.3. The four panels represent various models of magnetic fields. From left to right: “anisotropic” with B0 = 0.1 nG, “anisotropic” with
B0 = 1 nG, “isotropic” with B0 = 1 nG and “contrasted” with B0 = 1 nG.

not fundamentally modified by the chosen distribution and the
photon flux is hardly more sensitive to the overall intensity of
the field (in particular, we tested that a value of B0 = 10 nG does
not affect the results of more than a factor 2, for all magnetic
configurations). All in all, for a quite reasonable normalization
of the magnetic field, meaning an average B0 ∼ 0.1 − 10 nG at
density contrast unity, the variations in flux remain smaller than
an order of magnitude in the range Eγ ∼ 10 − 1000GeV.

Note that the flux should be cut off above Eγ ∼ 10 TeV due
to the opacity of the Universe to photons above this energy. This
effect is not represented in these plots for simplicity, as its pre-
cise spectral shape depends on the distance d to the source (while
the sub-TeV gamma ray flux scales in proportion to Lcr/d

2).

At lower energy (Eγ ! 1 GeV), the flux intensity can vary
by more than two orders of magnitude depending on the chosen
magnetic configuration. In the low energy range, magnetic con-
finement indeed starts to play an important role. Furthermore,
the inverse Compton energy loss length shortens drastically at
these energies so that only strong magnetic fields can help avoid-
ing the formation of an electromagnetic cascade and lead instead
to synchrotron emission in the filament.

2.4 . Synchrotron signal for various chemica l compositions
and injection spectra

In this section, we discuss the effect of the injected chemical
composition and of the spectral index at the source. As discussed
above, there are conflicting claims as to the measured chemical
composition at ultrahigh energies; in particular, the HiRes exper-
iment reports a light composition (Abbasi et al. 2010) while the
Pierre Auger Observatory measurements point toward a compo-
sition that becomes increasingly heavier at energies above the
ankle (Abraham et al. 2010). Theory is here of little help, as the
source of ultrahigh energy cosmic rays is unknown; protons are
usually considered as prime candidates because of their large
cosmic abundance, but at the same time one may argue that a
large atomic number facilitates acceleration to high energy.

In this framework, Lemoine & Waxman (2009) have pro-
posed a test of the chemical composition of ultra-high energy
cosmic rays on the sky, using the anisotropy patterns measured
at various energies, instead of relying on measurements of the
depth of maximum shower development. It is shown in particu-
lar that, at equal magnetic rigidities E/Z, one should observe a

comparable or stronger anisotropy signal from the proton com-
ponent than from the heavy nuclei component emitted by the
source, even if the source injects protons and heavy nuclei in
equal numbers at a given energy. When compared to the 99%
c.l. anisotropy signal reported by the Pierre Auger Observatory
at energies above 5.7 × 1019 eV (Abraham et al. 2007, 2008a),
one concludes that: if the composition is heavy at these energies,
and if the source injects protons in at least equal number (at a
given energy) as heavy nuclei, then one should observe a com-
parable or stronger anisotropy pattern above 5.7 × 1019/Z eV.

Future data will hopefully cast light on this issue, but in
the meantime it is necessary to consider a large set of possible
chemical compositions.We thus consider the following injection
spectra:

1. Two pure proton compositions with indices α = 2.3 and
2.7. A soft spectral index of ∼ 2.7 seems to be favored to
fit the observed cosmic ray spectrum in the case of a pure
proton composition, especially in the “dip-model” proposed
by Berezinsky et al. (2006), where the transition between the
Galactic and extragalactic components happens at relatively
low energy (E ∼ 1017.5 eV).

2. A proton dominated mix composition with spectral index
α = 2.3, based on Galactic cosmic ray abundances as in
Allard et al. (2006). Such a spectrum is mostly proton domi-
nated at ultra-high energies.

3. A pure iron composition with spectral index α = 2.3.
4. A mixed composition that was proposed by Allard et al.
(2008), that contains 30% of iron. In this injection, the max-
imum proton energy is Emax,p = 10

19 eV (Allard et al. 2008

considered Emax,p = 4 × 10
19 eV but an equally satisfying fit

ot the spectrum can be obtained for a lower value). Assuming
that heavy elements are accelerated at an energy Z × Emax,p,
and because of the propagation effects that disintegrate inter-
mediate nuclei preferentially as compared to heavier nuclei,
one would then measure on the Earth a heavy composition at
the highest energy. The resulting detected spectrum allows
to reproduce the maximum depth of shower measurements
of the Pierre Auger Observatory. However, the anisotropy
pattern should also appear in this case at energies of order a
few EeV, as discussed above. An injection spectrum of 2.0 is
necessary to fit the observed cosmic ray spectrum.
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Fig. 2. Flux of photons produced by synchrotron emission for a filament observed from the directions forming the indicated angles with its axis.
The filament is located at 100 Mpc and harbors a source that injects a pure proton composition with a luminosity of LE,19 = 10

42 erg/s and a spectral
index of 2.3. The four panels represent various models of magnetic fields. From left to right: “anisotropic” with B0 = 0.1 nG, “anisotropic” with
B0 = 1 nG, “isotropic” with B0 = 1 nG and “contrasted” with B0 = 1 nG.

not fundamentally modified by the chosen distribution and the
photon flux is hardly more sensitive to the overall intensity of
the field (in particular, we tested that a value of B0 = 10 nG does
not affect the results of more than a factor 2, for all magnetic
configurations). All in all, for a quite reasonable normalization
of the magnetic field, meaning an average B0 ∼ 0.1 − 10 nG at
density contrast unity, the variations in flux remain smaller than
an order of magnitude in the range Eγ ∼ 10 − 1000GeV.

Note that the flux should be cut off above Eγ ∼ 10 TeV due
to the opacity of the Universe to photons above this energy. This
effect is not represented in these plots for simplicity, as its pre-
cise spectral shape depends on the distance d to the source (while
the sub-TeV gamma ray flux scales in proportion to Lcr/d

2).

At lower energy (Eγ ! 1 GeV), the flux intensity can vary
by more than two orders of magnitude depending on the chosen
magnetic configuration. In the low energy range, magnetic con-
finement indeed starts to play an important role. Furthermore,
the inverse Compton energy loss length shortens drastically at
these energies so that only strong magnetic fields can help avoid-
ing the formation of an electromagnetic cascade and lead instead
to synchrotron emission in the filament.

2.4 . Synchrotron signal for various chemica l compositions
and injection spectra

In this section, we discuss the effect of the injected chemical
composition and of the spectral index at the source. As discussed
above, there are conflicting claims as to the measured chemical
composition at ultrahigh energies; in particular, the HiRes exper-
iment reports a light composition (Abbasi et al. 2010) while the
Pierre Auger Observatory measurements point toward a compo-
sition that becomes increasingly heavier at energies above the
ankle (Abraham et al. 2010). Theory is here of little help, as the
source of ultrahigh energy cosmic rays is unknown; protons are
usually considered as prime candidates because of their large
cosmic abundance, but at the same time one may argue that a
large atomic number facilitates acceleration to high energy.

In this framework, Lemoine & Waxman (2009) have pro-
posed a test of the chemical composition of ultra-high energy
cosmic rays on the sky, using the anisotropy patterns measured
at various energies, instead of relying on measurements of the
depth of maximum shower development. It is shown in particu-
lar that, at equal magnetic rigidities E/Z, one should observe a

comparable or stronger anisotropy signal from the proton com-
ponent than from the heavy nuclei component emitted by the
source, even if the source injects protons and heavy nuclei in
equal numbers at a given energy. When compared to the 99%
c.l. anisotropy signal reported by the Pierre Auger Observatory
at energies above 5.7 × 1019 eV (Abraham et al. 2007, 2008a),
one concludes that: if the composition is heavy at these energies,
and if the source injects protons in at least equal number (at a
given energy) as heavy nuclei, then one should observe a com-
parable or stronger anisotropy pattern above 5.7 × 1019/Z eV.

Future data will hopefully cast light on this issue, but in
the meantime it is necessary to consider a large set of possible
chemical compositions.We thus consider the following injection
spectra:

1. Two pure proton compositions with indices α = 2.3 and
2.7. A soft spectral index of ∼ 2.7 seems to be favored to
fit the observed cosmic ray spectrum in the case of a pure
proton composition, especially in the “dip-model” proposed
by Berezinsky et al. (2006), where the transition between the
Galactic and extragalactic components happens at relatively
low energy (E ∼ 1017.5 eV).

2. A proton dominated mix composition with spectral index
α = 2.3, based on Galactic cosmic ray abundances as in
Allard et al. (2006). Such a spectrum is mostly proton domi-
nated at ultra-high energies.

3. A pure iron composition with spectral index α = 2.3.
4. A mixed composition that was proposed by Allard et al.
(2008), that contains 30% of iron. In this injection, the max-
imum proton energy is Emax,p = 10

19 eV (Allard et al. 2008

considered Emax,p = 4 × 10
19 eV but an equally satisfying fit

ot the spectrum can be obtained for a lower value). Assuming
that heavy elements are accelerated at an energy Z × Emax,p,
and because of the propagation effects that disintegrate inter-
mediate nuclei preferentially as compared to heavier nuclei,
one would then measure on the Earth a heavy composition at
the highest energy. The resulting detected spectrum allows
to reproduce the maximum depth of shower measurements
of the Pierre Auger Observatory. However, the anisotropy
pattern should also appear in this case at energies of order a
few EeV, as discussed above. An injection spectrum of 2.0 is
necessary to fit the observed cosmic ray spectrum.
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Fig. 2. Flux of photons produced by synchrotron emission for a filament observed from the directions forming the indicated angles with its axis.
The filament is located at 100 Mpc and harbors a source that injects a pure proton composition with a luminosity of LE,19 = 10

42 erg/s and a spectral
index of 2.3. The four panels represent various models of magnetic fields. From left to right: “anisotropic” with B0 = 0.1 nG, “anisotropic” with
B0 = 1 nG, “isotropic” with B0 = 1 nG and “contrasted” with B0 = 1 nG.

not fundamentally modified by the chosen distribution and the
photon flux is hardly more sensitive to the overall intensity of
the field (in particular, we tested that a value of B0 = 10 nG does
not affect the results of more than a factor 2, for all magnetic
configurations). All in all, for a quite reasonable normalization
of the magnetic field, meaning an average B0 ∼ 0.1 − 10 nG at
density contrast unity, the variations in flux remain smaller than
an order of magnitude in the range Eγ ∼ 10 − 1000GeV.

Note that the flux should be cut off above Eγ ∼ 10 TeV due
to the opacity of the Universe to photons above this energy. This
effect is not represented in these plots for simplicity, as its pre-
cise spectral shape depends on the distance d to the source (while
the sub-TeV gamma ray flux scales in proportion to Lcr/d

2).

At lower energy (Eγ ! 1 GeV), the flux intensity can vary
by more than two orders of magnitude depending on the chosen
magnetic configuration. In the low energy range, magnetic con-
finement indeed starts to play an important role. Furthermore,
the inverse Compton energy loss length shortens drastically at
these energies so that only strong magnetic fields can help avoid-
ing the formation of an electromagnetic cascade and lead instead
to synchrotron emission in the filament.

2.4 . Synchrotron signal for various chemica l compositions
and injection spectra

In this section, we discuss the effect of the injected chemical
composition and of the spectral index at the source. As discussed
above, there are conflicting claims as to the measured chemical
composition at ultrahigh energies; in particular, the HiRes exper-
iment reports a light composition (Abbasi et al. 2010) while the
Pierre Auger Observatory measurements point toward a compo-
sition that becomes increasingly heavier at energies above the
ankle (Abraham et al. 2010). Theory is here of little help, as the
source of ultrahigh energy cosmic rays is unknown; protons are
usually considered as prime candidates because of their large
cosmic abundance, but at the same time one may argue that a
large atomic number facilitates acceleration to high energy.

In this framework, Lemoine & Waxman (2009) have pro-
posed a test of the chemical composition of ultra-high energy
cosmic rays on the sky, using the anisotropy patterns measured
at various energies, instead of relying on measurements of the
depth of maximum shower development. It is shown in particu-
lar that, at equal magnetic rigidities E/Z, one should observe a

comparable or stronger anisotropy signal from the proton com-
ponent than from the heavy nuclei component emitted by the
source, even if the source injects protons and heavy nuclei in
equal numbers at a given energy. When compared to the 99%
c.l. anisotropy signal reported by the Pierre Auger Observatory
at energies above 5.7 × 1019 eV (Abraham et al. 2007, 2008a),
one concludes that: if the composition is heavy at these energies,
and if the source injects protons in at least equal number (at a
given energy) as heavy nuclei, then one should observe a com-
parable or stronger anisotropy pattern above 5.7 × 1019/Z eV.

Future data will hopefully cast light on this issue, but in
the meantime it is necessary to consider a large set of possible
chemical compositions.We thus consider the following injection
spectra:

1. Two pure proton compositions with indices α = 2.3 and
2.7. A soft spectral index of ∼ 2.7 seems to be favored to
fit the observed cosmic ray spectrum in the case of a pure
proton composition, especially in the “dip-model” proposed
by Berezinsky et al. (2006), where the transition between the
Galactic and extragalactic components happens at relatively
low energy (E ∼ 1017.5 eV).

2. A proton dominated mix composition with spectral index
α = 2.3, based on Galactic cosmic ray abundances as in
Allard et al. (2006). Such a spectrum is mostly proton domi-
nated at ultra-high energies.

3. A pure iron composition with spectral index α = 2.3.
4. A mixed composition that was proposed by Allard et al.
(2008), that contains 30% of iron. In this injection, the max-
imum proton energy is Emax,p = 10

19 eV (Allard et al. 2008

considered Emax,p = 4 × 10
19 eV but an equally satisfying fit

ot the spectrum can be obtained for a lower value). Assuming
that heavy elements are accelerated at an energy Z × Emax,p,
and because of the propagation effects that disintegrate inter-
mediate nuclei preferentially as compared to heavier nuclei,
one would then measure on the Earth a heavy composition at
the highest energy. The resulting detected spectrum allows
to reproduce the maximum depth of shower measurements
of the Pierre Auger Observatory. However, the anisotropy
pattern should also appear in this case at energies of order a
few EeV, as discussed above. An injection spectrum of 2.0 is
necessary to fit the observed cosmic ray spectrum.
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Fig. 2. Flux of photons produced by synchrotron emission for a filament observed from the directions forming the indicated angles with its axis.
The filament is located at 100 Mpc and harbors a source that injects a pure proton composition with a luminosity of LE,19 = 10

42 erg/s and a spectral
index of 2.3. The four panels represent various models of magnetic fields. From left to right: “anisotropic” with B0 = 0.1 nG, “anisotropic” with
B0 = 1 nG, “isotropic” with B0 = 1 nG and “contrasted” with B0 = 1 nG.

not fundamentally modified by the chosen distribution and the
photon flux is hardly more sensitive to the overall intensity of
the field (in particular, we tested that a value of B0 = 10 nG does
not affect the results of more than a factor 2, for all magnetic
configurations). All in all, for a quite reasonable normalization
of the magnetic field, meaning an average B0 ∼ 0.1 − 10 nG at
density contrast unity, the variations in flux remain smaller than
an order of magnitude in the range Eγ ∼ 10 − 1000GeV.

Note that the flux should be cut off above Eγ ∼ 10 TeV due
to the opacity of the Universe to photons above this energy. This
effect is not represented in these plots for simplicity, as its pre-
cise spectral shape depends on the distance d to the source (while
the sub-TeV gamma ray flux scales in proportion to Lcr/d

2).

At lower energy (Eγ ! 1 GeV), the flux intensity can vary
by more than two orders of magnitude depending on the chosen
magnetic configuration. In the low energy range, magnetic con-
finement indeed starts to play an important role. Furthermore,
the inverse Compton energy loss length shortens drastically at
these energies so that only strong magnetic fields can help avoid-
ing the formation of an electromagnetic cascade and lead instead
to synchrotron emission in the filament.

2.4 . Synchrotron signal for various chemica l compositions
and injection spectra

In this section, we discuss the effect of the injected chemical
composition and of the spectral index at the source. As discussed
above, there are conflicting claims as to the measured chemical
composition at ultrahigh energies; in particular, the HiRes exper-
iment reports a light composition (Abbasi et al. 2010) while the
Pierre Auger Observatory measurements point toward a compo-
sition that becomes increasingly heavier at energies above the
ankle (Abraham et al. 2010). Theory is here of little help, as the
source of ultrahigh energy cosmic rays is unknown; protons are
usually considered as prime candidates because of their large
cosmic abundance, but at the same time one may argue that a
large atomic number facilitates acceleration to high energy.

In this framework, Lemoine & Waxman (2009) have pro-
posed a test of the chemical composition of ultra-high energy
cosmic rays on the sky, using the anisotropy patterns measured
at various energies, instead of relying on measurements of the
depth of maximum shower development. It is shown in particu-
lar that, at equal magnetic rigidities E/Z, one should observe a

comparable or stronger anisotropy signal from the proton com-
ponent than from the heavy nuclei component emitted by the
source, even if the source injects protons and heavy nuclei in
equal numbers at a given energy. When compared to the 99%
c.l. anisotropy signal reported by the Pierre Auger Observatory
at energies above 5.7 × 1019 eV (Abraham et al. 2007, 2008a),
one concludes that: if the composition is heavy at these energies,
and if the source injects protons in at least equal number (at a
given energy) as heavy nuclei, then one should observe a com-
parable or stronger anisotropy pattern above 5.7 × 1019/Z eV.

Future data will hopefully cast light on this issue, but in
the meantime it is necessary to consider a large set of possible
chemical compositions.We thus consider the following injection
spectra:

1. Two pure proton compositions with indices α = 2.3 and
2.7. A soft spectral index of ∼ 2.7 seems to be favored to
fit the observed cosmic ray spectrum in the case of a pure
proton composition, especially in the “dip-model” proposed
by Berezinsky et al. (2006), where the transition between the
Galactic and extragalactic components happens at relatively
low energy (E ∼ 1017.5 eV).

2. A proton dominated mix composition with spectral index
α = 2.3, based on Galactic cosmic ray abundances as in
Allard et al. (2006). Such a spectrum is mostly proton domi-
nated at ultra-high energies.

3. A pure iron composition with spectral index α = 2.3.
4. A mixed composition that was proposed by Allard et al.
(2008), that contains 30% of iron. In this injection, the max-
imum proton energy is Emax,p = 10

19 eV (Allard et al. 2008

considered Emax,p = 4 × 10
19 eV but an equally satisfying fit

ot the spectrum can be obtained for a lower value). Assuming
that heavy elements are accelerated at an energy Z × Emax,p,
and because of the propagation effects that disintegrate inter-
mediate nuclei preferentially as compared to heavier nuclei,
one would then measure on the Earth a heavy composition at
the highest energy. The resulting detected spectrum allows
to reproduce the maximum depth of shower measurements
of the Pierre Auger Observatory. However, the anisotropy
pattern should also appear in this case at energies of order a
few EeV, as discussed above. An injection spectrum of 2.0 is
necessary to fit the observed cosmic ray spectrum.
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Fig. 2. Flux of photons produced by synchrotron emission for a filament observed from the directions forming the indicated angles with its axis.
The filament is located at 100 Mpc and harbors a source that injects a pure proton composition with a luminosity of LE,19 = 10

42 erg/s and a spectral
index of 2.3. The four panels represent various models of magnetic fields. From left to right: “anisotropic” with B0 = 0.1 nG, “anisotropic” with
B0 = 1 nG, “isotropic” with B0 = 1 nG and “contrasted” with B0 = 1 nG.
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the field (in particular, we tested that a value of B0 = 10 nG does
not affect the results of more than a factor 2, for all magnetic
configurations). All in all, for a quite reasonable normalization
of the magnetic field, meaning an average B0 ∼ 0.1 − 10 nG at
density contrast unity, the variations in flux remain smaller than
an order of magnitude in the range Eγ ∼ 10 − 1000GeV.

Note that the flux should be cut off above Eγ ∼ 10 TeV due
to the opacity of the Universe to photons above this energy. This
effect is not represented in these plots for simplicity, as its pre-
cise spectral shape depends on the distance d to the source (while
the sub-TeV gamma ray flux scales in proportion to Lcr/d

2).

At lower energy (Eγ ! 1 GeV), the flux intensity can vary
by more than two orders of magnitude depending on the chosen
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finement indeed starts to play an important role. Furthermore,
the inverse Compton energy loss length shortens drastically at
these energies so that only strong magnetic fields can help avoid-
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to synchrotron emission in the filament.
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and injection spectra
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α = 2.3, based on Galactic cosmic ray abundances as in
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nated at ultra-high energies.
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(2008), that contains 30% of iron. In this injection, the max-
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and because of the propagation effects that disintegrate inter-
mediate nuclei preferentially as compared to heavier nuclei,
one would then measure on the Earth a heavy composition at
the highest energy. The resulting detected spectrum allows
to reproduce the maximum depth of shower measurements
of the Pierre Auger Observatory. However, the anisotropy
pattern should also appear in this case at energies of order a
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the meantime it is necessary to consider a large set of possible
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spectra:

1. Two pure proton compositions with indices α = 2.3 and
2.7. A soft spectral index of ∼ 2.7 seems to be favored to
fit the observed cosmic ray spectrum in the case of a pure
proton composition, especially in the “dip-model” proposed
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Galactic and extragalactic components happens at relatively
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2. A proton dominated mix composition with spectral index
α = 2.3, based on Galactic cosmic ray abundances as in
Allard et al. (2006). Such a spectrum is mostly proton domi-
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3. A pure iron composition with spectral index α = 2.3.
4. A mixed composition that was proposed by Allard et al.
(2008), that contains 30% of iron. In this injection, the max-
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that heavy elements are accelerated at an energy Z × Emax,p,
and because of the propagation effects that disintegrate inter-
mediate nuclei preferentially as compared to heavier nuclei,
one would then measure on the Earth a heavy composition at
the highest energy. The resulting detected spectrum allows
to reproduce the maximum depth of shower measurements
of the Pierre Auger Observatory. However, the anisotropy
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3.4 . Cen A

In view of the results of section 3.1, one may want to consider
also the case of mildly powerful but nearby sources. One such
potential source is Cen A, which has attracted a considerable
amount of attention, as it is the nearest radio-galaxy (3.8 Mpc)
and more recently, because a fraction of the Pierre Auger events
above 60 EeV have clustered within 10 − 20◦ of this source. As
discussed in detail in Lemoine & Waxman (2009), this source is
likely too weak to accelerate protons to! 1019 eV in steady state,
but heavy nuclei might possibly be accelerated up to GZK ener-
gies. The acceleration of protons to ultrahigh energies in flaring
episodes of high luminosity has been proposed in Dermer et al.
(2009). It is also important to recall that the apparent clustering
in this direction can be naturally explained thanks to the large
concentration of matter in the local Universe, in the direction
of Cen A but located further away. As discussed in Lemoine
& Waxman (2009), some of the events detected toward Cen A
could also be attributed to rare and powerful bursting sources lo-
cated in the Cen A host galaxy, such as gamma-ray bursts. Due
to the scattering of the particles on the magnetized lobes, one
would not be able to distinguish such bursting sources from a
source located in the core of Cen A.

We have argued throughout this paper that a clear signature
of ultrahigh energy cosmic ray propagation could be produced
in presence of an extended and strong magnetized region around
the source. The magnetized lobes of Cen A provide such a site,
with an extension of Rlobe ∼ 100 kpc, and a magnetic field of av-
erage intensity Blobe ∼ 1 µG and coherence length λlobe ∼ 20 kpc
(Feain et al. 2009). In terms of gamma ray fluxes, one can calcu-
late however that the only advantage Cen A presents compared
to average types of sources described in section 3.1 lies in its
proximity. As noted before, the bulk of gamma ray emission will
be due to electrons and positrons produced by pion production
with Ee > 10

19 eV. The flux of these secondary electron/positron
emission scales as the distance r the primary protons travels
through, as long as r $ λ, with λ the energy loss length by
pion production. In our situation, in order to calculate the syn-
chrotron gamma ray flux, this distance corresponds to the size
of the magnetized structure with B ! 0.5 nG (Ee/10

19 eV)−3/4,
namely r ∼ Rlobe in our toy-model. One may also note that con-
sidering the magnetic field strength in the lobes, the gamma ray
flux will peak around Eγsyn ∼ 6.8 TeV BlobeE

2
e,19, according to

Eq. 2. Scaling the expected flux from the lobes around 10 TeV
Flobe,10TeV to the flux that we calculated in section 3.1 for stan-
dard sources embedded in filaments around 10 GeV Ffil,10GeV,
one obtains:

Flobe,10TeV ∼

(

dCenA

dfil

)−2
LCenA

1042 erg/s

Rlobe

5Mpc
Ffil,10GeV (7)

∼ 2 × 10−14 GeV s−1cm−2 , (8)

which is far below current instrument sensitivities. Here,dCenA =
3.8 Mpc and dfil = 100 Mpc are the distance of Cen A and of
our model filament respectively, and LCenA is the cosmic ray lu-
minosity of Cen A which we set to 1039 erg s−1 according to
constraints from ultrahigh energy cosmic ray observations (see
for example Hardcastle et al. 2009). Moreover, Cen A covers
θsource ∼ 10

◦ in the sky, inducing a sensitivity loss of a factor
θsource/θPSF ∼ 10 for the Fermi telescope (θPSF represents the
angular resolution of the instrument).

All in all, taking into account all these disadvantages, we
conclude that the synchrotron emission produced in the lobes
of Cen A would be three orders of magnitudes weaker than the

flux obtained for the average types of sources described in sec-
tion 3.1.

Our numerical estimate using the method introduced in sec-
tion 2.2 and modeling the lobes as spherical uniformly magne-
tized structures confirms this calculation. We note that the con-
tribution of the pair production channel is not as suppressed
as the other components. Due to the strength of the magnetic
field, the electrons and positrons radiating in synchrotron around
0.1 − 1 GeV are of lower energy than for the standard filament
case (Ee ∼ 10 MeV) and thus are more numerous. At these ener-
gies, the synchrotron emission in the filament was also partially
suppressed by the shortening of the inverse Compton loss length
as compared to the synchrotron loss length. Because of the high
magnetic field intensity, this effect is less pronounced in the lobe
case.

Recently Fermi LAT discovered a gamma ray emission ema-
nating from the giant radio lobes of Cen A (Cheung et al. 2010).
In light of our discussion, the ultrahigh energy cosmic ray origin
of this emission can be excluded. It could rather be interpreted as
an inverse Compton scattered relic radiation on the CMB and in-
frared and optical photon backgrounds, as proposed by Cheung
et al. (2010).

Let us note additionally that Kachelrieß et al. (2009) have
provided estimates for gamma ray fluxes emitted as a result of
the production of ultrahigh energy cosmic rays in Cen A. These
authors conclude that a subtantial signal could be produced, well
within the detection capabilities of Fermi and CTA. However
this signal results from interactions of cosmic rays accelerated
inside the source, not outside. As we discussed before, such a
gamma ray signal, i.e. that could not be angularly resolved from
the source, could not be interpreted without ambiguity. In partic-
ular, one would not be able to discriminate it from a secondary
signal produced by multi-TeV leptons or hadrons accelerated in
the same source. Furthermore, the gamma ray signal discussed
in Kachelrieß et al. (2009) is mainly attributed to cosmic rays at
energies" 1018 eV, not to ultrahigh cosmic rays above the ankle,
although the generation spectrum in the source is normalized to
the Pierre Auger Observatory events at ! 6 × 1019 eV. The con-
clusions thus depend rather strongly on the shape of the injection
spectrum as well as on the phenomenological modelling of ac-
celeration, as made clear by Fig. 1 of their study.

Finally one may turn to the highest energies and search for
ultrahigh energy cosmic ray signatures from Cen A by looking
directly at the ultrahigh energy secondary photons produced dur-
ing the propagation. These photons should indeed not experience
cascading at this close distance. Taylor et al. (2009) have studied
this potential signature and concluded that Auger should be able
to detect 0.05 − 0.075 photon per year from Cen A, assuming
that it is responsible for 10% of the > 6 × 1019 eV cosmic ray
flux, and assuming a 25% efficiency for photon discrimination.

4. Conclusion

Let us first recap our main findings. We have discussed the de-
tectability of gamma ray halos of ultrahigh energy cosmic ray
sources, relaxingmost of the assumptionsmade in previous stud-
ies. We have focused our study on the synchrotron signal emitted
by secondary pairs, which offers a possibility of unambiguous
detection. In this study, we have taken into account the inhomo-
geneous distribution of the magnetic field in the source environ-
ment and examined the effects of non pure proton composition
on the gamma ray signal.We find that the gamma ray flux predic-
tions are rather robust with respect to the uncertainties attached
to these physical parameters. The normalization and hence the

Case of close-by sources: Cen A
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We studied the detectability of UHECR signatures in gamma rays, taking into account major 
astrophysical constraints: 

- source environment
- magnetic configuration in the Universe
- types of emission: EM cascade, synchrotron emission
- UHECR composition
- source luminosity
- observed UHECR spectrum

- average type of sources not observable by current and upcoming instruments (2 orders of magnitude)

- powerful sources: 
L19=1044 erg s-1 at 100 Mpc at limit of observed CR spectrum, would produce a detectable γ halo of ~2°
L19=1046 erg s-1 at 1 Gpc produce 10% of observed CR spectrum, and a detectable γ halo of fract. of deg.
Note: halo = clear signature of UHECR

- close-by sources: Cen A
synchrotron radiation due to injection of UHECR in lobes not observable 
UHE emission potentially observable with Auger if Cen A is responsible for 10% of the 6x1019 eV flux

Our conclusions on detectability:

Flux ultimately depends on injected energy at the source (robust according to B, composition, ...).

Are signatures of UHECR detectable in gamma rays?
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