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

cal values we obtain:

Emax = 2.6× 1019
Z
δ1

Ls,44

L1/2
C,42.5

Γ
δ

eV, (2)

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

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

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

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

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

Emax = 3× 1019
Z
δα1

1

(νs,17νC,25)
(α1−1)/2 Ls,44

L1/2
C,42.5

Γ
δ

eV (3)

where we used again α1 = 0.3 and α2 = 1.1.
Acceleration of protons up to ∼ 2 − 3 × 1019 eV or iron
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Figure 2.8. Top: The optical depth, ⌧ , of the EBL to gamma-rays for a range
of redshifts based on the model of Kneiske & Dole (2008). Bottom: The atten-
uation factor exp (�⌧) for gamma-ray photons on the EBL for the optical depth
shown on the top panel.
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FIG. 1.— SEDs calculated for gamma-ray-induced (red) and
UHECR-induced (blue) cascade scenarios for KUV 00311−1938 (z =
0.61) using low IR (thick) and best fit (thin) EBL models deduced
by Kneiske et al. (2004) with the analyzed LAT data (green). The
isotropic equivalent energy of input gamma rays for the gamma-ray in-
duced cascade Lisoγ , and of UHECR source protons for a CR-induced
cascade Lisop are 3.5 × 1046 erg s−1 and 1.1 × 1047 erg s−1, respec-
tively. The differential sensitivity curve for a 50-hour observation with
H.E.S.S. I (http://www.mpi-hd.mpg.de/hfm/HESS/pages/home/proposals/;
dashed line), and the 50-hour sensitivity goal of the Cherenkov Telescope
Array (CTA Actis et al. 2011, dotted line) are also plotted.

difference in predicted spectral fluxes above ∼ 1 TeV. Due
to their large distances, a sharper cutoff of the gamma-ray-
induced spectra compared to the UHECR-induced spectra
is predicted at the characteristic EBL absorption energy Ec
(Murase et al. 2012b), and a plateau of emission extending to
> 10 TeV is predicted in the hadronic scenario.
In general, differential sensitivity is defined more conser-

vatively than integral sensitivity for IACTs. Conventionally
the differential sensitivity requires a 5σ signal for a 50-hour
observation in each of four equal-width logarithmic bins per
decade, whereas the integral sensitivity is defined as a 5σ
excess of gamma rays above a given threshold energy for a
50-hour observation (e.g., Aleksić et al. 2012). Thus, integral
flux is more sensitive to the scenario distinction.
Figure 2 shows the integral flux corresponding to the pre-

dictions in Figure 1 with the integral sensitivity goal of CTA
(Actis et al. 2011). Here, we can obviously recognize that
the UHECR-induced scenario can be distinguished from the
gamma-ray induced scenario by CTA. This source is de-
tectable at the 5σ level up to ∼ 3 TeV for the low-IR model
and ∼ 1 TeV for the best-fit model in the UHECR-induced
scenario, while it should only be detected up to ∼ 500 GeV
in the gamma-ray-induced scenario. Detection of this source
above 1 TeV would be very strong evidence for hadronic ori-
gin of the radiation.
We demonstrate this behavior for a more distant source,

PG 1246+586, in Figure 3. Despite its distance, this source
can be detected by CTA below ∼ 200 GeV for both scenar-
ios. It is possible to distinguish between the two scenarios
because the difference in detecting photons for the two sce-
narios would be larger than the range of uncertainties implied
by the EBL models used, even with the flux of the character-
istic hadronic plateau at high energies being below the CTA
sensitivity. Thus, even gamma-ray sources with z∼ 0.85 can
be utilized to disentangle the two scenarios. Other sources
detectable with 50-hour observations with CTA in the source
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FIG. 2.— Integral flux corresponding to the SEDs in Fig. 1
(KUV 00311−1938) with the H.E.S.S. I integral sensitivity (presented by
Y. Becherini in Rencontres de Moriond 2009; http://moriond.in2p3.fr/J09/)
and the integral sensitivity goal of CTA for a 50-hour observation (Actis et al.
2011). The inset shows a> 10 GeV light curve with 16 equal time bins, each
lasting 90.3 days. The light curve is consistent with a constant flux hypothesis
with χ2r = 0.95 which is calculated only from finite flux points.
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FIG. 3.— Same as figure 2, but for PG 1246+586 (z = 0.847). Lisoγ =
7.5× 1046 erg s−1 and Lisop = 2.0× 1047 erg s−1. The inset is a light curve
similar to Fig. 2, with χ2r = 0.40 for a constant flux hypothesis.

list are Ton 116, B3 1307+433, 4C +55.17, and PKS 1958-
179. Note that the sensitivity of CTA North may be somewhat
worse above ∼ 10 TeV because no small-size telescopes are
projected to be a part of the array.

5. DISCUSSION
An important uncertainty for this study is the source red-

shift. It is difficult to determine accurate photometric red-
shifts of BL Lac objects owing to strong nonthermal emission
from relativistically beamed jets concealing the host-galaxy
or broad-line region emission lines (e.g., Rau et al. 2012).
For instance, a recent detailed spectroscopic study of KUV
00311−1938 identifies no line related to the host galaxy, and
provides a conservative lower limit of z ≥ 0.506 from a Mg
II doublet of narrow lines in intergalactic medium (Pita et al.
2012), contrary to the often quoted value of z = 0.61 (but large
uncertainty is mentioned in Piranomonte et al. 2007).
Uncertainty in redshift measurement results in two major

problems for our study. The first is the resultant uncertainty

Takami et al. 2013
KUV 00311−1938 (z = 0.61)

e.g., Aharonian et al. 94,, 06, 
Coppi & Aharonian 97, Tavecchio et al. 11...
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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., Allard & Lemoine 2010
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fait, des germes aussi faibles produisent des valeurs de champ magnétiques bien en deçà
des limites supérieures autorisées par les mesures de rotation Faraday. Ryu et al. (1998)
re-normalisent donc l’ensemble de leur champ afin d’ajuster les limites observationnelles et
concluent que le champ magnétique dans les filaments et les plans ont une limite supérieure
de : B

p
�B . 1 µG Mpc1/2.

Sigl et al. (2004) s’inspirent de la méthode de Ryu et al. (1998), mais simulent cette fois
des champs sur des distances cosmologiques. Ils re-normalisent l’ensemble du champ aux
valeurs observées dans les amas de galaxies. Ils obtiennent une distribution de champ
magnétique assez contrastée, quasi-nulle dans les vides et intense et très étendue autour
des régions de densité plus élevée. Ceci résulte essentiellement du choix de génération des
germes au niveau des chocs, qui implique que les champs restent concentrés autour des
grandes structures (voir figure 3.8).

Ryu et al. (2008) utilisent encore une fois la méthode de Ryu et al. (1998), mais estiment
directement l’intensité du champ magnétique en chaque point de l’espace en utilisant la
vorticité et la densité d’énergie de turbulence calculée à partir de la cinétique du gaz. Ils
se débarrassent ainsi de la normalisation arbitraire présente dans les autres simulations.
Das et al. (2008) adoptent également cette méthode dans leur étude.

Figure 3.8 – Coupes dans le même plan de l’intensité du champ magnétique (à gauche) et de la densité baryo-

nique (à droite) simulées par Sigl et al. (2004). Les champs magnétiques sont en Gauss et la densité baryonique

en unité de densité baryonique moyenne.

Une deuxième catégorie de travaux a fait l’hypothèse d’un ensemencement magnétique ho-
mogène dans l’Univers à haut redshift (z ⇠ 10�20). Dolag et al. (2002) ont montré qu’à cause de
la nature chaotique des processus d’accrétion lors de la formation des structures, toute trace de
la configuration initiale du champ est e↵acée au cours de l’évolution cosmologique. Ceci implique
que les résultats de ces simulations ne dépend que de l’intensité comobile du champ magnétique
B0. La normalisation peut donc être arbitraire, tant que l’énergie magnétique reste petite par
rapport à l’énergie thermique. Cette dernière condition assure que le champ magnétique n’influe
pas sur la dynamique du plasma. De plus, l’amplification des champs magnétiques ayant lieu à
bas redshift (z . 3), les résultats ne dépendent pas non plus du moment précis auquel les germes
sont injectés, tant qu’ils sont générés avant les premières collisions majeures d’amas de galaxies.
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Fig. 8. Angular profiles of the images of the sources represented in
Fig. 7. We represent the gamma ray flux integrated over energies Eγ =
1 − 100 GeV averaged over angular bins, for a filament seen along its
axis, at 1 Gpc and LE,19 = 10

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

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

3.3 . Inverse Compton cascades

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

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

−2(Ee/100 TeV)
−2(B/10−12 G).

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

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

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

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

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

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

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

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

E2γ
dNγ

dEγ
≈ f1d(< Bθ) χe

Lcr

8πd2

(

Eγ

Eγ,max

)1/2

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

×
LE,19

1042 erg/s

(

d

100Mpc

)−2 (
Eγ

Eγ,max

)1/2

. (6)

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

−14 G) ∼ 0.03 in such models. Given the sensitivity of
current and future gamma ray experiments, the inverse Compton
cascades might then produce degree-size detectable halos for
source luminosities " 2×1043(d/100Mpc)−2 erg/s. We note that
intergalactic magnetic fields of strength B < 10−15 G might be
probed through the delay time of the high energy afterglow of
gamma-ray bursts (Plaga 1995; Ichiki et al. 2008) or the GeV
emission around blazars (Neronov & Semikoz 2006).
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Fig. 6. The expected photon energy flux, resulting from the UHECR secondary electron synchrotron model a magnetised region with average
magnetic field strength B̄ = 100 nG for RGB J0710+591 (left) and 1ES 1218+304 (right). Long-dashed lines show the spectrum that escapes
from the magnetised region. Blue solid lines show the spectra with account of the attenuation by the EBL, for which the model of Kneiske & Dole
(2008) has been considered.

timing properties of the signal should be di↵erent between the
two channels. We explore this further in the following section.

In figures 7 and 8 we show the expected gamma ray spec-
tra from the UHE photon channel for 1ES 0229+200 and 1ES
1218+304 motivated by their observed variability (or hints of
such a variability in the case of 1ES 0229+200). Following
Murase (2012) we have considered an injection spectrum of the
form L� = L0 ⇥ (E/Emax

� )0.5e�Emin
� /EeE/Emax

� . Here the generation
spectrum of UHE photons depends on the slope of the primary
proton spectrum ↵, as well as the slope of the target photon spec-
trum ⇣ as E2

�d�/dE� / E1+⇣�↵
p . We have taken ⇣ ⇠ 1.5 which is

typically expected for a photon field generated via synchrotron
emission in AGN and ↵ ' 2.0 as throughout most of this work.
The values of Emin

� = 1018.5 eV and Emax
� = 1019.5 eV are chosen

to capture the typical energies of the UHE photons that are cre-
ated through the p� interaction, corresponding to maximum pro-
ton energy Emax

p = 1020.5 eV. The normalisation L0 ⇠ fp�Lcr,iso,
where fp� is the e�ciency with which UHE photons are pro-
duced in p� interactions. For the setup considered here we take
fp� ⇠ 1/200 at Emax

p . For the UHE photon generation spectrum,
see Murase (2012) and references therein. Here we show some
examples of this channel for demonstration purposes.

The model prediction is consistent with the GeV-TEV data
of 1ES 0229+200. As discussed above, a slightly higher value
of the magnetic field strength at the source would shift the peak
of the synchrotron emission further into the TeV providing con-
sistency with the TeV observations for this source. The required
luminosity is L0 = 1045erg s�1 i.e. Lcr,iso = 2 ⇥ 1047erg s�1, sim-
ilar to the required UHECR luminosity in the UHECR-induced
synchrotron cascade.

Comparison of figures 5, 6 and 8 illustrates the di↵erences
between the two channels we have studied. A harder spectrum
is observed in the UHECR channel for a given magnetic field
strength. The injection of a spectrum with an exponential cut-
o↵ in the UHE photon channel partly explains why the result-
ing synchrotron spectrum in this model has a sharper cut-o↵
than the synchrotron spectrum in the UHECR channel. A fur-
ther di↵erence comes from the contribution of the Bethe-Heitler
process in the UHECR channel. The secondary pairs that are
created via Bethe-Heitler pair production contribute to the spec-
trum that escapes the magnetised region through the addition of
photons with energy beyond ⇠ 1014 eV via inverse Compton
scattering. This is because the Bethe-Heitler component, which
peaks at ⇠ 1015 eV is below the critical energy for cooling via
synchrotron emission which is otherwise the dominant cooling
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Fig. 7. The arriving energy flux expected from the UHE photon emis-
sion escaping from a magnetised region with average magnetic field
strength B̄ = 316 nG for 1ES 0229+200. The injected luminosity nor-
malisation in UHE photons is L0 = 1045erg s�1 (see text for details).
The dashed black line gives the injected UHE photon spectrum, the
grey dotted line shows the spectrum that escapes from the magnetised
region. The green solid line and blue dot-dashed line show the expected
attenuated spectra using the EBL model of Kneiske & Dole (2008) and
Franceschini et al. (2008) respectively.

mechanism in the magnetised regions we have been consider-
ing. This contribution from Bethe-Heitler pairs results in a harder
spectrum escaping the magnetised region in the UHECR chan-
nel. In this sense the observation of the UHE photon case result-
ing in a softer TeV spectrum should not be considered a general
result, the di↵erence comes from the di↵erent initial conditions.

Fig. 9 compares the signatures of runaway UHECRs and
UHE photons at 100 nG and 316 nG for 1ES 0229+200 as-
suming the same injection spectra as in figures 3 and 7 for the
UHECR and neutral channels respectively. It is di�cult to dis-
criminate the UHECR-induced and UHE-photon-induced cas-
cades only based on their spectra. As demonstrated in fig. 3
lower values of the volume averaged magnetic field strength than
⇠ 100nG in the magnetised region are inconsistent with the spec-
trum of 1ES 0229+200 if a UHECR origin of the secondary syn-
chrotron emission is assumed. In the UHE photon channel the in-
jection spectrum has been assumed as a representative case of the
typical injection expected. For harder injected UHE photon spec-
tra than considered here, a lower magnetic field in the structured
region may provide an acceptable fit to the spectrum of 1ES
0229+200. Similarly for RGB J0710+591 and 1ES 1218+304
for average magnetic fields below ⇠ 100 nG and ⇠few ⇥ 10 nG
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Fig. 6. The expected photon energy flux, resulting from the UHECR secondary electron synchrotron model a magnetised region with average
magnetic field strength B̄ = 100 nG for RGB J0710+591 (left) and 1ES 1218+304 (right). Long-dashed lines show the spectrum that escapes
from the magnetised region. Blue solid lines show the spectra with account of the attenuation by the EBL, for which the model of Kneiske & Dole
(2008) has been considered.

timing properties of the signal should be di↵erent between the
two channels. We explore this further in the following section.

In figures 7 and 8 we show the expected gamma ray spec-
tra from the UHE photon channel for 1ES 0229+200 and 1ES
1218+304 motivated by their observed variability (or hints of
such a variability in the case of 1ES 0229+200). Following
Murase (2012) we have considered an injection spectrum of the
form L� = L0 ⇥ (E/Emax

� )0.5e�Emin
� /EeE/Emax

� . Here the generation
spectrum of UHE photons depends on the slope of the primary
proton spectrum ↵, as well as the slope of the target photon spec-
trum ⇣ as E2

�d�/dE� / E1+⇣�↵
p . We have taken ⇣ ⇠ 1.5 which is

typically expected for a photon field generated via synchrotron
emission in AGN and ↵ ' 2.0 as throughout most of this work.
The values of Emin

� = 1018.5 eV and Emax
� = 1019.5 eV are chosen

to capture the typical energies of the UHE photons that are cre-
ated through the p� interaction, corresponding to maximum pro-
ton energy Emax

p = 1020.5 eV. The normalisation L0 ⇠ fp�Lcr,iso,
where fp� is the e�ciency with which UHE photons are pro-
duced in p� interactions. For the setup considered here we take
fp� ⇠ 1/200 at Emax

p . For the UHE photon generation spectrum,
see Murase (2012) and references therein. Here we show some
examples of this channel for demonstration purposes.

The model prediction is consistent with the GeV-TEV data
of 1ES 0229+200. As discussed above, a slightly higher value
of the magnetic field strength at the source would shift the peak
of the synchrotron emission further into the TeV providing con-
sistency with the TeV observations for this source. The required
luminosity is L0 = 1045erg s�1 i.e. Lcr,iso = 2 ⇥ 1047erg s�1, sim-
ilar to the required UHECR luminosity in the UHECR-induced
synchrotron cascade.

Comparison of figures 5, 6 and 8 illustrates the di↵erences
between the two channels we have studied. A harder spectrum
is observed in the UHECR channel for a given magnetic field
strength. The injection of a spectrum with an exponential cut-
o↵ in the UHE photon channel partly explains why the result-
ing synchrotron spectrum in this model has a sharper cut-o↵
than the synchrotron spectrum in the UHECR channel. A fur-
ther di↵erence comes from the contribution of the Bethe-Heitler
process in the UHECR channel. The secondary pairs that are
created via Bethe-Heitler pair production contribute to the spec-
trum that escapes the magnetised region through the addition of
photons with energy beyond ⇠ 1014 eV via inverse Compton
scattering. This is because the Bethe-Heitler component, which
peaks at ⇠ 1015 eV is below the critical energy for cooling via
synchrotron emission which is otherwise the dominant cooling
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Fig. 7. The arriving energy flux expected from the UHE photon emis-
sion escaping from a magnetised region with average magnetic field
strength B̄ = 316 nG for 1ES 0229+200. The injected luminosity nor-
malisation in UHE photons is L0 = 1045erg s�1 (see text for details).
The dashed black line gives the injected UHE photon spectrum, the
grey dotted line shows the spectrum that escapes from the magnetised
region. The green solid line and blue dot-dashed line show the expected
attenuated spectra using the EBL model of Kneiske & Dole (2008) and
Franceschini et al. (2008) respectively.

mechanism in the magnetised regions we have been consider-
ing. This contribution from Bethe-Heitler pairs results in a harder
spectrum escaping the magnetised region in the UHECR chan-
nel. In this sense the observation of the UHE photon case result-
ing in a softer TeV spectrum should not be considered a general
result, the di↵erence comes from the di↵erent initial conditions.

Fig. 9 compares the signatures of runaway UHECRs and
UHE photons at 100 nG and 316 nG for 1ES 0229+200 as-
suming the same injection spectra as in figures 3 and 7 for the
UHECR and neutral channels respectively. It is di�cult to dis-
criminate the UHECR-induced and UHE-photon-induced cas-
cades only based on their spectra. As demonstrated in fig. 3
lower values of the volume averaged magnetic field strength than
⇠ 100nG in the magnetised region are inconsistent with the spec-
trum of 1ES 0229+200 if a UHECR origin of the secondary syn-
chrotron emission is assumed. In the UHE photon channel the in-
jection spectrum has been assumed as a representative case of the
typical injection expected. For harder injected UHE photon spec-
tra than considered here, a lower magnetic field in the structured
region may provide an acceptable fit to the spectrum of 1ES
0229+200. Similarly for RGB J0710+591 and 1ES 1218+304
for average magnetic fields below ⇠ 100 nG and ⇠few ⇥ 10 nG
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Fig. 8. Top panel: Same as Fig. 7 but zooming in at the arriving pho-
ton energy flux. The volume averaged magnetic field strength inside the
magnetised region is assumed to be B̄ = 316 nG. Bottom panel: Same
as on the top panel but for 1ES 1218+304. The injected luminosity nor-
malisation is L0 = 8 ⇥ 1045erg s�1 and the volume averaged magnetic
field strength inside the magnetised region is assumed to be B̄ = 100 nG.
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Fig. 9. Comparison of the expected energy flux of secondary leptons
from UHECR primaries (purple lines) and UHE photons (light blue
lines) for a magnetised region with B̄ = 100, 316 nG for 1ES 0229+200.
In the UHECR channel the injected luminosity is Lcr,iso = 1046.5erg s�1.
In the UHE photon channel the injected luminosity normalisation is
L0 = 8 ⇥ 1045erg s�1.

respectively, a UHECR origin would need higher maximum en-
ergies. Weaker magnetic fields may also be consistent with a
UHE photon origin of the spectrum depending on the details of
the injection spectrum.

To summarise, we observe that both channels are a very
good fit to the observed gamma-ray spectra although discrimi-
nation between the UHE photon and UHECR channels is chal-
lenging on the basis of the spectral fit alone for steady gamma-
ray sources. The timing properties and the angular extension of
the signal contribute towards such a discrimination, for example
the observed variability of 1ES 0229+200 and 1ES 1218+304

favour neutral beams as the population responsible for this emis-
sion, as discussed in the next section.

3.4. Time variability

The main observable di↵erences between UHECR or UHE pho-
ton seeding in the magnetised region should be related to the
di↵erent deflection properties and as a result time delays experi-
enced by the UHE photons and their products in the magnetised
region. In the UHE photon channel any deflections will come
from the secondary electrons and should be approximately:

✓e ⇠ Dsyn/rLar ⇠ 3 ⇥ 10�4(Ee/1019 eV)�2(B/10 nG)�1. (3)

Typically this is a very small angle, smaller than typical values
of ✓jet hence the emission from this channel is expected to be
beamed. If UHE photons can escape into intergalactic space, the
mean free path to �� pair production is ⇠ 2 Mpc, i.e., smaller
than the p� energy loss length of UHECRs, so the pair halo/echo
signal from UHE neutrals is dominant when the photopion pro-
duction in the source is e�cient (Murase 2012). As a result of
the small deflections, the time spread of the signal should also
be small. Noting d ⇠ ��� ⇠ 2 Mpc, Murase (2012) obtained
�t ⇠ 2✓2ed/2c ⇠ 0.3 yr (Esyn/102.5 GeV)(min[d, ���]/Mpc),
where d is the characteristic scale of the magnetised region. In
comparison the deflections su↵ered by UHECR protons in the
magnetised region are larger, of order ✓p ⇠

p
d �coh/rLar ⇠

0.044 (d/Mpc)(E/1020 eV)(�coh/d)1/2(B/10 nG). The result-
ing time spread is also expected to be considerably larger
for the UHECR proton channel �t ⇠ 2✓2pd/2c ⇠ 1.6 ⇥
103 yr (B/10 nG)(�coh/d)(d/Mpc)3(E/1020 eV)�2. In the case
of UHE neutral beams the recent hints of variability of the TeV
spectrum of 1ES 0229+200 in ⇠ 1 year timescales can be ac-
commodated.

For 1ES 1218+304 the model prediction is consistent with
the combined GeV-TeV observations of this source. The ob-
served ⇠day scale variability of this source cannot be explained
by our current setup where the UHE photons cascade over an
⇠Mpc scale structured IGMF region. However, UHE neutral
beams could possibly explain the variability of 1ES 1218+304
if the size of the region over which ��/n� interactions occur is
significantly smaller (of order kpc) as in the model of Dermer
et al. (2012) for FSRQs. Detailed work on the variability of these
sources will be presented elsewhere.

In the case of blazars a characteristic signature of this chan-
nel could be a transient event such as a flare with a duration
⇠ 0.1�1 year, whereas the small time spread in the UHE neutral
channel implies that we may observe the echo of flaring activi-
ties. The two channels may be hard to distinguish between for a
given steady gamma ray source, but if the UHE neutral channel
is dominant the resulting emission will almost certainly be more
variable.

4. Discussion, conclusion

In 50 years of direct searches for the sources of UHECRs we
have not made conclusive progress on the subject. The proposed
CTA is envisaged to bring about an order of magnitude increase
in VHE AGN detections and may thus allow us to make great
progress in searches for the secondary emission of UHECRs. Its
increased sensitivity by as much as a factor of ten compared to
the current generation of IACTs may make it possible to rule out
or confirm the existence of the tail expected if the observed VHE
emission is due to a UHECR-induced inverse Compton cascade.
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Fig. 8. Top panel: Same as Fig. 7 but zooming in at the arriving pho-
ton energy flux. The volume averaged magnetic field strength inside the
magnetised region is assumed to be B̄ = 316 nG. Bottom panel: Same
as on the top panel but for 1ES 1218+304. The injected luminosity nor-
malisation is L0 = 8 ⇥ 1045erg s�1 and the volume averaged magnetic
field strength inside the magnetised region is assumed to be B̄ = 100 nG.
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Fig. 9. Comparison of the expected energy flux of secondary leptons
from UHECR primaries (purple lines) and UHE photons (light blue
lines) for a magnetised region with B̄ = 100, 316 nG for 1ES 0229+200.
In the UHECR channel the injected luminosity is Lcr,iso = 1046.5erg s�1.
In the UHE photon channel the injected luminosity normalisation is
L0 = 8 ⇥ 1045erg s�1.

respectively, a UHECR origin would need higher maximum en-
ergies. Weaker magnetic fields may also be consistent with a
UHE photon origin of the spectrum depending on the details of
the injection spectrum.

To summarise, we observe that both channels are a very
good fit to the observed gamma-ray spectra although discrimi-
nation between the UHE photon and UHECR channels is chal-
lenging on the basis of the spectral fit alone for steady gamma-
ray sources. The timing properties and the angular extension of
the signal contribute towards such a discrimination, for example
the observed variability of 1ES 0229+200 and 1ES 1218+304

favour neutral beams as the population responsible for this emis-
sion, as discussed in the next section.

3.4. Time variability

The main observable di↵erences between UHECR or UHE pho-
ton seeding in the magnetised region should be related to the
di↵erent deflection properties and as a result time delays experi-
enced by the UHE photons and their products in the magnetised
region. In the UHE photon channel any deflections will come
from the secondary electrons and should be approximately:

✓e ⇠ Dsyn/rLar ⇠ 3 ⇥ 10�4(Ee/1019 eV)�2(B/10 nG)�1. (3)

Typically this is a very small angle, smaller than typical values
of ✓jet hence the emission from this channel is expected to be
beamed. If UHE photons can escape into intergalactic space, the
mean free path to �� pair production is ⇠ 2 Mpc, i.e., smaller
than the p� energy loss length of UHECRs, so the pair halo/echo
signal from UHE neutrals is dominant when the photopion pro-
duction in the source is e�cient (Murase 2012). As a result of
the small deflections, the time spread of the signal should also
be small. Noting d ⇠ ��� ⇠ 2 Mpc, Murase (2012) obtained
�t ⇠ 2✓2ed/2c ⇠ 0.3 yr (Esyn/102.5 GeV)(min[d, ���]/Mpc),
where d is the characteristic scale of the magnetised region. In
comparison the deflections su↵ered by UHECR protons in the
magnetised region are larger, of order ✓p ⇠

p
d �coh/rLar ⇠

0.044 (d/Mpc)(E/1020 eV)(�coh/d)1/2(B/10 nG). The result-
ing time spread is also expected to be considerably larger
for the UHECR proton channel �t ⇠ 2✓2pd/2c ⇠ 1.6 ⇥
103 yr (B/10 nG)(�coh/d)(d/Mpc)3(E/1020 eV)�2. In the case
of UHE neutral beams the recent hints of variability of the TeV
spectrum of 1ES 0229+200 in ⇠ 1 year timescales can be ac-
commodated.

For 1ES 1218+304 the model prediction is consistent with
the combined GeV-TeV observations of this source. The ob-
served ⇠day scale variability of this source cannot be explained
by our current setup where the UHE photons cascade over an
⇠Mpc scale structured IGMF region. However, UHE neutral
beams could possibly explain the variability of 1ES 1218+304
if the size of the region over which ��/n� interactions occur is
significantly smaller (of order kpc) as in the model of Dermer
et al. (2012) for FSRQs. Detailed work on the variability of these
sources will be presented elsewhere.

In the case of blazars a characteristic signature of this chan-
nel could be a transient event such as a flare with a duration
⇠ 0.1�1 year, whereas the small time spread in the UHE neutral
channel implies that we may observe the echo of flaring activi-
ties. The two channels may be hard to distinguish between for a
given steady gamma ray source, but if the UHE neutral channel
is dominant the resulting emission will almost certainly be more
variable.

4. Discussion, conclusion

In 50 years of direct searches for the sources of UHECRs we
have not made conclusive progress on the subject. The proposed
CTA is envisaged to bring about an order of magnitude increase
in VHE AGN detections and may thus allow us to make great
progress in searches for the secondary emission of UHECRs. Its
increased sensitivity by as much as a factor of ten compared to
the current generation of IACTs may make it possible to rule out
or confirm the existence of the tail expected if the observed VHE
emission is due to a UHECR-induced inverse Compton cascade.
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Fig. 6. The expected photon energy flux, resulting from the UHECR secondary electron synchrotron model a magnetised region with average
magnetic field strength B̄ = 100 nG for RGB J0710+591 (left) and 1ES 1218+304 (right). Long-dashed lines show the spectrum that escapes
from the magnetised region. Blue solid lines show the spectra with account of the attenuation by the EBL, for which the model of Kneiske & Dole
(2008) has been considered.

timing properties of the signal should be di↵erent between the
two channels. We explore this further in the following section.

In figures 7 and 8 we show the expected gamma ray spec-
tra from the UHE photon channel for 1ES 0229+200 and 1ES
1218+304 motivated by their observed variability (or hints of
such a variability in the case of 1ES 0229+200). Following
Murase (2012) we have considered an injection spectrum of the
form L� = L0 ⇥ (E/Emax

� )0.5e�Emin
� /EeE/Emax

� . Here the generation
spectrum of UHE photons depends on the slope of the primary
proton spectrum ↵, as well as the slope of the target photon spec-
trum ⇣ as E2

�d�/dE� / E1+⇣�↵
p . We have taken ⇣ ⇠ 1.5 which is

typically expected for a photon field generated via synchrotron
emission in AGN and ↵ ' 2.0 as throughout most of this work.
The values of Emin

� = 1018.5 eV and Emax
� = 1019.5 eV are chosen

to capture the typical energies of the UHE photons that are cre-
ated through the p� interaction, corresponding to maximum pro-
ton energy Emax

p = 1020.5 eV. The normalisation L0 ⇠ fp�Lcr,iso,
where fp� is the e�ciency with which UHE photons are pro-
duced in p� interactions. For the setup considered here we take
fp� ⇠ 1/200 at Emax

p . For the UHE photon generation spectrum,
see Murase (2012) and references therein. Here we show some
examples of this channel for demonstration purposes.

The model prediction is consistent with the GeV-TEV data
of 1ES 0229+200. As discussed above, a slightly higher value
of the magnetic field strength at the source would shift the peak
of the synchrotron emission further into the TeV providing con-
sistency with the TeV observations for this source. The required
luminosity is L0 = 1045erg s�1 i.e. Lcr,iso = 2 ⇥ 1047erg s�1, sim-
ilar to the required UHECR luminosity in the UHECR-induced
synchrotron cascade.

Comparison of figures 5, 6 and 8 illustrates the di↵erences
between the two channels we have studied. A harder spectrum
is observed in the UHECR channel for a given magnetic field
strength. The injection of a spectrum with an exponential cut-
o↵ in the UHE photon channel partly explains why the result-
ing synchrotron spectrum in this model has a sharper cut-o↵
than the synchrotron spectrum in the UHECR channel. A fur-
ther di↵erence comes from the contribution of the Bethe-Heitler
process in the UHECR channel. The secondary pairs that are
created via Bethe-Heitler pair production contribute to the spec-
trum that escapes the magnetised region through the addition of
photons with energy beyond ⇠ 1014 eV via inverse Compton
scattering. This is because the Bethe-Heitler component, which
peaks at ⇠ 1015 eV is below the critical energy for cooling via
synchrotron emission which is otherwise the dominant cooling
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Fig. 7. The arriving energy flux expected from the UHE photon emis-
sion escaping from a magnetised region with average magnetic field
strength B̄ = 316 nG for 1ES 0229+200. The injected luminosity nor-
malisation in UHE photons is L0 = 1045erg s�1 (see text for details).
The dashed black line gives the injected UHE photon spectrum, the
grey dotted line shows the spectrum that escapes from the magnetised
region. The green solid line and blue dot-dashed line show the expected
attenuated spectra using the EBL model of Kneiske & Dole (2008) and
Franceschini et al. (2008) respectively.

mechanism in the magnetised regions we have been consider-
ing. This contribution from Bethe-Heitler pairs results in a harder
spectrum escaping the magnetised region in the UHECR chan-
nel. In this sense the observation of the UHE photon case result-
ing in a softer TeV spectrum should not be considered a general
result, the di↵erence comes from the di↵erent initial conditions.

Fig. 9 compares the signatures of runaway UHECRs and
UHE photons at 100 nG and 316 nG for 1ES 0229+200 as-
suming the same injection spectra as in figures 3 and 7 for the
UHECR and neutral channels respectively. It is di�cult to dis-
criminate the UHECR-induced and UHE-photon-induced cas-
cades only based on their spectra. As demonstrated in fig. 3
lower values of the volume averaged magnetic field strength than
⇠ 100nG in the magnetised region are inconsistent with the spec-
trum of 1ES 0229+200 if a UHECR origin of the secondary syn-
chrotron emission is assumed. In the UHE photon channel the in-
jection spectrum has been assumed as a representative case of the
typical injection expected. For harder injected UHE photon spec-
tra than considered here, a lower magnetic field in the structured
region may provide an acceptable fit to the spectrum of 1ES
0229+200. Similarly for RGB J0710+591 and 1ES 1218+304
for average magnetic fields below ⇠ 100 nG and ⇠few ⇥ 10 nG
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Fig. 6. The expected photon energy flux, resulting from the UHECR secondary electron synchrotron model a magnetised region with average
magnetic field strength B̄ = 100 nG for RGB J0710+591 (left) and 1ES 1218+304 (right). Long-dashed lines show the spectrum that escapes
from the magnetised region. Blue solid lines show the spectra with account of the attenuation by the EBL, for which the model of Kneiske & Dole
(2008) has been considered.

timing properties of the signal should be di↵erent between the
two channels. We explore this further in the following section.

In figures 7 and 8 we show the expected gamma ray spec-
tra from the UHE photon channel for 1ES 0229+200 and 1ES
1218+304 motivated by their observed variability (or hints of
such a variability in the case of 1ES 0229+200). Following
Murase (2012) we have considered an injection spectrum of the
form L� = L0 ⇥ (E/Emax

� )0.5e�Emin
� /EeE/Emax

� . Here the generation
spectrum of UHE photons depends on the slope of the primary
proton spectrum ↵, as well as the slope of the target photon spec-
trum ⇣ as E2

�d�/dE� / E1+⇣�↵
p . We have taken ⇣ ⇠ 1.5 which is

typically expected for a photon field generated via synchrotron
emission in AGN and ↵ ' 2.0 as throughout most of this work.
The values of Emin

� = 1018.5 eV and Emax
� = 1019.5 eV are chosen

to capture the typical energies of the UHE photons that are cre-
ated through the p� interaction, corresponding to maximum pro-
ton energy Emax

p = 1020.5 eV. The normalisation L0 ⇠ fp�Lcr,iso,
where fp� is the e�ciency with which UHE photons are pro-
duced in p� interactions. For the setup considered here we take
fp� ⇠ 1/200 at Emax

p . For the UHE photon generation spectrum,
see Murase (2012) and references therein. Here we show some
examples of this channel for demonstration purposes.

The model prediction is consistent with the GeV-TEV data
of 1ES 0229+200. As discussed above, a slightly higher value
of the magnetic field strength at the source would shift the peak
of the synchrotron emission further into the TeV providing con-
sistency with the TeV observations for this source. The required
luminosity is L0 = 1045erg s�1 i.e. Lcr,iso = 2 ⇥ 1047erg s�1, sim-
ilar to the required UHECR luminosity in the UHECR-induced
synchrotron cascade.

Comparison of figures 5, 6 and 8 illustrates the di↵erences
between the two channels we have studied. A harder spectrum
is observed in the UHECR channel for a given magnetic field
strength. The injection of a spectrum with an exponential cut-
o↵ in the UHE photon channel partly explains why the result-
ing synchrotron spectrum in this model has a sharper cut-o↵
than the synchrotron spectrum in the UHECR channel. A fur-
ther di↵erence comes from the contribution of the Bethe-Heitler
process in the UHECR channel. The secondary pairs that are
created via Bethe-Heitler pair production contribute to the spec-
trum that escapes the magnetised region through the addition of
photons with energy beyond ⇠ 1014 eV via inverse Compton
scattering. This is because the Bethe-Heitler component, which
peaks at ⇠ 1015 eV is below the critical energy for cooling via
synchrotron emission which is otherwise the dominant cooling
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Fig. 7. The arriving energy flux expected from the UHE photon emis-
sion escaping from a magnetised region with average magnetic field
strength B̄ = 316 nG for 1ES 0229+200. The injected luminosity nor-
malisation in UHE photons is L0 = 1045erg s�1 (see text for details).
The dashed black line gives the injected UHE photon spectrum, the
grey dotted line shows the spectrum that escapes from the magnetised
region. The green solid line and blue dot-dashed line show the expected
attenuated spectra using the EBL model of Kneiske & Dole (2008) and
Franceschini et al. (2008) respectively.

mechanism in the magnetised regions we have been consider-
ing. This contribution from Bethe-Heitler pairs results in a harder
spectrum escaping the magnetised region in the UHECR chan-
nel. In this sense the observation of the UHE photon case result-
ing in a softer TeV spectrum should not be considered a general
result, the di↵erence comes from the di↵erent initial conditions.

Fig. 9 compares the signatures of runaway UHECRs and
UHE photons at 100 nG and 316 nG for 1ES 0229+200 as-
suming the same injection spectra as in figures 3 and 7 for the
UHECR and neutral channels respectively. It is di�cult to dis-
criminate the UHECR-induced and UHE-photon-induced cas-
cades only based on their spectra. As demonstrated in fig. 3
lower values of the volume averaged magnetic field strength than
⇠ 100nG in the magnetised region are inconsistent with the spec-
trum of 1ES 0229+200 if a UHECR origin of the secondary syn-
chrotron emission is assumed. In the UHE photon channel the in-
jection spectrum has been assumed as a representative case of the
typical injection expected. For harder injected UHE photon spec-
tra than considered here, a lower magnetic field in the structured
region may provide an acceptable fit to the spectrum of 1ES
0229+200. Similarly for RGB J0710+591 and 1ES 1218+304
for average magnetic fields below ⇠ 100 nG and ⇠few ⇥ 10 nG
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Fig. 8. Top panel: Same as Fig. 7 but zooming in at the arriving pho-
ton energy flux. The volume averaged magnetic field strength inside the
magnetised region is assumed to be B̄ = 316 nG. Bottom panel: Same
as on the top panel but for 1ES 1218+304. The injected luminosity nor-
malisation is L0 = 8 ⇥ 1045erg s�1 and the volume averaged magnetic
field strength inside the magnetised region is assumed to be B̄ = 100 nG.
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Fig. 9. Comparison of the expected energy flux of secondary leptons
from UHECR primaries (purple lines) and UHE photons (light blue
lines) for a magnetised region with B̄ = 100, 316 nG for 1ES 0229+200.
In the UHECR channel the injected luminosity is Lcr,iso = 1046.5erg s�1.
In the UHE photon channel the injected luminosity normalisation is
L0 = 8 ⇥ 1045erg s�1.

respectively, a UHECR origin would need higher maximum en-
ergies. Weaker magnetic fields may also be consistent with a
UHE photon origin of the spectrum depending on the details of
the injection spectrum.

To summarise, we observe that both channels are a very
good fit to the observed gamma-ray spectra although discrimi-
nation between the UHE photon and UHECR channels is chal-
lenging on the basis of the spectral fit alone for steady gamma-
ray sources. The timing properties and the angular extension of
the signal contribute towards such a discrimination, for example
the observed variability of 1ES 0229+200 and 1ES 1218+304

favour neutral beams as the population responsible for this emis-
sion, as discussed in the next section.

3.4. Time variability

The main observable di↵erences between UHECR or UHE pho-
ton seeding in the magnetised region should be related to the
di↵erent deflection properties and as a result time delays experi-
enced by the UHE photons and their products in the magnetised
region. In the UHE photon channel any deflections will come
from the secondary electrons and should be approximately:

✓e ⇠ Dsyn/rLar ⇠ 3 ⇥ 10�4(Ee/1019 eV)�2(B/10 nG)�1. (3)

Typically this is a very small angle, smaller than typical values
of ✓jet hence the emission from this channel is expected to be
beamed. If UHE photons can escape into intergalactic space, the
mean free path to �� pair production is ⇠ 2 Mpc, i.e., smaller
than the p� energy loss length of UHECRs, so the pair halo/echo
signal from UHE neutrals is dominant when the photopion pro-
duction in the source is e�cient (Murase 2012). As a result of
the small deflections, the time spread of the signal should also
be small. Noting d ⇠ ��� ⇠ 2 Mpc, Murase (2012) obtained
�t ⇠ 2✓2ed/2c ⇠ 0.3 yr (Esyn/102.5 GeV)(min[d, ���]/Mpc),
where d is the characteristic scale of the magnetised region. In
comparison the deflections su↵ered by UHECR protons in the
magnetised region are larger, of order ✓p ⇠

p
d �coh/rLar ⇠

0.044 (d/Mpc)(E/1020 eV)(�coh/d)1/2(B/10 nG). The result-
ing time spread is also expected to be considerably larger
for the UHECR proton channel �t ⇠ 2✓2pd/2c ⇠ 1.6 ⇥
103 yr (B/10 nG)(�coh/d)(d/Mpc)3(E/1020 eV)�2. In the case
of UHE neutral beams the recent hints of variability of the TeV
spectrum of 1ES 0229+200 in ⇠ 1 year timescales can be ac-
commodated.

For 1ES 1218+304 the model prediction is consistent with
the combined GeV-TeV observations of this source. The ob-
served ⇠day scale variability of this source cannot be explained
by our current setup where the UHE photons cascade over an
⇠Mpc scale structured IGMF region. However, UHE neutral
beams could possibly explain the variability of 1ES 1218+304
if the size of the region over which ��/n� interactions occur is
significantly smaller (of order kpc) as in the model of Dermer
et al. (2012) for FSRQs. Detailed work on the variability of these
sources will be presented elsewhere.

In the case of blazars a characteristic signature of this chan-
nel could be a transient event such as a flare with a duration
⇠ 0.1�1 year, whereas the small time spread in the UHE neutral
channel implies that we may observe the echo of flaring activi-
ties. The two channels may be hard to distinguish between for a
given steady gamma ray source, but if the UHE neutral channel
is dominant the resulting emission will almost certainly be more
variable.

4. Discussion, conclusion

In 50 years of direct searches for the sources of UHECRs we
have not made conclusive progress on the subject. The proposed
CTA is envisaged to bring about an order of magnitude increase
in VHE AGN detections and may thus allow us to make great
progress in searches for the secondary emission of UHECRs. Its
increased sensitivity by as much as a factor of ten compared to
the current generation of IACTs may make it possible to rule out
or confirm the existence of the tail expected if the observed VHE
emission is due to a UHECR-induced inverse Compton cascade.
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