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X rays, γ rays

e+, e-

synchrotron
Inverse Compton cascades

due to interactions with photon backgrounds,
for Eγ > 100 TeV, horizon of a few Mpc

charged particles
propagation affected by extragalactic magnetic fields?
to which extent?

Necessity of multi-messenger Astrophysics
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Electromagnetic cascades in magnetic fields

pair production Inverse Compton 

...

Ee,γ > 100 TeV: cascade in Klein Nishina regime (rectilinear propagation)

ends at short distance from source 

as energy loss lengths λγγ, λIC < 5 Mpc for Ee,γ < 1018 eV

cascade in Thomson regime - IC emission isotropized

 if BIGM > 3x10-11G, isotropization of e+- over  tIC          

homogeneous B case: 

beyond some Mpc, pairs isotropized and photons are up-scattered isotropically by IC 

halo of size ∼ 30◦ at d=100 Mpc (for homogeneous B=1 nG)

Observed from a distance d, the cascade thus results in  

Flux diluted - not observable with current and upcoming intrument sensitivities. 

Ee,γ < 100 TeV: 
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Nous avons vu cependant qu’on ne s’attend pas la prsence d’une
source de luminosit assez importante pour tre dtectable, car cela
serait en dsaccord avec la normalisation du spectre de rayons
cosmiques observ.

tIC

tL

∼ 3 × 10−2 E−214 (1 + E
3/2
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Synchrotron emission from UHE electrons 
propagating in magnetized environments
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If the magnetic field close to the source is at 
nanoGauss level, first generation electrons 
generated by UHECR propagation cool rapidly 
emitting GeV synchrotron photons and the 
development of the cascade is strongly inhibited.

xsyn < xIC

source luminosity L19 = 1046 erg s-1

B = 1 nG over 20 Mpc sphere around source
distance d = 1 Gpc

These calculations assume a homogeneous magnetic field and a pure proton composition.
What if the inhomogeneities are taken into account?

Gabici & Aharonian (2005)
Aharonian (2002)
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Gamma ray emission from a magnetized cluster of galaxies
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gamma rays from UHECR injected in a cool core cluster,

Bcore = 10 μG
spectral index = 2.3

CTA: point source ~ 10-11 GeV cm-2 s-1

Fermi: source of some degrees ~ 10-9 GeV cm-2 s-1

cluster of R ~ 5Mpc at 100 Mpc: θsource ~ 3o

AGN luminosity for Emax = 1020.5 eV: 
Lcr,19 = 1042 erg s-1

close-by source (< 30 Mpc)? 
powerful sources?

Exceptional cases?    -

More general cases? 

magnetic field structure/intensity changes (e.g. source in filaments)

-

K.K., D. Allard, K. Murase, J. Aoi, Y. Dubois, T. Pierog, S. Nagataki, 2009

numerical work in a particular cluster model

Armengaud et al. 2006 
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scattering centers
(radio halos, 

galactic winds, ...)

filaments

source 
environment 

(cluster)

vicinity of the 
source source

clusters

supercluster? magnetic field 
in voids?

2.7 Mpc

Kim et al. (1989)

Govoni et al. 01A2065
Feretti et al. 01

A2163

What do we know about extragalactic magnetic fields?

very few observations/measurements of 
extraGalactic magnetic fields
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use ad-hoc modeling of these origins 
+ cosmological simulations 
+ MHD equations for evolution of B field coupled to matter

Sigl et al. 04

simulated magnetic fields
(heavy and do not converge)

different consequences for cosmic ray propagation:

Sigl/Miniati/Ensslin: 
deflections > 10° beyond 1020 eV
Dolag/Grasso/Tkachev: 
very small deflections (< few degrees)

Modeling extragalactic magnetic fields

 primordial (inflation, phase transition, reionization...)
or “astrophysical”: ejection/pollution from galactic 
winds, AGN jets

theories on the origins...

(that do not really converge)

density grid from Dark Matter 
cosmological simulation

B = f(ρ)

flexible modeling
(K.K. & Lemoine 2008)

ρ

mapping:
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Our modeling of extragalactic magnetic fields
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+ can predict multimessengers

Interactions with nuclei:
γ-N processes and propagation of secondary nucleons 
(Allard et al. 05, and SOPHIA, Mucke et al. 1999)

p-N processes: using CONEX, EPOS (hadronic interaction codes to 
simulate air showers) 

Gamma-ray cascades: 
Treated as post-analysis 

Propagation in magnetic fields: 
fast semi-analytical propagation code that takes into 
account small-scale turbulence effects 
(Cellular method, Kotera & Lemoine 2008a)

proton vs iron mean free paths

proton-γ

iron-γ

9

A complete propagation code

cosmic ray 
trajectory in 

magnetic field

K.K., D. Allard, K. Murase, J. Aoi, Y. Dubois, T. Pierog, S. Nagataki, 2009



Effects of inhomogeneous magnetic fields

low energy: controlled by B
more confinement -> more pairs -> more gamma

robustness: dependence on B configurations < factor 3
checked also for mean B = 10 nG

<B> = 1 nG, spectral index = 2.3

Emax = 1020.5 eV and Lcr,19 = 1042 erg s-1

distance to observer d = 100 Mpc

more difference 
because: 0.1 nG -> 
particles go nearly 
straight, no diffusion more difference 

because: contrasted -> 
difference in size of 
filament more clearly 
delimited
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The whole structure with B > 3 nG will be 
illuminated in synchrotron from e+- of E > 1018 eV.

At a given energy Ee, Falong/Fortho ~ a/b ~ 2, 
where a and b are the characteristic lengths of the axis 
of the filament, where the field is B > 3 nG Ee,18. 

a

b
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Effects of cosmic ray composition

robustness: dependence on composition < factor 5

<B> = 1 nG, spectral index = 2.3

Emax = 1020.5 eV and Lcr,19 = 1042 erg s-1
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WHAT ULTRAHIGH ENERGY NEUTRINOS CAN TELL US
ABOUT ULTRAHIGH ENERGY COSMIC RAYS

AND HINTS ON THE BEST WAYS TO LOOK AT THEM
K. Kotera1, D. Allard2 and A. Olinto1

Draft version January 21, 2010

ABSTRACT
While propagating from their source to the observer, ultrahigh energy cosmic rays interact with

cosmological photon backgrounds and give birth to the so-called “cosmogenic neutrinos”. In this
paper, we study the influence of the major unknowns of ultrahigh energy cosmic rays on the shape
and normalization of the neutrino fluxes. We investigate in particular various chemical compositions
and maximum proton acceleration energies Ep,max, different models of source evolution in redshift,
and three outstanding scenarios for the Galactic to extragalactic transition.

We demonstrate the robustness of the neutrino flux in the energy range 1018−19 eV in regard
to these various parameters. We find that the normalization of the flux in this region ultimately
depends on the source evolution up to redshift z ∼ 4 and on the rate of cosmic rays with energy per
nucleon higher than the pion production threshold for protons on the cosmic microwave background
(EA/A > EpγCMB , where A is the atomic number of a nucleus of energy EA). Composition models and
Galactic to extragalactic transition scenarios cannot be constrained by measurements of neutrinos of
energy above 1017.5 eV.

We present the implications of our calculations for the detection of ultrahigh energy neutrinos with
the existing and upcoming instruments. It is interesting to note that the robust energy range of
1018−19 eV is precisely covered by the Pierre Auger Observatory, while ANITA could explore the
maximum proton acceleration energy at the highest energies, if its sensitivity was improved. IceCube
is also on the verge of detecting neutrinos at PeV energies, especially if we consider that most sources
are embedded in strong magnetized regions. In our most standard case of source evolution and with
a proton dominated composition, we calculate that the expected detection rate for the Pierre Auger
Observatory is of *** neutrinos for *** years.
Subject headings:

1. INTRODUCTION

The origins of ultrahigh energy cosmic rays remains an
unsolved puzzle. At the highest energies, the flux is so
faint that the observational data remains scarce and thus
hinders theoretical progress. The presence of magnetic
fields in the Universe that deflect charged particles is also
an obstacle to the identification of the sources.

In this situation, a multi-messenger approach seems
compelling to lead this quest for sources. Secondary neu-
trinos and gamma rays are indeed produced during the
propagation of cosmic rays, as they interact with the am-
bient photon backgrounds. Neutrinos in particular are
not affected by magnetic fields and due to their low inter-
action rate, are not absorbed by the cosmic backgrounds
while propagating through the Universe. For these rea-
sons, these so-called “cosmogenic neutrinos” bear the in-
formation of ultrahigh energy cosmic ray sources up to
high redshifts, and could help constrain their nature, in-
jection energy, distribution and evolution.

Cosmogenic neutrinos have been studied to some ex-
tent by many authors: Engel et al. (2001) and Ave et al.
(2005) calculated analytically and semi-analytically the
expected neutrino flux around PeV energies, considering
cosmic ray interactions with CMB photons and a homo-

Electronic address: kotera@uchicago.edu
1 University of Chicago, 5640 S Ellis, Chicago, IL 60637, USA.
2 Laboratoire Astroparticules et Cosmologie (APC), Université

Paris 7/CNRS, 10 rue A. Domon et L. Duquet, 75205 Paris Cedex
13, France.

geneous source distribution. They find that the IceCube
could detect ∼ 0.2 events above Eν ! 1 PeV. Allard
et al. (2006) made a detailed numerical study, including
the influence of infrared photon backgrounds and explor-
ing various cosmic ray chemical compositions and source
evolution models. The parameters chosen in that work
should however be updated and the discussion on the de-
tection reviewed in the light of the experimental progress
that has happened since.

The existing and upcoming high energy neutrino de-
tectors roughly observe three energy ranges. AMANDA,
ANTARES, IceCube and KM3Net are huge cubic detec-
tors that aim to observe events around PeV energies.
Experiments primarily dedicated to the detection of cos-
mic rays like Auger or HiRes have their best neutrino
detection sensitivities around Eν ∼ 1018−19 eV. The ra-
dio telescope ANITA is devoted to the highest energy
neutrinos: Eν ! 1019.5 eV.

We demonstrate in this paper that the detection of
neutrinos in each of these energy ranges would enable
one to explore the influence of a specific set of cosmic
ray source parameters.

In this token, we examine in section 2 the effects of
the major unknown that concern ultrahigh energy cos-
mic ray sources: the injected chemical composition, the
maximum proton acceleration energy, source evolution
models and outstanding scenarios for the Galactic to ex-
tragalactic transition. Section 3 discusses the implication
of our calculations in terms of detection by current and

For nuclei, flux due to secondary protons. 
Intensity of flux depends on the rate of particles 
with 

distance to observer d = 100 Mpc

11
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Detectability: for average types of sources

detectable only if: 
- particularly powerful source (rare)
- close-by source (Cen A?)

not detectable

CTA: ~ 10-11 GeV cm-2 s-1 (θsource /0.1°)

Fermi: ~ 10-10 GeV cm-2 s-1  (θsource /1°)
<B> = 1 nG, spectral index = 2.3

Emax = 1020.5 eV and Lcr,19 = 1042 erg s-1

nsources = 10-5 Mpc-3

distance to observer d = 100 Mpc

12



Detectability: 
case of particularly powerful sources

10% of total flux, 
horizon effect

Lcr,19 = 1044 erg s-1

d = 100 Mpc

Lcr,19 = 1046 erg s-1

d = 1 Gpc
Fermi: 

~ 10-10 GeV cm-2 s-1  (θsource /1°)

Extended emission (NOT pointlike) ensures that 
the gamma emission is an UHECR signature. 

Distinguishable from leptonic/hadronic 
contribution produced inside the source. 
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nearly excluded

note: would be consistent 
with a heavy composition 
at UHE (Auger?)



Detectability: 
case of a close-by source, Cen A

to detect propagation signatures, extended and strong magnetic field necessary

-> lobes of Cen A?

Blobes ~ 1 μG, lcoh ~ 20 kpc, Rlobe ~ 100 kpc, Lcr,19 ~ 3x1039 erg s-1 

total decrease of factor ~ 103 compared to average sources 
-> hardly observable

UHE photons could be detectable with Auger
expected rate of >1019 eV photons from Cen A, assuming it is responsible for 10% of the 6x1019 eV flux: 0.2–0.3 events/yr

Taylor et al. 09
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7 degrees in the sky -> sensitivity loss of θsource /θPSF ~ 7

due to limited extension (Rlobe ~ 100 kpc), production of e+- decreased 
compared to [cluster+filament] case of f > Δtcluster,B~0.1μG /Δtlobe ~ 10 

proximity (dCenA ~ 3.8 Mpc) -> flux increased of (dCenA/d100Mpc)2 ~ 625 

Rlobe < Rfilament: less pion production -> flux loss of factor ~ 10

assuming Lcr,19 ~ 1039 erg s-1 , flux decreased of factor ~ 103 
(according to average sources)

synchrotron emission from 
Cen A lobes:
Fmax ~ 5x10-15 GeV cm-2 s-1

Fermi: 
~ 10-9 GeV cm-2 s-1  (θsource /7°)

Cuoco & Hannestad 08



Conclusions

Kumiko Kotera, University of Chicago

K.K., D. Allard, M. Lemoine, in prep.

We studied the detectability of UHECR signatures in gamma rays, taking into account major 
astrophysical constraints: 

Meudon Workshop - 26/01/10

- 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 ~1°
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, ...).


