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Abstract: We calculate the flux of neutrinos generated along the patpagof ultra-high energy nuclei
over cosmological distances. The propagation takes irgowmt the interactions with the cosmic back-
ground radiations including the CMB and the most recentress of higher energy (infra-red, optical,
and ultra-violet) backgrounds. We assume that the coniposif ultra-high energy cosmic rays (UHE-
CRs) at the source is the same as the observed one at lowesielye find that the neutrino flux in
the mixed case has a high energy peak, mainly due to photgpamuction off CMB photons, of sim-
ilar shape and amplitude to the proton case. At low energiis tomposition cases have a significant
neutrino flux that extends down 1®'? eV. Detection of diffuse neutrino fluxes at ultra high enesgis
within reach of present experiments.

Introduction The flux of UHECR is expected to be accompa-
nied by a flux of neutrinos. For top-down models,
The question of the origin of the highest en- the decay or annihilation of super heavy particles
ergy cosmic rays (of energy aboue'® eV) re- naturally produce a flux of ultra-high energy neu-
mains unanswered. The understanding of the phe-trinos along with a flux of protons. For bottom-up
nomenon will most likely require the precise mea- models, neutrinos result from interactions of cos-
surement of several observables. The presence ofmic rays with background photons, either at the
spectral features at these energies, namely the anacceleration site or along their propagation path.
kle and the GZK cutoff constrain the possible theo- The flux of neutrinos produced along the propa-
ries but do not provide much discriminating power. gation path of UHECR is often termed gsaran-
While the GZK cutoff represents strong evidence teed. This flux is expected to be present as long as
for a cosmological origin of ultra-high energy cos- cosmic rays propagate for cosmological distances
mic rays (UHECR), the ankle feature can be inter- pefore reaching the Earth. Recent estimates of

preted as a pair production dip [1] or and indication
of a transition from a Galactic to an extra Galactic
origin [2, 3]. The dip models require an almost

this flux have been carried out for protons [4] and
for several other nuclei primaries such as pure Fe
[5, 6], He and O [6].

pure proton compo;ition While.t.he transition mod- We report on the expected cosmogenic neutrino
els allow for a heavier composition. flux resulting from the propagation of UHECR in
Composition data, such as the observation of the the context of the mixed composition model of [2].
depth of shower maximum or muon counting, has According to this model, the source composition
discriminating power among these models. It can of cosmic rays after acceleration is the same as
also strongly constrain bottom-up models and even the one reconstructed using low energy cosmic ray
unequivocally rule out top-down models in case a data [7]. We use a Monte Carlo method to propa-
component heavier than protons is observed. Ongate nuclei and follow their secondaries, includign
the other hand, an observation of a photon com- neutrinos, as they interact with the photon back-
ponent at the highest energies would support suchground. All relevant processes for nucleus-photon
top-down models. interactions are taken into account according to the
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current theoretical and experimental understanding its initial redshift to redshift z=0. The propagation
[8, 9]. For the photon background we use the CMB is done on steps in redshift. The steps are sam-

and recent estimates of the infra-red, optical and
ultra-violet backgrounds given in [10].

This paper is organized as follows. In sectigh
we describe our Monte Carlo method, in section
§3 we present our results and finally, in secti@n
we present our conclusions.

Monte Carlo method

We use a Monte Carlo method to propagate pri-
mary protons or heavier nuclei from their source at
redshift z to z=0. Following [2] we take the proba-
bility for a given primary of energy to be propor-
tional to xiAf‘_lE*a, i indicates the speciesl;

is the mass number, the coefficiemtsare given in

[7], and« is the spectral index of the source. The
choice of initial energy for the primary is done ac-
cording to a power law distribution with index
The power law distribution extends up to an energy
Emar = Z x EX  whereEH  is the maximum
acceleration energy for protons.

The choice of initial redshift of the particle is done
according to a given distribution redshift of cos-
mic ray sources. We took four different assump-
tions. The first is to assume that sources do not
evolve with redshift (hereafter called uniform dis-
tribution). The second is to assume a redshift de-
pendence that follows the old estimate of the star
formation rate of (hereafter oSFR), which evolves
as(1 + z)™ for z < 1.9, followed by a constant
2.9™ up to z=2.7, followed by an exponential cut-
off 2.9 exp(1—2/2.9). We taken = 3 as assumed
by most previous cosmogenic neutrino flux calcu-
lations. The third is to take instead a more recent
estimate of the star formation rate following (here-
after new SFR or nSFR), which evolves(as- z)?

for z < 1.3, followed by a constarit.3* up to z=6,
followed by sharp cutoff. The fourth is to assume
a stronger source evolution (hereafter strong evo-
lution) favored by the recent infra-red survey of
the Spitzer telescope [11]. We use the following
parametrization(1 + z)* for z < 1, followed by

a constant rate betwedn< z < 6 followed by a
sharp cutoff.

Once the choices of energy, particle identity and
redshift are made, the particle is propagated from

pled from an exponential distribution with an in-
teraction length such thati /X = >, 1/X;, where

the sum runs over all the possible interaction pro-
cesses. These include redshift, pair production and
photopion losses for all particles and photoerosion
losses for all nuclei heavier than protons. For the
case of redshift and pair production losses an ef-
fective interaction length is used, equal to about
a thousandth of the respective attenuation length.
This choice ensures that the steps are small enough
to correctly treat the evolution of the interaction
lengths with energy.

The calculation of the individual; is done using
recent theoretical calculations of the giant dipole
resonance cross sections (GDR) taken from [8]
or experimental data for quasi-deuteron (QD) and
barionic resonances (BR) as reported in [9]. For
the photon background we took into account the
CMB and recent estimations of the infra-red, op-
tical and ultra-violet backgrounds (which we will
generically refer to as IRB) taken from [10]. Ex-
amples of the\; for an Fe nucleus are shown figure
1. Figure 2 shows the IRB background for different
values of redshift.

Elron nuclei
z=0

6 7 8 9 10 11 12

log(y)

Figure 1. Interaction lengths for different pro-
cesses for an Fe nucleus interacting with the CMB
or IRB.

After each propagation step the interaction process
is chosen with a probability proportional g/ A;

(including redshift and pair production losses as
described in the previous paragraph). The energy
is then updated according to the given interaction
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Figure 2: IRB energy density for different values
of redshift.

process and a new propagation step is obtained us-

ing the updated energy. When a photoerosion pro-
cess occurs, all daughter nuclei are followed.

Neutrinos are produced by two kinds of processes:
isospin changing barionic resonances and neutron
decay. For the case of barionic resonances we only
considered the single pion production through the
A resonance +v — N’+m). The contrubutions
from higher energy resonances and multipion pro-

of source evolution considered. The overall nor-
malization automatically provides also a normal-
ization for the neutrino flux. A comparison be-
tween the propagated spectrum and the data from
HiRes is shown in figure 3, for three source evolu-
tion hypothesis (nSFR is very similar to oSFR and
is not shown) and the corresponding best values of
the spectral index anH,,,az". For the three cases
shown, the valuez?, . = 102°° compares well
with the data. A similar fit to AGASA data yields
the same values but a higher normalization by a
factor of about 1.8.
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Figure 3: Comparisson between propagated spec-
trum and data for the mixed composition model.

duction have a higher threshold and are suppressed

by the steep source spectrum (tipically of spectral
index of at least 2). For nuclei, the cross section
for the A resonance is even more prominent rela-

The resulting flux of neutrinos is shown in figure 4
for the case of the strong source evolution model.

tive to the other resonances. Our results in the caselt exhibits a high energy peak at arouna'® eV,

of protons agree very well with more the detailed
calculation of reference [4], validating this approx-
imation.

The single pion production through th& reso-
nance leads to a probability 1/3 of isospin flip of
the initial particle. In this case, a charged pion
is produced and, after its decay chain, contributes
three neutrinos.

Results and Discussion

The values of the spectral index and the max-
imum energy £9,,.) and an overall normaliza-

a lower energy peak at around'*® eV and con-
tinues to increase down to0'? eV. This overall
structure is maintained for the other three source
evolution models considered. The uniform evolu-
tion, however, results in a lower neutrino flux by
about an order of magnitude, illustrating the fact
that source evolution is an important parameter for
the neutrino flux.

It is interesting to note that the high energy peak
is the same regardless of the primary composition
assumed. It results from photopion interactions
of individual nucleons (either primaries or result-

ing from photoerossion processes of nuclei) off the
CMB photons. The lower energy structure has a

tion are chosen to reproduce the measurements ofiarger dependence on composition. Itis mainly due

AGASA or HiRes. It is possible to find good val-
ues ofa and EC __ for the four different models

max

to neutron decay and interactions of individual nu-
cleons off IRB photons.
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The obtained flux of neutrinos, and in particular
the high energy peak, are within reach of Auger or
other neutrino observatories such as ANITA or ICE
CUBE in the near future.
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We find a neutrino flux that extends from!'?

to 10'° eV. Such an extended energy range, as
compared with predictions from previous works,
is mainly due to the inclusion of the IRB. This flux
exhibits a peak at high energies (centered at around
108 eV) comparable to that obtained for a pure
composition hypothesis (assuming pure protons or
heavier nuclei). This peak results from the interac-
tion of individual nucleons (either primaries or sec-
ondaries that follow photoerosion processes) with
CMB photons. Such a robust prediction consti-
tutes a signature of the cosmogenic origin of such
a neutrino flux. On the other hand, the structure at
lower energies, and in particular the relative height
of the lower energy peaks to the high energy one,
depends on composition and the IRB. For a well
constrained IRB the low energy structure of the
neutrino flux could provide information on com-
position.
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