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Abstract: Experimental data on the properties of Ultra-High Energy Cosmic Ral#EQRs) above 0'® eV are open

to controversial interpretations. Data on the elongation rate and its fluctsatad®en by the Pierre Auger Observatory,
seem to indicate the possible presence of heavy nuclei in the UHECRwspeddn the other hand, data on UHECR
arrival directions seem to favor a lighter composition. It is thereforeomgmt to have tools to compute the propagation
of UHECR nuclei in the InterGalactic Medium (IGM), that may help clarifyséssues. To this aim, we extended the
public code CRPropa to propagate heavy nuclei, taking into account aélhant interactions they may undergo in the
IGM and also their deflections due to intergalactic magnetic fields. We will gheviirst results of the new code, both

on primary UHECR spectra and deflections and on the spectra of thedsgg@amma-rays and cosmogenic neutrinos.
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1 Introduction features can be generalized to the case of UHE-nuclei: it is
already able to compute the effects of photo pion and pair
Since the discovery of UHECRSs the question about theffroduction in the extragalactic background light by UHE-
origin and composition remains unanswered. Recentlpucleons and deflections in Extra Galactic Magnetic Fields
the problem of composition was addressed by the PierfEGMF). Additionally, it is possible to simulate the prop-
Auger Observatory and by the High Resolution Fly’s Eyegation of secondary and y-rays generated by interac-
(HiRes) exploiting the depth of the maximuk,.., of ex- tions. These and other features of the code only needed to
tensive air showers induced by UHECRs in the atmospheriee slightly modified to allow for nuclei propagation. More-
The Pierre Auger Observatory reports a gradual increase@ver, it is required to introduce reactions which are specifi
Xumax as well as a decline of the width RMS(,..) above to nuclei: photodisintegration, i.e. the splitting off afop
3 EeV, indicating an increase of the average mass nuribeitons, neutrons and light nuclei from the mother nucleus in
of UHECRs [1]. HiRes data o/ ... is instead compatible an inelastic scattering with a low energy background pho-
with a pure proton component [2]. Furthermore, the Pierrton. Also, radioactive decays of the daughter nuclei had to
Auger Observatory reported an anisotropy (at 99% confbe implemented. towards the observer within CRPropa.
dence level) on an angular scale- 3° in the southern sky
[3], but no such correlation has been found in the norther, .
hemisphere (HiRes) [4]. At the highest energies where th% Overview of CRPropa 2.0
Xmax Measurements run out of statistics, anisotropies de- ]
pend on composition, since the expected magnetic defle®s in the case of UHE-nucleons, UHE-nuclei lose energy
tion grows with the charge of CR nuclei. Thus, a detailed? Photo-pion and pair production reactions and are red-
understanding of the propagation of UHE-nuclei in a highlyhifted due to the expansion of the Universe. Addition-
structured and magnetized IGM might help understand tr@dly, nuclei photodisintegrate. In this reaction and inrpio

reported anisotropy as well as the differing results of th@roduction unstable nuclei might be created and will decay
relevant experiments. subsequently. In order to handle correctly the case of hucle

: : : ropagation a realistic modeling of nuclear de is there-
Among others, these considerations motivated the extan- pagation a realistic modeling of nuclear decay ere

sion of the publicly available version 1.4 of CRPropa ore required. In this section, we only shortly describe the

which was restricted to the case of primary UHE-proton actual changes made to version 1.4 of CRPropa. For those

to allow for the propagation of UHE-nuclei up to iron. CR_SfEatureg which re’.“a'f‘ed unchanged, we refer the reader to
. . : .the available publications on CRPropa version 1.4 [5].
Propavl.4is a very good basis for this effort as many of its
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Pair production(PP) is described as a continuous energguarantee an accurate and reasonably fast simulation pro-
loss and is computed for protons from the secondary specedure, we have implemented adaptive-stepsize propa-
tra given in [6]. For nuclei with charg&, mass numbeA  gation algorithmwhich adjusts automatically according to

and energy¥, the energy loss rate scales as [7] the length scales at hand. The algorithm works as follows:
using a random numbér < p < 1, we sample a timestep
0Baz(7) _ o (5Ep(7)) (1) At after which an interaction takes place according to
ot ot '
Aty = —Aln(p). 3)

Secondary electromagnetic cascades induced by pair pro-

duction can also be simulated. Here, the total mean free path = (A1) is the
Also, pion production(rP) can be straightforwardly ex- inverse sum of the individual reaction ratas®, where
tended from nucleon to nuclear case. Since the centgr— {PD, 7P, ND}. HoweverAty, in general is not equal
of-mass energies involved P are much larger than the tg the propagation timestelt,,.o,, ratherAt .o, < Aty
binding energy per nucleottys /A ~ 8 MeV, we can ne- This limit is essentially due to two reasons: firstly, we
glect the binding energy and approximate as a reaction must ensure that the propagated distance is less than the
involving Z protonsp and(A — Z) neutronsa. The inverse djistance to the next observer. Secondly, we should ensure
mean free path\~! for pion production on a nucleus canthat the energy remains approximately constant during the
then be written as an appropriate sum of the inverse megtestep. In fact, because pair production is modeled as a
free paths of the constituent nucleons continuous energy loss, a particle should lose energy gurin
the propagation step. Neglecting this energy loss duriag th
)‘(Al,Z) =2z P A-2)A @) calc%la?io?l of deflec?ions?esultsgin a nume?i)(/:al error}fmrq[
determination of the timestefit;,; as well as an error in
the position finally reached after the propagation step. To
ensure that these errors are small, it is necessary to impose
the constraini\t,,., < At on the maximum distance a

cha(;ge? , Or of a proton of netLrJ]tron, re?pectlveli/. Ifsaop||:0|_r|1| article may travel through EMGF before pair production
production occurs, we use the event generator Asses are calculated.

[8] to calculate the energy lost by the interacting nucleon

(which subsequently leaves the primary nucleus) and to

compute the non baryonic secondaries. 3 CRPropa 2.0 showcase

The most important interaction for nuclei ghotodisin-

tegration (PD). In a photodisintegration reaction nuclealCRPropa has many options to tune simulations to the spe-
fragments, mostly neutrons and protons, become dissocific needs of the user. The most important ones are the
ated from the parent nucleus. The dominant reaction chachoice of either a one dimensional (1D) or a three di-
nel is usually the resonant splitting off of a single nucleonmensional (3D) environment, the choice of an observer (a
but in specific cases - especially at higher CR energiessphere at a fixed distance from the source or an observer at a
other channels may become relevant. The needed photofiided position) and the choice of point like or continuously
clear cross sections fot > 12 have been calculated using distributed sources. Among these options, the selectian of
the numerical package TALYS [9]. For lighti(< 12), sta- 1D or three 3D environment has the largest impact. Indeed,
ble nuclei we use parametrizations motivated in [10] or than a 1D simulation the distance and therefore the remain-
total photo nuclear reaction channel as discussed in [11hg propagation time to the observer is known in advance
In the latter case, we assume the ejection of one protonahd therefore redshift dependent effects (e.g. cosmalbgic
Z > (A—Z) or of aneutron otherwise. In case4f= 27, evolution) can be taken into account. In 3D simulations
both single nucleon channels are used with equal probabine can calculate the deflections in Large Scale Structured
ity. (LSS) EGMF. In the following section we present example

As stated above, photonuclear reactions may result in tgmulations to demonstrate some of these possibilities.
production of unstable nuclei, which may then underge

clear decay(ND). In CRPropa 2.0, we use half life times 3.1 1D: Secondaries and Cosrndogical Evolution

and decay channels from the NuDat2 database [12] and we

treata and 3+ decays, as well ag andn dripping. Ad- In a 1D simulation it is possible to include source evolu-
ditionally, nucleon dripping is used to move a nucleus totion and other redshift dependent effects. Additionalig t
wards the valley of stability if no information on that nu- propagation of secondary electromagnetic cascades is nu-
cleus is available in the nuclear database. merically efficient since all cascades follow the same path
In general, the length scales associated to the different ignd therefore the transport equation needs to be solved only
teractions can differ by many orders of magnitude as @nce, at the end of the simulation.

function of the energy and of the nucleus under consideré&s an example we present in figure 1 a simulation us-
tion. This particularly applies to the case of the nuclear deéng two different cosmological evolution scenarios for
cay linked with widely varying half life times. In order to the UHECR sources: a uniform scenario with constant

Here, the mean free pathhy = \;(v) is again a function
of the Lorentz factor and the subscrigt, Z) , p, n denote
the mean free path for a nucleus of mass numbemnd
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Figure 1: Spectra of primary cosmic rays (solid lines) an E [Eev]
secondary (dotted lines) and (dashed lines) for two dif- 100 N T IEI/lEQV = 1|00|0;;|C}iﬁtl< ECUUI
ferent continuous source evolution scenarios: FRII (hlacl
upper lines) [13, 14] and an uniform source evolution (grey:<’
lower lines). The triangles denote the UHECR spectrur o
measured by the Pierre Auger Observatory. For compais
son, the Fermi LAT measurement of the extra galactic di1§ 60
fuse~y emission [15] and the upper limit on the UHE tau-
neutrino flux from the Pierre Auger Observatory [16] mul-
tiplied by three are shown. For further details see text.
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UHECR injection rate and a strong cosmological evolutiol .
scenario based on the evolution of Fanaroff-Riley Il (FRII [ AR B S B N 1 AS] BT
radio galaxies [13, 14]. The primary cosmic ray componer 1 10 100
is injected with a mixed composition with galactic abun- E [EeV]

dances and with a power law spectrutiV/dE o E~¢ . _ .
with a = 2.4 for the FRII model andv = 2.2 for the uni-  Figure 2: Simulated energy spectrum and mass composi-

form model between a minimal energy,., = 5- 1017 ev  tion in a 3D type simulation. In the upper panel the sim-
and a maximum energ¥.,.x = Z-10%2 eV. In this simula- ulated cosmic ray spectrum (solid line) is compared with
tion, the cosmic ray component was normalized to the spele spectra measured by HiRes [18] (crosses) and by the
tra from the Pierre Auger Observatory [16]%t 10!8 ey Pierre Auger Observatory [19] (stars). The straight dashed

which in turn determines the normalization of the secline represents the injected power law spectrum. In the
ondary spectra. lower panel the solid line shows the average mass while

tge dashed line shows the proton fraction as a function of
gnergy. Details of the simulation are discussed in the text.
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While here we restrict ourselves to a simple example,
detailed study which aims at the prediction of the flux o
secondary UHE-photons and neutrinos on the basis of CR-

Propa 2.0 (beta) is presented at this ICRC [17]. sity representing a galaxy cluster and one source consider-
ably closer at a (CenA-like) distance of abdipc to gen-
3.2 3D: Composition and UHECR Astronomy erate anisotropy. This corresponds to a source density of

2.6 x 10~° Mpc™3. With this setup, UHECRs with mixed
In 3D mode CRPropa can simulate deflections in EGMFEomposition were injected from the positions of the 11
In LSS simulations with limited box size we apply cyclic sources and we applied weights to the individual trajecto-
boundary conditions on the surface of the simulation bosies later, such that the simulation represents a mixed com-
such that a particle leaving through one side of the box igosition with abundances following the galactic abundance
immediately injected at the opposite side of the next boxX21]. In order to roughly fit experimental data, nuclei heav-
This approach generates automatically a background of fear than He were given &0 times higher abundance than
away sources if the maximum time that a UHECR willin the galactic composition. For the background sources
travel is chosen large enough. we used a maximum energy,,.. = Z x 2-10%° eV and
In figure 2 we show a simulation with mixed composition? SPectral indexv = 2.5, while for the nearby source we
of approximately2 - 10° trajectories injected in a LSS mag- assumed a maximum energy, ., = Z x 10 eV and a
netic field with a box size of75 Mpc)®, as in [20]. Inside spectral indexy = 2.0. The relative strength of Fhe ngarby
the simulation box we placed 11 sources, 10 in an overdefiource compared to the background sourcass. With
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