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Abstract. Recently CRPropa 2.0 has been released as a public software package to simulate the extragalactic
propagation of ultra-high energy nuclei. It includes deflections by extragalactic magnetic fields and all relevant
interactions with ambient photon backgrounds. Furthermore it provides the possibility to track secondary γ-rays
and neutrinos produced in the different reactions. This allows for the investigation of their connection with the
primary nuclei, the so called multi-messenger approach. In this paper CRPropa 2.0 is introduced, its different
components are discussed and two example applications are presented.

1 Introduction

Ultra-high energy cosmic rays (UHECRs), ionized nuclei
with energies that exceed 1018 eV, have been a subject of
intense research for more than 70 years. However their
sources, mass and propagation mechanisms are all still up
for debate. Arrival-direction data of the Pierre Auger Ob-
servatory indicate a correlation with the position in the sky
of nearby active galactic nuclei (AGNs) or more generally
with the nearby extragalactic matter distribution [1]. Mass
composition measurements by the Pierre Auger Collab-
oration suggest a significant fraction of heavy primaries
above 1019 eV [2], whereas data from HiRes and from the
Telescope Array [3, 4] suggest a proton dominance in the
same energy range. The flux-suppression in the energy
spectrum above about 5 · 1019 eV, as has been observed by
HiRes, the Pierre Auger Observatory and the Telescope
Array [4–6], could be a consequence of the GZK-effect
[7, 8], or of an energy limit in the acceleration at the
sources. To resolve these issues, a better understanding
of the effects of cosmic ray propagation through the local
universe is mandatory.

When UHECRs propagate through the intergalactic
medium (IGM) they lose energy in reactions with inter-
galactic background light and are deflected by extragalac-
tic magnetic fields (EGMFs). These effects alter the cos-
mic ray spectrum and composition that is injected into the
IGM by their sources. In order to get a better understand-
ing about the origin and nature of UHECRs, it is of ut-
most importance to understand the imprint of the prop-
agation and disentangle it from the UHECR properties at
their sources. This can be achieved by comparing the mea-
surements on UHECRs with model predictions. For this

purpose extensive simulations of the propagation of UHE
nuclei and their secondaries within given scenarios are re-
quired. CRPropa 2.01 [9], a publically available Monte
Carlo code, allows for such simulations.

With CRPropa 2.0 the extragalactic propagation of
UHE nuclei in realistic one- (1D) and three-dimensional
(3D) scenarios can be simulated. In these simulations all
relevant particle interactions as well as magnetic deflec-
tions can be taken into account. Furthermore the propaga-
tion of all secondaries produced in the various reactions,
including γ-rays and neutrinos, can be added. In this paper
an overview is given of the different features of CRPropa,
including as well two example simulations.

Throughout this paper natural units ~ = c = 1 are used.

2 Source properties and distribution

At the moment little is known about the sources of UHE-
CRs. Possible candidates are for example AGNs and
gamma ray bursts (GRBs). In CRPropa source candidates
can be simulated by specifying their distribution, injection
spectra and the UHECR composition at the source. Both
in 1D and 3D a continuous source distribution, follow-
ing a certain spacial density, or discrete sources, randomly
drawn from a spacial density or specified by hand, can be
implemented. The injection spectra can be specified either
as a power law with a certain maximum energy or rigidity,
or monochromatically. The injected composition can be
any combination of nuclei up to mass number A = 56.
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3 Propagation

When propagating through the IGM, UHECRs can interact
with ambient photon backgrounds such as the cosmic mi-
crowave background (CMB) and the cosmic infrared back-
ground (IRB). They can undergo pair production, pion
production and, in the case of nuclei, photodisintegration.
When heavy nuclei react in one of these ways unstable
nuclei can be produced, so the possible decay of these nu-
clei has to be taken into account as well. All these pro-
cesses are included in CRPropa and will be discussed in
more detail in the next sections. In these processes sec-
ondary photons, e+e− pairs and neutrinos can be produced.
CRPropa allows as well for the simulation of the produc-
tion and propagation of these secondaries. A module [10]
is included that solves the one-dimensional transport equa-
tions for electromagnetic cascades that are initiated by
electrons, positrons or photons taking into account single,
double and triple pair production as well as up-scattering
of low energy background photons by inverse Compton
scattering. Furthermore it is possible within CRPropa to
simulate the deflection of UHECRs and their secondaries
within EGMFs. In the 1D mode the effects of magnetic
fields are restricted to energy losses of e+e− pairs due
to synchrotron radiation within electromagnetic cascades.
However it is possible, in the 1D mode only, to specify the
cosmological and source evolution as well as the redshift
scaling of the background light intensity.

3.1 Pair Production

One of the relevant interactions for the propagation of
UHECRs is the creation of e+e− pairs on the CMB and
IRB. This is the most important reaction for the creation
of secondary photons in the TeV range. The mean free
path in this case is relatively short, however the energy
loss in each individual interaction is relatively small (about
2me/mp ≈ 0.1% per interaction, with me the electron mass
and mp the proton mass). Thus pair production can be
treated to good approximation as a continuous energy loss,
which is what is done within CRPropa. For details of the
implementation see Ref. [9].

3.2 Pion Production

Furthermore secondary mesons can be produced by UHE-
CRs in interactions with low energy photon backgrounds.
The production of pions in reactions of UHE protons with
the CMB, which leads to the GZK cut-off [7, 8], is an ex-
ample of this type of interaction. For photopion production
the energy loss per interaction is about mπ/mp ≈ 15%,
with mπ the pion mass. Thus this process is treated in a
stochastic way, taking into account the mean free paths
of all interaction channels. The mean free path for nucle-
ons is modeled by the SOPHIA package [11]. To obtain
the mean free paths for nuclei an effective scaling law is
employed with scalings of the cross sections with mass
number A. For further details of this scaling law and the
implementation of photopion production within CRPropa
see Ref. [9].

3.3 Photodisintegration

When considering nuclei, and not just free protons or neu-
trons, the process of photodisintegration becomes impor-
tant. For almost all nuclei there are several competing pho-
todisintegration processes of different cross sections which
need to be accounted for. In CRPropa the publically avail-
able TALYS software version 1.0 [12] is used to compute
most photodisintegration cross sections. However as the
nuclear models therein are only reliable for mass num-
ber A ≥ 12, additional photodisintegration cross sections
for light nuclei have been implemented. In total TALYS
was applied for 287 isotopes up to iron and cross sections
for 17 additional isotopes were modeled is different ways.
TALYS considers the separation of neutrons, protons, deu-
terium, tritium, helium-3 and helium-4 nuclei and combi-
nations thereof from the initial nucleus. In this way in total
78449 exclusive reaction channels are taken into account
within CRPropa. For details of the implementation and
of the way the 17 additional isotopes were modeled, see
Ref. [9].

3.4 Decay

Both by photodisintegration and photopion production
unstable particles can be produced, making nuclear de-
cay a relevant process in UHECR propagation. The im-
plemented decay channels in CRPropa are based on the
NuDat2 database [13] and include 434 different unstable
nuclei with mass number A ≤ 56 and charge Z ≤ 26. The
decays are modeled as (a combination of) α and β± decays
and the loss of single nucleons. For more details again see
Ref. [9].

4 Propagation Algorithm
In CRPropa a propagation algorithm has been imple-
mented that can handle the widely ranging reaction rates
of UHE nuclei. In this algorithm has been assumed that
all mean free paths λi, where i runs over all N possible in-
teraction and decay channels, are approximately constant
during a time step. As λ = λ(E) is in general a function
of the UHECR energy E, the numerical step size has to
be small enough to ensure that no significant energy loss
occurs. The algorithm works as follows:

1. The inverse total mean free path λ−1
tot = (

∑N
i=1 λi)−1

is calculated. From λtot a distance ∆x1 to the next
reaction is obtained in the following way

∆x1 = −λtot ln(1 − r) , (1)

using a uniformly distributed random number 0 ≤
r ≤ 1.

2. The fractional energy loss due to pair production is
limited by imposing a maximum step size ∆x2 given
by ∫ x+∆x2

x
dx

dEe+e−
A,Z

dx
(E) < δ E , (2)

where δ is the maximal allowed fractional energy
loss.
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3. The distance over which the particle will be propa-
gated is calculated by

∆x = min(∆x1,∆x2,∆x3) , (3)

where ∆x3 is an upper limit on the propagation step
that can be provided by the user, with typical values
of ∆x3 ∼ 0.1 − 50 Mpc. This increases the accuracy
of the calculation of pair production energy losses,
the accuracy of the γ-ray spectra coming from pair
production and the accuracy in the determination of
the deflections in magnetic fields.

4. If the particle ends up in a observer area after the
propagation step ∆x the particle is considered de-
tected and no further actions are performed.

5. If the UHECR does not reach an observer and ∆x =

∆x1, the particle is propagated over the path length
∆x1, where it performs an interaction. The specific
interaction undergone by the UHECR is obtained by
finding the smallest index i for which

i∑
a=1

λtot

λa
> w , (4)

for a uniformly distributed random number 0 ≤ w ≤
1. If ∆x = ∆x2 or ∆x3 and does not reach an ob-
server the UHECR is propagated over that specific
path length but no interaction occurs.

6. The continuous energy losses are applied and the
new particles produced in the interaction are added
to the list of particles to be propagated. This algo-
rithm is restarted again from the new position.

5 Observer

The observer can be specified in three different ways
within CRPropa. In the 1D mode a particle is detected
when its position is closer to the origin than the minimal
step size, which can be specified in the input file. In 3D
two different options are possible for the type of observer.
One possibility is that the particle is detected when its po-
sition reaches a certain distance from the source, in which
case only one discrete source should be specified. Ob-
server spheres of different radii can be implemented at the
same time. In the other possible case observers are de-
fined by small spheres at positions and of radii of the users
choice. A particle is recorded each time it enters one of
these spheres.

6 Examples

In this section two examples are given, one for a 1D sim-
ulation and one for a 3D simulation. In the 1D case cos-
mological and source evolution as a function of the red-
shift is implemented. Furthermore the simulation of sec-
ondary neutrinos and γ-rays are included in this scenario.
In the 3D example the effects of a source density and

EGMF following the large scale structure (LSS) baryon
density are shown. The LSS-EGMFs used in this scenario
were obtained from the cosmological simulations given in
Ref. [14].

6.1 1D Example

In Fig. 1 the results of two simulations are shown which
differ only in the composition injected at the source,
namely a galactic mixed composition (obtained from
Ref. [21], similar to the approach of Ref. [22]) and a
pure iron injection. In this way it is possible to inves-
tigate the effects of the poorly known initial composi-
tion. The additional parameters in these simulations are
as follows: the UHECRs are injected with an E−2.2 spec-
trum from a minimal energy of 1 EeV up to a rigidity of
R = E/Z = 384.6 EV. They originate from a continuous
source distribution with comoving injection rate scaling as
(1+z)4 up to zmax = 2. The cosmological evolution is char-
acterized by a concordance ΛCDM universe with a cosmo-
logical constant (Ωm = 0.3, Ωλ = 0.7) using a Hubble con-
stant of H0 = 72 km s−1 Mpc−1. The simulated UHECR
flux is normalized to the spectrum observed by the Pierre
Auger Observatory [15, 16] at an energy of 10 EeV and the
secondary γ−ray and neutrino fluxes are normalized ac-
cordingly. The neutrino limits and spectra are all for single
flavor neutrinos, assuming a ratio of 1:1:1. The reduction
of the flux of secondary neutrinos and γ−rays for pure iron
injection, shown in Fig. 1(b), relative to an injected mixed
galactic composition, Fig. 1(a), is due to photodisintegra-
tion dominating with respect to photopion production for
the heavier composition. Both scenarios are however com-
patible with the single-flavor neutrino limits [17–19] and
measured diffuse γ-ray flux [20].

6.2 3D Example

In the 3D simulations of Fig. 2 the effect of the presence of
a LSS-EGMF on the UHECR spectrum and composition
is investigated. In this scenario a (75 Mpc)3 simulation
box with periodic boundary conditions filled with the con-
tinuous source distribution following the LSS baryon den-
sity and the corresponding LSS-EGMF in the scenario of
Ref. [14] has been implemented. The further parameters of
these simulations are as follows: the UHECRs are injected
with an E−1 spectrum, which is reweighted afterwards to
a power law of dN/dE ∝ E−2.2 (in order to achieve suffi-
cient statistics at high energies), from a minimal energy of
1 EeV up to a rigidity of R = E/Z = 384.6 EV. A pure iron,
pure proton and mixed galactic composition are injected.
The detection occurs on a sphere centered around the ob-
server with a radius of ' 1 Mpc. The observer is placed
in a magnetic environment that is similar to what is found
in the vicinity of our Galaxy. The maximum propagation
time that the UHECRs have been allowed to propagate cor-
responds to 3000 Mpc.

Fig. 2(a) shows that the shape of the spectrum changes
for heavy versus light injected compositions. Furthermore,
the simulated spectra are not strongly affected by the pres-
ence of the LSS-EGMF or LSS source density. In contrast,
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(b) pure iron injection

Figure 1. Results obtained from Ref. [9] of a 1D simulation with CRPropa taking into account cosmological expansion and a comoving
source evolution scaling as (1 + z)4 up to zmax = 2. The simulated UHECR flux (black rectangles) has been normalized to the Pierre
Auger spectrum (red dots) [15, 16]. The spectra of secondary γ-rays (blue triangles) and neutrinos (magenta triangles) have been
normalized accordingly. The neutrino flux shown is the single-flavor flux, assuming a ratio of 1:1:1. This flux can be compared with the
single-flavor neutrino limits (black lines) [17–19]. Green stars show the isotropic γ-ray flux measured by Fermi-LAT [20]. In the left
panel a galactic mixed composition has been injected at the source while in the right panel a pure iron composition has been injected.

the propagated composition of the pure iron injection case
is affected by deflections, as shown in Fig. 2(b). This is
due to deflections increasing the propagation path length,
thereby enhancing interactions and reducing the average
mass number 〈A〉 at detection. Finally, Fig. 2(c) illustrates
that the LSS-EGMF has a strong effect on the horizon of
the observer (for energies E & 1 EeV), especially for the
heavier injected compositions. This is due to increased de-
flections and thus more interactions when heavier nuclei
are injected.

7 Conclusions

In Ref. [9] a new version of the public UHECR propaga-
tion code CRPropa, a numerical tool to study the effect of
extragalactic propagation on the spectrum, chemical com-
position and distribution of arrival directions of UHECRs
on Earth, has been introduced. It can handle all relevant in-
teractions for UHECR propagation, including the produc-
tion and propagation of secondary neutrinos and γ−rays.
Highly customizable realizations of source distributions
and magnetic fields can be implemented. With these pos-
sibilities it can be used to compute the main observable
quantities related to UHECR propagation, namely particle
spectra, mass composition and arrival direction on Earth,
with the accuracy required by present data.
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(a) energy spectra (b) mass spectra

(c) source distance vs travel time
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from Ref. [9]. Magnetic deflections of the UHECRs in the corresponding LSS-EGMF are taken into account in this 3D simulation. A
pure iron composition (black rectangles), a galactic composition (red triangles) and a pure proton composition (light blue dots) have
been injected at the sources.
(a), (b) UHECR flux and average mass number 〈A〉 as function of the energy at observation. Apart from the three cases for injected
compositions mentioned before, which are shown including deflections in the LSS-EGMF, a pure iron simulation without deflection is
shown for comparison (dark blue triangles). In the case of the UHECR flux a simulation with pure proton injection without deflections
and with a flat continuous source distribution (not following the LSS density) has been added for comparison as well (magenta stars).
The flux is normalized to unity in the first bin to allow for a better comparison of the spectral shape.
(c) Distance of the UHECRs from their source as function of the propagation time for all cosmic rays above 1 EeV, including a scenario
without deflections (dark blue line).
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