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We present a new energy transport code that models the time dependent and non-linear evolution
of spectra of cosmic-ray nuclei, their secondaries, and photon target fields. The software can inject
an arbitrary chemical composition including heavy elements up to iron nuclei. Energy losses and
secondary production due to interactions of cosmic ray nuclei, secondary mesons, leptons, or
gamma-rays with a target photon field are available for all relevant processes, e.g., photo-meson
production, photo disintegration, synchrotron radiation, Inverse Compton scattering, and more.
The resulting x-ray fluxes can be fed back into the simulation chain to correct the initial photon
targets, resulting in a non-linear treatment of the energy transport. The modular structure of the
code facilitates simple extension of interaction or target field models.
We will show how the software can be used to improve predictions of observables in various
astrophysical sources such as jetted active galactic nuclei (AGN). Since the software can model
the propagation of heavy ultrahigh-energy cosmic rays inside the source it can precisely predict
the chemical composition at the source. This will also refine predictions of neutrino emissions
–– they strongly depend on the chemical composition. This helps in the future to optimize the
selection and analyses of data from the IceCube neutrino observatory with the aim to enhance the
sensitivity of IceCube and reduce the number of trial factors.
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1. Introduction

We are at the beginning of the multi-messenger astrophsysics era. More and more astrophysical
objects are observed in different wavebands, where the quasi simultaneously observation of M87 [2]
is the outstanding example. For some sources we do have evidence for observations across different
messengers, e.g., TXS 0506+056 [1]. To understand these precise observations an improved
modelling of transport and radiation processes is required, that can resemble neutral messengers
such as neutrinos and gamma rays. Having in mind, that the origin of ultra-high energy cosmic rays
(UHECRs) is still unclear and that the composition of the cosmic-ray spectrum is one of the key
observables at the highest energies, such models should also include a sophisticated description of
transport and loss processes of heavy nuclei in the source. Many of the promising source candidates
such as jetted active galactic nuclei (AGN) form environments, where especially the photon target
fields are varying in time and are influenced by the CR population itself. In contrast to the good time
resolution, the emission regions are often not well spatially resolved, which allows for a simplified
one dimensional model.

In this work we describe the concept of a cosmic-ray energy transport code, that allows for
non-linear, time evolving modelling of CRs up to iron including all charged and neutral secondary
particles.

2. Theoretical Model — Energy Transport Equation

As discussed in the introduction a full three dimensional model of the cosmic-ray transport
and interactions is often not necessary: either because observations are limited by poor resolution
of instruments or information on arrival directions is not needed, e.g., for the analysis of energy
spectrum and composition of ultra-high energy cosmic rays (UHECRs). In these cases a one
dimensional energy transport equation is a well motivated description of the relevant processes. It
can be formulated as:

𝜕 𝑓 𝛼 (𝐸, 𝑡)
𝜕𝑡

= − 𝜕

𝜕𝐸

(
d𝐸
d𝑡

𝑓 𝛼
)
− Γ𝛼 𝑓 𝛼 +

∑︁
𝛽

𝑄𝛽𝛼 𝑓 𝛽 + 𝑆𝛼 , (1)

where 𝑓 𝛼 is the spectral number density of species 𝛼, which is influenced by continues losses
(d𝐸/d𝑡), catastrophic loss Γ𝛼, re-injection from the same or different species 𝑄𝛽𝛼, and sources and
potential sinks 𝑆𝛼. Here, the usual spatial transport terms describing diffusion and advection of
particles are absorbed into an potentially energy dependent escape time 𝜏esc, which is part of Γ𝛼.
This escape time depends on the assumed transport model and the geometry of the emission region.
All loss and gain terms are in general energy dependent and potentially depend on the photon target
background. The photon target field is assumed to be isotropic in the emission zone frame and is
discretized on a logarithmic equally space grid with 161 bins and 𝐸ph = (10−19 − 10−3) GeV.

Equation 1 can be discretized in energy 𝑛𝑖 =
∫ 𝐸+

𝑖

𝐸−
𝑖

𝑓 (𝐸) d𝐸 , where 𝑛𝑖 is the number density of
a species at bin center 𝐸𝑖 derived by integrating the flux from the lower bin edge 𝐸−

𝑖
= 𝐸𝑖 × 10−𝛿/2

to the upper bin edge 𝐸+
𝑖
= 𝐸𝑖 × 10+𝛿/2. The energy spectrum is then represented by a vector of

length 𝑁bin. For this code we chose an logarithmic equally spaced energy grid with 300 bins from
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𝐸 = (10−3 − 1012) GeV. Low energy photons, called x-rays in the code, are captured on a lower
energy grid with the same binning but 𝐸x−ray = (10−18 − 10−3) GeV.

With that the time evolution of the number density of species 𝛼 can be formulated by:

𝑛𝛼𝑖 (𝑡 + Δ𝑡) = 𝑇
𝛼𝛽

𝑖 𝑗
(𝑡)𝑛𝛽

𝑗
(𝑡) . (2)

Here, 𝑇 𝛼𝛽

𝑖 𝑗
is the transition matrix that that describes the energy flux from species 𝛽 at energy 𝐸 𝑗

to species 𝛼 a energy 𝐸𝑖 . It is composed of the normalized secondary spectra (yields) and the
interaction probability. This technique is based on implementation of the matrix multiplication
method for cosmic-ray transport as described in [10–12] and more recently in [13]. The yields
and interaction probabilities are based on well established Monte Carlo generators or analytical
approximation of the individual processes (see section 3.3 for details). When energy gains, due to
acceleration are ignored the transition matrix is an upper triangle-matrix.

3. Implementation — Framework and Design

When not only an electron-proton plasma but all relevant cosmic-ray nuclei should be included
in a transport model this requires to track spectra of potentially several hundreds of isotopes
simultaneously. Making it necessary to structure the code in such a way that the creation of
transition matrices and species spectra is handled fully automatized. Therefore we decided to
create a modular code, based on four physics motivated building blocks: Species, Targets,
Interactions, and the Simulation class. The main code is written in python where some
computation intense calculations are taken from the Fortran code CR-ENTREES [13] and made
accessible via f2py. All tabulated data for branching ratios, interaction rates or pre-calculated
yields, as well as all simulation results are stored in the hdf format, which is very efficient in disk
usage, write and read times, and well supported in most modern programming languages allowing
for very flexible post-processing tools. Thanks to the modular structure all parts of the code can be
used and tested independent of each other. In the following we explain each of them in more detail.

3.1 Species

The Species class is the central structure of this software, holding all essential information of
a cosmic-ray or secondary particle. This includes elementary information like a particle identifier1,
but also arrays of the particle spectra as defined in equ. 2, and the transition matrices. In addition,
information of current parent and secondary species is stored, which is useful to track interaction
networks but also needed to remove species from the simulation chain (see Immediate Interaction
in section 3.4). Manipulation of spectra, adding or removing interaction, (re-) calculation of
transition matrices and storing selected information for post-processing is realised with variety of
different class methods. In principle all information on spectra, transition matrices, and more are
accessible at any time of the simulation for all species, making testing of separate parts of the code
very convenient. During a simulation run one instance of the class is created per tracked species.
Species can be initialized with arbitrary source spectra, allowing for completely customizable energy
dependent source spectra.

1We use the same PDGMC identifier convention that is also used in other UHECR codes, e.g., in CRPropa [3].
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3.2 Targets

The Targets class is similarly structured as the Species class. It mainly contains information
on the energy spectrum of the target species. Currently only photon field targets are implemented
(see section 2) but the code allows for an easy extension to hadronic targets, e.g. gas from
the interstellar medium, too. Also the photon target spectrum can be filled arbitrarily by the
user, however, some convenient target field models including black body radiation or power law
distributions are provided.

Non-linear models require an option to feedback produced secondary photons back into the
target flux. This is done by an interpolation routine mapping the finer energy resolution of the x-ray
species (20 bins per decade) to the coarser target energy grid (10 bins per decade). The Targets
class can differentiate between external and internal target fields, where only the internal ones are
subject to non-linear updates.

3.3 Interactions

The Interaction base class provides general functionality to either load pre-calculated yields
and interaction rates or calculate them, when the relevant data is not available. We decided to not
ship all pre-calculated yields with the software as this would lead to very large amount of data that
have to be transferred together with the program code. Therefore, the new yields (not integrated
over the photon target field) will be stored to speed up future simulations the first time an interaction
is used for a new installation of the program. In addition to loading or calculating the raw yields and
rates the Interaction class contains methods to perform the integration over the photon target
fields, too. In the following, we describe the assumption and approximations that went into the
design of each Interaction class.
Nuclear Decay Decay of not only radioactive nuclei but also charged pions, kaons, and muons is
included in the framework.2 For the nuclear decay we assume boost conservation from parent to
daughter nuclei and nuclei secondary projectiles (e.g., 𝛼-particles), leading to a diagonal transition
matrix. Energy spectra for electrons/positrons are analytically calculated in the nucleus rest frame
and boosted to the emission zone frame; the corresponding neutrino spectra are derived based on
energy conservation. Relevant information on q-values, decay time scales and branching ratios
are shipped with the code but the yields are calculated when a radioactive species is added to the
simulation for the first time.
Photo-Meson Production Photo-Meson production is based on the SOPHIA 𝛾-nucleon event
generator code [8]. Yields and secondary rates for protons and neutrons are tabulated and part of
the code. For heavier nuclei we apply a superposition ansatz. In this approximation, the nuclei
cross section is described by the weighted sum of proton and neutron cross sections: 𝜎𝛾𝑁 =

𝑓 (𝐴, 𝑍)𝜎𝛾𝑝 + 𝑓 (𝐴, 𝐴 − 𝑍)𝜎𝛾𝑛, where 𝑓 is an phenomenological description of nuclear effects, 𝐴
is the mass and 𝑍 the charge number.
Inverse Compton Scattering Inverse Compton (IC) scattering is implemented following the ap-
proximations given in [10]. Together with synchrotron radiation the IC process is able to produce
x-rays which can be used for non-linear feedback for the photon target.

2Neutral kaons and pions decay even at the highest Lorentz boosts faster than all relevant time scales that instead their
decay products are included in the simulation.
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Electromagnetic Pair Production Bethe-Heitler pair production for protons is implemented fol-
lowing a modified approach of the description of rates and yields as given in [12]. For nuclei an
scaling approach will be implemented where the interaction rate of nuclei scales with the square of
the charge number 𝜏−1

N = 𝑍2𝜏−1
p and the inelasticity scales with the mass number. Pair production

due to gamma-rays interacting with the target photons is included, too. For both processes yields
and interaction rates are pre-calculated included with the software.
Synchrotron Radiation Synchrotron radiation is included for all charged particles. In combination
with the individual treatment of muon, and charged mesons, this gives a more precise description
of the emission region especially for strong magnetic fields as the energy loss time scale can be
significantly smaller than the decay time scale. Interaction rates and yields are calculated for
a given magnetic field strength on the fly and updated when the magnetic field changes during
the simulation. Quantum correction for very strong magnetic field based on [4, 9] are included.
Electron synchrotron radiation is one of the feedback sources for the photon target field. Based on
user input synchrotron self absorption on the electron population can be included as defined in [14].
Photo-Disintegration We used Talys [5] to generate branching ratios and other relevant information
for photo-disintegration. Since the number of fragmentation channels and with that the number of
secondaries can grow very large, the interaction rates and yields are not shipped with the code. As
for the nuclear decay, yields will be calculated when needed and stored for later use.

3.4 Simulation

The Simulation class steers the actual simulation and holds relevant global parameters such
as the timestep, magnetic field strength emission region size, etc. It advances the simulation time
from 𝑡 to 𝑡 + Δ𝑡 by triggering the multiplication of each species’ spectrum with their transition
matrices. Furthermore, it makes sure that newly created species are added to the simulation chain
and initiates the calculation of all relevant transition matrices by adding all general interactions to
the new species. In a non-linear model, the simulation class will also take care of updating the
target fields and re-calculate all affected interaction rates and yields. Lastly, it organizes writing
spectra and further information to disk for the analysis.
Immediate Interaction To speed up the simulation it would be advantageous to remove species
from the simulation chain that have very low survival probability; meaning their flux is reduced
to almost zero within a single timestep, e.g., species with very short decay times. However, their
secondary particles might be stable, and therefore relevant for the simulation result, and they might
even be constantly produced. To remove such an unstable species 𝑆 consistently from the simulation
chain, their parent species’ (𝑃) transition matrices have to be updated that they directly transfer to
𝑆’s daughter species 𝐷: 𝑇𝑃𝑆 → 𝑇𝑃𝐷 (see fig. 1 for a schematic view). This procedure is handled
by a method called immediate interaction and the threshold survival probability can be user defined.

4. Testing and Examples

Where available the software is validated against analytical solutions or approximations. This is
especially applied to simple models where all interactions are tested separately. Since this software
is an extension to the energy transport code CR-ENTREES, we make sure that the solutions agree
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Figure 1: The left part shows the transition scheme of species 𝑆: It is produced by parent species 𝐴 and
𝐵 and creates secondaries species 𝐶 and 𝐷. Above an interaction probability 𝑝 > 0.95 for all energies the
immediate interaction can be executed, which give the transition scheme on the right. Parent species 𝐴 and
𝐵 directly produce the daughter species 𝐶 and 𝐷.

with each other in more complex models, when only electrons and protons are considered as primary
particles. The reader is referred to an upcoming paper for detailed discussion of the test cases.

In the following, we discuss two examples that show some of the capabilities of the new
software:
Nuclear Decay of Ne31 The radioactive neon isotope Ne31 decays through several stages with very
different decay time scales. Therefore, it makes a good candidate to test the immediate decay feature
of the software. In doing so, two simulations only taking nuclear decay into account were done,
one with and without the speed up. Ne31 and all decay products were modelled with a propagation
time step Δ𝑇 = 1010 s. Figure 2 shows on the left the number densities derived for the two models.
No differences in stable particles are observed at time 𝑡 = 50Δ𝑇 .

The simulation time is decreased on the order of ∼ 10 percent, but strongly depends on the
chosen interaction probability threshold, time step and decaying element.
Photo-Meson Production To emphasize the importance of models including heavy nuclei we run
two simulations of photo-meson production (PMP) on a black body target field with a temperature
of 𝑇BB = 27.3 K and a propagation time step Δ𝑇 = 3 × 1013 s: Once we use protons as the primary
species and once we use iron. All other processes, such as photo-disintegration or nuclear decay,
are excluded. Figure 2 shows the spectra of the two simulation on the right. We compare the
gamma-ray — from 𝜋0-decay — and total cosmic-ray fluxes with each other after 100 simulation
steps. On of the main reasons for the large difference in the spectra is the decreased energy per
nucleon for heavy elements compared to protons at the same energy.

5. Summary and Outlook

We presented a new simulation framework that is capable to model the fully non-linear time
evolution of heavy nuclei and their secondaries, including gamma rays and neutrinos. Although the
main focus of the code is an accurate description of transport and interactions in dense and time
variable photon fields, as we expect them in UHECRs and neutrino sources, its modular structures
allows application also in other fields of astroparticle physics. All major interaction channels with
photon target fields for leptons and nuclei are included as well as synchrotron radiation, adiabatic
energy losses, and particle escape.
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Figure 2: Number densities of active species for the two examples. Left plot: Comparison of spectra
produced in the nuclear decay chain of Ne31. Solid colored line correspond to a model without immediate
decays, dashed black lines show results taking immediate decays into account. Right plot: Comparison of
gamma-, and cosmic-ray spectra from photo-meson production for the injection of Fe56 (colored solid lines)
and protons (black lines). Note, that nuclear was ignored in this simulation.

To deal with the large amount of species that need to be tracked for such heavy nuclei models a
dynamic species management was developed that allows to add or remove species on-the-fly, which
can reduce the computation time. All input and output data are stored in hdf files, making them
efficiently available in many different post-processing tools. After some final optimizations in the
treatment of photo disintegration the code will applied to model different astrophysical sources.

As one of the first source classes we will take a closer look at the very numerous low luminosity
radio galaxies, namely Faranoff Riley (FR) 0 galaxies, which have been proposed as sources of
UHECRs [7]. Since they might provide a significant portion of the UHECR flux their emitted
source composition is of special interest [6].

In addition, this software is also tailored to model time dependent neutrino emission profiles
in high photon target density source more accurately than ever, as the production rates of different
heavy nuclei can be directly taken into account. This will help to pre-select interesting sources for
the IceCube neutrino telescope and with that reduce the amount of necessary data reduction.
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