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Abstract: Cosmic rays interact with fields and background radiation as they propagate in space,
producing particle cascades of various sizes, shapes and constituents. The potential observation
of at least parts of such phenomena, referred to as cosmic-ray ensembles (CRE), from Earth would
open a new channel of cosmic-ray investigation, since it might be a manifestation of fundamental
symmetries of nature. Research dedicated to CRE is one of the main scientific objectives of the
Cosmic-Ray Extremely Distributed Observatory (CREDO) Collaboration, and with this article we
address one of the cornerstones of the relevant scientific program: the simulation method dedicated to
CRE studies. Here we focus on CRE resulting from synchrotron radiation by high energy electrons as
one of the most prevalent energy loss processes. Providing the example of simulation output analysis,
we demonstrate the advantages of our approach as well as discuss the possibility of generalization of
current research.

Keywords: cosmic rays; ultra-high energy photons; cosmic-ray ensembles; synchrotron radiation;
CREDO Collaboration

1. Introduction

The nature of ultra-high energy cosmic rays (UHECR; E > 10'® eV) has not been
completely understood yet, and thus remains among the most important problems of
modern astrophysics. There is a lack of convincing agreement both on the possible UHECR
sources and on their origination mechanisms [1]. Theoretical efforts to unveil the mystery of
UHECR origin circulate around two main approaches. According to the classical one, often
referred to as “bottom-up”, charged particles are accelerated [2] up to ultra-high energies
(UHE) at some groups of astrophysical objects (e.g., [3,4]), powerful enough to transfer the
highest energies detected to cosmic ray particles. The most plausible UHECR accelerators
are gamma-ray bursts, shock wave structures at active galactic nuclei, jets of radio galaxies,
etc. (see, e.g., [5-7] and references therein). The opposite view is represented within theo-
retical, “top-down”, scenarios, which rely on the existence of exotic super-heavy matter

Symmetry 2022, 14, 1961. https:/ /doi.org/10.3390/sym14101961

https://www.mdpi.com/journal /symmetry


https://doi.org/10.3390/sym14101961
https://doi.org/10.3390/sym14101961
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/symmetry
https://www.mdpi.com
https://orcid.org/0000-0002-7848-4207
https://orcid.org/0000-0002-1956-9948
https://orcid.org/0000-0003-3699-9955
https://orcid.org/0000-0001-7376-670X
https://orcid.org/0000-0001-6352-5339
https://orcid.org/0000-0002-0581-5423
https://orcid.org/0000-0002-6117-4894
https://orcid.org/0000-0001-7113-4709
https://orcid.org/0000-0003-3735-7620
https://orcid.org/0000-0002-3977-6514
https://orcid.org/0000-0003-2830-9133
https://orcid.org/0000-0002-5490-0835
https://orcid.org/0000-0001-5845-5487
https://orcid.org/0000-0002-2078-0580
https://doi.org/10.3390/sym14101961
https://www.mdpi.com/journal/symmetry
https://www.mdpi.com/article/10.3390/sym14101961?type=check_update&version=2

Symmetry 2022, 14, 1961

20f11

and its interactions resulting in the formation of lighter particles within UHE range [8-11].
Remarkably, neither approach rules out photons as UHECR, even though the approaches
significantly disagree about their fraction in the total UHECR flux, from few percent in the
acceleration models [12] to approximately a half otherwise [13]. New physics, e.g., Lorentz
invariance violation [14-16], could be another UHE photons relied test, since one of its
predicted consequences is the growth of the photon mean free path which should obviously
lead to the photon flux increase. For the time being, no detection of UHECR photons
has been reported by the main experiments, which sets up quite stringent limits almost
excluding top-down models under some additional assumptions [17,18]. This yet unex-
plained discrepancy between experimental data and theoretical expectations makes the
puzzle of UHECR photons existence not only challenging and exciting, but also extremely
important for current astrophysics. However, the current treatment of UHECR photons
non-registration could be imprecise, since it extrapolates low energy interaction models
on the UHE domain, which might lead to misinterpretation of experimental data. One of
the possible ways to explain the absence of registered UHECR photons is their negligible
chances to reach the Earth due to interactions with fields, radiation and matter while
propagating in space. Indeed, such processes inevitably result in generation of particle
cascades, discussed, for example, in [19-21], etc. Such cascades are hereafter referred to
cosmic-ray ensembles (CRE), and can differ by size, shape and constituents, correlated spa-
tially and/or temporarily. Since recently, such phenomena became a key scientific interest
of the Cosmic-Ray Extremely Distributed Observatory (CREDO) collaboration [22-24].

The main motivation of CRE-oriented research is its potential contribution to cosmic-
ray astrophysics because it could complement the up-to-date approach, aimed at detection
and analysis of individual cosmic rays. By contrast, the progress in the study of cosmic rays,
correlated on global scales, attempted mostly by educational arrays (for instance, [25-28]),
is slower mostly because of hardware requirements (need for detector array significantly
larger than already existing ones). For obvious reasons the development of a new detector of
the global size from scratch seems to be unfeasible in the nearest future; thus, a natural way
to overcome this issue is organizing already existing detector arrays and individual devices,
regardless of their type and size, into a widespread network for a joint data analysis. Some
promising ideas about the CREDO observational infrastructure along with preliminary
results obtained with its already operating elements are discussed in, e.g., [29-32].

In the present paper we propose a method of simplifying the processing of CRE simu-
lation results in order to estimate the physics parameters favorable for potential observation
of at least part of a CRE in terrestrial conditions. While simulating the formation of particle
cascades, at the current research stage we limited ourselves to synchrotron radiation, since
this process is inevitable in every astrophysical environment. For general reasons we chose
UHE electrons as the primary particles, assuming they are either accelerated up to their en-
ergies or arise in pair production acts by UHE photons. We illustrate the capabilities of our
method with the analysis of an example simulation run and argue that our approach to the
particle cascades simulation could be useful and informative in the CRE-oriented research.

2. Materials and Methods

We performed our simulations of primary UHE electrons propagation in a galactic
magnetic field using CRPropa (version 3.1) [33,34], an open access transport code, writ-
ten in C++ programming language and interfaced with Python, with the latter being a
recommended option for steering. It is designed as a toolkit providing the user with a
number of modules which could be called with a steering card. Each module implements
a separate aspect of simulation (sources, propagation, interactions, fields, observers, etc.).
The modules (including self-written) could be combined in accordance with a particular
task (see the details and examples at the official web page [35], where one can also find the
code itself along with installation instruction).

We aimed at tracking the secondary particles down to energies as low as 1 GeV,
the value corresponding to the capabilities of computational resources available (the limita-
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tions grow proportionally to the number of secondary particles, which, in turn, depends on
the energy range between the primary and the product particles). In case of synchrotron ra-
diation as the leading process of CRE origination, the secondary particles we are interested
in are synchrotron photons.

We developed an algorithm, later referred as the “CRE-Pro” script, which allows to
skip tracking of photons with CRPropa or another code designed for simulation of cosmic
ray motion. Since synchrotron photons in the majority of cases propagate linearly, there
is no need to track down every photon emitted within the simulation, which makes it
possible to dramatically reduce the amount of computing resources. Synchrotron emission
occurs while charged particles propagate in the electromagnetic fields, hence a natural way
to calculate the particle trajectories is solving the differential equations of motion using
iterative methods (see, e.g., [36] and references therein). The resultant trajectory of a particle
is an approximation of a sequence of propagation steps. The method we introduce in this
paper relies on the assumption that all the electrons emitted along a single propagation
step are distributed within a localized area of an observer surface, forming, in a sense,
the projection of the step onto this surface (Figure 1).

yA
Observer surface
Cl DCRE Al

Rpe

B
®

O a A X

Figure 1. Geometrical interpretation of the idea behind CRE-Pro script. Synchrotron photons emitted
along the propagation step AC of the electron, propagating in a transverse magnetic field B, are
confined within A;C; region of DcrEg size of the observer surface, located at a distance Rp from
the starting point. The propagation step has angular size a, Ry is the initial gyroradius of the
electron trajectory.

Consider an electron with the starting energy E propagating in a magnetic field with
the transverse component value B. Since the motion of the electron is influenced by the
Lorentz force, its trajectory usually looks like a spiral of variable curvature defined by

its gyroradius
_qymv; _ E

ST B B’ @




Symmetry 2022, 14, 1961

40f11

where m is electron mass, g is its electric charge, -y is its Lorentz factor and v | is its rotational
velocity. Thus, the angular size a of a propagation step with the length Dstep (AC arc in
Figure 1) is

Ds;
o~ Dstep

2

T @

We assume that synchrotron photons propagate along the straight lines tangent to
the electron trajectory at the points of emission. Therefore, such lines at the beginning
and at the end of a single propagation step define the edges of the step projection onto an
observer surface. The latter can be chosen arbitrary to match the geometry corresponding to
certain physics conditions. In this paper we limit ourselves to the simplest observer surface,
a plane. Such a simplification is acceptable in the majority of cases important for CRE
studies, because the observer is usually located far enough from the region synchrotron
emission is simulated in.

Within this approach we place the observer plane at a distance Rp from the beginning
of the propagation step perpendicularly to the tangent line at this point (Figure 1). The size
of the step projection, DcgE, as a function of &, B, Rp and E can be derived using the fol-
lowing geometrical considerations. Suppose the electron trajectory is completely contained
within the XY plane. The Cartesian coordinates of the starting point A of the step and its
ending point C in the chosen coordinate system are, respectively, (Rg, 0.0), and (Rg cos &,
Rg sina). The edges of the step projection onto the observer plane are, correspondingly, A;

(Rg, Rp) and Cy (go¢

cos

— Rp tana, Rp), so that

R
Dcre = A1C1 = Rg — ﬁ + Rp tana. 6)

Physics parameters, namely the electron energy E and magnetic field B, vary along
a small part of the electron trajectory such as a single propagation step. Thus, an extra
discussion is needed in order to treat the value we calculate, the step projection DcrE,
in a proper way. The CRPropa code used for the simulation of electron motion account
neither for the energy loss caused by the synchrotron emission of every single photon nor
for trajectory gyroradius changes along the step. Correspondingly, only the energy values
at the ends of propagation steps are stored, while the simulated photons are assigned with
the momenta equal to that of their parent electron. As far as the magnetic field is concerned,
its changes along a single propagation step are not likely to be significant since the step
sizes (fractions of a parsec) are usually much smaller than coherence length values in the
galactic magnetic field models (tens of parsecs). Still, CRE-Pro allows for excluding the
steps with abrupt changes of the magnetic field out of the analysis. However, we choose
the largest magnetic field value along a single step as well as the energy at its end, i.e., the
minimal energy along the step, to calculate the lower limit for the trajectory gyroradius,
and thus the upper limit for the step projection onto the observer plane.

3. Results

In this section we present some results drawn from the analysis of an example sim-
ulation run in order to prove the concept of CRE-Pro use for the CRE-oriented studies.
The initial physics conditions used for the CRPropa simulation of electron propagation are
listed below:

¢ The primary electron energy is 3.981 EeV

e The starting point of the primary electron is the Galactic center, the origin point of the
galactocentric coordinate system, (0.0, 0.0, 0.0)

*  Theinitial direction of the primary electron is (—1.0, 0.0, 0.0) (towards the Solar System)

*  The galactic magnetic field is described by the JF12 model [37]

¢  The minimum energy threshold is 10 PeV

¢ The synchrotron radiation threshold is 1 GeV
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The estimation of chances to register at least a part of a CRE on the accessible observer
surface with already existent or only planned detector arrays requires precise knowledge
of spatial distribution of the CRE constituent particles. By skipping the propagation of
synchrotron photons within CRPropa for the purposes described above, we lose precise
information on their distribution over the observer surface, knowing only the exact locations
of their emission points along the propagation step. Thus, the distribution of photons along
the step projection should be introduced artificially, since it is crucial for estimation of CRE
observation conditions, including the most extreme, and therefore, intriguing case of two
photon CRE. We limited ourselves with two cases of photon distribution over an observer
surface. The first of them, equidistant distribution of photons, is considered to provide
information on an average, in a sense, two-photon CRE.

Provided N photons are emitted along the propagation step (we sorted out all steps
with less than two photons generated, analyzing only those logically related to the definition
of a CRE; there are 592 steps meeting this condition (N > 2) in the chosen example), we
calculated the observer distances from the photons emission region for which 2 adjacent
photons on the step projection are located at a distance not exceeding the Earth size (from
now on in the text this value is denoted as Rp(y)). For the equidistant distribution of N
photons we used the condition

(N —1) - Dggpen = DcrE, 4)

by Dcre meaning the size of the step projection (Figure 1).
After inserting this condition into Equation (3), one obtains

(N —1)Dggysn cosa + Rg(1 — cos )

Ro@) = sina | ®

The resulting distribution of Rp(,) is shown in Figure 2.

Within another model of synchrotron photons distribution we considered proportion-
ality of corresponding distances between the photons emission points and their projections
on the observer surface was preserved. Such an approach,lately referred to as proportional,
can also treat the real distribution of synchrotron photons improperly since the energy of
the parent electron does not reduce at a constant rate due to different energies of the pho-
tons emitted. However, this assumption is more realistic than the equidistant distribution
of photons discussed above.

As far as we assume that all emitted photons reach the observer surface, we can also
skip the calculation of the photons’ exact positions at the latter, keeping in mind that the
distance between any photons at the observer plane forms the same fraction of the whole
step projection length as the ratio of the distance between correspondent emission points to
the step length. Thus, we calculate the distance between every pair of neighbouring photons
provided the distance between their projection points equals the Earth size (extreme case of
the two-photon CRE observation), and from the proportion

Diiv1 _ DEartn ©)
Dstep DCRE ’

where D; ;11 is the distance between the i-th and the (i+1)-th photons, obtain

(Dstep/ Djjs1) DEarin cos & + Rg(1 — cos )

RD(Z) - sin« @)

In order to follow the logic of parameter choice discussed above we use the value of
the parent electron energy at the end of the whole propagation step whereas among two
values of magnetic field, extracted at the emission points of the photons, the largest one
is chosen; thus, the computation of the low limit Rp ;) value is ensured. Since within the
proportional approach each pair of adjacent photons is being processed, potential changes
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of the magnetic field during a fraction of the step could be neglected, because they are not
likely to occur. As a result, for every propagation step containing N emitted synchrotron
photons we calculate N — 1 observer distances using (7). The largest of them represents the
most optimistic for our research case in terms of a two-photon CRE potential observation
at the Earth-sized surface.

Distribution of equidistant Rp(z) for every step

102 4

101 4

-2.0 -15 -1.0 -0.5 0.0 0.5 1.0
log(Rp(2)/pc)

Figure 2. The largest observer distances Rp,) for the “equidistant” photon distribution; every entry
corresponds to a single propagation step with N > 2 emitted photons (592 in total); the minimal and
maximal values plotted are 0.005 pc and 8.835 pc, respectively.

The distribution of Rp(,) for the whole example run is presented in Figure 3 (the
“proportional” case) whereas both considered approaches are compared in Figure 4. Every
entry on these histograms corresponds to a single propagation step of the parent electron.

Note that the abundance of entries in the lower bin of distributions plotted in Figures 2—4
is related to a significant number of steps with very few photons generated, which results
in low calculated values of Rp(2). This result is in a sense not physical and should be
ignored, but we presented these plots unchanged for illustrative purposes, to account for
all the steps which formally meet the definition of CRE (N > 2).

As one can deduce from the comparison of the two models of photon distribution over
the observer surface (Figure 4), the proportional approach results in expectations that are
orders of magnitude more optimistic regarding the distances from the emission region at
which the separation of two photons at the observer does not exceed the Earth size.
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Distribution of proportional Rpz) for every step

102 -

101 ]

-2 -1 0 1 2 3 4 5
log(Rp(2)/pc)

Figure 3. The largest observer distances Rp,) for the “proportional” photon distribution; every entry
corresponds to a single propagation step; the minimal and maximal values plotted are 0.005 pc and
317.336 kpc, respectively.

Rp(2) distribution comparison

m equidistant
[ proportional

102 |

101 -

-2 -1 0 1 2 3 4 5
log(Rp(2)/pc)

Figure 4. The largest observer distances R ) compared for “equidistant” and “proportional” photon
distribution models; every entry corresponds to a single propagation step.

We calculated observer distances for each pair of adjacent photons emitted along
a single propagation step of the parent electron. The resulting Rpy) distributions are
presented for several steps in Figure 5a—f along with the value of the corresponding
observer distance computed for the equidistant approach (vertical red lines). Extended
information on the physics parameters extracted from the simulation output for a particular
step is listed in Table 1.
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Distribution of Rp(z) for a single propagation step

Distribution of Rp(2) for a single propagation step

—— equidistant
W proportional

—— equidistant
mmm proportional

10°

10t

0 1 2 3 4 5 -1 0 1 2
109(Ro(2)/pc) 109(Ro(2)/pC)
(a) Step 6. (b) Step 23.
Distribution of Rp(,) for a single propagation step Distribution of Rp(z) for a single propagation step

—— equidistant 103 —— equidistant
W proportional

= proportional

-2 -1 0 1 0
log(Rp(2)/pC) log(Rp@2)/pc)

(c) Step 113. (d) Step 277.

Distribution of Rp() for a single propagation step Distribution of Rp(y) for a single propagation step

—— equidistant

10° —— equidistant 10°
W proportional

e proportional

-2.0 -15 -1.0 -0.5 0.0 0.5 1.0 -1.0

log(Rpr2)/pC) 10g(Ro2/pc)

(e) Step 342. (f) Step 400.
Figure 5. The largest observer distances Rp ) distribution for every pair of adjacent photons emitted

along a particular step.

Table 1. Information on proportional and equidistant distribution of photons over the observer
surface for electron steps, plotted in Figure 5a—f.

Max. prop. Equidist. Dstep, Photons Buax, Estart, Efinals
Rppy,pc  Rpp),pc mpc Emitted unG PeV PeV

Figure 5a 6 1.55 x 10° 6.016 2.49 55,419 555 3041.0 2764.6

Figure Step

Figure 5b 23 2.13 x 10* 1.212 10 243374 552  613.0 568.5
Figure5c 113 3.08 x 10° 0.136 10 18,2691 521 83.60  82.86
Figure5d 277  2.11 x 10? 0.017 10 39,984 532 3509 3496
Figure 5e 342 19.07 83 x 1073 10 15,392 576 2751 2741
Figure 5f 400 1.107 5.7 x 1073 10 4694 6.13 2252 2244

As it follows from the comparison of the respective data and plots, the propagation
steps corresponding to the higher values of the electron energy are more likely to produce a
two-photon CRE on the higher observer distances, which leads to expansion of the horizon
for its potential observation in the Earth-sized conditions. Such a conclusion is, in general,
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consistent with geometry resulting from the physics of a charged particle propagation in
the magnetic field. Indeed, smaller opening angles which separate a pair of synchrotron
photons correspond to larger trajectory gyroradii, which, in turn, are proportional to the
energy of the parent electron emitting these photons. Additionally, the energy loss rate
is higher as well; thus, more synchrotron photons are emitted, which decreases their
separation since the propagation steps are of almost equal size.

It is important to comment on the technical aspect of the CRE-Pro performance.
Provided the simulation parameters are of the same order of magnitude as those selected
for the given example, the typical running time for the CRE-Pro post-processing of the
CRPropa output file is ~1 h, while the simulation itself lasts for units of hours in case
tracking of the synchrotron photons (the part of simulation replaced with CRE-Pro) is
switched off. Otherwise there is a risk the simulation run is terminated due to running
out of memory (100 Gb of RAM) or timed out (exceeds 72 h). Such a problem is easy to
understand taking into account the number of particles to track: for ~10° GeV primary
electron and ~1 GeV synchrotron photon limit one should expect ~10° particles.

4. Discussion

The CRE-Pro algorithm, presented in this paper, is a helpful complementary tool for
research related to cosmic-ray ensembles. Due to the linearity of a photon trajectory in a
magnetic field, the propagation of numerous photons, emitted, for instance, by an electron
via the synchrotron mechanism, could be skipped, which allows for a gain of computational
resources. In practically important cases of a UHE primary generating a cascade of low
energy product particles, such an approach is one of a few practical ways to prevent a
simulation from termination. The flexibility of CRE-Pro is its additional advantage; since a
simulation output file already contains the coordinates of emitted photons, repeated runs
for the same setup are no longer required for different observers, because the observer
surface (its size, shape, spatial orientation) does not need to be predefined any longer.
Furthermore, CRE-Pro can be used not only for the analysis of CRPropa simulations,
but also for other codes providing similar output information.

The analysis of an example simulation run, performed by CRE-Pro, demonstrates that
even in case the number of physics processes is limited with such a “conventional” process
as synchrotron radiation, the concept of CRE observation at the Earth-sized observer is
promising even at Galactic scales. An extension of CRE-Pro use in application to the real
astrophysics scenarios (a more detailed analysis of the Galactic Center as the UHECR source,
as well as uniform distribution of UHECR sources over the Galactic halo) is presented
in [38]. In more sophisticated and detailed simulations the analysis performed with CRE-
Pro will become a substantial part of CRE-oriented research.
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Abbreviations

The following abbreviations are used in this manuscript:

CRE Cosmic-ray ensembles

UHE Ultra-high energy

UHECR  Ultra-high energy cosmic rays

CREDO  Cosmic-Ray Extremely Distributed Observatory
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