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Cosmic Ray Ensembles (CRE) are yet not observed groups of cosmic rays with a common
primary interaction vertex or the same parent particle. One of the processes capable of initiating
identifiable CRE is an interaction of an ultra-high energy (UHE) photon with the solar magnetic
field which results in an electron pair production and the subsequent synchrotron radiation. The
resultant electromagnetic cascade forms a very characteristic line-like front of a very smallwidth (∼
meters), stretching from tens of thousands to evenmanymillions of kilometers. In this contribution
we present the results of applying a toy model to simulate detections of such CRE at the ground
level with an array of ideal detectors of different dimensions. The adopted approach allows us to
assess the CRE detection feasibility for a specific configuration of a detector array. The process
of initiation and propagation of an electromagnetic cascade originated from an UHE photon
passing near the Sun, as well as the resultant particle distribution on ground, were simulated using
the CORSIKA program with the PRESHOWER option, both modified accordingly. The studied
scenario results in photons forming a cascade that extends even over tens of millions of kilometers
when it arrives at the top of the Earth’s atmosphere, and the photon energies span practically
the whole cosmic ray energy spectrum. The topology of the signal consists of very extended
CRE shapes, and the characteristic, very much elongated disk-shape of the particle distribution on
ground illustrates the potential for identification of CRE of this type.
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1. Introduction

Within this work we consider electromagnetic cascading of ultra-high-energy (UHE) photons
transversing regions nearby the Sun. We present the results of simulations of this process, from the
origin of the corresponding shower to the propagation down to the ground level on Earth as well as
the simulated detected signal. The electromagnetic cascades front is expected to be an extended thin
particle distribution that might extend from thousands to millions of kilometers. The simulations
reveal that the topology of footprint on Earth consists of an extended line with a rather elliptical or
circular core depending on the angle of incidence. In order to provide a good characterization of the
distribution, special care of the appropriate physics of the cascade development and particle tracking
is taken in the simulations. The cascading process consists of magnetic pair production in which
the produced electron-positron pairs will emit photons through Bremsstrahlung. Moreover, those
produced photons bearing high energies will in turn undergo magnetic pair-production and repeat
the process. The resulting cascade nearby the Sun therefore comprises thousands of photons and
several 4+4−, whose extended distribution develops while propagating towards the Earth, traveling
a distance of ∼ 1.5 × 1011 m. These superpreshowers (SPS) carry many more secondary particles
that preshowers originated in the geomagnetic field that comprise only a few hundred particles with
a very narrow spatial distribution, of less than 1 m.

Our study is an alternative approach to the standard searches of UHE photons that might
be produced from the decay of dark matter particles [1–3] or produced by the Greisen-Zatsepin-
Kuzmin (GZK) effect [4, 5], i.e., high energy particle or ions interacting with the cosmic microwave
background, as seen from the steepening of the cosmic rays spectrum about the 4 × 1019 eV energy
value.

The main purpose of this work is to demonstrate the feasibility of detection of CREs on the
surface of the Earth. We use the simulated preshower cascade as an input into the simulation for
detectors at the ground level and choose a fixed array of detectors with variable size. Such variation
allow us to set up threshold for identification of the CRE footprint under ideal conditions of total
detector efficiency. The obtained results represent a step forward towards optimization of global
CRE detection within the CREDO initiative [6].

2. Simulations

The simulations in this work were carried out using the CORSIKA program with the option
of loading PRESHOWER. Both codes were modified in order to meet our chosen configurations
and physical conditions. When considering the contribution of the magnetic field of the Sun to the
SPS effect within our simulations, we choose either a simple dipole approximation or the so called
dipole-quadrupole-current-sheet (DQCS) model [7], see figure 1 for a schematic representation.
Within the dipole approach, the value of the magnetic moment that produces the magnetic field
used in the simulation is 6.87 × 1032 G · cm3 [8]. The simplicity of this model allows for variation
of the orientation of the dipole in order to study its effect on the SPS distribution of particles that
arrive at the top of the Earth’s atmosphere. Alternatively, the DQCS model which is more realistic,
allows for a better description of the 4+4− that will arrive on Earth, and an improved treatment
of the magnetic Bremsstrahlung process. Using the PRESHOWER code [9] which includes all
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Figure 1: Models of Sun’s magnetic field: simple dipole and dipole-quadrupole-current-sheet (DQCS) [7].

the necessary physical processes together with the pair production formalism of reference [10] we
compute the number of 4+4− pairs produced =pairs from UHE photons =photons interacting with the
magnetic field � as

=pairs = =photons{1 − exp [−U (j) d;]}, (1)

with d; as the corresponding path length and a photon attenuation coefficient U (j) with j ≡
1
2
ℎa

<e22
�
�cr

and �cr ≡ <2
e2

3

4ℏ
= 4.414 × 1013 G. In case that � � �cr, which corresponds to the

ultra-relativistic limit, U (j) is given by

U (j) = 1
2
Uem
oc

�

�cr
) (j) , (2)

with oc as the electron Compton wavelength, ) (j) ' 0.16
j
 2

1/3

(
2

3j

)
, and  1/3 being a modified

Bessel function. The probability of conversion of an UHE photon into a 4+4− pair within the interval
d; can be approximated as

?conv = 1 − exp (−U (j) d;) ' U (j) d;, (3)

or for a very large distance !,

%conv = 1 − exp[−
!∫

0

U (j) d;] . (4)

Each pair member carries an energy fraction which follows the distribution

d=
dY
≈ Uem�

oc

√
3

9cj
[2 + Y(1 − Y)]
Y(1 − Y)  2

3

[
1

3jY(1 − Y)

]
, (5)

as presented in [11]. Time and space tracking of particles in the cascade is necessary for deter-
mination of arrival times and lateral distribution at the top of the Earth’s atmosphere. Standard
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electrodynamics are obeyed for a particle with kinetic energy � , charge @, and direction v̂ in a
region of magnetic field H,

5 (H) = 9
√

3
8c

H

(1 + bH)3


∞∫
H

 5
3
(I) dI + (bH)

2

1 + bH 2
3
(H)

 (6)

with b = 3
2
�⊥
�cr

�

<e22 , � and <e as the electron energy and rest mass respectively and H which is
related to the emitted photon energy ℎa

H (ℎa) = ℎa

b (� − ℎa) . (7)

Furthermore, the associated Bremsstrahlung process probability is given by

%brem (�⊥, �, ℎa, d;) = d;
�∫

0

� (�⊥, �, ℎa)
d (ℎa)
ℎa

, (8)

where
� (�⊥, �, ℎa) ≡

ℎa d#
d (ℎa) d; , (9)

with the number of photons d# with energy between ℎa and ℎa + d (ℎa) which are emitted over
d;. For more details on this computation and implementation in the simulation we refer the reader
to [12].

3. Results

For the simulations performed in this study we have implemented diverse conditions related
to the variation of model parameters, like the impact parameter ' for the cascade production
nearby the Sun, or the consideration of polar or equatorial incidence of particles. We find that the
conversion probability for magnetic pair production W → 4+4− is close to unity for ' = 4'� for a
100 EeV photon in equatorial incidence, whereas for lower energies of about 10 EeV, the conversion
probability is close to unity around ' = 4'�. Similarly, for polar incidence the same conclusions
apply, with slightly higher probability values for a fixed '.

Footprint sizes are found to be enormous. The SPS footprints at a distance of 1AU from the
Sun for ' varying from 1'� to 4'� are as large as 109 km and 104 km, respectively. Confrontation
of the dipole and DQCS models reveals a difference up to 3 orders of magnitude depending on the
' value, with the former producing larger footprints for polar incidence of particles.

Figure 2 shows the CRE footprint derived from the simulations from the PRESHOWER and
CORSIKA codes for the production and development of the particle distribution going through
the atmosphere and finally reaching out the ground level. Although elliptical distributions can be
produced from inclined showers, the SPS footprint elliptical core can be potentially identified.
Consequently, the peculiar galaxy-like footprint shape in the detection simulations can be clearly
appreciated, with the most energetic particles being located in its core. Since our goal is to recover
this incoming footprint with the highest possible resolution utilizing a detector array, we consider
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Figure 2: Cosmic Ray Ensemble footprint derived using CORSIKA simulation code for particles that are
tracked down through the atmosphere, reacting with air nuclei. Its characteristic topology features a dense,
elliptical core accompanied of an extended linear distribution, resulting in a edge-on spiral galaxy-like shape.

ideal conditions in our simulation: each particle that falls inside a square size detector withmaximum
efficiency which is equal to unity. As expected, larger areas produce the best results. Figure 3 shows
an example of a recovered footprint distribution produced from a UHE photon of 1019 eV. Each
detector has an area of 25 cm2 and is 25 cm away from the rest inside the 1 km2 array.
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Figure 3: Simulation of the recovered footprint distributions produced by a 1019 eV primary photon within
a 1 km2 area. The extension of the events distribution has a length of 0.928 km.
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4. Outlook

In this study we have found that the simulated CRE footprint can be recovered with a large
array of detectors under ideal efficiency conditions. A follow up study will consider more realistic
conditions like complex detector configurations or the effect of unthinned showers. It is therefore
clear that large observatories are best suited for detection of the extended CRE footprints, with
facilities like the Pierre Auger Observatory [13], the Telescope Array or the CREDO network of
detectors [6] already in operation. Consider the surface of detectors of he Pierre Auger Observatory
of about 3000 km2 which typically collects 3000 cosmic-ray events more energetic than 10 EeV
per year. This in fact result in about 0.2 events per year from our considered region around the
Sun. Additionally, SPS can be produced from boosted emissions due to gamma-ray bursts from
point sources producing a flux one order of magnitude higher than the limits put by the Telescope
Array and he Pierre Auger Observatory. In this case, the estimated number of events can be as
high as 19 per year [14]. All in all, although the expected CRE rate is not certain, we rely on the
demonstrated feasibility of detection and verification which can open the door to study diverse
physical phenomena of the Universe.
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