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Abstract. Propagation of ultra-high energy photons in the solar magnetosphere gives rise to
cascades comprising thousands of photons. We study the cascade development using Monte
Carlo simulations and find that the photons in the cascades are spatially extended over
millions of kilometers on the plane distant from the Sun by 1 AU. We estimate the chance of
detection considering upper limits from current cosmic rays observatories in order to provide
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an optimistic estimate rate of 0.002 events per year from a chosen ring-shaped region around
the Sun. We compare results from simulations which use two models of the solar magnetic
field, and show that although signatures of such cascades are different for the models used,
for practical detection purpose in the ground-based detectors, they are similar.

Keywords: cosmic ray experiments, cosmic ray theory, cosmic rays detectors, ultra high
energy cosmic rays
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1 Introduction

Detection of ultra-high energy (UHE) photons, that bear energies of EeV and beyond, will
have a significant impact on the understanding of fundamental science. As an example, dark
matter (DM) searches up to the electroweak scale (~ 100 GeV) so far have not been able to
produce conclusive evidence of DM particles [1-3]. For this reason, it becomes even more
important to explore the mass regimes corresponding to the other natural scales — the GUT
(~ 10'6GeV) and the Planck (~ 10'? GeV) scales for potential DM candidates [4, 5]. A
common method in the DM search has been the indirect search, which relies on the detec-
tion of products of DM particle decay and annihilation. Various proposed models of particle
interactions predict that products of such interactions consist of UHE photons and standard
model (SM) particles with a possibility of other elementary particles which do not fit into the
SM [6]. Detection of UHE photons will also help substantiate the Greisen-Zatsepin-Kuzmin
(GZK) effect, a steepening of cosmic ray energy spectrum around 4 x 10'%eV as a conse-
quence of interaction of UHE cosmic rays (UHECRs) with cosmic microwave background
radiation [7, 8]. Widely used techniques of UHE photon detection rely on two main ap-
proaches; first, analyses based on parameters (e.g., the depth of maximum development of
an extensive air shower, Xy,x) from the reconstructed longitudinal profiles of development
of extensive air showers (EASs) initiated by UHE photons [11], and the other based on ob-
servables derived from signal recorded by ground-based detector arrays from the secondary
particles of EASs [12]. In principle, both approaches should be able to distinguish between
photon- and hadron-initiated showers. The photon-initiated showers are expected to have
deeper Xax compared to the hadron-initiated ones, and the particle contents for the two
types of showers are expected to be different — hadronic showers being more muon-rich than
the other. The most up-to-date results from searches implementing these techniques have
reported not only the non-observation of (significant) photon candidates in UHECR data,
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thus enabling us to place stringent upper limits on UHE photon fraction (flux) [9-12], but
also the observation of an excess of muons in data compared to what one would expect from
simulations of hadronic showers [13, 14]. Given such a discrepancy between the measure-
ments and the results from simulations of hadronic showers, which is possibly due to the lack
of complete understanding of the physics at the UHE regime, it is very appealing to revisit
also the UHE photon scenario but with a different approach.

The alternative approach presented in this paper is based on the electromagnetic cas-
cading of UHE photons traversing regions nearby the Sun. Simulation results from a study
of such a cascading process were presented in [15], which give an expected size of a footprint
of core part of the cascade at the top of the Earth’s atmosphere. The footprint is expected
to be a highly prolate ellipse with a size of the order of a few kilometers. In our simulations,
we take into account the more accurate physics of cascade development and tracking of the
cascade particles so that we are able to characterize the particle distribution better. The
cascading process starts when a UHE photon experiences solar magnetic field component
transverse to the direction of its trajectory sufficiently large for magnetic pair production.
The electron-positron pairs thus produced undergo a magnetic bremsstrahlung process and
emit photons as they propagate in the magnetic field. Also, among the emitted photons,
those with sufficiently high energy will undergo magnetic pair production and repeat the
process. As a consequence, a cascade comprising several thousand photons and several e*e™
develops in the region nearby the Sun. Although deflections suffered by the e*e™ during their
propagation are very small when considered only within these regions, they give rise to an
extended spatial distribution of cascade particles after propagating through the Sun-Earth
distance (~ 1.5 x 10! m). For UHE photons heading towards the Earth through the regions
in the Sun’s vicinity, a unique particle distribution is expected as the cascade reaches the
Earth. Such a cascading of UHE photons can occur even in the presence of the geomagnetic
field [16]. However, cascades produced in the geomagnetic field, which are called preshowers,
comprise only few hundred particles and have very narrow spatial distribution (< 1m). Due
to this fact, they are practically indistinguishable from the cascades without the preshower
effect unless they originate at much higher altitude or arrive at the Earth’s atmosphere at
near horizontal direction. In the following part of this paper, we refer to the Sun-initiated
cascades as super-preshowers (SPSs) in light of similar development mechanism as that of
preshowers but with much larger number of secondary particles. For a recent review on the
different aspects of SPSs and state-of-the-art studies we refer the reader to this work [17].

2 Simulation

The treatment of most of the physics processes involved in the simulation of SPS development
has been adopted from the PRESHOWER program [16]. We have used the formalism for
magnetic pair production from reference [18]. For npnotons UHE photons propagating through
a magnetic field (H), the actual number of ete™ pairs produced (npais) is given by,

Npairs = nphotons{l — €xp [70[ (X) dl] }a (21)
where dl is the photon path length and « (x) is the photon attenuation coefficient, a function
2.3
of parameter y = %WZ’QQH%Y, where H., = m;; = 4.414 x 103 G is the natural quantum-
mechanical measure of magnetic field strength. In an ultra-relativistic limit, if H < H,r,
a (x) can be expressed as
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even millions of kilometers where X; is the Compton wavelength of the electron and T () is
a dimensionless auxiliary function which can be approximated by

0.16 2
T(x)~ —K2,—], 2.3
(0= =2, (3X> (23)
and where K /3 is a modified Bessel function. Provided the path length under consideration

(dl) is fairly small, eq. (2.1) can be expressed as a probability of conversion of UHE photon
into ete™ pair (peony) Within the interval dl. Thus, we have

Peony = 1 —exp (—a (x)dl) ~ a(x)dl, (2.4)

which for a much larger distance L takes the form,
L
Peony =1 —exp —/a (x)di| . (2.5)
0

The probability of conversion of a UHE photon into eTe™ pair is evaluated using eq. (2.4).
Also, a fraction of energy carried by a pair-member (g) is chosen from the distribution
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following [19].

As the conversion probability of UHE photons to eTe™ pairs, their trajectories and
characteristics of magnetic bremsstrahlung radiation emitted thereof depend on the mag-
netic field experienced by these particles along their trajectories, it is important that we
incorporate a realistic solar magnetic field model in our simulation. Unsurprisingly, owing
to the dynamic nature and complexity of the Sun’s magnetic field, a model that can char-
acterize the magnetic field completely is far from being achievable. Thus, we proceed first
with a simple dipole model of solar magnetic field and later with another analytical model
called the dipole-quadrupole-current-sheet (DQCS) model [20], see figure 1. For the dipole
model, the magnetic moment of the dipole producing the field used in the simulation is
6.87 x 1032 G - cm?3. Although this is not a very realistic model, using it for the solar mag-
netic field in our simulations allows us to study the effects of orientation of considered dipole
on the expected distribution of the particles in the SPS as they arrive at the top of the
Earth’s atmosphere. This will give us an idea of how the SPS development is affected by an
evolution of solar magnetic field for example over a solar cycle. In addition, it serves for a
comparison to the results obtained from the other model. The DQCS model on the other
hand, is more realistic and gives a more reasonable magnetic field even in the interplanetary
regions. Inclusion of this model in the simulation thus provides a more accurate tracking
of ete™ on their way towards the Earth, and better treatment of magnetic bremsstrahlung
processes.

We have introduced time and space tracking for particles in the cascade so that we
obtain their arrival time distribution and lateral distribution as they reach the top of the
Earth’s atmosphere. Given a particle with kinetic energy F and charge ¢, propagating along
the direction ¥ in a region defined by a magnetic field B, the equation describing its motion
as a function of time ¢ can be written as,

do (t)  qc?




(a) Dipole field. (b) DQCS field.

Figure 1. Magnetic field configuration models used in the simulation.

The direction of propagation of a particle after it traverses a distance As in time interval At

can be approximated by using a Taylor series expansion of ¥ (¢ + At) around ¢,

do (t)
dt

B(t+ At) ~ D (1) + At,

which takes the form
qc?

o (t+A8) ~ 8 (1) + I (6 x B) At, (2.8)

4o (¢)
at

appropriate As which is split into two halves each equal to As/2. In the first half of the time
interval At/2 = As/2c, the particle is propagated with the current direction vector which is
then updated using eq. (2.8) and is propagated with the new direction vector for the latter
half of the interval.

Using an expression for the spectral distribution of energy radiated by ultra-relativistic
electron from [21]

after substituting from eq. (2.7). We implement such a particle motion by choosing an

_93 oy r (&y)?
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where parameter § = 5 7+ sl FE and m, are energy and rest mass of electron respectively
and y is a function of emitted photon energy hr defined by

hv

y (hv) = m7

one can obtain the probability of emission of a bremsstrahlung photon from a sufficiently
small path length di. As has been derived in [16], the probability can be written as

E
d(h
Porem (B1, E, hw,dl) = dl/I(BL,E,hz/) EL ”), (2.9)
4
0



with I AN
v
I(B,E,hv)= ———
(B, B ) = Ty ar
where dN is the number of photons with energy between hv and hv 4+ d (hv) emitted over
the path length di.

In addition, we have included the angular distribution of emitted synchrotron photons
in our simulations. Since electrons are ultra-relativistic, we take the half-opening angle of
emitted synchrotron photons to be equal to 1/, v being the Lorentz factor of the electron.
The azimuthal angle of emitted photon is randomly chosen from a uniform distribution

U(0,27) [22].

3 Results

We performed simulations for various representative cases of primary UHE photons traversing
the Sun’s vicinity on their way towards the Earth. The solar magnetic field component
transverse to the propagation direction of primary UHE photon has sufficiently large strength
for pair production only in a small fraction of the path length close to the Sun. Emission
of synchrotron photons from the ete™ pair produced in this way also occurs mostly in the
region near to the Sun. Thus, almost the entire cascade development occurs in the close
vicinity of the Sun.

The electron and the positron, although travelling along slightly different tracks, expe-
rience practically the same transverse magnetic field strength. The electron and the positron
are deviated in opposite directions approximately in the same plane, when considered only
in the small region where most of the cascade develops. The argument that their motion
is approximately in the same plane comes from the fact that for the highly energetic ete™
travelling in a magnetic field of which the strength typically is much less than a Gauss, the
gyroradius of the motion is much larger than the length of the track where they experi-
ence this field. Synchrotron photons emitted from these ultra-relativistic electrons are highly
beamed in the forward direction of the latter, which gives rise to spatial distribution that has
a very elongated footprint, when the cascade arrives at the top of the Earth’s atmosphere.
The probability of conversion of a 100 EeV UHE photon propagating towards the Earth from
the Sun’s vicinity as a function of its impact parameter is shown on figure 2 for equatorial
and polar incidence. The conversion probability is close to unity for impact distance as far as
4R, for equatorial incidence from the Sun’s center for a 100 EeV photon, which translates to
the fact that despite a small solid angle subtended by the Sun while viewed from the Earth,
the effective solid angle relevant for SPS search is about 15 times larger at this energy. How-
ever, for lower energies around 10 EeV, the conversion probability is close to unity as far as
2R, thus giving a region 3 times larger than the apparent size of the Sun viewed from the
Earth. For the case when a primary photon traverses a region very close to the Sun (~ 1Rg),
conversion probability is close to 1 even for a 1 EeV photon. Similar conclusions apply to the
photon polar incidence case, exhibiting slightly larger values for the corresponding impact
parameter. Also, in figure 3, spatial distribution of photons for an example case is shown. In
the plot, y = 0,z = 0 corresponds to the point at the top of the Earth’s atmosphere where
the UHE photon would have landed, had there been no interaction on its way. Positive y
and z axes point towards the East and the North directions respectively. Although the par-
ticle distribution is dependent on the solar magnetic field model used in the simulation as
is evident in the figure, the nature of the particle distribution (i.e., a very extended spatial
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Figure 2. Probability of magnetic pair production (y — eTe™) as a function of the impact parameter
for UHE photons heading towards the Earth form the Sun’s vicinity using the dipole magnetic field
model. Left panel: equatorial photon incidence. Right Panel: polar photon incidence.

distribution) holds for both models. A salient feature of SPSs we observe in our simulation
results is a very extended spatial distribution of cascade particles, apparently along a straight
line, as the cascade reaches the top of the Earth’s atmosphere. This extended footprint is
a straightforward consequence of the deviation of electrons and positrons along their tracks
under the influence of (practically the same) solar magnetic field, and emission of highly
forward-beamed synchrotron photons from them as they propagate towards the Earth. In
figure 4, dipole model SPS footprint sizes for 50 and 100 EeV photons heading towards the
Earth from different directions are shown. SPS footprint size in plots 3, 4, 5 is defined as
the spatial extent of photons with energies of 1 MeV and higher on the plane distant from
the Sun by 1 AU. The plots are obtained from 1000 simulations each with the impact posi-
tion of photons heading towards the Earth randomly chosen from a uniform two dimensional
distribution around the Sun such that the range of impact parameter is between 1Rs and
5Ra. Figure 5 presents the results of both models for 0° and 45° latitudes. In figure 6, the
particle distribution at the top of the Earth’s atmosphere weighted by particle energy for an
example simulation is shown. The central region of the cascade comprises the most energetic
photons. Figure 7 shows the corresponding energy distribution of photons in the SPS cascade
displayed in the previous figure. An important implication of remarkably large sizes of SPSs
demonstrated in figures 3, 4, and 5 is that SPS tails might reach Earth even if the primary
UHE photons which initiate these SPSs arrive from the directions much different from the
direction of the Sun, i.e., practically from the sky hemisphere with the Sun in its center.

3.1 Multi air shower footprints at the ground level

In order to demonstrate the capabilities of detection of multi air shower footprints on Earth,
we have performed simulations of different geometrical configurations of ideal ground detec-
tors. In order to derive a distribution of the of SPS-induced air shower particles on the surface
of the Earth, simulations with the CORSIKA program [23] were performed. The multi air
shower particle distributions were obtained taking as an input to CORSIKA the spatially ex-
tended SPS distributions generated with the modified PRESHOWER program, with several
additional adjustments to keep the compatibility with CORSIKA. The resultant particle dis-
tributions form very characteristic, “galaxy-shaped” footprints composed of many extended
air showers with significantly dispersed cores, as demonstrated with an example shown in fig-
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Figure 3. Spatial distribution of photons with energies > 106 eV arriving at the top of the atmosphere
for an SPS produced by a 100 EeV photon. The primary photon is directed towards the Earth such
that the position of the closest approach has several heliocentric latitudes: 0°, 30°, 45°, 60°, and
90°. The impact parameter is fixed with a value of 2R . In the top panel, the presented distribution
corresponds to the dipole model of the magnetic field of the Sun whereas the bottom panel displays
the results for the DQCS model.

ure 8. By applying a simple geometrical study we demonstrate below that the SPS footprints
are not only reconstructable, but that they can also be clearly distinguished from particle
distributions typical of single EAS. Figure 9 qualitatively shows the detection capability of an
example SPS footprint shape after applying several detector array configurations featuring
variable single detector dimensions and positioning. We assume ideal conditions for detec-
tion: particle falling inside the planar box of the detector is detected with 100% efficiency.
Within the figure, we keep the detector array size and spacing between individual detector
units fixed while varying their sizes. It is clearly seen that the characteristic “galaxy-like”
shapes of SPS footprints are reconstructable, although the required detector array param-
eters might be economically demanding. But even if a characteristic shape of the central
regions of an SPS-induced particle distribution cannot be reconstructed, one can base the
experimental strategies on observing air shower “walls”: groups of extensive air showers with
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Figure 4. Size of SPS footprint at a distance of 1 AU from the Sun as a function of impact parameter
R for a primary photon with an energy of 50EeV (top panel) and 100 EeV (bottom panel). The
SPS footprint size is defined as the spatial extent of photons with energies of 1 MeV and higher on
the plane distant from the Sun by 1 AU. The values obtained in these plots correspond to the dipole
magnetic field model of the Sun.

parallel axes, all practically contained within one plane. The projection of such a plane onto
the Earth surface might span the whole hemispheres of the globe and provide very promising
experimental opportunities. While a detailed planning of the relevant observational strate-
gies requires a dedicated follow-up study which is still in progress, the qualitative picture
presented in this report might serve as an argument in favor of the SPS detection feasibility,
also in terms of the expected event rates. In fact, we can consider the flux from the Pierre
Auger Observatory, i.e., upper limits of diffuse flux of UHE photons of energies above 10 EeV,
¢ (10BeV) ~2x 103 km ™2 yr~!sr~! [9] in order to estimate the fraction of events emitted
from vicinity of the Sun where an SPS is likely to originate. By considering a ring of solid
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Figure 5. Size of footprint for the DQCS and Dipole Model as a function of impact parameter R
for a primary photon with an energy of 100 EeV with a) latitude 0° (top panel) and b) latitude 45°
(bottom panel). The SPS footprint size is defined as the spatial extent of photons with energies of
1MeV and higher on the plane distant from the Sun by 1 AU.

angle with external radius of Rext = 2.5Re optimal for magnetic pair production as displayed
in figure 2, and internal radius Ri, = 1R with value of 3.5% 104 sr, we can estimate for the
Pierre Auger Observatory, whose effective area is of about 3000 km? and lifetime of about 30
years, a number of events of about 2 * 1073 x 3.5 % 10™% x 3000 x 30 ~ 0.06. This example
event rate based on observational upper limits tells us about an optimistic (already non-
negligible) chance for a new (unobserved) physics detection with the available infrastructure,
if we assume that a specific characteristics (remarkable elongation of particle distribution)
of SPSs makes them recognisable under ideal conditions for detection, and that the Pierre
Auger Observatory or a detector array of a similar size can be tuned to be sensitive to SPSs
with a reasonable efficiency. Furthermore, the expected SPS event rate might grow if a joint,
multi-observatory analysis is being performed continuously, and if we consider a possible sen-
sitivity to the groups of particles propagating far from SPS cores, in the tails extending even
over many millions of kilometers (as seen in figures 3, 4, and 5), as it would increase the solid
angle around the Sun from where an observable SPS could be expected. A characteristic
spatial elongation of SPSs demonstrated above indicates that particle distributions of central
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parts of SPSs are very peculiar in comparison with single air shower footprints. In order to
understand the topology of multi air shower footprints generated by SPSs, we then choose to
characterize the corresponding particle distributions by comparing them to those induced by
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unconverted UHECR. photons. The left panel of figure 10 presents the case of an individual
air shower induced by a primary photon of energy 10 eV, arriving vertically at the detector
site. Here the black circle denotes the area containing 90% of secondary particles that com-
prise an air shower. On the other hand, as can be seen in the right panel of figure 10, the
multi air shower footprint produced by an SPS generated by a photon of the same energy
has a compact particle distribution around the cores of the central, most energetic showers
accompanied by an extended, very thin area containing air showers of lower energies. We
conclude that the elongated, “galaxy”-like shapes of the SPS-induced particle distributions
on the ground are clearly distinguishable from the footprints of individual extensive air show-
ers, and that the multi air shower particle distribution might potentially be observable under
conditions of 100% detection efficiency due to the aforementioned characteristic pattern.
The ongoing follow-up studies dedicated to specific UHE photons scenarios, applying
more realistic detector configurations, and involving more precise particle distributions will
help to quantify the SPS event rate expectations and detection efficiencies attainable with
particular infrastructure capabilities. One of the promising experimental initiatives within
which relevant studies and the corresponding experimental efforts are being undertaken is
the Cosmic Ray Extremely Distributed Observatory (CREDO) collaboration [17]. CREDO
aims at the search for large scale cosmic ray correlations using the available and future data
on cosmic and gamma ray events of energies that span the whole cosmic ray energy spectrum,
and the results presented in this article contribute directly to the CREDO science program.
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Figure 9. Detected footprint of an SPS generated by a 10'° eV photon by detector arrays of different
geometries, all located on ground. All the figures share the same covered area which corresponds to
1km? whereas the spacing between detector units is 25 cm. The single unit detector is presented as a
square area. Upper row: detector area of 0.16 cm? (left) and 0.25cm? (right). Middle row: detector
area of 2cm? (left) and 25 cm? (right). Lower row: detector area of 100 cm? (left) and 400 cm? (right).

- 12 —



1.0 1.0
0.8 S ' 0.8
06 06
£ £
=, =
> >
0.4 0.4
o2f | 0.2
0.0 : : 0.0
00 02 04 06 08 10 00 02 04 06 08 10
X [km] X [km]

Figure 10. Footprints of an unconverted photon (left panel) and of an SPS (right panel), both of
energies of 10 EeV, arriving vertically at the Earth, and detected on ground by an array of sensors,
each of them with a collecting area of 2cm?, all spaced by 25 cm (as in the left panel of the middle row
in figure 9). The areas inside the black contours contain 90% of the particle distributions whereas the
red rectangles on the right panel serve to guide the eye in order to highlight the part of the remaining
detected particles within a rather extended distribution characteristic of the galaxy-shape footprint,
as clearly seen in figure 9.

4 Summary and prospects

Our simulation results show that photons in SPS cascades are extended over a huge spatial
extent (even millions of kilometers) practically along a line. The orientation and size of
these line-like signatures, however, depend on the initial direction and impact position of the
primary UHE photon relative to the solar magnetic field. Also, photons in SPS cascades can
possess energies that span more or less the whole cosmic-ray energy spectrum, from below
GeV to above an EeV.

Detection of SPS cascades is limited by two major requirements. The first is the size of
the detector itself, which should be big enough to detect SPS particles distributed over very
large distances. The other obvious requirement is that the detector should be operational
during the daytime. As such, only a large array of ground-based particle detectors like
the Pierre Auger Observatory [24] would be suitable for SPS detection. However, the most
promising experimental approach to SPS observation and studies should go even further
to form a global alliance of all radiation detector arrays and individual sensors capable of
detecting secondary particles from the extensive air showers produced by SPSs. Such an
alliance is envisaged by the (CREDO) experiment [17].

Given the current UHE photon limits [9, 25, 26|, the expected number of SPSs with
cores landing within an observatory of the size of Auger is small, altough non-negiligible. Our
result of 0.002 events per year from optimistic consideration of the upper limits of the surface
of the Pierre Auger Observatory demonstrate how challenging it can be to detect these small
fluxes. Nevertheless, the characteristic footprint shapes are definitely unmistakable. A multi-
collaboration SPS observation campaign, as well as the sensitivity of a detector network to
the tails of the significantly elongated SPSs allows expecting an experimentally interesting
rate of events arriving from a considerably large region of the sky, not only from a region
around the Sun.
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SPS-like processes at other sites in the Universe as well as other physics processes might
also produce a “shower” of correlated particles, the cosmic ray ensembles (CREs), while they
propagate in space. Thus, other stellar objects which have a magnetic field strength at
least of the order of 0.1 G at their surfaces will also initiate SPS-like CREs. If we assume
that a UHE photon undergoes an SPS-like process in regions of the Universe with relatively
stronger magnetic field while heading towards the Earth and we have a cosmic ray detection
framework that can detect two or more photons simultaneously at very distant locations, the
“explorable horizon” for such process can be estimated using simple geometry considerations.
From our SPS simulation results for 100 EeV photon, minimum distances between the most
energetic (> 1 EeV), and low energy (1-10 TeV) SPS photons as the cascade reaches the top of
the Earth’s atmosphere are both of the order of the order of 0.001 m. Provided a framework
which can detect these “close photons” in the CREs arriving as far as 10 000 km apart at the
Earth from extragalactic regions or sites, the “horizon” is extended to ~ 100 kpc, i.e. roughly
to the size of our Galaxy. For comparison, the mean free path for gamma-rays at 1 EeV
(1 TeV) is of the order of 100 kpc (500 Mpc). Interestingly, the study presented in [27] shows
another mechanism of cosmic ray emission near the Sun, through the interaction of photons
from the Sun with nearby cosmic-rays. This leads to more energetic excitations, such as A™
production, which can lead to high-energy photons from 7% decays, muons from charged pion
decays, and neutrons. Even though not featuring the galaxy shape footprint, the predicted
photon flux is of about the same order of magnitude as the predictions of our study.

Photon splitting in strong magnetic fields in the proximity of neutron stars [28, 29] is
another process which is capable of producing CREs, of which the estimation of the expected
signature at the Earth requires a dedicated study and will be performed in the near future.
Although we are not certain about the expected rate of CREs, these, together with SPSs
constitute a yet-unchecked scenario that is easy to verify and has a potential of opening a
new window to the Universe.
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