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In this contribution we study the possibility of the formation of cosmic ray ensembles (CRE)
created by the interaction of ultra-high energy (UHE) photons with the magnetic field of the
Sun. The lack of observation of those UHE and the difficulties for their identification given the
current methodologies motivates this study. We performed simulations using the PRESHOWER
program in order to simulate the expected extensive air showers whichmight be spatially correlated
generated upon entering the Earth’s atmosphere. We found characteristic features like very thing
and extremely elongates cascades of secondary photonswith their corresponding energies spanning
the entire cosmic range spectrum. Shower footprints are as large as hundreds of kilometres. An
application of this study is the scenario of gamma-ray emission from the vicinity of the Sun as
a result of ultra-high energy photon cascading in the solar magnetic field in order to understand
recent observations made by the HAWC and Fermi-LAT observatories.
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1. Introduction

Ultra-high energy (UHE) photons expected to be produced by different mechanisms like
decays of super heavy dark matter particles, with their expected flux being much higher than the
observed one. One explanation for this is the cosmic rays ensembles phenomenon that consists of
the production of one or more particle cascades created by the UHE photon in space that would
eventually reach the Earth, interact with its atmosphere resulting in multiple showers extremely
extended. This scenario is opposite to the one of a single particle or photon interacting with the
atmosphere and creating a single, geographically localized shower.

Interestingly, the Fermi-Large Area Telescope (Fermi-LAT) reported the detection of gamma-
ray emission with energies 1-100 GeV (up to 200 GeV) from the solar disk at the quiescent phase,
while the Sun is the source of MeV-GeV photons [3, 4]. Thus, interactions of cosmic rays with the
solar atmosphere were considered as the source of detected gamma-rays. However, the mechanism
of photons emission remains unknown. Moreover, further observations of the solar photon flux
in the TeV range did not provide any signal [5]. Therefore, in our approach, we consider the
interactions of ultra-high energy (UHE) photons with the solar magnetic field as the cause of
gamma-ray emission. According to the works of [1, 6, 7], the UHE photon may convert to the
positron-electron pair in the magnetic field and then positron and electron generate the secondary
photon cascades via the magnetic Bremsstrahlung process. The secondary photon cascade features
a characteristic signature at the top of the atmosphere, in the shape of a highly elongated ellipse.
The cascades produce the cosmic-ray ensembles (CRE) in the atmosphere - a group of air showers
correlated in time or space, which are impossible to detect by a single observatory [8]. Furthermore,
the dependence between the density of photons produced in the cascading process nearby the Sun,
and the solar magnetic field variations in different phases of the solar activity cycle may play an
important role related to modulations [9, 10].

Previous results [1] showed that for the primary photon with energy 100 EeV, aiming at the
Earth’s centre, there is the maximum of the secondary photons energy distribution for around 1
TeV. For lower energies of UHE photon the corresponding maximum should be also shifted towards
the GeV range of energies. Furthermore, the magnetic pair production requires sufficiently high
magnetic field, so it is possible to occur only at the close vicinity of the Sun. Then, secondary
photons reaching the atmosphere have directions enclosed in the solid angle defined by the solar
disk and its halo. Therefore, UHE photon cascading in the solar magnetic field is an interesting
candidate for the source of detected gamma-ray emission and it is significant to perform a detailed
study on the cumulative distribution of secondary photons on the top of the atmosphere for the UHE
photons energy range consistent with the current limits on the observed UHE photon flux [11].
According to the previous study [1] a possible anisotropy may be observed in the distribution of the
orientation of signatures at the top of the atmosphere. Therefore, it could be a potential observable,
which may enable the UHE photon cascading identification.

2. Model of ultra-high energy photon interaction

The model of interaction of UHE photons in the vicinity of the Sun has already been presented
in [1, 2] where simulations in order to derive the corresponding particles footprints were performed.
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Solar magnetic fields have been described by either by a dipole configuration or by the so called
dipole-quadrupole-current-sheet (DQCS) model [12]. Simulations are carried out by means of
PRESHOWER program [1, 13] with modifications which generates secondary photons on the top
of the atmosphere. In order to collect a satisfying amount of data, we optimized the existing
PRESHOWER simulator. In the new version of the program we firstly generate the landing point
of the UHE photon at the observation sphere in such a manner that the position distribution is
isotropic (but we consider only the half of the atmosphere sphere which is seen from the Sun).
The observation sphere centre is the Earth centre and the radius is choose to be 104 km. Then,
we isotropically generate the random direction from the solid angle defined by the Sun’s vicinity
(we take 10 '� from the Sun’s centre) without the solar disc. The UHE photon is propagated until
it converts or reaches the atmosphere. If the conversion occurs the predicted orientation of the
secondary photons signature is calculated. The predicted signature is given by the equation

\ = arctan
(
CG�H − CH�G

CI�G − CG�I

)
, (1)

where C8 - the UHE photon trajectory unit vector and �8 - the magnetic field at the conversion
point. The I axis is determined by the Earth and Sun centres (the origin of coordinate system is
at the Earth’s centre) and we choose the G axis parallel to the solar equatorial plane, the ecliptic.
Fig. 1 shows that the predicted signature’s orientation is an excellent approximation of the exact
orientation. Due to the computation time limitations it was considered only the start sphere of 104
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Figure 1: Comparison of predicted and exact signatures’ orientation angle for an exemplary UHE photon
energy 3 EeV within the DQCS model of the solar magnetic field.

km radius, neglecting some potentially observable cases when the UHE photon aims at more distant
points. Furthermore, it not possible to discuss the rate of observed cases for a different start sphere
radius, since the simulation was stopped at the conversion point. Therefore, we can only refer to
the discussion of neglected cases in the previous version of the PRESHOWER. In that version we
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have considered UHE photons reaching the sphere of 7 '� radius around the Sun, aiming at the
atmosphere plane.

3. Results

Applied optimisation enabled us to create the cumulative distribution of signatures’ orientation
based on 10 000 events of CRE effects for UHE photons energies: 1, 3, 10, 30 and 100 EeV and for
the dipole and DQCS model of the solar magnetic field. Obtained results are shown in the Fig. 2.
It is clearly visible that the model of the solar magnetic fields used in simulations greatly affects
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(b) 10 EeV
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(c) 30 EeV
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(d) 100 EeV
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Figure 2: The distribution of signatures’ rotation for different UHE photon energies.

the signatures’ orientation distribution. The most prominent anisotropies in the distribution may be
observed for energies 1 and 100 EeV and for the DQCSmodel. However, 100 EeVUHE photons are

4



P
o
S
(
I
C
R
C
2
0
2
3
)
4
4
6

Ultra-high energy photons from the solar magnetic field David Alvarez-Castillo

strongly suppressed by the present limits [11]. Moreover, for the UHE photons energy 1 EeV, which
are much more frequently observed, the conversion occurs only for the DQCS model and still very
rarely. Therefore, we needed to compute the ratios of conversion cases to all simulated cases and
taking into account the present limits on the UHE photons flux we calculated the realistic signatures’
orientation distribution for the whole range of UHE photons energies (1-100 EeV). Calculated ratios
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Figure 3: The calculated fraction of simulations giving CRE effects in all executed simulations as a function
of the UHE photon energy.

of conversion cases to all simulated cases are shown in the Figure 3. For the dipole model and the
energy 1 EeV, the result should be interpreted as the upper limit on conversion cases rate, since no
conversion occurred for the 50 000 of simulations. On the basis of [11], we adopted the limits on
the UHE photons flux presented in the Table 1.

Table 1: Limits on the UHE photon flux used in the calculations, based on [11].

Energy [EeV] Photon flux [km−2sr−1yr−1]

1 1.07
3 1.01×10−2

10 4.15×10−3

30 1.41×10−3

100 1.05×10−3

The final histogram of the signatures’ orientation for the energy spectra 1-100 EeV is shown in the
Figure 4. It is normalized in such a way that the number of all secondary photons cascades is 10
000. The uncertainties were calculated from the Poisson distribution. For the dipole model, we
cannot include the UHE photons with energy 1 EeV due to the lack of data. Thus, the anisotropy
is more significant for the DQCS model. This result is very promising, although it is visible only
for a large amount of data. And on the basis of used limits on the UHE photons flux, we should
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Figure 4: The distribution of signatures’ rotation for the whole energy spectra 1-100 EeV of the UHE
photons.

observed on the observation sphere of the radius 10 000 km approximately 3000 signatures per year,
according to the dipole model of the solar magnetic field, or 17 000 signatures per year, according
to the DQCS model. However, these numbers may be underestimated, since we considered only
UHE photons landing at the observation sphere.

4. Conclusions

The obtained results indicate that the anisotropy of the spatial signatures orientation may be
used as an observable when the DQCS model is introduced in order to simulate the solar magnetic
field, which corresponds to UHE photons approaching the Sun very close. This could help to decide
whether the observed photon emission from the vicinity of the Sun is related to the interaction of
the UHE photons with the solar magnetic field. However, for the dipole model, a more detailed
analysis and data including the 1 EeV UHE photons is required, since the corresponding photons
have the highest impact on the presence of the signatures’ distribution anisotropies. Moreover, it
necessary to investigate the neglected cases in the simulation and precisely assess the fraction of
cascades giving observable CRE effects in the atmosphere, so further optimisations of the simulator
are required.
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