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Abstract

The moon shadow in SWGO cosmic ray simulation data is observed. Using a custom
simulation based on the instrument response found in established simulations, we
examine the dependency of the shadow visibility for different observation durations, in
different energy bins and with and without consideration of the deflection of primaries
in the geomagnetic field. We successfully determine the value of the angular resolution
from shadow observations in accordance with the resolution input into the simulations.
Furthermore, we find our results of the shadow deflection to be in accordance with the
findings of HAWC.





Zusammenfassung

Es wird der Mondschatten der kosmischen Strahlung in SWGO Simulationen beobachtet.
Unter Verwendung einer selbsterstellten Simulation, die auf der durch etablierte Sim-
ulationen gefundenen Detektorfunktion basiert, betrachten wir die Abhängigkeit der
Sichtbarkeit des Schattens bei variabler Observationszeit und in verschiedenen En-
ergiebereichen. Zudem untersuchen wir den Einfluss der Ablenkung der Primärteilchen
im Erdmagnetfeld. Uns gelingt eine erfolgreiche Bestimmung der Winkelauflösung aus
Schattenbeobachtungen, welche mit der zuvor in die Simulationen eingegebenen Winke-
lauflösung übereinstimmt. Des Weiteren decken sich unsere Ergebnisse der Verschiebung
des Mondschattens mit dem Befund von HAWC.
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1 Motivation & Introduction

The Southern Wide-field Gamma-ray Observatory (SWGO) is set to be a Water
Cherenkov Observatory, which will be used primarily to detect 
-rays in the Southern
Hemisphere. Since the detection of cosmic rays functions similarly to gamma rays due
to their comparable shower behavior, we can also detect the nearly isotropic flux of
cosmic rays with the same instrument and transfer detector characteristics from cosmic
to gamma rays.
Since primary particle flux is blocked by the moon, a shadow can be observed in cosmic
ray data. In this thesis, we are aiming to observe this moon shadow using SWGO proton
simulation data. In doing this, we strive to generate reasonable expectations regarding
the appearance of the shadow and the time necessary to observe it. Once the detector is
in use, this can be re-examined to ideally verify our findings.
One of the challenging aspects of this analysis comes from the interaction of cosmic rays
with magnetic fields within our solar system. The main deflection of the trajectories
of the cosmic rays reaching us from the direction of the moon is caused by the Earth’s
magnetic field. To accurately predict the size and position of the observable moon
shadow, the geomagnetic field modeled by the IGRF is utilized to correct the apparent
direction of protons by calculating the estimated tracks of the particles through the
magnetic field up to moon height.
Since we know the true size and position of the moon precisely, the measured appearance
of the shadow can also be used to determine the direction bias and resolution of the
detector. Furthermore, having this kind of external calibration method is a useful tool
for gamma ray observation with water-Cherenkov observatories. Whereas Imaging Atmo-
spheric Cherenkov of Telescopes (IACTs) observe the whole shower in the atmosphere,
water-Cherenkov observatories only see a horizontal slice of the shower. The shower
fluctuations and limited available information make the reconstruction of such showers
challenging. Thus having this kind of external calibration method is extremely useful to
test the accuracy of the reconstruction algorithms.
Although not relevant for this thesis, compelling research can also be conducted in the
field of cosmic ray physics, for which we refer to the SWGO White Paper [11, p. 36 ff.].
In section 2 we prepare the thesis by providing the necessary scientific knowledge. In
section 3, we first evaluate the simulation data provided by CORSIKA and HAWCSim,
before employing a custom simulation to create the data needed to observe the moon
shadow, which is done in section 4. Finally, in section 5, we take the deflection of
primaries in the geomagnetic field into account and simulate the appearance of the
deflected moon shadow, quantifying our results and comparing them to the findings of
the HAWC collaboration.
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2 Theoretical Background & Preparations

2.1 Gamma Ray Astronomy

Figure 1: The all-sky map as seen in gamma rays above 1GeV as observed with Fermi's
Large Area Telescope (LAT). The graphic was taken from [10].

Gamma rays are photons with an energy ofE > 100keV, which are especially relevant in
high energy astrophysics. Their distribution on a sky map can be seen in Figure 1. The
main observed sources lie in the plane of the milky way, where emission consists of both
gamma rays from discrete sources [2] and di�use emission from� 0-decay in interstellar
gas. Major Galactic sources are supernova remnants and pulsar wind nebulae, while
extragalactic gamma rays mainly originate from active galactic nuclei and gamma ray
bursts [27]. Their observation is especially useful, since photons are not charged and
therefore not de�ected by electromagnetic �elds, which results in their arrival direction
matching the direction of their origin. This makes it possible to locate and observe
sources of high energy particles. [23, p. 25 �.]
There are two main methods used to detect gamma rays, each entailing their own
advantages and challenges: ground based and space based observation. When observing
gamma rays via satellites, interaction with the atmosphere is avoided, but the measurable
energy is limited, since the detector area becomes too small to measure with su�cient
statistics for higher energies. At the ground, extended observatories with a large detection
area can be built, but the direct detection is no longer possible as the atmosphere is
opaque for gamma rays. Nonetheless, the atmosphere can be used as a calorimeter. The
energy of primary particles is deposited into the atmosphere and generates a shower
of secondary particles. These are then detected either by particle detector arrays, like
HAWC, or IACTs, as is the case with H.E.S.S.. We will discuss the shower behavior in
subsection 2.3. [23, p. 25 �.]

2.2 Cosmic Ray Spectrum

When observing gamma rays at ground level, we also detect cosmic rays by default and
need to di�erentiate between the two. Cosmic rays are atomic nuclei of di�erent species
that are emitted by astrophysical sources or produced in interactions with interstellar gas.
Due to their charge, cosmic rays can be de�ected and di�use in the galactic magnetic
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Figure 2: The �ux of cosmic rays as observed by various experiments over eleven decades
of energy. The �rst knee and ankle are shown, whereas the second knee is omitted. The
graphic was taken from [17, p. 9].

�eld, making their �ux on earth nearly isotropic [26], neglecting the anisotropy at the
highest energies [3, p. 7, Fig. 3]. Their energy spans a wide range from about 1� 109 eV
to 1 � 1020 eV, of which the latter are exceedingly rare [26]. The spectrum of cosmic rays,
depicted by their �ux �, can be well described by a power law of the following form:

�(E) dE = � 0

�
E
E0

� �


dE (1)

The formula follows [23, p. 30, Eq. 1.2]. In the range of about 100GeV � 100TeV,
which will be relevant for the employed simulations, the value of
 is assumed to be
constant at 
 = 2 :7 for the di�erential spectrum [23, p. 493 �.]. At higher energies
between 1PeV � 10PeV, steepening in the spectrum is observed, which is commonly
referred to as the �knee� of the spectrum, followed by a second knee at 100PeV and the
�ankle� at � 32EeV where the exponent of the of the underlying power law seems to
di�er [26]. The described spectrum can be viewed in Figure 2. This change of the power
law will not be relevant for our further discussions, since particles in that energy range
cannot be detected by SWGO due to its limited detector area.
There are also di�erences in the observed spectrum for the multiple cosmic ray species
that occur (s. Figure 3), of which hydrogen nuclei make up about 87 % [23, p. 493 �.].
We only discuss proton �ux in this thesis, because they are the only species simulated
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Figure 3: The �ux of nuclei of cosmic rays divided into their respective species. The
�ux of hydrogen nuclei makes up by far the biggest part of cosmic ray �ux. The graphic
was taken from [26, p. 3].

in our evaluated data. Later, we will compute the expected rate of these protons on
the detector area, for which it is necessary to know the value of �0 in Equation 1. For
hydrogen at an energy of E0 = 10:6 GeV, a �ux of

� 0 = 18:095
nucleon

m2 s sr GeV
(2)

can be determined [26]. To measure this �ux at ground level, we need to take into
account how these events will reach the detector. Since both gamma and cosmic rays
produce showers, it is possible to observe them with the same instrument. For this
reason, we want to familiarize ourselves with a useful model to describe these showers.

2.3 Heitler Shower Model

If we want to observe gamma or cosmic rays at ground level, we need to account for the
behavior of those particles when interacting with Earth's atmosphere. Both photons and
protons initiate cascades of secondary particles cascades, called showers, upon entering
the atmosphere [23, p. 26]. We use the Heitler model to describe these showers, since it
is useful although being fairly simple in terms of computational needs. In this model,
shower behavior can be described by a few simple parameters and performs well when
compared to a more complicated shower simulation.
In the following, we are referring to the paper in [24]. The main idea the model is based
on, is that in electromagnetic showers induced by a gamma ray photon, a two-body
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Figure 4: Schematic view of an electromagnetic (a) and hadronic (b) shower cascade.
Not all pion lines are shown after the n = 2 level. The graphic was taken from [24].

splitting in the form of one-photon bremsstrahlung or e+ e� pair production occurs at
each interaction. The distance between interactions is dependent on the radiation length
of the resulting particles. The total number of particles in the shower at each stage can
then be easily described by the number of splittingsn as 2n . A schematic graphic of
such an electromagnetic shower can be seen on the left side of Figure 4. The described
multiplication process is stopped when the individual energies of the produced electrons
and positrons drop below a critical energy� e

c , where the energy by collision becomes
dominant compared to radiative losses. This simpli�ed model does not account for all
details of shower behavior, but some relevant quantities can be simply described by their
proportionality to the initial energy E 0, namely the �nal total number of particles

Nmax / E 0 (3)

and the depth, where the shower reaches its maximum number of particles

X max / log(E 0) (4)

The behavior of hadronic showers is slightly more di�cult than that of electromagnetic
showers, but can still be approximately described in a similar fashion. In the case of a
hadronic shower, each interaction is not limited to two-body-splittings, e.g. one proton
might produce multiple neutral ( � 0) and charged (� � ) pions, of which the former almost
immediately decay to photons, producing electromagnetic subshowers as described before.
During � 0 decay, at each step a third of the energy is deposited from the hadronic to
the electromagnetic shower component. Charged pions continue to interact and produce
a new generation of pions. Analogous to electromagnetic showers, multiplication is
not stopped until particle energies fall below a critical energy� �

c . Then, interaction is
no longer favored compared to pion decay into muons, which can then be observed at
ground level. An example of such a hadronic shower can be seen on the right side of
Figure 4. In the case of hadronic showers, the atmospheric depth of the �rst interaction
can be approximated by the primary proton energy:

X 0 = � I ln 2 (5)

=
�

61
g

cm2

� �
1:0 � 0:1 ln

�
E0

PeV

��
ln 2 (6)
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