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Abstract
In extensive air showers induced by ultra-high-energy (UHE) cosmic rays,
secondary particles are produced with energies far above those accessible by
other means. These extreme energies can be used to search for new physics
beyond the current Standard Model of particle physics. In this work, the ef-
fects of isotropic, nonbirefringent Lorentz violation in the photon sector are
investigated. In the case of a photon velocity smaller than the maximum
attainable velocity of standard Dirac fermions, vacuum Cherenkov radia-
tion becomes possible. For photon velocities greater than the maximum at-
tainable velocity of standard Dirac fermions, photon decay is introduced to-
gether with a change in the decay time of neutral pions. Implementing these
Lorentz-violating effects in air-shower simulations, a significant reduction of
the average atmospheric depth of the shower maximum hXmaxi is obtained
in both cases. Based on measurements of hXmaxi and its shower-to-shower
fluctuations s(Xmax), a new two-sided bound on Lorentz violation exploit-
ing the high energies of particles in air showers is presented. The impact of
Lorentz violation on the number of muons in air showers is also discussed.

Zusammenfassung
In ausgedehnten Luftschauern, die durch ultrahochenergetische kosmische
Strahlung ausgelöst werden, werden Sekundärteilchen mit Energien erzeugt,
die weit über denen liegen, die auf andere Weise erreichbar sind. Diese
extremen Energien können zur Suche nach neuer Physik jenseits des ak-
tuellen Standardmodells der Teilchenphysik genutzt werden. In dieser Ar-
beit werden die Auswirkungen einer isotropen, nicht doppelbrechenden
Verletzung der Lorentzinvarianz im Photonensektor untersucht. Im Falle
einer Photonengeschwindigkeit, die kleiner ist als die maximal erreichbare
Geschwindigkeit von Standard-Dirac-Fermionen, wird Vakuum-Cherenkov-
Strahlung möglich. Bei Photonengeschwindigkeiten, die größer sind als die
maximal erreichbare Geschwindigkeit von Standard-Dirac-Fermionen, wird
Photonenzerfall zusammen mit einer Änderung der Zerfallszeit neutraler
Pionen eingeführt. Durch die Implementierung dieser Lorentzinvarianz-
verletzenden Effekte in Luftschauersimulationen wird in beiden Fällen eine
signifikante Reduzierung der durchschnittlichen atmosphärischen Tiefe des
Schauermaximums hXmaxi ausgelöst. Mit Hilfe von Messungen von hXmaxi
und den Schwankungen s(Xmax) zwischen Luftschauern wird eine neue
zweiseitige Grenze auf die Verletzung der Lorentzinvarianz aufgestellt,
welche die hohen Energien von Teilchen in Luftschauern ausnutzt. Der Ein-
fluss der Verletzung der Lorentzinvarianz auf die Anzahl der Myonen in
Luftschauern wird ebenfalls diskutiert.
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1

Chapter 1

Cosmic Rays

Astroparticle physics is a field of science concerned with the study of ele-
mentary particles of extraterrestrial origin. It lies at the intersection of parti-
cle physics, astronomy and cosmology, emerging after the discovery of cos-
mic rays. A short history of the discovery of cosmic rays is summarized in
Sec. 1.1. The discovery of cosmic rays (CRs) took place more than a century
ago with the detection of particles from outer space arriving at the Earth.
The majority of cosmic rays consists of ionized atomic nuclei, although other
particles such as electrons, positrons, gamma rays, neutrinos and antipro-
tons also arrive. In this chapter, the nuclear component of cosmic rays is
discussed, with a focus on different features of cosmic rays. The energy spec-
trum of cosmic rays is described in Sec. 1.2. Prospective cosmic ray sources
and acceleration mechanisms, as well as the anisotropies in their arrival di-
rections are summarized in Sec. 1.3. In Sec. 1.4, our current knowledge about
the cosmic ray composition up to the highest energies is covered.

1.1 History of astroparticle physics

In 1896, spontaneous radioactivity was discovered by Antoine Henri Bec-
querel [Bec96], followed by the discovery of the radioactive decays of polo-
nium and radium by Marie and Pierre Curie [CCB98] in 1898. Charged elec-
troscopes in the presence of radioactive material discharged, which led to the
conclusion that charged particles were emitted in the decay.

The insulation of electroscopes was improved by Julius Elster and Hans
Geitel [EG00] and Charles Thomson Rees Wilson [Wil01]. Since the improved
electroscopes still discharged, it was concluded that this discharge was due
to ionizing radiation from outside the instrument. A common assumption for
the origin of this radiation were radioactive decays in the crust of the Earth.
One of the first suggestions of an extra-terrestrial origin of this radiation was
made by Wilson [Wil01]. His measurements of ionisation in tunnels however
showed no reduction in radiation, thus not supporting an extra-terrestrial
origin.

In 1909, Theodor Wulf measured the rate of ionisation at the base and top
of the Eiffel tower [Wul09] in order to determine the variation of radiation
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FIGURE 1.1: Shown on the left is the cross section of the elec-
troscope developed and used by Wulf, on the right a picture of
the same. The electric charge of the metal �laments (F) held by
a quartz string (Q) can be determined from the spread of the �l-
ament through the microscope (M). The quartz strings are con-
nected to an amber insulator (B) and the chambers can be con-
nected to a sodium-drying device by two openings (Na). Image

taken from [FS12].

with altitude and gain insights about its origin. While the ionisation rate de-
creased, the decrease was lower than expected for a purely terrestrial origin.
A schematic illustration as well as a picture of the type of eletroscope used
by Wulf is displayed in Fig. 1.1.

In the same year, Karl Bergwitz measured a decrease in ionisation to 24 %
at an altitude of 1300 m, which was consistent with with radiation produced
in the Earth's crust [Ber10]. His results were questioned due to damage to
the electroscope during the �ight [Goc11].

The �rst discovery of cosmic rays is attributed to Victor Hess, who in 1912
noticed that, after an initial decrease in ionisation rates, an electroscope loses
its charge faster the higher up in the atmosphere it was [Hes12]. Hess at-
tributed his �ndings to highly penetrating radiation entering the atmosphere
from above. His measurements were con�rmed later by Werner Kolhörster
up to a height of 9.2 km [Kol13; Kol14] and by Robert Andrews Millikan, who
measured up to increasing altitudes of up to 15 km using specially designed
instruments attached to sounding balloons [MB26]. The results of ionisation
measurements by both Hess and Kolhörster are shown in Fig. 1.2. Millikan
also �rst used the term "cosmic rays", as he thought gamma rays to be the
source of the measured radiation. A short time later, Jacob Clay measured the



1.1. History of astroparticle physics 3

FIGURE 1.2: Measurements of the atmospheric ionisation in
different altitudes. The results of the balloon �ights by Viktor
Hess [Hes12] are shown on the left. On the right, Werner Kol-
hörster's results are shown, extending the mesurements to al-
titudes up to 9.2 km and con�rming the results of Hess [Kol13;

Kol14]. Image taken from [CD11].

dependence of cosmic rays on the geomagnetic latitude [Cla27; Cla28] and
Walther Bothe and Kolhörster performed coincidence counting of ionizing
radiation in the atmosphere [BK29]. Their results pointed towards massive,
charged particles as the source of the ionizing radiation instead of gamma
rays.

In 1938, observations of coincident signals in particle detectors were done
by Pierre Auger at sea level, as well as in an altitude of 3500 m at the Jungfrau-
joch in Switzerland [Aug+39]. Those observations showed a high number of
coincident events at distances of up to 300 m, which can be seen in Fig. 1.3.
He came to the conclusion that those coincident events had to originate from
the same source. He proposed a very-high-energy cosmic particle, which in-
duced an avalanche of secondary particles, called an air-shower. From his
measurements he also concluded an energy of 1015 eV for the primary parti-
cle, orders of magnitude above energies reached by terrestrial particle accel-
erators of the time.

The extremely high energies of cosmic rays have been con�rmed by sub-
sequent experiments. The �rst particle with an energy of 100 EeV was ob-
served in 1962 by John Linsley at the Volcano Ranch experiment in New
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FIGURE 1.3: Measurements of the number of coincident events
in two detectors in different distances [Aug+39]. The x-axis cor-
responds to the distance between the detectors in meters, the y-
axis to the number of measured coincident events. The solid
line shows the interpolation between measurements (dots),
while the dashed line corresponds to the prediction of coin-
cident events made by Hans Euler. Auger explained the in-
creased rate at high distances through the production of highly

penetrating "mesotrons" (mesons) in the shower.

Mexico [Lin63]. The highest energy cosmic ray to date, the "Oh-My-God-
Particle", has been observed by the Fly's Eye air-shower detector in Utah with
a primary particle energy of 320 EeV [Bir+95]. The detection of a particle at
these energies was puzzling, as a strong �ux suppression due to interactions
of high-energy cosmic rays with the cosmic microwave background (CMB)
was expected [Gre60; ZK66]. One solution for this apparent tension is the
emission of the cosmic ray by a relatively close source.

Direct observations of cosmic rays were made signi�cantly more effec-
tive with the �rst satellite-based experiments, beginning in 1959 with exper-
iments measuring charged radiation aboard the Russian Luna missions as
well as the American Explorer satellites. Those types of experiments now
could observe cosmic rays before any interaction in the Earth's atmosphere,
enabling precise measurements of the energy and the particle type of the cos-
mic rays. The �rst measurements of cosmic X-rays and gamma rays by satel-
lite experiments were done in the 1960s and 1970s by, e.g, Explorer XI [KC62]
and the Uhuru satellite [Gia+71]. This made it possible to determine the di-
rections of cosmic ray sources, such as the Galactic Center, the Crab Nebula
and the binary systems Vela X-1 and Cygnus X-3 [Gru20].
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With the reconstruction of the arrival directions of the cosmic rays, it be-
came possible to analyze the processes inside astronomical objects through
the lens of the cosmic rays emitted by them, giving rise to the �eld of parti-
cle astrophysics. As the production of cosmic rays at high energies requires
extreme conditions, important information about the processes inside those
objects can be gained this way.

1.2 The cosmic ray energy spectrum

The energy spectrum of cosmic rays (CRs) covers several orders of magni-
tude, both in energy and in �ux. The energy range extends from below 1 GeV
up to the highest energies around 100 EeV, spanning more than 11 orders
of magnitude. The particle �ux can roughly be described by a power law
dF
dE � Ea with a spectral index a � � 3 [Swo01]. As a consequence, the �ux
spans a range of more than 30 orders of magnitude. The dependency of CR
�ux on energy can be seen in Fig. 1.4.

To observe CRs of different energies, different techniques are used. At
lower CR energies below the TeV range, the particle �ux is very large, with
multiple particles per square meter and second. At energies below the GeV
range, the CR �ux is suppressed by a magnetic �eld generated by solar ac-
tivity, which de�ects charged particles entering the solar system from out-
side. However, cosmic rays in the form of electrons, protons and a minor
fraction of heavier nuclei are produced by the sun itself in this energy range
[TT04], contributing to the overall spectrum. As solar activity is time depen-
dent, the low-energy CR �ux �uctuates. The particle �ux decreases to one
particle per square meter and year in the PeV range. Below this energy, di-
rect detection of CRs using experiments based on balloons and satellites can
be used. These experiments use a combination of multiple detectors, such
as calorimeters, magnetic spectrometers, Cherenkov detectors and transition
radiation detectors. This makes it possible to precisely measure properties
of the particle, e.g. energy, mass or charge. Examples for some recent space-
based experiments are PAMELA [Pic+07] and the AMS experiment [Bat98]
on the International Space Station (ISS), some balloon-based experiments are
BESS-Polar [Yos+04], CREAM [Ahn+07] and TRACER [Mül+08].

At energies above the PeV range however, the �ux becomes so low that
direct detection becomes impractical due to rapidly increasing costs for de-
tectors large enough to compensate for the lower particle �ux. Thus primary
CRs with energies above several PeV have to be measured through indirect
observation methods using ground-based detectors. These detectors exploit
the interaction of CRs in the atmosphere, which leads to the generation of
atmospheric air-showers. These air-showers consist of a large number of sec-
ondary particles, of which a fraction may reach the ground. From the mea-
surement of the secondary particles arriving at ground level, the primary
particle can be reconstructed. The depth of the shower in the atmosphere
depends on the primary particle energy, hence detectors at high elevations
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FIGURE 1.4: The cosmic-ray energy spectrum, aggregated from
both direct measurements and indirect measurements using
air-showers in the Earth's atmosphere [Nie]. Covered are 11
orders of magnitude in energy and 32 orders of magnitude in
CR �ux. Marked are signi�cant milestones of particle �uxes as
well as the energy reached by protons accelerated by the LHC.

are used to study CRs in the PeV energy range, while higher energy CRs can
also be studied using detectors at lower elevations. Examples of such de-
tectors sampling shower particles at ground level are KASCADE [Ant+03],
KASCADE-Grande [Ape+10], Ice-Top [Abb+13] as well as the surface de-
tectors of the Pierre Auger Observatory [Aab+15b] and the Telescope Array
(TA) [Abu+12].

Complementary to the ground-level observations, �uorescence light emit-
ted by nitrogen atoms in the atmosphere, which were excited by secondary
particles, is measured by, e.g., the �uorescence detectors of the Auger Obser-
vatory and TA, as well as the historic Fly's Eye experiment [Abu+00]. An-
other method to analyze air-shower development is through the measure-
ment of radio signals generated through both the Askaryan effect and geo-
magnetic charge separation [Hue13], used by both Tunka-Rex [Bez+15] and



1.2. The cosmic ray energy spectrum 7

FIGURE 1.5: The CR energy spectrum as observed by the Pierre
Auger Observatory [Aab+20c]. In the top plot, the CR energy
spectrum is scaled by E2, as well as the number of events ob-
served in each bin is noted. In the bottom plot, the CR en-
ergy spectrum is scaled by E3 and �tted with a sequence of four
power laws, showing how the spectral index changes with the

different energy ranges.

AERA [Kel11]. The detection of air Cherenkov radiation is used for gamma-
ray astronomy by experiments like H.E.S.S. [OH23], MAGIC [Fer06] or the
future Cherenkov Telescope Array (CTA) [Act+11]. At the highest energies
above the EeV range, the CR �ux drops to less than one particle per square
kilometer and year. To compensate for this, ground based detector arrays like
the Pierre Auger Observatory or TA cover hundreds and even thousands of
square kilometers to gather enough events to make statistical analysis possi-
ble [MR18].

While the energy spectrum roughly follows a power law, on closer inspec-
tion several features become noticeable. Below the energy of 4 PeV, the spec-
trum has a slope of a ' � 2.7. At 4 PeV, the spectrum steepens toa ' � 3,
a feature which is commonly called "knee". At an energy of 20 PeV, a minor
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hardening of the spectrum, called the "low energy ankle", appears, where the
spectral index a changes from a < � 3 to a > � 3. The spectrum steepens
again at the "second knee" at 0.1 EeV, where the spectral index increases to
a ' � 3.3. The spectral index stays constant up to an energy of 5 EeV, where
the spectrum hardens to a decreased spectral index of a ' � 2.6, which is
called the "ankle". At energies above 40 EeV, the �ux is further suppressed,
with a spectral index of a < � 4. At the highest energies, a exponential de-
crease or even a �nal cutoff at 200 EeV may exist, however the statistics are
too small to gain conclusive results.

Additional features in the ultra-high-energy (UHE) regime can be seen
in recent results of the Pierre Auger Observatory [Aab+20c], which are dis-
played in Fig 1.5. At 13 EeV, the spectrum softens from a ' � 2.5 toa ' � 3.1
with a further softening to a ' � 5.1 at energies above 50 EeV.

The origins of those features are related to the mechanisms of CR produc-
tion, propagation and interactions in the interstellar medium, as well as the
types of CR sources, all of which are still the subject of current research. The
shape of the spectrum is thus used as an indicator for various open questions
in both astrophysics and particle physics. Both the �rst and second knee can
be explained by a rigidity-dependent steepening of the spectrum. At the �rst
knee at an energy of 4 PeV, the proton spectrum steepens, with the suppres-
sion of heavier elements occurring at energies of 4ZPeV, scaling with the
atomic number Z. The second knee at 0.1 EeV then coincides with the steep-
ening of the Fe spectrum at 4 � 26 PeV. Such rigidity dependence can be
obtained from both galactic sources [Pet61] or from CRs escaping the galaxy
above a certain energy threshold due to diffusion and drift effects [Ptu+93].
The ankle can be explained by a transition from galactic to extragalactic CRs
happening between the second knee and the ankle. Above the ankle, CRs
show no correlation with the galactic plane or the galactic center, indicating
an extragalatic origin [MR18]. The Greisen-Zatsepin-Kuzmin (GZK) effect,
named after the predictions of Greisen [Gre60], Zatsepin and Kuzmin [ZK66]
in 1966, can explain the strong �ux suppression at 40 EeV. Proposed shortly
after the discovery of the cosmic microwave background (CMB), the GZK ef-
fect posits an interaction of primary UHECR protons with photons from the
CMB:

p + gCMB ! D+ !

(
p + p 0

n + p + (1.1)

The resonance energy of this interaction is 1232 MeV, resulting from the
mass of the delta baryon. Together with the temperature of the CMB of
TCMB = 2.72548� 0.000 57 K [Fix09], this results in a GZK cutoff at energies of
50 � 60 EeV for protons, with respectively higher cutoff energies for heavier
nuclei. While the GZK effects explains the steepening of the spectrum, no in-
dependent evidence for this process has been found so far. Another possible
cause for the �ux suppression is a limitation in the acceleration mechanisms,
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resulting in similar spectral features [MR18]. So far no unambiguous answer
to the origin of the �ux suppression at the highest energies has been found.

1.3 Cosmic-ray sources and acceleration

Different acceleration mechanisms and sources are proposed for CRs at dif-
ferent energies of the CR spectrum. While the particle source and the ac-
celeration mechanism are in principle distinct, it is generally assumed that
CRs are accelerated in or near the source. At the lower end of the spectrum,
the Sun is a source of CRs. The generation of CRs in the Sun is due to ac-
celeration of particles in time-dependent magnetic �elds. The sites of those
magnetic �elds can be seen as sunspots and are suitable to accelerate CRs to
energies up to the GeV range [Gru20]. The identi�cation of the sources of
extra-solar CRs is more complicated, since charged particles are de�ected by
galactic magnetic �elds, making it impossible to determine the origin of a CR
from the arrival direction at Earth. However, the spectral shape implies that
CR acceleration is a non-thermal process and requires some kind of active ac-
celeration mechanism in order to maintain the power law dependency over
multiple orders of magnitude.

At energies below the ankle, CRs are probably of mainly galactic origin,
with supernova remnants (SNR) within the galaxy being a promising candi-
date acceleration mechanism. Here CRs are accelerated by the shock fronts
of SNRs, which are the ejected envelopes of supernovae, expanding over
timescales of 10 000 years. Typically, the outer front is decelerated by interac-
tions with the interstellar medium, leading to a velocity difference between
the outer and inner shock fronts. The CR particle may repeatedly get scat-
tered back and forth between the two shock fronts, gaining energy on every
re�ection with the inner front and losing energy on every re�ection with the
outer front. Overall, the energy gained is greater than the lost energy, lead-
ing to a relative energy gain DE

E proportional to the ratio between the velocity
difference between the shock fronts Dv and its velocity v [Gru20]:

DE
E

� 2
Dv
v

(1.2)

This mechanism is called �rst-order Fermi acceleration, �rst being pro-
posed by Enrico Fermi [Fer49]. It can account for the acceleration of CRs to
energies of up to the EeV range and provides a spectrum which matches the
observations by CR measurements [Bel78].

A possible acceleration site using a similar mechanism are magnetized
molecular clouds. These clouds include randomly moving magnetic mirrors,
which can repeatedly re�ect charged particles, granting them increasing en-
ergy. This mechanism is similar to the re�ection at shock fronts of SNRs, and
it is named second-order Fermi acceleration [Fer49]. However, due to the
lower velocities of the magnetic clouds fronts this is an inef�cient process. Its
energy gain per interaction is lower than �rst order Fermi acceleration with
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FIGURE 1.6: Flux of CRs with energies above 8 EeV by ar-
rival direction in galactic coordinates as measured by the Pierre
Auger Observatory [Aab+18a]. The direction of the recon-
structed dipole is indicated by the cross, the surrounding el-
lipses denote the 68 % CL and 95 % CL regions. The direc-
tion of the �ux weighted dipole of galaxies in the 2MRS cat-
alog [Huc+12] is denoted by the diamond. The two arrows
show the modi�cations to the dipole moment due to the Galac-
tic magnetic �eld as modeled in [Ade+16] for particles with
E/ Z of 5 EeV and 2 EeV respectively. Image taken from [MR18].

a relative energy gain DE
E proportional to the square of the ratio between the

cloud velocity u and its velocity v [Gru20]:

DE
E

� 2
u2

v2 (1.3)

There has been �rst evidence for CR acceleration in SNRs through the
discovery of photons with energies exceeding 100 TeV from the direction of
the Crab Nebula [Ame+19], which is the remnant of SN1054, a supernova
observed in 1054 by Chinese and Japanese astronomers. Interactions of pri-
mary cosmic rays with matter surrounding the SNR are expected to produce
photons of the observed energies.

At energies above the ankle, CRs are generally assumed to be of extra-
galactic origin. This hypothesis is additionally supported by the observation
of a dipole structure in the UHECR arrival directions by the Pierre Auger
Observatory [Aab+17a; Rou21]. For energies above 8 EeV, a dipolar am-
plitude of 6.5 % has been detected, pointing 125� away from the Galactic
Center. While a minor dipolar anisotropy can be explained by the move-
ment of the observer in relation to the frame of the CRs, this would lead to
a dipolar anisotropy of only 0.6 % [KS06], one order of magnitude smaller
than observed. The propagation of CRs in extra-galactic turbulent magnetic
�elds leading to the observed anisotropy is another currently proposed ex-
planation. The direction of the anisotropy is consistent with the distribu-
tion of nearby galaxies in the 2MRS catalog [Huc+12], when the de�ection
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FIGURE 1.7: The Hillas plot shows size and magnetic �eld
strength of possible UHECR source candidates [MR18]. The
solid and dashed purple lines indicate the necessary source pa-
rameters needed to accelerate protons and iron respectively to
energies above 100 EeV. For sources with relativistic jets, e.g.
GRBs, the shifted lines for the case of a boost ofG = 100 are
shown in cyan, indicating the relaxed parameters in size and
magnetic �eld. Shown sources are Neutron stars (n-star), GRBs,
AGNs involving both radio-quiet Seyfert galaxies (Sy) and ra-
dio galaxies (RG) with acceleration both in the inner black hole
(BH) or the inner jets, and the hot-spots and radio lobes of
Fanaroff-Riley Class II galaxies. The parameters of SNRs as
well as the acceleration of CRs in large scale shocks in starburst

galaxies and galaxy clusters are also displayed.

of charged particles in the galactic magnetic �eld is taken into account. The
measured dipolar anisotropy as well as the expected arrival directions of CRs
produced by the 2MRS sources are shown in Fig. 1.6.

This does however not settle the question of the mechanism accelerating
CRs to the highest energies. In fact, not a single class of sources may be re-
sponsible for the UHECR �ux, but a combination of different source types. To
constrain possible sources, a simple relation between the maximum achiev-
able energy Emax, its size L and its average magnetic �eld strength B can be
used:

Emax = GeZBL (1.4)

For further acceleration, the Larmor radius of the particle has to be smaller
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than the acceleration, thus a stronger magnetic �eld as well as a larger ac-
celeration region both lead to higher maximum energies. The relation also
takes a boostGin relation to the observer into account, which is the case if
the acceleration takes place in a relativistic jet. Eq. 1.4 is also known as the
Hillas criterion with the associated Hillas plot classifying different sources
by magnetic �eld strength and size [Hil84]. In Fig. 1.7, such a Hillas plot
with currently assumed possible UHECR source candidates is shown. Dif-
ferent source candidates with the associated source sizes as well as magnetic
�eld strengths are plotted. For an acceleration of protons and iron primaries
to energies above 100 EeV, sources have to ful�ll the Hillas criterion from
Eq. 1.4 by reaching the area above the purple continuous and dotted lines
respectively. For boosted sources, such as GRBs and AGN jets, this criterion
is relaxed by the boost G, which is indicated by the cyan parallel lines. For
lower energies, those lines would be appropriately shifted down according
to the difference in CR energy.

One possible source of CRs are active galactic nuclei (AGN), which are
found at the center of active galaxies. These typically are supermassive black
holes surrounded by an accretion disk. These black holes can generate mag-
netic �elds with strengths of several hundred Gauss while the accretion disks
span up to 10� 5 pc. In addition to acceleration in the inner region, CRs should
also be able to be accelerated in the giant radio lobes of AGNs. With these pa-
rameters, AGN should be able to accelerate CRs to energies above 100 EeV.
However, only the closest of those sources are expected to contribute to the
highest energies, as energy losses from synchrotron radiation and GZK sup-
pression should restrict the signal from distant sources. This close horizon
leads to only a small number of radio galaxies as possible source candidates
which should result in a measurable excess of UHECRs from their direc-
tions [Mar01].

Another proposed source of UHECRs are the mergers of binary neutron
star (BNS) systems. During the merging process, turbulent magnetic �elds
of extreme magnitude can be formed, which are predicted to be able to accel-
erate CRs to energies of multiple EeV [Kim19]. Mergers of different binary
systems, such as binary black holes or of a neutron star and a normal star, are
also speculated to produce high-energy CRs in a similar fashion. However,
the acceleration in those systems is less ef�cient than in BNS systems. Due
to the transitory nature of these events, experimental con�rmation of these
acceleration mechanisms is dif�cult.

Gamma-ray bursts (GRBs) are amongst the most-energetic astrophysical
events observed. Most GRBs seem to be released by hypernovae, where an
extremely massive star collapses into a black hole. Another subgroup of
GRBs seems to originate from the mergers of BNS systems. For all GRBs,
the energies of the producing event are massive, and CRs could be accel-
erated in the resulting ultra-relativistic winds to energies reaching 100 EeV.
Thus GRBs are another possible candidate for UHECR acceleration [Wax95].
However, the mechanisms producing UHECRs in GRBs would also produce
neutrinos, which have so far not been able to be measured [Abb+22]. While
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FIGURE 1.8: The relative abundances of elements up to nickel
(Ni) in the solar system [Lod03] and from galactic CRs at low
energies [Lav+13]. The relative abundances are normalized to

106 for silicon (SI, Z = 14). Image taken from [MR18].

this does not exclude GRBs as a source, it does restrict production in GRBs to
only a fraction of the total �ux.

1.4 Cosmic-ray composition

The composition of CRs at the lower end of the energy spectrum at around
100 GeV has been thoroughly examined through direct measurements by
both balloon and satellite experiments. CRs arriving at Earth are, with a
fraction of � 99 %, overwhelmingly hadronic, the remaining � 1 % of �ux
are mostly electrons contributed by the solar wind. An extremely low �ux of
antiparticles such as antiprotons ( � 0.01 %) and positrons (� 0.1 %) has also
been found, which is consistent with the expectation of generation of antipar-
ticles in collisions of CRs with matter in the interstellar medium. Here, we
focus primarily on the hadronic CRs.

In Fig. 1.8, the measured relative abundances of elements up to a atomic
number of Z = 28 in both the solar system as well as in low energy galactic
CRs are displayed. Overall, the composition of the solar system has many
similar features to that of CRs. The most abundant elements are hydrogen
(i.e. protons, H) and helium (He) with respective relative abundances of
� 85 % and � 12 % [Gru20]. Heavier elements with Z � 3 account for the re-
maining 3 % of hadronic CRs. Generally, elements with an even atomic num-
ber are more abundant than their uneven neighbors, which is explained by
the higher stability of nuclear con�gurations with even proton and neutron
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FIGURE 1.9: Cosmic ray spectra of different elements [MR18]
in the energy range between 1 GeV and 0.2 EeV. Below
the knee, the spectrum is measured by the satellite experi-
ments AMS-02 [Agu+15b; Agu+15a] and HEAO-3 [Eng+90]
and the balloon �ights CREAM-I, CREAM-II and CREAM-
III [Yoo+17; Ahn+09]. For energies above the knee, results from
the Air-shower experiments KASCADE [Ape+09] as well as
KASCADE-Grande [Ape+13] are shown, where the elements
are taken as representative of the �ux of their respective mass

ranges due to the indirect detection method.

numbers as well as the prevalence of helium burning processes in the pro-
duction of heavier elements through stellar nucleosynthesis [Bur+57]. Iron
is also relatively abundant, since it is the heaviest element which can be pro-
duced through exothermal processes in stellar evolution due to having the
lowest energy per nucleon. Elements heavier than iron are believed to be
produced in supernova explosions and neutron star mergers through neu-
tron capture processes, and thus their abundance is low.

The most pronounced difference between abundances in the solar sys-
tem and in galactic CRs is that elements which have a signi�cant under-
abundance in the solar system are more common in galactic cosmic rays.
These elements are typically produced as spallation products of more com-
mon heavier elements which react with the gas in the interstellar medium.
The elements lithium (Li), beryllium (Be) and boron (B) for example can be
produced in the spallation of the much more abundant elements carbon (C),
nitrogen (N) and oxygen (O), while �uorine (F) is produced in the spallation
of neon (NE) and the elements from scandium (Sc) to mangan (Mn) can result
from the spallation of iron (Fe) and nickel (Ni) [WBM97].
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FIGURE 1.10: Fractions of elements of four different elemen-
tal mass groups as determined by the Pierre Auger Observa-
tory [Aab+14b]. Results are shown for the three hadronic inter-
action models EPOS-LHC, QGSJET-II-04 and Sibyll 2.1. In the
upper panels, the fractions of individual elements are shown,

the lower panel shows the p-values of the �ts.

Both acceleration mechanisms as well as the de�ection of CRs during
propagation due to (extra-)galactic magnetic �elds are rigidity dependent.
Thus, a change in the elemental abundances in CRs with different energies
is expected, with the fraction of heavier elements increasing for higher ener-
gies. In Fig. 1.9, the �ux of different CR components in relation to the energy
is shown. The �ux of hydrogen and helium below the knee was measured by
AMS-02 aboard the international Space Station [Agu+15b; Agu+15a] as well
as the balloon �ights CREAM-I and CREAM-III [Yoo+17]. The �ux of the
heavier elements carbon, silicon and iron below the knee was measured by
the HEAO-3 satellite [Eng+90] as well as CREAM-II [Ahn+09]. At energies
above the knee, the air-shower arrays KASCADE [Ape+09] and KASCADE-
Grande [Ape+13] were used to determine CR �uxes. As air-shower exper-
iments cannot directly measure the primary particle type, the components
were determined using a �t to the observed electron and muon numbers at
the ground using a model with �ve elemental components (H, He, C, Si, Fe).
It follows that the displayed �ux of an element is representative of an entire
mass group (e.g. the shown �ux of C could be closer to the cumulative �ux
of C, N and O) and depends on the hadronic model used in the simulations.
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At low energies, the spectrum is dominated by H with an increasing frac-
tion of He and heavier elements for higher energies. He is more abundant
than H at energies above 100 GeV. Above 10 PeV, the spectrum is dominated
by heavy elements in the mass range of Fe. The strong suppression of the H
�ux at � 4 PeV coincides with the knee, the suppression of heavier elements
seen is consistent with an effect depending on particle rigidity, steepening
at energies of � 4Z PeV with the suppression of iron beginning at 100 PeV,
supporting this interpretation of the second knee.

For CRs of even higher energies, one method of reconstructing the ele-
mental composition is by performing combined �ts of air-shower simula-
tions of different elements to Xmax measurements. The elemental composi-
tion of CRs with energies in the EeV range reconstructed by the Pierre Auger
Observatory using different hadronic interaction models [Aab+14b] is shown
in Fig. 1.10. Although there are signi�cant differences between the models,
such as the comparatively high nitrogen fraction derived with EPOS-LHC,
the reconstructions have some common features. In particular, the proton
fraction again dominates the 1 � 5 EeV range where the �ux of heavy ele-
ments is again suppressed. Above the ankle at 5 EeV, heavier compositions
are favored with the proton fraction vanishing, although the exact compo-
sition varies between models. With Sibyll 2.1 and QGSJET-II-04, a helium-
dominated composition is obtained, while a signi�cant nitrogen fraction at
the highest energies is gained with EPOS-LHC. A signi�cant contribution of
iron-like particles is not seen at any energy in the investigated range for all
models [Aab+17c].
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Chapter 2

Ultra-high energy air showers

When energetic cosmic rays interact with the atmosphere of the Earth, cas-
cades of energetic particles, called air showers, are produced. In Sec. 2.1, the
general development of typical air showers induced by CRs is discussed. The
Heitler model, a simpli�ed model used to describe purely electromagnetic
showers is introduced in Sec. 2.1.1. In Sec. 2.1.2, the more complex devel-
opment of air showers initiated by a hadronic primary particle is covered.
These showers can then be detected using ground-based experiments, which
is the topic of Sec. 2.2.

2.1 Air shower development

Cosmic rays approaching Earth �rst enter the Earth's magnetic �eld before
entering the atmosphere. For charged particles with energies above � 1 GeV
this results in de�ection, which leads to an energy- and latitude-dependent
anisotropy in the arrival directions of particles. Particles with lower ener-
gies are de�ected more strongly and may become trapped in the magnetic
�eld inside the Van Allen radiation belts [Gru20]. These particles then are
re�ected between the Earth's magnetic poles until they either escape into
space or are absorbed in the atmosphere close to the poles, which can be
seen in the form of auroras. Particles with enough energy to penetrate the
magnetic �eld then enter the Earth's atmosphere, where they interact with
the constituent molecules of air, mainly nitrogen and oxygen. Repeated re-
interaction of secondaries results in a cascade of highly energetic particles
propagating through the atmosphere, called (extensive) air shower . All con-
stituent particles move with a velocity close to the speed of light c in the
approximate direction of the primary particle, as only minor transverse mo-
menta are introduced in collisions. Those particles form the shower front, a
slightly curved disk moving along the shower axis, given by the direction of
the primary particle.

The distance along the shower axis is measured as the atmospheric depth
X in g cm � 2, which measures the amount of air which is traversed along
the shower axis. It is gained by integration of the density of air (g cm � 3)
along the traversed path (cm). The total vertical column density of the at-
mosphere is about 1000 g cm� 2, corresponding to the pressure at sea level of
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FIGURE 2.1: Schematic depiction of the Heitler model adapted
from [Mat05a]. Shown is the shower development over the �rst
four interaction lengths. Electrons and positrons are depicted

as straight lines, photons as wavy lines.

� 1 bar [Gru20]. Radiation lengths of charged cosmic rays as well as pho-
tons in air are in the order of several tens of g cm � 2, thus the atmosphere is
opaque to them, with interactions almost guaranteed.

2.1.1 Photon-induced showers and the Heitler model

While hadronic showers are relevant in the later sections, the shower prin-
ciple can be explained with the simpler case of a purely electromagnetic
shower induced by a photon. The photon in the atmosphere interacts with
the electromagnetic charge of the atomic nuclei and undergoes pair produc-
tion, producing an electron-positron pair. Those electrons and positrons, in
the following referred to together as electrons, in turn interact with the air,
producing photons via Bremsstrahlung, with energy losses via other interac-
tions only becoming relevant at energies below the 100 MeV range. If those
photons are of suf�cient energy, they undergo pair production again, result-
ing in a cascade effect.

A simpli�ed model of the development of electromagnetic air showers
was developed by Walter Heitler [Hei54]. In the Heitler model, it is assumed
that every interaction happens after an interaction length l with each sec-
ondary particle inheriting half the energy of the initial particle. For photons
and electrons the interaction length in air is about 25 g cm � 2, allowing for up
to 40 interactions over the total column density for a vertical shower. Af-
ter n interaction lengths, a shower initiated by a photon with energy E0 has
reached an atmospheric depth of Xn = nl , consisting of N = 2n particles
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with an energy of En = E0 � 2� n each. The maximal number of particles is
reached when the energy per particle drops lower than the critical energy
Ecrit . Below this energy, Bremsstrahlung is no longer the dominant process
for energy loss of electrons and positrons, thus stopping further shower de-
velopment. Primary photon energy, critical energy and the maximum num-
ber of particles are thus related through the expression [MR18]:

E0 = NmaxEcrit (2.1)

The atmospheric depth at which the shower reaches its maximal size is
then given by [Mat05a]:

Xmax =
l

ln 2
ln (Nmax) =

l
ln 2

ln
�

E0

Ecrit

�
(2.2)

The rate at which the depth of the shower maximum Xmax increases with
energy is given by the elongation rate D, which is de�ned as the derivative
of Xmax with respect to log 10 (E0):

D =
dXmax

d log10 (E0)
=

ln (10)
ln (2)

l (2.3)

While this relatively simple model cannot predict the exact shower de-
velopment, the predictions for the dependence of the shower size on E0 as
well as for the elongation rate of electromagnetic showers agree with more
complex simulations.

2.1.2 Development of hadron induced air showers

The development of showers initiated by a hadronic cosmic ray is more com-
plicated, as an increased number of different particle types can be produced
inside the shower. A schematic depiction of the components of an air shower
as well as of the different particles produced in the shower is depicted in
Fig. 2.2.

Hadronic component

The primary hadron typically interacts with atomic nuclei in the air in col-
lisions via the strong interaction, producing a large number of secondary
particles in each collision. For a proton traversing air, the radiation length
is � 90 g cm� 2 [Gru20]. As the total atmospheric depth traversed is at least
11 times higher than this, interaction of the primary particle with the air is
practically guaranteed. While the radiation length of protons is larger than
that of photons, the overall development of the shower is faster due to the
higher number of particles produced in each interaction.
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FIGURE 2.2: Schematic depiction of the shower development
and the individual shower components [HRR03].

The hadronic interactions produce mostly pions, as those are the light-
est hadrons, and a smaller number of kaons. All three types of pions are
produced in roughly similar fractions. Neutral pions decay almost instan-
taneously into photon pairs, feeding into the electromagnetic component.
Charged pions have larger decay lengths, which leads to them interacting
multiple times with the atmosphere before decaying into pairs of muons,
which feeds the muonic component, and neutrinos. Neutrinos do not con-
tribute to the further development of the shower due to their extremely small
interaction cross sections, and are thus typically not observed [MR18].

This early air shower development can be described by a simpli�ed model
similar to the Heitler model. In that model, each interaction happens after a
�xed interaction length, producing a �xed number of secondary particles.
Only the charged pions re-interact, while the neutral pions decay into pho-
tons without further hadronic interactions. This reduces the total energy car-
ried by charged pions in a shower with a primary particle of energy E0 after
n generations to [Mat05a]:

Ep � ,tot =
�

2
3

� n

E0 (2.4)

Repeated interactions of pions with air happen as long as they are above
a critical energy, below which the decay length gct p � drops to values lower
than the mean distance traversed before interaction with the atmosphere. For
a shower with a primary energy of 10 17 eV this is the case aftern = 6 inter-
action lengths, where Ep � ,tot is reduced to only 9 % of the primary particle.
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The remaining energy is channeled into the electromagnetic component of
the shower through the decay of the produced neutral pions [Mat05a].

Electromagnetic component

The electromagnetic component contains the majority of the number of par-
ticles produced in an air shower. The initial particles of the electromagnetic
sub-showers are mainly produced by the decay of neutral pions into pho-
ton pairs, steadily feeding energy into the electromagnetic component in
the early stage of the shower. In addition to this, there are minor contri-
butions from the decay of charged muons. After this, the individual electro-
magnetic sub-showers develop like the purely electromagnetic showers dis-
cussed above. Since a majority of the primary particle energy is transferred
into the electromagnetic component, it is also the component containing the
greatest number of particles and is thus crucial to the overall development
of the air shower. In fact, some shower properties, such as the elongation
rate can be described reasonably well by only taking account the electromag-
netic development of the shower and the �rst hadronic interactions [Mat05a;
MR18].

Muonic component

The muonic component is produced by the decay of charged pions which
have reached energies at which decay becomes more probable than repeated
interaction. The range of muons in the atmosphere is mostly determined
by their relatively long lifetime t m � 2.2 µs, as the energy loss of relativistic
muons in air is low ( � 1.8 GeV). Thus, the muonic component is the most
penetrating part of the shower, with its size staying almost constant after
reaching the maximum. This results in a relatively high number of muons
reaching the ground, accounting for 80 % of all charged secondary particles
at sea level [Gru20].

Longitudinal shower development

The longitudinal development of the entire hadronic shower is more com-
plex than that of a purely electromagnetic one, due to the hadronic compo-
nent feeding both the electromagnetic and muonic components as well as
interactions and decays competing against each other [MR18].

As the majority of the energy of the shower is contained in the electro-
magnetic component, the longitudinal development of the shower is mainly
determined by the longitudinal development of the electromagnetic compo-
nent. This can be parameterized through a Gaisser-Hillas function [GH77]
given by:

Ne = Nmax

�
X � X1

Xmax � X1

� Xmax � X1
l

e
Xmax � X

l (2.5)



22 Chapter 2. Ultra-high energy air showers

FIGURE 2.3: Average longitudinal pro�le of the electromag-
netic (blue) and muonic (red) components of simulated show-
ers initiated by a 10 EeV proton [Abr+09]. The solid black line
shows a Gaisser-Hillas function �tted to the electromagnetic

component.

In this function, Nmax describes the maximal number of particles and Xmax
the atmospheric depth at which this maximum is reached. X1 is the atmo-
spheric depth of the �rst interaction and l � 70 g cm� 2 the effective attenua-
tion length.

The simulated development of the number of particles in both the electro-
magnetic and muonic component, as well as a �t to a Gaisser-Hillas function
are displayed in Fig. 2.3. The electromagnetic component consists of a large
number of particles, with the number steadily increasing until a maximum
Nmax at atmospheric depth Xmax is reached. The number of particles in the
muonic component also rapidly increases in the early stages of the shower.
In contrast to the electromagnetic component, the number of muons only
slightly decreases after its maximum is reached, resulting in much higher
penetration.

Lateral distribution of secondary particles

For a ground-based experiment, the lateral distribution of particles at ground
level is of great interest for the shower reconstruction. The particle densities
of the different shower components at ground level in relation of the distance
to the shower core is seen in Fig. 2.4. Again, electrons visibly outnumber the
other shower components, while all shower components have a wide distri-
bution, with particles still being measured at distances of hundreds of meters
or kilometers from the shower axis. Of the three distributions, the muon dis-
tribution shows the highest densities at large lateral distances, due to the



2.1. Air shower development 23

FIGURE 2.4: Lateral distribution of particle densities of the dif-
ferent air shower components in showers initiated by different
primary particles [HRR03]. The values were derived from MC
simulations of vertical showers with a primary energy of 1 PeV

using CORSIKA [Hec+98].

production of muons very early in the shower development, where small
transverse momenta can lead to a large displacement on the ground. Thus,
with a higher distance from the shower axis, the proportion of measured
muons increases.

The superposition model for heavy nuclei

The mass of the primary particle also impacts the shower development, as
the �rst interaction depends on the cross section of the particle-collision with
air. For particles heavier than the proton, the superposition model can be
used to understand the shower behaviour. In the superposition model, a
shower initiated by a particle with energy E0 consisting of A nucleons is
considered to be a superposition of A proton showers with energies E0/ A
each. From this, a dependence of the average depth of the shower maximum
hXmaxi on the primary particle mass follows [MR18]:

D
X A

max(E)
E

=


X p

max(E0/ A)
�

(2.6)

This also implies that the elongation rate does not depend on the mass of
the primary particle, if a constant elongation rate of the proton is assumed.
In this case, any changes in elongation rate measured relate to a change in
primary particle composition. If the elongation rate of the photon changes at
an energy E, these changes can be seen for heavier particles at higher energies
A � E.
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The superposition model also predicts a decrease in the �uctuations of the
shower maximum between showers s(Xmax) for higher mass primaries. For
a proton shower, the spread of Xmax is mostly determined by �uctuations
of the depth of the �rst interaction, with additional contributions from �uc-
tuations in the development of the subsequent electromagnetic component.
For a higher-mass particle, the �uctuations of the superimposed protons are
largely averaged out, leading to a signi�cant decrease in s(Xmax). For exam-
ple, the �uctuations of showers induced by 100 EeV protons are s(X p

max) �
60 g cm� 2, those of iron only a third of this value with s(XFe

max) � 20 g cm� 2.
These features of the superposition model give a good approximation of the
shower development and can be reproduced in numerical shower simula-
tions [MR18].

2.2 Air shower detection

To detect air showers in the atmosphere, several techniques are used. These
can be grouped into two categories: In the �rst category, the secondary par-
ticles reaching the ground are detected by an array of particle detectors. The
second category is the detection of electromagnetic emission produced by the
electromagnetic component of the shower during propagation through the
atmosphere. Different types of radiation have been used for these measure-
ments, such as �uorescence light emitted by excited air molecules, Cherenkov
light and radio emission. With all methods, the direction of the primary par-
ticle can be reconstructed by measuring the arrival times of signals, the pri-
mary particle energy can be reconstructed by the integration of all measured
signal strengths. For a ground based measurement this involves adding up
all measured particles, when measuring the propagation in the atmosphere,
the total measured electromagnetic radiation gives a measure of the total
shower energy. A sketch of the different detection methods and their in-
teractions with the air shower can be seen in Fig. 2.5.

While various different types of detectors can be used for air-showers
arrays, most current experiments use either water Cherenkov detectors or
scintillation detectors. For shower reconstruction, the electron-muon ratio
can be determined for experiments using detection methods with different
responses to muons and electrons. Different methods to obtain this are the
use of absorbers between detectors, which absorb vastly more electrons than
muons, as well as the use of different detectors with inherently different re-
sponses to electrons and muons. The depth of the shower maximum Xmax
can also be estimated by analyzing the arrival time at individual detectors, al-
though this is signi�cantly less precise than measurements from atmospheric
radiation.

To compensate the low �ux of cosmic rays at the highest energies, the area
covered by the experiment has to be large. For measurements at the ground,
this necessitates building large arrays of detectors, covering up to several
thousands of km 2, with detectors spaced according to the technique used as
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FIGURE 2.5: A sketch of different detection techniques of air
showers [Sch17].

well as the targeted energies, where higher energies need larger areas while
for lower energies a denser spacing is preferred. This spacing can range from
several meters (e.g. 13 m at KASCADE [Ape+10]) to more than a kilometer
(e.g. 1.5 km at the Pierre Auger Observatory [Aab+15b]). Experiments ob-
serving the �uorescence light in air or Cherenkov light can measure a large
volume of air with only a single telescope, capable of measuring showers in
distances of tens of kilometers.

Fluorescence detectors exploit the light emitted by nitrogen nuclei which
were excited by the passing shower front. They provide very high sensitivity
for both the total energy of the shower, as well as the depth of the shower
maximum Xmax. The reconstruction of the shower is also less dependent
on the hadronic interaction models than measurements of particles at the
ground. However, the sensitivity to the muonic component of the shower is
poor, as the �uorescence is dominated by the electromagnetic component.

Cherenkov detectors detect the passage of particles faster than the speed
of light in the medium the particle travels in. This technique is used in
dense media such as ice and water to detect neutrino-induced particle cas-
cades [Ach+06; Avr+22], but can also be applied to air showers. Similar
to �uorescence detectors, Cherenkov detectors are mostly sensitive to the
electromagnetic component of air showers due to the high energy-to-mass
ratio of electrons and positrons. Because of this, they are used for gamma
astronomy and detecting photon-induced air showers. For gamma-ray en-
ergies above � 50 Gev, imaging atmospheric Cherenkov telescopes such as
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H.E.S.S. [OH23] and MAGIC [Fer06] are used to measure the Cherenkov light
emitted by the shower [Fun15]. For even higher energies above 1 PeV, arrays
of photomultipliers have been used to measure atmospheric Cherenkov light
at experiments like Tunka-133 [Pro+14]. The intensity of the Cherenkov light
is proportional to the energy of the electromagnetic component, resulting in
accurate measurements of the shower energy, similar to �uorescence detec-
tion.

An additional method for measurements of air showers is the detection
of radio emission from air showers. Radio emission in air showers is mainly
generated by the de�ection of relativistic electrons in the geomagnetic �eld,
its amplitude depends on both the total shower energy and the angle be-
tween the shower axis and the geomagnetic �eld. These emissions can be
measured by arrays of radio antennae, which are often attached to exist-
ing cosmic-ray experiments. Work is still done on the reconstruction of air
showers from radio measurements, with the achieved precision for measure-
ments of energy and shower position being comparable to other measure-
ments techniques [Sch17].

Another approach to studying air showers is the measurement of light
emitted by the air shower from above using balloons or satellites. This is
currently explored by the EUSO program [Cas18]. Currently, a prototype in
the form of the Mini-EUSO observatory is aboard the ISS [Bac+21], dedicated
satellite experiments are also planned. Advantages of space-based obser-
vations of air showers are the coverage of a large amount of atmosphere,
as well as uniform coverage of all arrival directions. On the other hand,
satellite experiments have strict constraints the detector parameters and the
increased exposure of such experiments currently results in a lower preci-
sion compared to ground based experiments, especially for the shower depth
Xmax [Ber+14].
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Chapter 3

The Pierre Auger Observatory

In this chapter, the Pierre Auger Observatory is introduced to give context to
the air shower data used in the later chapters of this work. The idea of the
Pierre Auger Observatory was hatched in 1991 by James Cronin and Alan
Watson in Dublin at the International Cosmic Ray Conference. Due to the
rapidly decreasing �ux of cosmic ray particles with increasing energy, a de-
tector covering a very large area would be needed for measurements at the
highest energies. The Pierre Auger Collaboration was of�cially founded in
1999, the construction of the Observatory started in 2002, with the �rst data
taken in 2004. The detector covers a total area of� 3000 km2 and is located
in the remote countryside near the city of Malargüe in Argentina [Aab+15b].

The Pierre Auger Observatory has a hybrid detector design, combining
multiple detection techniques for increased accuracy. The �rst component of
the detector is a large Surface Detector (SD) to detect secondary air-shower
particles at ground level, consisting of 1660 water Cherenkov detectors. Com-
plementing this, the Fluorescence Detector (FD) is used to measure the �u-
orescence light produced by the passage of the air shower through the at-
mosphere. The FD component of the Observatory consists of 24 �uorescence
telescopes at 4 sites overlooking the SD array. Additional �uorescence tele-
scopes as well as a denser SD array are installed near the Coihueco site for
measurements of air showers at lower energies [Aab+15b]. The layout of the
Observatory with its primary components is shown in Fig. 3.1. Fluorescence
light produced by passing air showers is detected by the FD, which enables
precise measurements of shower energy and development, but is restricted
to observations to clear, moonless nights, resulting in a duty cycle of � 15 %.
Sec. 3.1 covers the FD component of the Pierre Auger Observatory. The SD
measures secondary particles at the ground with a duty cycle of � 100 % and
is covered in Sec. 3.2.

Additional components of the Pierre Auger Observatory, such as the High
Elevation Auger Telescopes (HEAT) and the in�ll array used to measure
showers of lower energies as well as the Auger Engineering Radio Array
(AERA) are discussed in Sec. 3.3.
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FIGURE 3.1: Layout of the Pierre Auger Observatory [Veb20].
The black markers correspond to the 1660 detector stations of
the SD. The four sites of the FD as well as the �eld of view
of individual telescopes are marked in blue, with the addi-
tional high-elevation telescopes of HEAT at Coihueco marked
in dark orange. Also shown are the 750 m array and AERA
near Coihueco, as well as laser (XLF, CLF) and weather balloon

launching (BLS) facilities.

3.1 The �uorescence detector

The FD of the Pierre Auger Observatory consists of 24 �uorescence tele-
scopes, which are located at the four sites Coihueco, Loma Amarilla, Los
Morados and Los Leones. At each site, six telescopes with a �eld of view
of 30 � � 30 � are installed, for a total �eld of view of 30 � in elevation and
180� in azimuth [Abr+10a]. The telescopes are pointed towards the center of
the array, overlooking the entire SD area, which can also be seen in Fig. 3.1.
Fig. 3.2 shows both a photograph of the building housing the �uorescence
telescopes at Los Morados as well as a schematic view of one such building.

The FD is used to detect the air-�uorescence of extensive air showers. The
�uorescence light is produced when the charged particles in the air shower
lose energy by exciting nitrogen molecules contained in the atmosphere. The
excited nitrogen molecules can then return to their ground state, radiating
the absorbed energy in the form of �uorescence light in the UV range with
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