
540725-L-os-Aab540725-L-os-Aab540725-L-os-Aab540725-L-os-Aab

A New Method to Separate Ultra-High-Energy 
Photons from Cosmic Rays

Alexander Aab

Air Shower Signal Shape Analysis



Air Shower Signal Shape Analysis

A New Method to Separate Ultra-High-Energy

Photons from Cosmic Rays

Alexander Aab



c© Alexander Aab 2020

Air Shower Signal Shape Analysis
- A New Method to Separate Ultra-High-Energy Photons from
Cosmic Rays

Thesis, Radboud University Nijmegen
viii + 226 pages; illustrated, with bibliographic references and summaries
in English, Dutch, German and Russian

ISBN 978 - 94 - 028 - 1946 - 5

Cover design by Alexander Aab
Printed in the Netherlands by Ipskamp Drukkers, Enschede



Air Shower Signal Shape Analysis

A New Method to Separate Ultra-High-Energy

Photons from Cosmic Rays

PROEFSCHRIFT

ter verkrijging van de graad van doctor
aan de Radboud Universiteit Nijmegen

op gezag van de rector magni�cus prof. dr. J.H.J.M. van Krieken,
volgens besluit van het college van decanen

in het openbaar te verdedigen op
dinsdag 10 maart 2020,
om 14:30 uur precies

door

Alexander Aab

geboren op 12 augustus 1984
te Krasnogorsk (USSR)



PROMOTOR Prof. dr. S.J. de Jong

COPROMOTOR Dr. C.W.J.P. Timmermans

MANUSCRIPTCOMMISSIE Prof. dr. J.R. H�orandel (voorzitter)

Dr. C.F. Galea

Prof. dr. O. Scholten
University of Groningen



Contents

1. Introduction 1

2. Cosmic rays and air showers 5

2.1. Cosmic rays . . . . . . . . . . . . . . . . . . . . . . . . . . 5

2.1.1. History of cosmic ray physics . . . . . . . . . . . . 6

2.1.2. Energy spectrum . . . . . . . . . . . . . . . . . . . 8

2.1.3. Sources and acceleration . . . . . . . . . . . . . . . 10

2.1.4. Propagation . . . . . . . . . . . . . . . . . . . . . . 14

2.2. Extensive air showers (EAS) . . . . . . . . . . . . . . . . . 15

2.2.1. Heitler model . . . . . . . . . . . . . . . . . . . . . 15

2.2.2. Air shower components . . . . . . . . . . . . . . . 17

2.2.3. Longitudinal pro�le . . . . . . . . . . . . . . . . . 20

2.3. Mass composition puzzle . . . . . . . . . . . . . . . . . . . 22

2.3.1. Finding photons . . . . . . . . . . . . . . . . . . . 24

3. Pierre Auger Observatory 27

3.1. Surface Detector (SD) . . . . . . . . . . . . . . . . . . . . 31

3.1.1. Auger Muons and In�ll for the Ground Array
(AMIGA) . . . . . . . . . . . . . . . . . . . . . . . 33

3.2. Fluorescence Detector (FD) . . . . . . . . . . . . . . . . . 34

3.2.1. High Elevation Auger Telescopes (HEAT) . . . . . 36

3.2.2. Monitoring of the atmospheric conditions . . . . . 37

3.3. Auger Engineering Radio Array (AERA) . . . . . . . . . . 39

3.4. Event reconstruction . . . . . . . . . . . . . . . . . . . . . 41

3.4.1. Event reconstruction with SD . . . . . . . . . . . . 43

3.4.2. Hybrid event reconstruction . . . . . . . . . . . . . 51

4. Air shower simulation and reconstruction 55

4.1. Air shower simulation with CORSIKA . . . . . . . . . . . 56

4.1.1. Thinning procedure . . . . . . . . . . . . . . . . . 59

4.1.2. Parallelization . . . . . . . . . . . . . . . . . . . . . 61

4.2. Detector simulation and EAS event reconstruction with
Off line . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 62

4.2.1. Detector simulation . . . . . . . . . . . . . . . . . 63

4.2.2. EAS event reconstruction . . . . . . . . . . . . . . 66

v



Contents

4.2.3. Module sequence �le . . . . . . . . . . . . . . . . . 66

4.3. Set of air shower simulations used for analysis . . . . . . . 68

5. Mass composition parameters 71

5.1. Existing observables . . . . . . . . . . . . . . . . . . . . . 72

5.2. New approach: Time Probability Density Function (TPDF) 80

6. Generation of TPDF models 87

6.1. TPDF model de�nition . . . . . . . . . . . . . . . . . . . . 87

6.1.1. Uncertainties . . . . . . . . . . . . . . . . . . . . . 90

6.2. TPDF model generation . . . . . . . . . . . . . . . . . . . 94

6.3. TPDF model interpolation . . . . . . . . . . . . . . . . . . 95

6.4. TPDF con�dence interval . . . . . . . . . . . . . . . . . . 96

7. Analysis of TPDF parameters obtained from simulated EAS 101

7.1. Primary particles di�erences . . . . . . . . . . . . . . . . . 103

7.2. Simulation energy di�erences . . . . . . . . . . . . . . . . 109

7.3. Inclination angle di�erences . . . . . . . . . . . . . . . . . 114

7.4. CORSIKA version di�erences . . . . . . . . . . . . . . . . 114

7.5. High-energy interaction model di�erences . . . . . . . . . 122

7.6. Increased number of secondary muons . . . . . . . . . . . 123

7.7. Thinning impact . . . . . . . . . . . . . . . . . . . . . . . 130

8. Evaluation of the TPDF models 137

8.1. Correction of the reconstructed energy . . . . . . . . . . . 137

8.2. Signal strength and number of triggered SD stations . . . 142

8.3. De�nition of testing ranges . . . . . . . . . . . . . . . . . 148

8.4. Gamma cut de�nition . . . . . . . . . . . . . . . . . . . . 149

8.5. Gamma cut testing on simulations . . . . . . . . . . . . . 158

9. Results of the TPDF application on data 161

9.1. Data selection . . . . . . . . . . . . . . . . . . . . . . . . . 161

9.2. Reconstruction range and quality cuts . . . . . . . . . . . 163

9.3. Gamma ray candidates . . . . . . . . . . . . . . . . . . . . 168

9.4. Characteristics of selected gamma ray candidate events . . 169

9.5. Comparison to gamma ray candidates of other studies . . 173

10.Conclusions 175

vi



Contents

11.Outlook 177
11.1. AugerPrime . . . . . . . . . . . . . . . . . . . . . . . . . . 177
11.2. Possible TPDF improvements . . . . . . . . . . . . . . . . 179

Bibliography 183

A. Hardware and software versions 195
A.1. Hardware used . . . . . . . . . . . . . . . . . . . . . . . . 195
A.2. Software used . . . . . . . . . . . . . . . . . . . . . . . . . 195

B. Steering �le examples and command descriptions 196

C. Module sequence �les 200

D. Λγ,p histograms and graphs 202

Glossary of abbreviations 206

Summary 209

Samenvatting 213

Zusammenfassung 217

Ðåçþìå 221

Acknowledgements 225

vii



viii



Chapter 1

Introduction

Many sources in the universe are known to produce particles of di�erent
nature and energy and emit them out into space. The closest source to the
Earth is our Sun. Every moment it emits particles, such as photons, neu-
trinos, electrons, protons and heavier nuclei in a wide spectrum of energy.
Some of them we can analyze by measuring their direct interactions with
detectors, e.g. visible light or radio signals with telescopes. Other particles
we can observe indirectly, from their interactions with the Earth's atmo-
sphere, e.g. the solar wind (charged particles) as northern light. Next to
solar particles, particles from farther sources of (extra)galactic origin also
arrive at Earth. While photons from these sources (e.g. star light) are
known from time immemorial, the existence of extraterrestrial charged
particles (cosmic rays, CR) was discovered �rst in the beginning of the
20th century. CR are high-energetic particles of di�erent nature, traveling
close to the speed of light. Within a century a large number of experiments
have measured various parameters of the cosmic rays, e.g. their energies,
�ux, and arrival directions. Physicists are curious to understand where
these particles are being produced (source) and how their acceleration
works. Also the propagation through the universe and the (extra)galactic
magnetic �elds, which de�ect the charged particles, are of major interest.
When high-energetic particles reach the Earth's atmosphere, they col-

lide with the air atoms (interaction) and produce air showers. The �ux
of the so called ultra-high-energy cosmic rays (UHECR) with energies
above an EeV (1018 eV) is below 1 particle per km2 per year. This �ux
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Chapter 1

Figure 1.1.: Schematic picture of a cosmic ray which propagates from the
source to the Earth and induces an air shower.

SD

FD

makes direct detection unfeasible, whereas the detection and analysis of
the air showers o�er access to study the very rare UHECR. Figure 1.1
is a schematic view of a cosmic ray traveling through the universe from
its production and acceleration towards the Earth and producing an air
shower by interacting with the atmosphere.

The air showers can reach several kilometers in diameter at ground and
can be measured with di�erent kinds of detectors. Besides the studies
of the astrophysics of cosmic rays, air showers can also be used to test
and improve the models describing the interactions between particles at
the highest available energy. To understand where the cosmic rays were
produced and how they were accelerated, it is essential to know their
chemical or mass composition. This is not directly accessible, but can be
deduced from the air shower properties. Especially the search for neutral
particles, like gamma rays (photons), at the highest energies is of interest
given that they are not bent by the (extra)galactic magnetic �elds and
point back to their origins.

The work presented in this thesis focuses on the properties of the air
showers measured with the surface detectors of the Pierre Auger Obser-
vatory. A technique to evaluate the nature (type) of the primary particle
through the longitudinal shape of the air shower it induces as recorded in
a time trace of the surface detector will be presented and exploited in a
search for ultra-high-energy gamma rays (UHEGR). In Chapter 2 the his-
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Introduction

tory of the discoveries and the physics of cosmic rays and air showers are
presented. In addition, possible sources and the propagation through space
as well as the focus of this work toward the mass composition analysis and
the search for photons are discussed. The Pierre Auger Observatory, which
provided the data for this thesis, is explained in Chapter 3. Besides the
di�erent detector types also the reconstruction algorithms are described.
Air shower simulations have been performed to better understand the
signals measured by the detectors. The simulation programs that were
used to create the air shower and the detector simulations are presented
in Chapter 4. Chapter 5 gives an overview of the existing analyses with
di�erent approaches for the mass composition studies of the Pierre Auger
Collaboration. In addition, a new approach is introduced and the de�ni-
tion of the Time Probability Density Function (TPDF) is given, which
will be used to distinguish the di�erent types of cosmic rays. In Chapter 6
the generation of the TPDF parameterizations is described including the
discussion of the uncertainties. The di�erences of the TPDF parameter-
izations obtained from di�erent air shower simulations are presented in
Chapter 7. The preparations for the application on measurements and
the de�nition of the testing ranges are described in Chapter 8. Also the
criteria for identifying air showers induced by a photon are de�ned there,
followed by the testing of the TPDF method on air shower simulations. In
Chapter 9 the results of the application of the TPDF method on events
measured by the Pierre Auger Observatory are summarized. In Chapter 10
the �nal conclusions of this thesis are presented. Finally, the outlook of
Chapter 11 provides an insight into the possible further use of the de-
veloped tools and their improvements. Also the ongoing upgrade of the
Pierre Auger Observatory, AugerPrime, will be discussed there.

3
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Chapter 2

Cosmic rays and air showers

veni vidi vici

C
C
C
P

Cosmic rays of (extra)galactic origin permanently penetrate the Earth's
atmosphere. When they interact with atmospheric nuclei and their energy
is su�ciently high, they produce cascades of secondary particles - the air
showers. These air showers can be used to study the very rare cosmic rays
at the highest energies.

2.1. Cosmic rays

Cosmic rays are by de�nition charged particles with an extraterrestrial
origin, traveling through space with relativistic speeds before reaching
the Earth. Their energy range, as observed by several experiments, spans
more than eleven orders of magnitude. Due to the rapidly decreasing �ux
as a function of energy, di�erent kinds of detection strategies have to be
applied to measure CR, as will be discussed in Chapter 3.
Our knowledge about the mechanisms behind the production and the

propagation of the cosmic rays is very limited, especially for the UHECR.
We study them carefully to obtain insight into the acceleration mech-
anisms and the physics of their sources, as well as improve our knowl-
edge about particle interactions at highest energies and the propagation
through the space in view of the presence of magnetic �elds and cosmic
particle backgrounds. These studies may give us a hint of physics beyond
the Standard Model.

5



Chapter 2

Figure 2.1.: Victor Franz Hess in the gondola of his balloon in 1912.
Adapted from [1].

SD

FD

2.1.1. History of cosmic ray physics

Cosmic rays were discovered about 100 years ago. In 1912 Viktor Hess
performed balloon experiments (Figure 2.1) to measure the ionizing ra-
diation with increasing altitude, up to 5 km [3]. The unexpected result
was, that after an initial decrease, the radiation started to increase again
at larger altitude. Hess' conclusion was that the origin of this phenomena
must come from above. In the years 1913-14 Werner Kolh�orster repeated
Hess' experiments up to 9 km altitude and could con�rm his results [4].
Figure 2.2 displays the measurements of Hess and Kolh�orster. With the
discovery of the cosmic rays the questions of where they originate from
and what mechanisms can accelerate them to the measured energies came
up and scientists try to �nd answers to those questions ever since.

Besides for astronomy, cosmic ray experiments are also used for parti-
cle and nuclear physics. The positron and the muon were both discovered
by studying cosmic rays. In the 1930's several scientists, among them

6



Cosmic rays and air showers

(a) (b)

Figure 2.2.: Results of the balloon experiments by V. Hess (a) and W.
Kolh�orster (b). Adapted from [2].

Pierre Auger, working with cosmic rays, discovered that detectors placed
at some distance to each other were triggered at almost the same time.
The conclusion was that these detections are caused by particles that
have a common origin in the atmosphere and belong to the same struc-
ture, called an air shower, a cascade of particles initiated by a cosmic
ray when interacting with the atmosphere (Section 2.2). After analyzing
the data in 1939, Auger estimated that the cosmic rays creating these
air showers must have an energy of at least 1015 eV [5]. In fact Hess and
Kolh�orster were measuring the particles of air showers and not directly
the cosmic rays. Also the increasing �ux with altitude in their measure-
ments can be explained by the development characteristics of air showers,
where their number of particles reaches its maximum at several kilome-
ters altitude and afterward start to decrease while proceeding toward the
ground (Section 2.2.3).
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2.1.2. Energy spectrum

Since the discovery of cosmic rays, their energy spectrum has been mea-
sured by several experiments. The di�erential �ux J of all particle types
with energies above 108 eV is shown in Figure 2.3. For each decade in-
crease in energy the number of particles is dropping by about 3 orders of
magnitude. Therefore, the �ux for particles with energy of 1011 eV which
is around 1 particle per m2 per second drops down to 1 particle per m2 per
year at 1016 eV and to below 1 particle per km2 per century at energies
around 1020 eV. The measured energies of cosmic rays at the end of the
energy spectrum are many orders of magnitude higher than that of the
particles in the beams of current particle accelerator experiments, like the
Large Hadron Collider (LHC) at CERN, Geneva [6]. This fact makes cos-
mic rays the only candidates to study particle interactions at the highest
energies, until much more powerful accelerators come into existence.
The �ux can approximately be described with the power law:

J ∼ E −α , (2.1)

with an overall spectral index α with a value close to 3. There are several
characteristic energy regions where the spectral index changes. The fea-
ture at around 1015.5 eV, where the spectrum becomes slightly steeper,
is called the knee and is already known for more than 50 years [8]. This
energy is assumed to be the maximum for proton acceleration processes
within our galaxy. At two orders of magnitude higher energy (1017.5 eV)
the spectrum steepens again. This is called the second knee and is, in
analogy to the �rst one, supposed to be the maximum galactic accelera-
tion energy for heavy nuclei [9]. Around 1018.7 eV the spectrum becomes
slightly less steep and α changes to a smaller value. This region it called the
ankle and its origin is assumed to be the change of the cosmic rays origins
to primarily extra-galactic sources [10] as the galactic magnetic �elds are
too weak to trap the particles above this energy. Nevertheless, the cause
of this feature is still an open question. One hypothesis proposes the an-
kle to be due to a dip in the pair production cross section [11], another
due to photo-disintegration of heavy nuclei close to their sources [12], yet
another proposes the need for an additional galactic source at the end
of the galactic spectrum [13]. The end of the energy spectrum is marked
by a sharp drop of the �ux around 1020 eV. Both features, the ankle

8
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and the steep drop, are better visible when plotting the �ux multiplied
by E3 (Figure 2.4). There are two favored hypotheses for the cause of
this apparent end of the spectrum [14]. The maximum rigidity scenario

(Figure 2.5(a)) postulates a maximum charge dependent energy, to which
the particles can be accelerated. Hence, the cosmic rays at the end of
the energy spectrum would consist of heavier particles due to their higher
charge. In the photo-disintegration scenario (Figure 2.5(b)) the mass com-
position at the highest energies is light and the sharp drop is formed by
the GZK cut-o�, which will be discussed in Section 2.1.4.

2.1.3. Sources and acceleration

The origin of cosmic rays at the highest energies (above 1017 eV) is still
unknown and is one of the main topics of the ongoing studies in astropar-
ticle physics. Currently, two big observatories are operating at these en-
ergies, the Pierre Auger Observatory since 2004 [16] and the Telescope
Array (TA) since 2008 [17]. Even though an origin of the UHECR could
not be unambiguously identi�ed yet, some scenarios for sources could be
ruled out based on the data taken with these observatories. In partic-
ular the top-down models, where cosmic rays at ultra-high-energies are
produced by interactions and decays of heavy, hypothetical particles are
disfavored [14] compared to the bottom-up models, in which cosmic rays
are produced with low energies and are accelerated afterwards.

The main mechanism to accelerate cosmic rays to the observed energies
is assumed to be Fermi acceleration [18]. Originally postulated by Enrico
Fermi in 1949 and elaborated in the 1970's, it describes how particles gain
energy through scatterings on turbulent magnetic �elds in shock fronts
of e.g. supernova remnants, active galactic nuclei (AGN) or gamma ray
bursts (GRB). This assumption naturally leads to an inverse power law
energy spectrum.

In 1984 Anthony M. Hillas proposed a criterion for the maximum energy
E, that can be obtained from an acceleration region with size L, the
magnetic �eld strength B and the velocity of the magnetic shock βc [19]:

E[EeV] <
1

2
B[µG] · L[kpc] · Z · β . (2.2)

Particles with higher charge can gain more energy. This is indicated by
the charge number Z in the equation.

10
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Figure 2.5.: Maximum rigidity (a) and photo-disintegration (b) scenarios
for the measured energy spectrum (black dots). Four di�er-
ent particle types are �tted as parts of the total composition
(brown line): proton (red), helium (cyan), nitrogen (purple)
and iron nuclei (blue). Adapted from [14].
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Based on this criterion the Hillas plot for ultra-high-energy cosmic rays
is constructed (Figure 2.6). As shown in the diagram, several possible
sources for the observed cosmic rays are conceivable. Even though the
anisotropy studies have not yet found any clear evidence for a correlation
between the arrival directions of cosmic rays and the known objects from
existing catalogs [20], e.g. the Swift AGNs (Figure 2.7), a dipole was found
in the data (Figure 2.8) [21], indicating that the sources of the cosmic rays
are to be found outside our galaxy.
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Figure 2.6.: Hillas plot for di�erent astronomic objects. The two lines indi-
cates which size and magnetic �eld are necessary to accelerate
a given particle type to an energy of 1020 eV. Only objects
above the lines are plausible. Adapted from [22].
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Figure 2.7.: Events with E ≥ 58 EeV (black dots) measured by the
Pierre Auger Observatory in galactic coordinates. Red circles
of 18◦ radius represent Swift AGNs, brighter than 1037 W
(1044 erg s−1) and closer than 130 Mpc. Adapted from [20].
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2.1.4. Propagation

On their way through the universe the cosmic rays interact with the cosmic
microwave (CMB) and the infrared photon (IR) backgrounds.
In case of protons a ∆+ resonance may be created in these interactions

that decays into a proton and a neutral pion or a neutron and a positive
pion:

p+ γCMB → ∆+ → p+ π0 , (2.3)

→ n+ π+ . (2.4)

This e�ect becomes energetically possible above energies of 5 · 1019 eV
and shortens the attenuation length for ultra-high-energy protons to less
than 100 Mpc at 1020 eV. This suppression of the �ux is called the GZK-
limit, named after Kenneth Greisen, Georgiy T. Zatsepin and Vadim A.
Kuzmin [23] [24]. Another loss that limits the attenuation length is due
to the pair production, dominant below 7 · 1019 eV (Figure 2.9(a)).
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Figure 2.9.: Attenuation lengths for protons (a) and heavier nuclei (b).
Note the di�erent scale on vertical axis. In (b) the upper
lines are due to pair production and the lower due to photo-
disintegration. Adapted from [25].
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For heavier nuclei the dominant process for limiting the attenuation
length when interacting with the CMB and IR photons is the photo-
disintegration, where the nuclei split into lighter fragments. Pair pro-
duction causes also an energy loss, although the attenuation length is
much larger. Both processes depend on the energy and mass of the CR
(Figure 2.9(b)).

Because of these limitations the sources for UHECR are assumed to be
nearby on the intergalactic distance scale. Apart from this, cosmic rays
are also de�ected by the (extra)galactic magnetic �elds. This fact leads to
the main di�culty in searching for the sources of the UHECR, the arrival
directions of the charged particles do not necessarily point back toward
their origins. The magnitude of the deviation depends on their charge
as well as on their energy. Hence, protons (beside neutral particles, like
photons) with ultra-high-energies and relative small attenuation lengths
for cosmic scales, point back most accurately to their sources.

2.2. Extensive air showers (EAS)

When particles with su�ciently high energies collide, a bunch of new
particles is produced. Similar processes are studied in collider experi-
ments. The impact of a cosmic or a gamma ray (primary particle) on
the Earth's atmosphere can be seen as a �xed target experiment. Parti-
cles created from the interaction of the cosmic or gamma ray with the
atmospheric nuclei are directed toward the Earth's surface and are called
secondary particles. They hit other air nuclei, thereby producing a new
bunch of secondaries and hence forming a cascade of billions of parti-
cles. An air shower is created. Those with a width of several kilometers,
created by UHECR or UHEGR, are called extensive air showers (EAS).

2.2.1. Heitler model

The �rst simple description to explain the behavior of an electromagnetic
cascade was provided by Homi J. Bhabha and Walter Heitler in 1937 [27].
In their model a cascade is formed through the repeated two-body splitting
of the parent particle, either via e+e− pair production or one-photon
bremsstrahlung mechanism. This process is illustrated in Figure 2.10(a).
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Each new step of splitting is performed after the particles travel a distance

d = λr · ln 2 , (2.5)

with radiation length λr. In this model the number of particles is doubled
at each step. After n steps the total number of particles is N = 2n,
each of them with energy E = E0/2

n, where E0 is the energy of the
primary gamma ray. The augmentation stops when the energy of the
newly generated particles drops below the critical energy Eemc , beneath
which neither pair production nor bremsstrahlung can be performed. In
air Eemc = 85 MeV. From this moment on, the number of particles in the
air shower starts to decrease as many electrons and positrons are absorbed.

The interaction processes within a hadronic air shower are more com-
plicated, although they can be modeled similar to the Bhabha's and
Heitler's approach for the electromagnetic air showers. The creation of
an air shower initiated by a hadron, can be approximated by steps of
length

l = λi · ln 2 , (2.6)

with interaction length λi for strongly interacting particles. After travers-
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Figure 2.10.: Sketch of the Heitler model for an electromagnetic air shower
(a) and its extrapolation to a hadronic air shower (b).
Adapted from [26].
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ing one layer of air with �xed thickness l the hadrons interact and produce
Nch charged pions (π±) and 1

2 Nch neutral pions (π
0) [26]. The π± either

travel further and interact with another air nuclei, producing the next
bunch of new particles, or decay into muons and neutrinos at early stages
in the air shower development, where the air density is low, before they
have a chance to interact. Once the critical energy Eπc is reached, the
charged pions also decay, as the decay probability becomes larger than
the one for subsequent interactions. The neutral pions π0 always decay
immediately into two photons and start electromagnetic air showers. A
model of an air shower initiated by a hadron (here proton) can be seen in
Figure 2.10(b). A more detailed description of the models for electromag-
netic and hadronic air showers can be found in [26].

2.2.2. Air shower components

The Heitler model for electromagnetic air showers and its adaption for
the hadronic air showers are simpli�ed, however they provide adequate
approximations. In order to obtain a more detailed description of a real
air shower computer simulations are performed (Chapter 4). It is clear
that even in the electromagnetic air showers initiated by a photon hadrons
and muons are present. Moreover, in the hadronic interactions not only
pions are produced. Particularly at the start of the air shower, where the
cosmic ray hits the atmospheric nuclei, the energy is going into heavier
particles, that decay sometimes directly into pions. A slightly more elab-
orate schematic view of air shower components is shown in Figure 2.11.

The particles that appear in an air shower, can be divided into
three main groups: the electromagnetic component, containing electrons,
positrons and photons, the muonic component, containing muons and
(mainly muon) neutrinos and the hadronic component with all the
hadrons.

The relative sizes of these components depend on the nature of the
primary particle, with the biggest di�erence between photon and hadron
initiated air showers. The simulated number of particles from each compo-
nent for a speci�c air shower initiated by a proton as well as their densities
as function of distance to the air shower axis are illustrated in Figure 2.12.
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Figure 2.11.: Sketch of the di�erent components of an air shower.
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Electromagnetic component

The biggest part of an air shower in terms of the number of particles
is the electromagnetic component, that consists of photons, electrons
and positrons. The number of electrons and positrons is two orders of
magnitude larger than the muonic component and three orders of mag-
nitude larger than the hadronic component. The number of photons is
roughly three and four orders of magnitude larger than the muonic and
the hadronic components, respectively.

The electromagnetic part is constantly fed by the hadronic and muonic
components, but looses the low energetic particles again. On the other
hand, electrons, positrons and photons hardly feed the hadronic and never
feed the muonic parts of the air shower. The low energy electrons and
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Figure 2.12.: Simulation of the single particles in an vertical air shower
with proton as primary particles and energy of 1019 eV. Pho-
tons, electrons and positrons were traced down to an energy
of 0.25 MeV and hadrons and muons to an energy of 0.1 GeV.
Number of particles of the individual shower components as
function of the atmospheric depth (a). Particle density for
the observation level at an atmospheric depth of 875 g/cm2

(b), corresponding to the vertical depth of the Pierre Auger
Observatory [16]. Adapted from [28].

positrons get absorbed by the air molecules on which the photons scat-
ter and loose a fraction of their energy by exciting the atoms. This leads
to a dying-out of the electromagnetic component after reaching the point
where the energy of the particles is, on average, equal to the critical energy
Eemc (Section 2.2.1). Therefore, the measurable electromagnetic compo-
nent depends on the path of the air shower through the atmosphere before
reaching the detector. In particular, there is a big di�erence in the measur-
able number of particles from the electromagnetic component for vertical
and inclined air showers with the same energy and the same height of the
�rst interaction.
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Muonic component

Within an air shower the muons are produced from decays of pions and
kaons, together with neutrinos. After their creation the muons hardly
interact with air nuclei and almost all of them reach the ground and can
be detected. A small number of lower energy muons decay into electrons
and positrons (and neutrinos) before they hit the ground and contribute
to the electromagnetic component of the air shower.

The neutrinos interact very weakly with the air nuclei and almost never
with the detectors at ground, making the interactions very unlikely. They
carry away energy, which is missing in the reconstruction of air shower
properties.

Due to the fact that the muons barely interact during their way towards
the ground they form the front of the air shower and are likely to trigger
the detectors �rst. The number of muons changes slowly as a function of
the inclination angle and the height of the �rst interaction. However, the
number of muons does depend strongly on the energy and the nature of
the primary particle (Chapter 5).

Hadronic component

At the �rst collision between a cosmic ray and an air nucleus a large num-
ber of hadronic secondaries are created. Roughly one half of the energy
is converted into mainly pions and kaons and the other half is carried
away by a leading particle. Although any EAS is quickly dominated by
the electromagnetic part of the air shower, the early hadronic interac-
tions in�uences the fraction of hadrons and speci�cally also the fraction
of muons close to the air shower axis. Hence, these fractions are a handle
to distinguish di�erent primary particles.

2.2.3. Longitudinal pro�le

The air shower development is a continuous progression of interactions
between secondaries and air nuclei. The interaction length of each step is
therefore a function of the amount of air the air shower has traversed. This
quantity is the so called slant depth X and is used to compare air showers
traveling through di�erent paths and thereby encountering di�erent air
density pro�les. The slant depth can be expressed as the air density ρ
integrated along the path of the air shower from the height h in the
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Figure 2.13.: Longitudinal pro�le for di�erent components of a proton ini-
tiated air shower with energy of 1019 eV and the total num-
ber of particles (green line). The energy fraction above the
sum of air shower particles (black line) is released into the
air. Adapted from [29].

atmosphere to in�nity:

X(h) =

∫ ∞
h

ρ(h′)dh′ . (2.7)

In the previous Section 2.2.2 it was mentioned that the contributions of
the air shower components evolve di�erently. As an example the energy
fraction in the di�erent components as function of X for a speci�c air
shower is presented in Figure 2.13. When the air shower contains a large
number of secondaries, the energy released into the air is proportional to
this number. The total number of particles as function of the slant (or at-
mospheric) depth is shown in green. As described above, at a certain depth
the number of produced secondaries reaches its maximum and starts to
decrease again. This coincides with the maximum energy release into the
atmosphere. That point is called depth of air shower maximum Xmax [30]
and is an important quantity for the air shower analysis (Chapter 5).
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2.3. Mass composition puzzle

The exploration of the origins of cosmic rays at ultra-high-energies and
their paths through the universe requires the knowledge of their mass
composition. Unfortunately the nature of the primary particles is not a
directly accessible quantity from indirect measurements.

Several kinds of particles may be considered as candidates for pri-
mary particles. For practical purposes six categories are identi�ed, four
for hadrons: protons, helium, C-N-O and iron nuclei, and one each for
photons and neutrinos.

The protons are known to be the lightest and most common hadronic
element in the universe. Iron is the heaviest element that can be produced
in the fusion process of a star and has the highest charge of the elements
present in a signi�cant amount. The helium and C-N-O (carbon-nitrogen-
oxygen) groups represent the elements in between these two extrema. Note
that in the Heitler model the di�erences in Xmax scale as ln(A), with A
the atomic mass.

As shown by simulations (Chapter 4), Xmax and its spread σXmax turn
out to be di�erentiating features between air showers initiated by di�er-
ent types of cosmic rays. Therefore, these quantities are widely used for
mass composition studies (Chapter 5). In Figure 2.14 the slant depths of
simulated air showers with iron nucleus (blue) and proton (red) primary
particles are shown. In terms of Xmax there are two important features
in this plot. First of all the maxima of the distributions for air showers
initiated by a proton appear at larger atmospheric depths (i.e. lower in
the atmosphere), compared to air showers induced by iron nuclei. The
second outcome is the spread of the Xmax values, σXmax , which is much
larger for proton induced air showers compared to air showers induced by
iron nuclei. These two features can be used to distinguish between the
di�erent hadronic primary particles.

Both the Pierre Auger Observatory [16] and the Telescope Array (TA)
Collaboration [17] are equipped with detectors that measure the slant
depth of the air showers, and thus Xmax, directly. At the highest energies,
above 1019 eV, the results of these observatories may seem in contra-
diction. This can be observed in Figure 2.15. The results of the Pierre
Auger Observatory suggest that the mass composition is changing to-
wards heavier nuclei at the highest energies [30], whereas Telescope Array
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Figure 2.15.: Xmax measurements by the Pierre Auger Observatory (a)
and the Telescope Array Collaboration (b), in comparison
to the simulation prediction with di�erent models for proton
and iron nucleus as primary particles. Adapted from [31].
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results suggest that the mass composition stays light [32]. However, the
results cannot be compared directly due to the fact that the data from
TA includes detector e�ects, whereas the Pierre Auger Observatory re-
sults have been unfolded for them. The data is indeed in agreement, as
shown by the joint task force that applied the Telescope Array analysis to
the measurements from the Pierre Auger Observatory, resulting in a sim-
ilar outcome [31]. The di�erent conclusions of the two collaborations are
based upon di�erent simulation codes and di�erent hadronic interaction
models used by the two groups.

Apart from the Xmax analyses various other studies including di�erent
parameters were performed to investigate the mass composition of the
cosmic rays (Chapter 5).

2.3.1. Finding photons

To �nd and study the sources of cosmic rays, neutral particles are a
complementary tool. The relevant di�erence for high-energy particle
astrophysics between hadrons and neutral particles, such as photons
and neutrinos, is their charge. Charged particles are de�ected by the
magnetic �elds in the galaxies and the inter-galactic space. The amount
of de�ection depends on their energy and charge. On the other hand
the direction of photons and neutrinos is not a�ected by these magnetic
�elds. This implies that photons and neutrinos will point to their origin
(discarding e�ects of de�ection by masses, e.g. black holes), in contrast
to protons and iron nuclei.

Neutrinos are only weakly interacting and their interaction with other
particles is extremely rare. Ultra-high energy neutrinos, which are of a
main interest in astrophysics, are either produced directly at the astro-
physical objects and therefore called astrophysical neutrinos or via in-
teractions of cosmic rays with CMB photons during the propagation in
the universe and therefore called cosmogenic neutrinos. The detection of
neutrinos is normally very di�cult, but at ultra-high energy their cross
section grows to produce a sizable probability for interactions in dense
media. This may enable dedicated observatories, such as the IceCube Neu-
trino Observatory [34] and the Giant Radio Array for Neutrino Detection
(GRAND) [35] to record a signi�cant number of events and open the �eld
of neutrino astronomy. Searches for neutrinos are also performed at the
Pierre Auger Observatory [15].
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The second type of relevant neutral particles is the photon. At lower en-
ergies photons are mass-produced in many cosmic objects and are widely
used in astronomy at di�erent wavelengths: visible light, radio, UV, IR or
gamma rays. Between 1015 eV and 1017 eV the universe is opaque for pho-
tons due to their resonant pair production cross section with the CMB
(Figure 2.16). However, above 1017 eV the attenuation length increases
rapidly again and the cosmic horizon of these gamma rays becomes many
Mpc once more. The rapidly changing UHE gamma ray horizon in fact
provides interesting complementary information once their detection e�-
ciency is su�ciently high. At energies above 1018 eV photons are expected
as decay products of the interactions of ultra-high-energy cosmic rays
with the CMB. For example, UHE gamma rays are tracers of the GZK
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process (Section 2.1.4), in which neutral pions subsequently decay into
pairs of ultra-high-energy photons [15]. UHEGR may also emerge directly
at the sources of UHECR and more exotically from the decay of ultra-
heavy particles or ultra-high-energy neutrino annihilations in the Z-burst
scenario, from topological defects or super-heavy dark matter (top-down
models) [33]. At energies above 1015 eV photons have not been identi�ed
yet, upper limits for their �ux could be set, constraining the top-down
models. See Figure 2.17 for the limits above an energy of 1018 eV.
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Pierre Auger Observatory

Many di�erent experiments were built in the past to study the charac-
teristics of the cosmic rays. The design of a particular experiment has to
be adapted to its speci�c task. For instance the energy spectrum of the
cosmic rays has to be taken into account. As mentioned in Section 2.1,
the �ux measured at Earth is decreasing with energy. This has to be com-
pensated for by exposure to be able to get reasonable results. Two di�er-
ent methods are used: a direct and an indirect cosmic ray measurement
technique. The measurements are called direct whenever the particles of
interest (cosmic rays) are interacting directly with the detector, whereas
the indirect methods are measuring secondary particles produced in the
interactions of the primary particle outside of the detector (e.g. air show-
ers).
For energies up to 1015 eV the �ux of cosmic rays is high enough to per-

form direct measurements, like balloon [36] or satellite [37] experiments.
These experiments have to be outside of the Earth's atmosphere to avoid
the interaction of the cosmic rays with the atmosphere. Above this en-
ergy the direct measurements become ine�cient, as the �ux drops below
1 particle per m2 per day. The detectors for direct measurements have to
be large or run for a long period of time. Large detectors are not only
more expensive themselves, but bringing them high in the atmosphere
by balloon or satellite becomes extremely expensive, or even impossible.
To evade this inconvenience indirect techniques have to be performed at
higher energies. As described in Section 2.2, ultra-high-energetic cosmic
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rays produce extensive air showers (EAS) when colliding with the Earth's
atmosphere. An EAS consists of billions of particles and has a spread of
up to many square kilometers on the Earth's surface. By analyzing only
a fraction of the secondary particles from the air showers, the properties
of the cosmic rays can be reconstructed and used for further studies.
The largest astroparticle experimental setup built so far is the Pierre

Auger Observatory (PAO) [16]. It is placed in the Pampa Amarilla near
the town of Malarg�ue in Argentina and was designed to measure extensive
air showers, initiated by cosmic rays with energies above 1018.5 eV.
The observatory covers an area of 3000 km2 and is comprised of several

detectors: the Surface Detector (Section 3.1), the Fluorescence Detector
(Section 3.2) and the Auger Engineering Radio Array (Section 3.3). The
Surface and the Fluorescence Detectors started to take data in 2004 and
are fully operational since 2008. Auger Engineering Radio Array is data
taking since 2011. In addition two extensions were installed, namely Auger
Muons and In�ll for the Ground Array (Section 3.1.1) and High Elevation
Auger Telescopes (Section 3.2.1). The di�erent detectors are working in-
dependently and provide both redundant and complementary data of the
EAS. This allows to cross-calibrate the detectors, reduce the uncertainties
of the measurements and to study systematic e�ects and detector resolu-
tions. An overview of the Pierre Auger Observatory is given in Figure 3.1.
Pictures of the individual stations of the three main detectors are shown
in Figure 3.2.
The location of the observatory was chosen to ful�ll several conditions.

The observation height of the Surface Detector of 1400 m above the sea
level corresponds to an atmospheric depth of 875 g/cm2 [16] and leads
to a higher number of secondary particles reaching the ground detectors
compared to sea level. In the region where the observatory was built there
is only one city, Malarg�ue, with a population of about 20,000 inhabitants
resulting in relatively low light pollution. In addition, the dry climate
with few clouds in that region makes the �uorescence light detection more
e�cient. At the same time Malarg�ue provides the necessary infrastructure
for building and maintaining the observatory. The area where the obser-
vatory was built is nearly �at. This minimizes reconstruction corrections
and associated uncertainties for the ground based detectors, which are
spread over thousands of square kilometers.
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Infill

SD

Figure 3.1.: Overview of the area of the Pierre Auger Observatory. The
black dots mark the positions of SD stations, 4 FD sites are
named and shown in blue, with the HEAT extension in or-
ange. The lines represent the azimuthal �eld of view of each
telescope. In addition, close to the Coihueco �uorescence de-
tector, the dense SD in�ll array of the AMIGA extension
is shown in gray, together with the AERA area in green.
Adapted from [38].
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Figure 3.2.: Pictures of a SD station (a), a FD housing with 6 telescopes
(b) and an AERA station (c) of the Pierre Auger Observatory.
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3.1. Surface Detector (SD)

A fraction of the secondary particles produced in the EAS cascade reaches
the Earth's surface and forms the so called footprint at ground. The de-
tection and the analysis of the secondary particles by detectors measuring
the footprint, can be used to study the properties of the primary particle.
For the Pierre Auger Observatory the Surface Detector (SD) was build
to sample the secondaries at ground. It is an array of over 1600 particle
detectors distributed in the pampa, covering a total area of 3000 km2 [39].
They are arranged in a regular array of a triangular grid with a spacing
of 1.5 km. The regular array is fully e�cient for EAS with energies above
1018.5 eV.

Each particle detector consists of a cylindric tank, �lled with 12 t of pu-
ri�ed water. The water is contained in a di�usively re�ective Tyvek liner
inside the plastic tank. The charged particles of an air shower penetrating
the water tank are traveling faster than the local speed of light and cre-
ate (Vavilov-)Cherenkov radiation [40]. The re�ective liner optimizes the
collection of the Cherenkov light by the 3 photomultiplier tubes (PMTs)
looking down into the water [39]. A cut-away view of a Surface Detector
station is illustrated in Figure 3.3.

The signal produced in the PMT from the collected Cherenkov light
is ampli�ed through multiple dynodes and is provided to a 10 bit �ash
analogue to digital converter (FADC) in two gain levels. One is taken from
the anode and the other from the last dynode, inverted and multiplied by
a factor of 32 to extend the dynamic range for measured signals. Hence,
for SD stations far away from the impact point of the air shower axis at
ground (air shower core position) the ampli�ed signal is used, to get a
better separation from the background noise, whereas the ampli�ed signal
of the SD stations close to the air shower core can be saturated. In that
case the anode output is used.

The signals of the two gain levels are digitized by the FADC with a
combined dynamic range of 15 bits and a sampling frequency of 40 MHz,
corresponding to a time bin size of 25 ns. Several SD stations measure the
particles of one EAS simultaneously. Their signals are sent via the com-
munications antenna to the Central Data Acquisition System (CDAS) [41]
that provides the SD coincidence triggers (Section 3.4.1) to distinguish
the measurements of air showers from background. To compare the trig-
ger time of the detections, each Surface Detector station has its own GPS
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Figure 3.3.: A SD station. On top of the tank are the solar panel and
the GPS and communications antennas located. The red line
represents a particle going through the water and producing
Cherenkov photons (cyan).

SD

FD

antenna. The time resolution from the GPS signal is about 10 ns [42]. On
top of each SD station a solar panel is mounted to charge the battery
placed on the side in the battery box. Thus, the Surface Detector stations
operate continuously and autonomously.

At some locations, so-called twin stations are installed. These are ad-
ditional identical stations, placed 11 m apart from the main one. In case
two additional stations are placed the constellation is called triplet. The
measurements at almost the same position allow to study the detector
resolution and the sampling �uctuations in an air shower [42].
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3.1.1. Auger Muons and In�ll for the Ground Array (AMIGA)

In the western part of the Surface Detector area, close to the Coihueco
�uorescence telescopes, the Auger Muons and In�ll for the Ground Array

(AMIGA) is located [43]. It is an extension of the SD and consists of two
components.

The �rst one consists of 61 additional Surface Detector stations in the
so called in�ll array of 25 km2, where the spacing on the triangular station
grid is reduced to 750 m [44] (Figure 3.4(a)), which is half of the spacing
in the regular array. This decreases the energy threshold by one order of
magnitude, thus allows to detect EAS with energies above 1017.5 eV with
full e�ciency. The additional stations in the in�ll area are identical to
the ones in the regular grid with the same set of triggers. Therefore, they
could easily be integrated into the readout procedure.

The second component of the AMIGA extension consists of under-
ground muon detectors, which are placed at a depth of 2.3 m in the
ground, corresponding to an additional slant depth of approximately
540 g/cm2 [44]. The idea is to measure the muon component of an air
shower by shielding the detector with a thick layer of soil, which elimi-
nates the electromagnetic part by stopping the electrons, positrons and

Cohiueco 
FD

Unitary Cell

Infill - 750m array

SD - 1500m array

(a)

2.3 m

(b)

Figure 3.4.: The unitary cell equipped with AMIGA modules inside the
in�ll array (a) and a sketch of a SD station and AMIGA
muon detector modules (b) at 2.3 m underground. Adapted
from [44] and [45].
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photons before they can reach the detector. Most muons will pass through
the soil layer, due to their small cross section and can thus be measured
with good e�ciency and high purity. A muon detector consists of four
panels, two of which cover an area of 10 m2 each and the other two cover
5 m2 each (Figure 3.4(b)). Each panel contains 64 scintillator strips using
a 64 channel silicon photomultiplier (SiPM) for the readout. The signals
from the muons passing through the scintillator, are digitized and, using
a �eld-programmable gate array (FPGA), are sent to the corresponding
SD station. From there the signal of the underground detector is sent
together with the SD signal to the CDAS.

The two parts of the AMIGA setup measure the total and the muonic
components of an air shower to provide a better understanding of the air
shower content at the ground level.

3.2. Fluorescence Detector (FD)

The secondary particles produced during the propagation of the air shower
cascade excite the air molecules on their way downward. The molecules,
mainly nitrogen, fall back in their ground state by emitting �uorescence
light. The amount of this light is directly proportional to the total path
length of all particles traveling through the air at a certain patch of the
sky. By measuring the �uorescence light the longitudinal pro�le of an
air shower is accessible. Parameters like energy and Xmax can be recon-
structed from the longitudinal pro�le. Also the direction of the air shower
axis and therefore the arrival direction of the primary particle (cosmic or
gamma ray) can be detected by measuring the trace of the �uorescence
light.

At the Pierre Auger Observatory, the Fluorescence Detector (FD) was
built to measure the �uorescence light produced by an air shower [46].
The FD consists of 24 telescopes at 4 sites, surrounding the area of the
Surface Detector. The FD is fully e�cient for air showers above the entire
Surface Detector area with energies above 1019 eV.

The four telescope stations, Coihueco, Loma Amarilla, Los Morados
and Los Leones, contain 6 telescopes each, located in individual bays in a
semi-circular building. They overlook the surface area with a �eld of view
for individual telescopes of 30◦×30◦, starting at 1.5◦ in elevation. The
combined azimuthal view angle of the 6 telescopes at one site is 180◦. Each
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(a) (b)

Figure 3.5.: A FD housing with opened shutters during maintenance (a)
and a sketch of a FD bay interior (b). Adapted from [16].

(a) (b)

Figure 3.6.: Pictures of the FD PMT camera (a) with the PMT grid (b).
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�uorescence telescope bay houses a window with an UV �lter, a concave
segmented mirror and a camera [46]. The UV �lter absorbs the visible
light to reduce the background noise from light pollution, while the light
in the UV band between 290 nm and 410 nm passes towards the mirror.
This light contains all the relevant wavelength bands of the �uorescence
light emitted by molecular nitrogen. The mirror focuses the incoming light
towards the camera containing 440 PMTs, which are arranged in a grid of
22 rows and 20 columns. Winston cones with a frontal hexagonal shape,
mounted in front of each PMT maximize the light yield. To protect the
sensitive PMTs from the day light, the bays are screened by shutters, that
close automatically when the light becomes too bright. One FD housing
with opened shutters is shown in Figure 3.5(a), a schematic view of one FD
bay in Figure 3.5(b) and a PMT camera in Figure 3.6. The segmentation
of the mirror and the individual PMTs of the camera allow to follow the
trajectory of the EAS.

The downside of the FD is that the �uorescence light produced by an
air shower is much fainter than even the moon light. To be able to detect
it from several kilometers away, the environment has to be very dark.
Another disadvantage is that the �eld of view from the telescope to the
air shower need to be unobscured, i.e. without clouds. Therefore the FD
telescopes can operate only in clear, moonless nights, leading to an uptime
of about 13% of the total operation time of the observatory [46].

3.2.1. High Elevation Auger Telescopes (HEAT)

Similar to the SD in�ll of the AMIGA extension, the FD was also extended
towards a lower energy threshold. An additional �uorescence detector sta-
tion, the High Elevation Auger Telescopes (HEAT) [47], was built close to
the Coihueco site and it overlooks the in�ll area of the denser array of SD
stations. HEAT contains 3 shelters with one telescope each (Figure 3.7),
similar to the telescopes of the main FD stations, with the same �eld of
view. The shelters can be tilted upwards to change the elevation angle of
the telescopes. The maximum elevation angle is 30◦ and combined with
the �uorescence telescopes of Coihueco, the elevation range of the �eld of
view is extended to almost 60◦. That leads to measurements of a larger
fraction of the longitudinal pro�le in case the air shower is nearby and
Xmax is at a large elevation. This allows the detection of less energetic air
showers with energies above 1017 eV [47].
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Figure 3.7.: HEAT shelters in the horizontal position for maintenance.

3.2.2. Monitoring of the atmospheric conditions

The interpretation of the �uorescence light measurements requires good
knowledge of the weather conditions. The yield of the �uorescence light
produced by the secondaries depends on the atmospheric conditions along
the trace of the air shower cascade, which may vary at any given time.
In addition, the �uorescence photons on their way toward the telescope
can be scattered by the air molecules or the aerosols in the air. Finally,
clouds can either absorb the �uorescence light or scatter it towards the
telescopes, leading to a distortion of the longitudinal pro�le and incorrect
results.

To monitor the atmospheric conditions several instruments are used
(Figure 3.8), providing measurements in �xed time intervals [48]. Atmo-
spheric variables, such as temperature, air pressure and relative humidity
are measured in �ve minute intervals by �ve weather stations, one at the
center of the SD array and one at each of the four FD sites. To determine
the conditions at higher altitudes and to construct the atmospheric pro-
�les, 261 balloon-based radiosondes have been launched [48]. They moni-
tored the air conditions from August 2002 until December 2008. Based on
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Figure 3.8.: The atmospheric conditions monitoring systems at the Pierre
Auger Observatory. Grey dots represent the SD stations and
the lines the �eld of view of FD telescopes. In red the di�erent
monitoring systems are indicated. Adapted from [48].
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these measurements monthly average models were created and the mea-
surements were used to evaluate the data of the Global Data Assimilation
System (GDAS) for the region of the Pierre Auger Observatory [49]. The
GDAS data provide models on a 3-hour base that are used for the analysis
of the FD measurements.
While the atmospheric state variables can be modeled on average, the

aerosol levels have to be continuously monitored, due to their change on
short time scales. For instance, the amount of dust in the atmosphere can
increase rapidly by the wind or decrease by a rain shower. The measure-
ments of the vertical optical depth of aerosols are performed using the
Central Laser Facility (CLF) and the eXtreme Laser Facility (XLF) [48].
They both are located near the center of the SD array and shoot every 15
minutes sets of laser beams vertically into the night sky. The laser light is
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recorded by the FD telescopes and is used to compare the measurements
to the clear nights with negligible aerosol in�uence to estimate vertical
optical depth of aerosols as a function of the height. Besides these tech-
nique Light Detection And Ranging (LIDAR) facilities were built close to
each FD site [50]. These work independently from the FD by shooting and
measuring their own laser rays under di�erent angles outside the �eld of
view of the FD. In addition to the GDAS models, targeted measurements
of the atmospheric conditions are performed with LIDAR shortly after
events of special interest, like the ones with the highest energies [50].

The LIDAR systems are also used to detect the clouds and estimate
their height above the detector area. When a cloud is hit by the laser, the
light is widely backscattered and the cloud can be identi�ed in the data.
Repeating this measurements under di�erent inclination angles helps to
calculate the height of the cloud. In order to monitor the more global
cloud coverage of the sky, infrared cameras are used, installed at each FD
site. In the µm spectra, at which the IR cameras operate, the clouds can
be easily distinguished as warm structures on the cold background night
sky. The IR measurements provide the estimation of the cloud coverage
for each pixel of the �uorescence telescopes.

The disturbances due to clouds on the �uorescence light and the lon-
gitudinal pro�le, are in general di�cult to recover, thus the time periods
where part of the FD �eld of the view area is covered by clouds are usually
excluded from the data.

3.3. Auger Engineering Radio Array (AERA)

In the air shower cascade propagating downwards to the Earth's surface,
charged particles, such as muons and electrons, are continuously produced
and accelerated. This induces radio emission, based on two e�ects. One
involves the geomagnetic �eld and is therefore called the geomagnetic

e�ect [52]. Particles of opposite charge, electrons and positrons, are accel-
erated in opposite directions under the in�uence of the Lorentz force. The
other e�ect is the so called Askarian e�ect and is caused by the creation
of a dipole along the air shower axis [53]. The secondary particles knock
out electrons from the air molecules during the propagation, leaving the
positive charged ions behind. Both e�ects superimposed form the radio
signal, with a signi�cant component in the MHz band.
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Figure 3.9.: Map of AERA stations close to the Coihueco site. Beside the
AERA detectors marked as di�erent triangles, also a fraction
of SD stations (gray circles), the AMIGA array (black pen-
tagons), and the FD and HEAT stations with their �elds of
view (FOV) are illustrated. Obtained from [51].
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At the Pierre Auger Observatory di�erent setups for the measurements
of the radio signals were tested in the late 2000's, culminating in the Auger
Engineering Radio Array (AERA), that started construction in 2010 and
is taking data since 2011 [54]. AERA consists of radio antennas, which
are placed in an area of 17 km2 at the in�ll area of the Surface Detector,
close to the Coihueco FD station. Their positions are chosen to optimize
the measurement of EAS with energies above 1017 eV.

The radio detector stations have been deployed with two di�erent types
of antenna and two di�erent types of electronics leading to four di�erent
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station types [55]. The Logarithmic Periodic Dipole Antennas (LPDA)
were installed during the AERA-I phase in 2010, followed by the Butter�y
antennas during the AERA-II phase in 2013. The position of the antennas
varies depending on their type and electronics, as can be seen in Figure 3.9.
The antenna stations are designed to operate autonomously. Therefore,
each station consists of, beside the signal antenna, a solar panel, electron-
ics and a battery box. The timing information is provided by the GPS
receiver, similar to the one at an SD station. To send the signal to the
CDAS each AERA station is equipped with a communication antenna.
The two electronic designs follow di�erent trigger philosophies. One re-
quires an external trigger from the SD, where the other comes with its
own internal trigger either from the radio data or by using additional
small scintillator detectors in the battery box [55].

3.4. Event reconstruction

To distinguish an air shower from the background noise and to reconstruct
its properties as well as to obtain the parameters of the primary particle,
an event reconstruction has to be performed.
The analysis method presented in this thesis is based on the measure-

ments recorded by the SD stations. The FD data is used to calibrate
the SD measurements and to decrease uncertainties. Therefore, the re-
construction methods of these two detector types will be presented in this
chapter. The AERA data will not be used for the analysis in this thesis.
The reconstruction details of AERA can be found e.g. in [55].
An air shower can be reconstructed in di�erent ways depending on the

recorded data available (excluding AERA): using only SD or combining
FD and SD measurements. The events reconstructed with the FD by using
information from a few SD stations are called hybrid events, whereas those
using simultaneously the full FD and full SD reconstruction are called the
golden events. A visualization of a golden event is shown in Figure 3.10.
For the simulation of the detectors and the reconstruction of their sig-

nals as well as the reconstruction of the measured data from SD presented
in this thesis the software package Off line (Section 4.2) version v3r3p1
was used. Hence, in this chapter the values of the constants used for the
reconstruction are given for this version number.
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Figure 3.10.: Schematic overview of an air shower detection by both the
SD and the FD. The red line marks the direction of the air
shower propagating from the right hand side. The grid of
gray points on the right site represents the SD stations, in
which the triggered ones are colored from yellow to red. Each
of them measures the time structure (top left histogram) of
the air shower secondaries passing through the water tank.
The signal strength of a SD station, as a function of dis-
tance to the air shower axis, re�ects the lateral distribution
of air shower particles (bottom left graph). The FD (bot-
tom right) measurement of the longitudinal pro�le of the air
shower (top right graph) is indicated through colored lines.
The color code of the SD and FD signals indicates the de-
tection time. Adapted from [56].
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3.4.1. Event reconstruction with SD

Each of the Surface Detector stations samples a tiny fraction of the sec-
ondary particles arriving at the ground. The density of the secondaries
at the observation level depends on the energy, inclination angle and na-
ture of the primary particle, as well as on the distance to the air shower
axis. The reconstruction of the air shower properties, and therefore of
the primary particle, is only possible when combining the signals of sev-
eral detector stations. The strength of the detected signal from particles
traveling through the SD as seen by the PMTs depends on several param-
eters: the gains of the anode and the last dynode of each PMT and their
ratio, the coupling of the PMT window to the water, the liner re�ectivity
and the water quality. To analyze the signals measured by di�erent SD
stations and to identify and study the EAS the signal strength has to be
calibrated.

VEM calibration The energy deposit of the secondaries in the SD sta-
tion varies from particle to particle. It depends on their path length,
energy and nature. To calibrate the signal, the Cherenkov light produced
by atmospheric muons from low energy air showers is used. The signal is
normalized to the average signal induced by a muon traveling centrally
and vertically through the water tank and is expressed in units of Ver-
tical Equivalent Muon (VEM). The calibration is a continuous process.
Therefore, each PMT of a given SD station measures the same signal
by adjusting its gain in real time. Each SD station records several his-
tograms and updates them permanently, e.g. a histogram with the signal
produced by atmospheric muons, de�ning the VEM locally for each SD
station. More details can be found in [57].

Triggers To separate a measurement of an air shower from background,
the measurements of the Surface Detector stations have to pass 5 levels of
triggers [41]. The �rst three are needed to record an event (Figure 3.11)
and the last two select well measured air showers in the data (Figure 3.12).
The �rst trigger T1 is reached when the three PMTs of a SD station

each have a signal S above 1.75 VEM (threshold trigger, TH), or at least
13 bins in 120 FADC bins are above 0.2 VEM for at least 2 PMTs (time
over threshold, ToT). The T2 trigger is identical to the T1, with a higher
threshold for TH of 3.2 VEM. These two triggers are calculated locally in
each SD station to register the presence of one or more particles.
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When a SD station has a T2 trigger, it sends its time stamp to the
CDAS, which looks for coincidences with other SD stations within 30µs.
One possible hint of a signal from an EAS is, that three neighboring sta-
tions have a T2-ToT, two in the �rst ring of neighbors (crown) C1 and one
in the next ring C2. This constellation is called ToT2C1&3C2. Another
possibility, where four stations have a T2 and are arranged in such a way
that two are in the �rst ring of neighbors, the next one in the second ring
and the fourth one as far as in the fourth ring, is called 2C1&3C2&4C4.
Examples for these constellations are shown in Figure 3.13. Once one of
such coincidences is found, a T3 is �red and all PMT traces of SD stations
with a T1 are send to the CDAS. The e�ciency of a single SD station
triggers based on calculations of events that produced a T3 is above 80 %
for S ≈ 5 VEM [41].

The T3 could be caused by a coincidence of di�erent local air showers
with smaller energies. To select the events of interest, where the SD sta-
tions were triggered by one air shower with high energy, the T4 trigger
is used. It checks the positions of the triggered stations and their times
according to the propagation speed of an air shower. There are two T4
criteria, the 3ToT and the 4C1. The �rst one requires 3 neighboring SD
stations in a triangular pattern, passing the T2-ToT, whereas the second
looks for 4 nearby stations, passed any mode of T2. The T4 trigger also

(a) (b)

Figure 3.13.: Possible con�gurations for the ToT2C1&3C1 trigger (a) and
the 2C1&3C2&4C4 trigger (b). For description see text. Ob-
tained from [41].
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removes stations with no triggered neighbors within 3 km. The e�ciency
of the T4 is above 98 % [41].

The �nal trigger T5 is called the �ducial trigger and is needed to select
well measured air showers. For EAS at the edge of the Pierre Auger Ob-
servatory, the reconstruction would estimate wrong properties, due to the
missing SD stations inside of the footprint of the EAS, but outside of the
array. Inside the �ducial area of the array non-functioning stations can
also in�uence the quality of the measurements. Therefore, only events
with a possible correct reconstruction are selected. There are di�erent
types of the T5 trigger. The strongest is the 6T5, where the SD station
with the highest signal has to be surrounded by 6 other working stations
in a hexagon, although not all of them need to be triggered. This trigger
provides the optimal quality of measured events in terms of the air shower
geometry with an e�ciency above 97 % [41]. To increase the number of
events for studies where the geometry is less important this criterion can
be lowered to 5T5, where the central station need to be surrounded by
only 5 working neighbors.

Baseline and signal region The signal from the secondaries is calculated
by converting the raw FADC traces into integrated signals and thereafter
into VEM units. To obtain the signal strength, the baseline of the PMT
has to be taken into account. The baselines and their standard deviations
for high and low gain channels of each PMT are computed for the 60 sec-
onds interval before the signal starts, from each of the 100 Hz calibration
triggers [57].

The FADC trace segment provided to the reconstruction, contains the
signal on top of the baseline. The baseline is supposed to contain only
the background noise. Yet, there is a bias for the time period after the
signal region caused by the undershoot of the baseline after a big discharge
of the PMT, especially in the high gain channel. Therefore the baseline
of the signal interval is modeled with respect to the expectation of the
undershoot [58].

In the �rst attempt to calculate the integrated signal, the ampli�ed high
gain output of the last dynode is used. In case this channel is saturated,
the low gain trace of the anode is used. When both channels are saturated,
likely for the SD station close to the air shower axis, a recovery of the trace
is performed [59]. In Figure 3.14 the high and low gain traces of one PMT
with a signal of a simulated air shower are shown.
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Figure 3.14.: PMT traces from anode (a) and last dynode (b) of a simu-
lated event with E = 1018.5 eV from a SD station at 411 m
from the air shower axis. The signal of the dynode is satu-
rated. Figure created by using the EventBrowser [60].

Event geometry Once the signals in the neighboring SD stations are
identi�ed to originate from the same EAS and the signal strength of the
triggered stations is calculated, the event geometry can be reconstructed.
The absolute trigger time of the SD stations determines the air shower
direction. From the signal intensity the position of the air shower core as
well as the total air shower energy can be estimated.

As the �rst approximation a plane air shower front disk (from now on
called air shower front) formed by the secondaries propagating toward
the Earth's surface is taken (Figure 3.15(a)). With this model a rough
estimate of the air shower axis direction is calculated using the times of

(a) (b)

Figure 3.15.: Plane (a) and spherical (b) air shower front models.
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the triggered SD stations. Next, the distribution of the signal strengths
from the stations as function of the distance to the air shower axis is �tted
by the Lateral Distribution Function (LDF), which is a variation on the
Nishimura-Kamata-Greisen function [61] [62]:

S(r) = S(1000)
( r

1000 m

)β (r + 700 m

1700 m

)β+γ
. (3.1)

The S(1000) parameter stands for the signal strength, that would be
measured at the distance of 1000 m to the air shower axis. This was found
to be the optimum distance to determine the energy of the primary par-
ticle for a SD grid with a spacing of 1.5 km [63]. The fall-o� of the LDF
when moving away from the air shower axis is adjusted with the two
parameters β and γ that were parametrized depending on the total air
shower energy and the inclination angle. The LDF �t is performed by
maximizing a likelihood function that uses an upper limit for the signal
strength for functioning SD stations that were not triggered. From this
�t the �rst estimation of the air shower core and the air shower size at
ground are achieved, which are used for the next iteration cycle.
To evaluate the �nal reconstruction parameters the plane air shower

front is replaced by a curved air shower front of an expanding sphere
(Figure 3.15(b)). This approximation is assumed to be valid, given that
the produced secondaries are traveling at almost the speed of light and
are boosted towards the surface in the direction of the primary particle.
Especially the muons practically do not interact once produced from decay
of pions shortly after the �rst interaction, forming a sharp edge of the
curved air shower front that determines the trigger time of the SD stations.
The �t of the spherical air shower front as one variant of the curved air
shower front is performed when an event consists of at least �ve triggered
stations and yields the zenith and azimuth angles of the air shower axis,
the impact time of the air shower core and a parameter called the radius
of curvature (Rc). In case an event consists of less than �ve triggered SD
stations, a parametrized value for Rc is used.
The radius of curvature describes the distance from the air shower core

to the point along the air shower axis where the particles that form the air
shower front, mainly the muons, were produced. The Rc is smaller than
the distance to the point of the �rst interaction and is expected to depend
on the nature of the primary particle (further explained in Section 5.1).
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Once the curvature �t is performed, another iteration step is done, �tting
the LDF with the new air shower core and air shower axis parameters. In
Figure 3.16 the �nal �t results of the curvature �t and the LDF �t are
presented for a simulated EAS.

Event energy The LDF �t yields S(1000), an estimation for the total air
shower energy. However, this parameter depends also on the inclination
angle. To remove the inclination dependency, the Constant Intensity Cut
(CIC) method is used [64]. It is based on the assumption that above a
certain energy the cosmic ray �ux is isotropic. Therefore, the number of
cosmic rays is assumed to be constant as a function of cos2 θ.
Figure 3.17(a) shows the dependency of the S(1000) parameter as func-

tion of sec θ. The distribution in x = cos2 θ−cos2(38◦), with the reference
point at 38◦ as the median inclination angle for the regular SD array with
1500 m spacing is �tted with a third order polynomial:

fCIC = 1 + ax+ bx2 + cx3 , (3.2)

where a = 0.956±0.044, b = −1.625±0.086 and c = −1.210±0.465 were
obtained from the data [65].
By correcting the S(1000) with the fCIC an inclination independent

signal strength can be de�ned as

S38 =
S(1000)

fCIC(θ)
. (3.3)

The S38 parameter represents the signal intensity of an air shower with
an inclination angle of 38◦ at 1000 m from the air shower axis. The con-
version from S38 to the total air shower energy is done with the aid of
FD telescopes. For the golden events, measured and reconstructed with
the SD as well as the FD, both S38 from SD and the calorimetric energy
EFD from FD are obtained. The relation between these two quantities is
illustrated in Figure 3.17(b) and follows a power law:

EFD = a · (S38[VEM])b := ESD , (3.4)

where a = 0.187± 0.004 EeV and b = 1.023± 0.006 [65].
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Figure 3.16.: LDF (a) and Rc (b) �ts of a simulated air shower with en-
ergy of 1018.5 eV and an inclination angle of 45◦. The mark-
ers represent the triggered SD stations. The color code in-
dicates the individual trigger time. Figure created by using
the EventBrowser [60].
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Figure 3.17.: Attenuation curve fCIC(θ) with the reference angle of 38 ◦

marked as the vertical dashed line (a). SD energy calibration
from hybrid events (b). The displayed calibrations are S38
(blue points, left) with the reference angle of 38◦ for the
1500 m array and S35 (gray points, right) with 35◦ for the
750 m array. Adapted from [65].
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The statistical uncertainties of a and b are relatively small, of the or-
der of a few percent. They decrease with higher energies, caused by the
larger number of SD stations for high-energy events, and are limited by
the event-to-event �uctuations. The main contribution to the uncertainty
originates from the systematic uncertainty of the FD. Given that the
calibration of the energy is done with the measurements of events with
unknown composition, which is likely to be mixed, the di�erences between
the air showers initiated by di�erent primaries also contributes to the en-
ergy uncertainty [15]. The total energy resolution of ESD for air showers
with θ < 60◦ measured with the regular array is (15.3± 0.4)% [65].

3.4.2. Hybrid event reconstruction

The Fluorescence Detector stations, in contrast to the Surface Detector,
measure the longitudinal pro�le of an air shower, in their �eld of view,
until it reaches the Earth's surface. They also track the trajectory of an
air shower during its development in atmosphere (Figure 3.18(a)).
To record an event with the FD only, a local trigger is needed. The trig-

ger is provided by looking for the amount of detected light of neighboring
pixels of the PMT camera to be above a certain threshold [46]. Once an
event is identi�ed, the geometrical reconstruction can be performed to
obtain the longitudinal energy deposit pro�le (Figure 3.18(b)).

Geometry reconstruction From the position of the �uorescence tele-
scope and the trace in the PMT camera (Figure 3.18(a)) the detector
plane of the air shower is de�ned (Figure 3.19). To reconstruct the air
shower axis, this information has to be combined with the timing in-
formation of at least one triggered SD station [46]. Given that another
detector type is involved in the reconstruction these events are called hy-
brid events. For these events the air shower core location resolution is
50 m and the typical resolution for the arrival direction is 0.6◦.

Longitudinal pro�le The longitudinal pro�le histogram of the energy
deposit starts at high altitudes (small values of the atmospheric depth
X) and goes into deeper layers toward the surface (higher values of X).
At some point the energy deposit is at its maximum, before starting
to decrease again. This point of atmospheric (slant) depth, where the
maximum of the number of secondary particles is reached, is the Xmax

(Section 2.2.3).
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Figure 3.18.: An event with energy of (3.7 ± 0.1) × 1017 eV detected by
HEAT and Coihueco FD telescopes. The color code of the
trace (a) indicates the detection time (blue = early, red =
late). The energy deposit as function of the slant depth (b)
is �tted with the Gaisser-Hillas function (eq. 3.5). Red point
mark the position of Xmax. Adapted from [66].

Figure 3.19.: (Air) Shower Detector Plane (SDP) de�ned by the posi-
tion of the FD telescope and the air shower axis. Adapted
from [46].
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To obtain its value, the energy deposit pro�le is �tted with the Gaisser-
Hillas function [67]:

fGH(X) =

(
dE

dX

)
max

(
X −X0

Xmax −X0

)Xmax−X0
λ

exp

(
Xmax −X

λ

)
,

(3.5)

where X0 is the atmospheric depth of the �rst interaction of the cosmic
or the gamma ray with the atmosphere and λ is the average mean free
path for the secondary particles in the air shower cascade.

(
dE
dX

)
max

is the
di�erential energy deposit at the maximum of the air shower.

Calorimetric energy The main fraction of the energy from the primary
particle is transferred into the electromagnetic component of an EAS
and proportionally into the �uorescence light emitted during its propa-
gation. To estimate the calorimetric energy from the longitudinal pro�le,
the Gaisser-Hillas function (Eq. (3.5)) from Figure 3.18(b) is integrated.
To take into account the missing energy carried away by neutrinos and
high-energy muons, some small corrections are added. The systematic un-
certainty of the FD energy estimation is about 14% [65].
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In order to interpret the outcome of an experiment, it needs to be
compared to theoretical predictions, based on knowledge of the underly-
ing physics. Therefore, numerical simulations of the investigated process
and the detector hardware response are performed using physics models,
which are updated when new results become available. The simulations
determine i.e. the e�ciency (exposure) and selection biases of a given
measurement. Furthermore, they are used to de�ne the set-ups of future
experiments.
The air shower models describe the EAS, initiated by cosmic or gamma

rays, as sequences of collisions and decays of secondary particles during
the propagation through the air. These interactions have been studied in
several experiments and are well known up to energies of 1017.5 eV, which
is the maximum energy in the frame of a �xed target cosmic ray exper-
iment produced by the LHC [6] (Figure 2.3), the current most powerful
human-made accelerator. The measured energies of the cosmic rays can
be higher than that. The models for these high-energy interactions are
extrapolated from measurements at lower energies. These extrapolations
are blind to new interactions that appear only at higher energies. There-
fore, studying EAS provides an opportunity to test theoretical predictions
at energies that are not accessible under laboratory conditions.
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The description of the evolution of an air shower and the prediction of
the particle distribution at ground can be done in two di�erent ways. In
the analytical method a cascade equation is solved, whereas in the Monte

Carlo (MC) simulation the numerical results are obtained through re-
peated random sampling of particle interactions. The MC simulations
require higher computation power and take signi�cantly longer, but they
provide more realistic results, including e�ects of �uctuations. For the
analyses of the Pierre Auger Observatory data mostly two programs are
used: CONEX [68], including a numerical description for low-energy par-
ticle subcascades (analytical method) and MC simulations for the high-
energy interactions, and CORSIKA (Section 4.1), a program using MC
simulations down to the lowest energies.

In addition to the air shower evolution, the detector e�ects and their
response to the secondaries of the EAS have to be understood. Hence,
simulations of the detector stations and of the signal generation are per-
formed. Similar to the EAS, these simulations can be semi-analytical or
using a full MC method. For the Pierre Auger Observatory the detector
simulations are incorporated in the in-house software framework called
Off line (Section 4.2).

4.1. Air shower simulation with CORSIKA

One of the main air shower simulation programs used to simulate EAS
is the COsmic Ray SImulations for KAscade (CORSIKA) software
package [69]. It was mainly developed by a group of scientists from
the Kernforschungszentrum Karlsruhe (now KIT) for the KASCADE
experiment [70] in the 1990's and it has been kept up to date ever since.
CORSIKA simulates the interactions of secondaries in the cascade with
the air nuclei and their decays, using di�erent interaction models for
the high- and low-energy particles. This takes into account the di�erent
processes dominating or simply present in di�erent energy regions. The
transition from the high- and the low-energy ranges is at 80 GeV [69]. The
interaction models are based on the knowledge of interactions measured
in particle physics experiments and are updated frequently.

To start a Monte Carlo simulation a steering �le has to be provided
to CORSIKA. This �le contains settings of the simulation options and is
composed of a list of lines, each of which starts with the option identi�er
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Figure 4.1.: Total CPU time in hours (a) and disk space in GB (b) needed
for a single full EAS simulation. Note that the last point has
a smaller inclination angle (30◦), in comparison to the other
simulations (45◦), resulting in a higher number of particles ar-
riving at the ground, mainly photons, electrons and positrons,
which leads to a bigger output �le size. At the same time this
simulation is faster due to a smaller number of depth steps.
The hardware speci�cations are listed in Appendix A.1.

followed by one or more arguments. In case an instruction for a speci�c
option is not found, a default value is used. All steering commands and
the default values can be found in the CORSIKA user's manual [71]. In
Appendix B the steering �les and the command descriptions are listed,
used to generate the simulations for the analyses described in this thesis.

The output of the simulation is saved in a �le, which contains the rele-
vant information of the air shower properties as well as types, coordinates,
arrival times and momentum vectors of all secondaries at the observation
level [71]. The �le size and the computation time scale roughly linear with
the energy and vary also with nature and inclination angle of the simulated
cosmic ray and the interaction models chosen. The energy dependence of
the computation time and the output �le size per event are shown in
Figure 4.1. The diagrams are based on full, i.e. non-thinned simulations
(Section 4.1.1) with a proton primary particle and EPOS and FLUKA
as the hadronic interaction models. The full simulations are performed in
parallel (Section 4.1.2) on the cluster of the high-energy physics group at
the Universit�at Siegen. The hardware speci�cations and software versions
are listed in Appendix A.
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The �le size and the computational time are becoming unmanageable
for full EAS simulations with an energy close to the maximal energy
measured with the Pierre Auger Observatory (1020 eV). To decrease the
output size and the duration, di�erent strategies have been developed and
implemented in CORSIKA. One of the most used procedures is the so
called thinning, that will be described in Section 4.1.1. Another strategy
is to remove the low energetic particles (energy cut), which will barely
contribute to the signal in the detectors, already during the propagation.
Additionally, parts of the simulation can be done in parallel, to reduce
the required wall clock time.

Hadronic models For particle energies above 80 GeV the EPOS [72] and
QGSJet [73] models are commonly used to describe the hadronic inter-
actions in EAS simulations. These models are continuously updated and
tuned to the recent results from the accelerator experiments, most no-
tably those at the LHC [6]. Both models are based on the parton-based
Gribov-Regge theory [74], but di�er in their implementation, which trans-
lates into slightly di�erent predictions of the EAS properties, especially
for muon production. The number of muons observed by the Pierre Auger
Observatory for an EAS with an energy of 1019 eV is 30 % (80 %) higher
than in the current EPOS-LHC (QGSJetII-04) model [75] [76]. This is an
important problem, as the muons are of main interest for mass composi-
tion studies (Chapter 5).

Using the EPOS and QGSJet models a�ects the calculation time dif-
ferently. The EPOS simulations resemble the results of the collider exper-
iments more precisely [71], but require more CPU time.

In the low-energy region, below 80 GeV, the Monte Carlo routines
from the FLUctuating KAscade (FLUKA) [77] package are widely used.
FLUKA is based on the Electron Gamma Shower version 4 (EGS4) [78],
that includes all the relevant electromagnetic interactions, such as the
electron-positron-annihilation, pair production, bremsstrahlung, Comp-
ton, Bhabha and Møller scattering, and was extended for muon produc-
tion, photonuclear and low-energy hadronic processes.

Atmosphere The EAS simulations require models for atmospheric con-
ditions, described in Section 3.2.2. The atmosphere in these models con-
sists of nitrogen (N2), oxygen (O2) and argon (Ar) with relative abun-
dances of 78.1 %, 21.0 % and 0.9 %, respectively [71]. The in�uence of the
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atmosphere di�ers for simulations with di�erent inclination angles. There-
fore the density, which varies with altitude, is modeled using 5 layers. Also
seasonal variations can be taken into account for more realistic results.

In CORSIKA di�erent atmospheric models are available. Some of them
are averaged over the year, others are based on monthly averages. A world
global model can be chosen or a model describing the conditions of the
region of the Pierre Auger Observatory using GDAS [49].

4.1.1. Thinning procedure

The technical challenges for creating air shower simulations at the high-
est energies are the amount of CPU time and the huge output �le size
(Figure 4.1). When running the full simulation and following all secondary
particles to the Earth surface, the required CPU time can easily reach
several thousand hours and the output �le size will be in the order of
hundreds of GB for single air shower with an energy of 1018.5 eV, which
is the lower bound of the energy range of interest for the Pierre Auger
Observatory.

To reduce the calculation time and also the output �le size the thin

sampling algorithm (thinning) was implemented in CORSIKA [79]. With
this option, only a small fraction of the total amount of secondary particles
is simulated down to the ground. At a given stage, the energy of each new
created particle Ei is compared to the thinning energy threshold Ethin,
which is expressed by the fraction εthin in comparison to the energy of
the primary particle E0:

Ethin = εthinE0 . (4.1)

If Ei is below Ethin, a survival probability pi is calculated, depending
on the energy sum of all particles with energy below Ethin:

pi =
Ei∑
iEi

for
∑
i

Ei < Ethin , (4.2)

pi =
Ei
Ethin

for
∑
i

Ei ≥ Ethin . (4.3)

According to this survival probability representative particles are ran-
domly chosen for further calculations. After this random selection, the
weight of the remaining secondaries is increased by a weight factor wi,
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which is inversely proportional to pi:

wi =
1

pi
. (4.4)

The weight makes up for the discarded particles. A maximum weight
value can be de�ned to avoid that a small number of representative par-
ticles cause a large in�uence on the outcome. Newly produced particles
that would exceed this maximum weight value are excluded from thinning
by the algorithm [71].
The usual process, where the energy of the particle that starts a new

interaction is below the thinning energy threshold, resulting in only
one representative secondary surviving the thin sampling is shown in
Figure 4.2(a). In case the energy of the particle prior the interaction and
consequently the energy sum of the secondary particles exceed Ethin, the
number of remaining secondaries can be more than one. In particular,
all secondaries with an energy above the thinning energy threshold are
tracked for the next simulation step (Figure 4.2(b)) and the others are
selected based on the survival probabilities.
For an electromagnetic cascade, where only two particles emerge from

the interaction, a special case can occur where both of the secondaries
survive the thin sampling. When the energy of each of both particles is
below Ethin, but the energy of the parent particle is above this threshold,
one of them is selected according to pi, whereas the chance pj for retaining
also the other secondary is higher than 0 [79], given by

pj =
∑
i

pi − 1 =

∑
iEi

Ethin
− 1 > 0 as

∑
i

Ei > Ethin . (4.5)

This is illustrated in Figure 4.2(c). Finally for the bremsstrahlung pro-
cesses one particle is kept (in case of Ei > Ethin), whereas the sec-
ond has also a survival probability pi > 0 to remain after the thinning
(Figure 4.2(d)).
Using this thin sampling procedure the CPU time and output size are

reduced drastically by up to several orders of magnitude depending on
thinning parameters, which helps to simulate a large number of air showers
in a feasible amount of time [69]. However, several air shower properties
are distorted and the thinned simulations have to be further processed to
restore at least the number of secondary particles that would originate
from non-thinned (full) air shower simulations.
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a)

E0 < Ethin

pi ~ Ei/ΣEi

b)

E0 > Ethin

pi~Ei/ΣEi for ΣEi<Ethin

pi~Ei/Ethin for ΣEi>Ethin

c)

E0 > Ethin

pi ~ Ei/Ethin

d)

E0 > Ethin

pi ~ Ei/Ethin

Figure 4.2.: Variations of the thin sampling algorithm implemented in
CORSIKA. The horizontal line marks the thinning selec-
tion processes, with only the representative particles (dashed
lines) passing through. Thick lines indicate the particles with
Ei > Ethin. Dotted lines represent the possibility for addi-
tional particles to survive the thinning procedure. Adapted
from [79].

4.1.2. Parallelization

To perform a full simulation and at the same time reduce the wall clock
time, EAS simulations can be parallelized. In CORSIKA this option is
implemented through the OpenMPI software [80], which uses the Mes-

sage Passing Interface (MPI) [81]. The parallelization allows to compute
the subshowers on multiple CPUs separately at the same time. In this
procedure several output �les are created, one for each core (minus one
master core, that controls the parallelization procedure), which have to be
merged at the end to receive the identical output to the non-parallelized
simulations, for further analysis. This option is used to simulate the non-
thinned air showers analyzed in this thesis.
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4.2. Detector simulation and EAS event
reconstruction with Offline

A big collaboration requires standardized software for data readout, stor-
age, calibration, reconstruction and analysis. The Pierre Auger Collabora-
tion has developed the Auger O�ine Software Framework (Off line) [82],
which consists of three principal parts: the detector description, the pro-
cessing modules and the event data model (Figure 4.3). The Off line con-
cept provides the opportunity to reconstruct the measurements and the
simulations in the same way to obtain comparable results. At the same
time the modules can be easily changed by users, exchanged or ordered
in another way to ful�ll di�erent analysis approaches.

An event contains all the relevant informations of a single EAS (raw,
calibration, reconstruction and simulation data) and acts as a repository
for the communication between the modules. The information is changed
by the modules that represent the di�erent steps of the reconstruction
procedure. Most of the steps can be split into self-contained tasks and are
implemented as individual modules. The modules are written in C++,
to bene�t from the object oriented design, while the con�guration of the
reconstruction process is implemented in XML to provide the opportunity
to change the module sequence and adjust the options without recompil-
ing. The reconstruction procedure is controlled by a run controller and
is steered through the bootstrap.xml �le and additional XML �les that
contain the con�gurations and options used by single modules.

The detector description provides an interface for modules to receive the
read-only information status of the detectors and the atmospheric condi-
tions, that in contradiction to the event information can not be modi�ed
by the modules. The detector information, like the detector positions or
their orientations is static and is stored in XML �les, while data that
changes with time, such as atmospheric conditions and calibration of the
detectors, which varies slowly with time, due to e.g. aging, can be found
in a MySQL databases.

The results of the reconstruction procedure for the simulated events
and for the measured EAS are saved in the Advanced Data Summary Tree
(ADST) �le format [60]. It is based on the ROOT framework [83] and
contains both the high-level quantities from the reconstruction as well as
the low-level raw data.
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Radio Radio

Figure 4.3.: The structure of three parts of Off line. The arrows indicate
which way the information can be passed. The modules can
read from both detector description and the event data, but
can write only into the event. Adapted from [82].

The functional principle of the main Off line modules is explained in the
next section. The order of the modules is de�ned in the module sequence
�le, described in Section 4.2.3.

4.2.1. Detector simulation

For a comparison between the measurements from the Pierre Auger Ob-
servatory and the CORSIKA air shower simulations, the detectors have to
be emulated in order to obtain their response to the secondary particles
from the simulated EAS. For this purpose the properties of the individual
detectors have to be well known. Also the con�guration of the detectors,
e.g. their relative locations has to be taken into account.
As the analysis, described in this thesis, is focused on the SD data, only

the simulations of the SD stations will be discussed.

Resampling of a thinned air shower The output �le of a thinned air
shower contains secondary particles with weights bigger than one. The
simulation of the SD station response requires a resampling (dethinning,
unthinning) procedure [84] of these secondaries according to their weights.
The resampling can be done in di�erent ways. Figure 4.4 shows an example
of the resampling process realized in Off line. First a sampling region is
de�ned around each SD station. For all particles hitting this region a
number of clones is generated according to their weights of same nature
with the same energy, direction and arrival time. Next, the number of
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particles of each type falling into the detector is calculated according to a
Poisson distribution with the resampled weight wr. The e�ective SD tank
area in this process is modeled for each particle individually as function
of its direction (Figure 4.5(a)).

After the resampling, the simulation of the ground detectors is per-
formed in the same way as done for simulations without thinning. While
the number of particles at the ground can be restored quite well for
thinned air shower simulations through resampling, their spatial and tem-
poral distributions are deformed in comparison to non-thinned EAS sim-
ulations. Also the fractions of the di�erent particle types at the surface
di�er between non-thinned and thinned air shower simulations. All this
distorts the signals in the detectors and adds uncertainties to the recon-
structed parameters, which may lead to biased results.

SD detector simulation The simulation of the signal created by one SD
station is split into subroutines and realized by a series of several modules.
They simulate the interactions of the secondary particles with the phys-
ical setup of the SD station, thereby simulating Cherenkov photons, the
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propagation and re�ections of these photons through the water tank, the
PMT response and the electronic chain until the signal is sent to CDAS.
A more complete description of the modules involved will be given in
Section 4.2.3.

The interaction of the particles with the SD can be described in two
ways similar to the approach for the complete EAS simulation. Either
a full simulation is done, which provides the result closest to the real
detector, but requires a broader knowledge of the components of the
SD and consumes more computational power. Or, alternatively, estima-
tions from tabulated values are used as functions of the secondary par-
ticle properties in di�erent gradations. The advantages of this method,
in comparison to the full simulation, are the negligible computing power
and fast access to the results. The full simulation of the interaction of
the secondaries with a SD station, is realized by a module based on the

(a) (b)

Figure 4.5.: Example of the calculation of the e�ective SD tank area (a)
(shaded area at the top) with the direction of the incom-
ing particle represented by the arrow. Adapted from [84].
SD station response simulation (b) with the particles hit-
ting the tank. Photons are indicated in yellow, electrons and
positrons in red and muons in blue. Figure created by using
the EventBrowser [60].
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Geometry and Tracking 4 (GEANT4) [85] toolkit. It emulates the behav-
ior of the traversing particles through the di�erent materials and propa-
gates Cherenkov light through the water tank re�ecting on the inner liner
until it reaches one of the PMTs. Figure 4.5(b) illustrates a step in the
SD station response simulation.

4.2.2. EAS event reconstruction

The second main purpose of the Off line framework, beside the detector
simulation, is the event reconstruction, that was described in Section 3.4.1
and Section 3.4.2, with individual tasks organized in modules. The event
reconstruction calculates the properties of the analyzed EAS and is ap-
plied to the measured data and the simulations in the same way. Hence,
data and simulation results can be directly compared.

4.2.3. Module sequence �le

The order of the steps done by modules, is de�ned in ModuleSequence.xml,
which is written in XML. The description of several modules is given
in [86] (SD), [87] (FD) and can be found in general in [88]. The module
sequence �les (Appendix C) used in this thesis for the analysis of the
simulated and measured events will be explained in the following.

At �rst the data of the simulated or measured EAS have to be read from
�le into the event structure. This is done by the EventFileReaderOGmod-
ule, with �le name and simulation type de�ned in EventFileReader.xml.
This module resides in a loop that controls how many events (EAS)
are read from the �le. For simulated air showers it is usually one per
�le, while for the measurements the �les contain several EAS for a
speci�c time period. When reconstructing a simulated air shower, the
next loop allows to use an air shower more than once to increase the
statistics. In EventGeneratorOG, the event time and the air shower
core location are generated for the simulated EAS. The core can be
placed randomly or at a �xed position inside the area that represents
the observatory. This is speci�ed in the EventGenerator.xml �le. The
next step is to loop over the secondary particles. Inside this loop the
CachedDirectInjector module is used in case of non-thinned EAS sim-
ulations, and the CachedShowerRegeneratorOG module for its thinned
counterpart, to simulate which secondaries hit the detector. The �rst
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module moves the particles directly into the detector simulation, whereas
the latter resamples them �rst (dethinning) by distributing the clones
over the e�ective tank area of an SD station [84]. The full simulation of
the SD stations is done with the GEANT4 toolkit implemented in the
G4TankSimulatorOGmodule. After looping over the particles, the detector
output and the data taking chain are emulated. First, the simulated de-
tector calibration is loaded by the SdSimulationCalibrationFillerOG

module followed by the simulation of the electronic chains of all SD
stations, including the response of the PMTs (SdPMTSimulatorOG),
the FADC signal (SdFilterFADCSimulatorMTU), the baseline and noise
(SdBaselineSimulatorOG), the local triggers (TankTriggerSimulatorOG)
and the GPS time (TankGPSSimulatorOG). Next, the CDAS trigger is
emulated by the CentralTriggerSimulatorXb and the event is built by
the CentralTriggerEventBuilderOG and the EventBuilderOG modules.
Finally, the EventCheckerOG rejects events with missing SD stations as
described in Section 3.4.1.
The steps up to this point are only required to be performed in case of

simulated EAS (except reading the air showers). The modules listed below
are applied to the measured EAS, starting with the checks of the event and
the detectors, to sort out wrongly working stations which would bias the
subsequent event reconstruction. The modules SdPMTQualityCheckerKG
and SdBadStationRejectorKG discard malfunctioning stations and the
modules TriggerTimeCorrection and SdStationPositionCorrection

apply known corrections to the triggers and the positions of the SD
stations in case they are o� the grid. SdSignalRecoveryKLT tries to
recover the signals of saturated SD stations.
After the measured events are cleaned, or for the simulated EAS an em-

ulation of the readout chain has been done, the reconstruction of the air
shower parameters is performed. The SdCalibratorOG module calibrates
the signals from the SD for the analysis. SdEventSelectorOG prepares the
events for the air shower reconstruction modules coming next by check-
ing for the trigger criteria and removing stations with signals that do not
belong to the EAS, such as lightning strikes or isolated SD stations. For
simulated events the SdMonteCarloEventSelectorOG module takes care
of the additional simulated SD stations that do not belong to the reg-
ular SD grid. SdPlaneFitOG performs a �rst estimation for the arrival
direction (Section 3.4.1, Figure 3.15(a)). The results from this module
are used in the LDFFinderKG to calculate the parameters of the LDF,
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�rst using a plane �t and in the next iteration step using a curved front
(Figure 3.15(b)), by also �tting the radius of curvature Rc (Section 5.1).
In case of data events from the measurements, some corrections are ap-
plied to the energy estimation in the EnergyCalculationPG module based
i.a. on the measurements of the weather conditions. After the reconstruc-
tion of the air shower properties is done, the event is checked with the
SdEventPosteriorSelectorOG module for errors. Finally the event pa-
rameters are written to disk into an ADST �le by RecDataWriterNG,
with the options de�ned in EventFileExporter.xml .

4.3. Set of air shower simulations used for
analysis

For the analysis described in this thesis several thousands EAS simula-
tions have been created using CORSIKA on the computer cluster of the
high-energy physics (HEP) group at the Universit�at Siegen. The list of
hardware speci�cations and software versions can be found in Appendix A.
Almost all air showers that were simulated earlier for other analyses

were produced with the thinning algorithm (Section 4.1.1). This allows to
simulate a large number of events, although it comes with a smearing of
the particle arrival times, leading to an increase of the uncertainties. To
investigate this e�ect both thinned and non-thinned shower simulations
were produced. The following settings were used for the simulations:

• Primary particle: photon (γ), proton (p), iron nucleus (Fe)

• Energy Esim: 1018 eV, 1018.5 eV, 1019 eV and 1019.5 eV (only
thinned)

• Inclination angle θsim: 0◦, 15◦, 30◦, 45◦, 60◦

The CORSIKA parameters for the simulations were as following:

• Non-thinned, thinned: εthin = 10−6

• CORSIKA versions: 7.4005, 7.5600

• High-energy interaction models: EPOS-LHC, QGSJetII-04

• Low-energy interaction model: FLUKA 2011.2c-4
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For each set of parameters 20 air showers were simulated with the thin-
ning algorithm. They were split into two sets of 10 simulations each for
further use. However, due to the requirements on CPU time and stor-
age space only a few non-thinned EAS simulations are created. Three sets
with 10 EAS each for proton, iron nucleus and photon primaries at a �xed
energy E = 1018.5 eV, zenith angle θ = 45◦ and with the EPOS hadronic
interaction model. For these parameter sets the statistics are comparable
to those of the thinned simulations. For all other con�gurations of incli-
nation angles, energies of 1018 eV and 1018.5 eV and the EPOS hadronic
interaction model only one non-thinned air shower was simulated per set.
At 1019 eV only 2 non-thinned EAS simulations were performed, with
θ = 30◦ and the EPOS model, one with proton and one with iron nucleus
as the primary particle. Using the QGSJet hadronic interaction model
only three simulations were created, one per primary particle type with
E = 1018.5 eV and θ = 45◦.
To reduce the required wall clock time the code was parallelized for the

non-thinned air shower simulations (Section 4.1.2). In this process several
bugs in the code of CORSIKA version 7.4005 were found that a�ect simu-
lations with a photon primary particle. Therefore, the photon non-thinned
EAS simulations are generated only with CORSIKA version 7.5600, which
does not show these problems. The thinned simulations with a photon pri-
mary particle are also available with CORSIKA version 7.4005. Most of
non-thinned simulation with proton and iron nucleus primaries including
the one at 1019 eV were performed using CORSIKA version 7.4005.
The EAS simulations are used as an input for the detector simulation

with Off line (Section 4.2), version v3r3p1.
In the next chapters the data will be confronted with simulations for

the three types of primary particle which will be called proton, iron (nu-
cleus) and in case of the photon gamma (ray), to avoid confusion between
the words proton and photon, which only di�er by one character. Al-
though historically only the charged particles where de�ned as cosmic
rays, gamma rays are also included in the following for reasons of simpli�-
cation, e.g. when cosmic ray mass or nature of cosmic rays are mentioned.
A new general term could be used in the future: cosmic miscellaneous
rays. The air shower particles are referred to as primary (particle) and
secondaries for secondary particles.
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?

? ?

Ultra-high-energy cosmic and gamma rays carry information about
their origin and propagation. There are three quantities of the primary
particles that can be measured and help to understand where the cosmic
and gamma rays were produced and how they propagated. These quanti-
ties are the energy, direction and nature (type) of the primary particle.
With the FD the calorimetric energy of EAS, and thus of the primary

particle, can be measured directly. From the geometry, the time delays
of the triggered SD stations and the FD angular measurements, the air
shower axis is determined. This measurement unveils the arrival direc-
tion of the primary particle. However, this information is incomplete for
studying the origin of cosmic rays. The missing part is the particle type.
As described in Section 2.3 the nature of cosmic rays a�ects the relation
between the direction of their source and their arrival directions at Earth,
because the in�uence of the (extra)galactic magnetic �elds depends on
their charge. In this chapter the existing methods and a new approach
are presented to determine the nature of the cosmic rays.
One big challenge in the analysis of UHECR is statistics. The SD pro-

vides the highest uptime and largest collection area of all detectors types
of the Pierre Auger Observatory. Therefore the focus of the analysis in
this thesis will be on this detector type.
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5.1. Existing observables

Several techniques were developed to get a handle on the mass composi-
tion of cosmic rays from di�erent air shower parameters. In this section
some observables are described that are used by the Pierre Auger Collab-
oration to determine the particle type of cosmic rays. The observables are
based on the di�erences in the development of EAS initiated by di�erent
primaries. They are studied using air shower simulations. Figure 5.1 il-
lustrates the simulated trajectories of secondary particles in the Earth's
atmosphere of EAS started by di�erent primaries. These pictures provide
an impression about the di�erences in the air shower development. Espe-
cially, the air showers started by a gamma di�er greatly from the hadron
initiated air showers by the numbers of muons and hadrons.

Depth of air shower maximum (Xmax) In Section 2.2.3 the develop-
ment of an EAS was discussed. Figure 2.13 shows the change in the num-
ber of particles along the trajectory that the air shower follows on its way
to the surface. The maximum of this distribution, the depth of air shower
maximum Xmax, marks the point where the air shower reaches its max-
imum number of secondary particles. Xmax is measured in terms of the
amount of atmosphere traversed, thus its units are g/cm2. Therefore, this
quantity is independent from the inclination angle, but depends on other
air shower properties like the point of �rst interaction of the cosmic rays
with Earth's atmosphere and on the fractions between di�erent types of
secondaries, which contribute to the variation of Xmax for di�erent pri-
maries as is depicted in Figure 2.14. Xmax has a good separation power
between primary particles (Figure 5.2(a)). Although it can be directly
measured using the FD (Chapter 3.4.2) the mass of the primaries cannot
be distinguished for an individual EAS due to the event-to-event �uctu-
ations, but must be inferred statistically from the distribution of Xmax

from multiple measurements [30]. From this distribution the parameters
〈Xmax〉 (mean of the Xmax distribution) and σXmax (see next paragraph)
can be studied and compared to an average mass composition of the cos-
mic rays. Unfortunately, the fraction of Xmax measurements is limited to
the uptime of the FD, which is only around 13% [46]. Therefore attempts
were made to reconstruct Xmax from the SD data, e.g. in [89].
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Figure 5.1.: Simulated trajectories of muons (left), EM particles (cen-
ter) and hadrons (right) from EAS with gamma (top),
proton (middle) and iron (bottom) primary particles with
E = 1013 eV. Adapted from [28].
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Figure 5.2.: 〈Xmax〉 and σXmax measurements of the Pierre Auger Obser-
vatory in comparison with theoretical predictions. Adapted
from [15].
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Spread of the depth of air shower maximum (σXmax
) The air shower

pro�les shown in Figure 2.14 provide more information about their pri-
maries. The magnitude of the event-to-event �uctuations of Xmax also
depends on the nature of the primary particles [90]. This parameter is
called the spread of the depth of air shower maximum σXmax . As can
be seen in Figure 5.2(b), it has a good discrimination power for distin-
guishing between di�erent primaries and is expected to decrease with the
increasing number of nucleons A of the primary and to increase with its
interaction length. Like the average depth of air shower maximum, the
σXmax parameter must be inferred from the distribution of an ensemble of
air showers and it shares the limitation of the FD uptime with the Xmax

measurement.

Number of muons (Nµ) One remarkable distinguishing feature be-
tween EAS initiated by di�erent types of particles is their number of

muons Nµ. As mentioned in Section 2.2.2, muons are produced in decays
of charged pions and kaons, which originate from collisions of hadrons
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with air nuclei. Hence, EAS initiated by protons or iron nuclei are muon-
rich, whereas air showers started by a gamma are muon-poor (Figure 5.1).
From the Heitler model of hadronic air showers (Section 2.2.1) Nµ can be
estimated:

Nµ = A

(
E/A

Eπc

)β
, (5.1)

where A is the cosmic ray mass, E its energy, Eπc the critical energy for
pions to decay into muons and β ≈ 0.9 [91].
The advantage of Nµ is that it's almost independent of the inclination

angle andXmax of the EAS. This is due to the fact that many of the muons
are produced early in the air shower and most survive until reaching the
detectors at ground, whereas the other air shower components change with
the slant depth as shown in Figure 2.13 (note the energy fraction on the
y-axis corresponding to the number of particles). Unfortunately, despite
the fact that the muons arrive �rst, the EM particles smear the signal
in the SD so much, that Nµ cannot be measured directly. To solve this
inconvenience very inclined air showers can be studied [91], or the muon
and EM signal can be separated using nearby placed separate detectors
with di�erent sensitivity to muons and EM particles. Such extensions to
the SD are the AMIGA underground detectors that are shielded from
EM particles by a layer of soil (Section 3.1.1), and the Scintillator Surface
Detectors (SSD) that are installed on the existing SD stations for the
AugerPrime upgrade (Section 11.1).

Muon production depth (MPD) and Xµ
max

Another approach to deter-
mine the nature of the cosmic rays that is related to the muonic component
is the muon production depth (MPD) [92]. It describes the atmospheric
depth Xµ at which the individual muons were produced. The MPD is
modeled from the arrival time information of the SD and simulations
of the muon distribution in EAS, resulting in a inclination angle depen-
dent distribution. This distribution is �tted with the Gaisser-Hillas func-
tion [67], similar to the longitudinal pro�le (Section 3.4.2), thus yielding
the maximum of the MPD, Xµ

max, as a mass composition sensitive pa-
rameter. This observable is strongly correlated to Xmax, mainly through
the depth of �rst interaction of the cosmic rays with the Earth's atmo-
sphere [92]. Unluckily, the estimation of Xµ

max also strongly depends on
the hadronic interaction models used in the air shower simulations. This
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(a) (b) (c)

Figure 5.3.: Air shower front models for gamma (a), proton (b) and iron
(c) primaries. The illustrated di�erences are the point of �rst
interaction, Rc, the thickness of the air shower front and the
time traces detected by the SD stations (signal shapes).
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makes this variable for the time being more useful to improve the in-
teraction models at the highest energies than to separate cosmic rays of
di�erent nature. Another problem of the MPD is the discrepancy between
the number of muons in simulations and data (Section 4.1), which adds
additional uncertainty.

Radius of Curvature (Rc) During the propagation through the atmo-
sphere an EAS has the shape of a curved air shower front with a variable
thickness that depends on the distance to the air shower axis and grows
with the radius. The upward part of the disk is di�use, due to particles
that were produced under higher angles. However, the front downward
part is well de�ned and is formed mainly by the muons. From the sim-
plest assumption that the air shower front is formed from one point close
to the point of the �rst interaction of the cosmic ray with the atmosphere,
it follows that it should be curved as part of a sphere. This sphere has a ra-
dius which is de�ned by the curvature when an air shower hits the ground
and is called the radius of curvature Rc [93]. In reality the air shower front
geometry is more complicated due to the overlap of the curved shapes with
di�erent radii originating from di�erent production heights of the secon-
daries. Therefore, the radius of curvature in the spherical model indicates
a lower point of �rst interaction than in reality is the case.
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As described in Section 3.4.1, Rc is used in the reconstruction process
to obtain the impact time and core position from the measurements with
the SD. Rc depends, among others, on the height of the �rst interaction,
the total distance the air shower travels until reaching the detectors and
the spread of the EAS [93]. Figure 5.3 shows a schematic view of the air
shower fronts for di�erent primaries.

Rc has a good separation power for distinguishing several types of cos-
mic rays and can be reconstructed for the full statistics of the SD measure-
ments. However the calculation of this parameter from a few SD stations
is one-sided biased due to the detected arrival time distribution: one SD
station, primarily a station far away from the shower axis, could by chance
be missed by the �rst particles of the air shower front and measure only
later ones. In this scenario, Rc would be biased towards a smaller value,
because no time can be measured that is smaller (leading to a bigger Rc)
than the one of the �rst particles arriving at ground. To counter this bias
time variation models [94] are used. These models describe how the most
probable air shower arrival time depends on the time of the �rst mea-
sured particle, the number of particles in the detector and the air shower
geometry.

Rise time (T50) Due to the di�erent compositions of the secondaries
(Nµ , Ne , Nγ) and di�erent geometries (Rc , air shower front thickness),
EAS initiated by di�erent types of primaries also have di�erent signal time
development as obtained from the PMTs in the SD stations (Figure 5.3).
Based on this consideration another mass composition parameter was con-
structed. It is called the rise time T50 or t1/2 and is the time between 10%
and 50% of the total integrated signal of one SD station during the signal
time interval [95]. T50 was found to depend on the average number of nu-
cleons in the primary particle and it bene�ts from the almost continuous
uptime of the SD. However, it is conceivable that di�erent time traces
can lead to the same T50 value, which makes this parameter ambiguous.
Primarily far away from the air shower core, where the signal seen by the
SD becomes spiky due to low statistics, T50 can be misleading.

Asymmetry factor and (sec θ)max The inclination of the EAS presents
additional challenges for the reconstruction task. It has to be taken into ac-
count that the air shower front is curved and expands continuously. More-

77



Chapter 5

Figure 5.4.: De�nition of the early and late regions of the footprint. Note
the di�erent de�nitions of the angles φ and ζ.
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over the particle components vary di�erently with time and the varying
densities of the atmospheric layers change the conditions for the propa-
gation of particles depending on their paths. In particular the number of
muons barely changes with the longitudinal distance that an air shower
propagates toward the ground, whereas the electrons, positrons and pho-
tons can be captured or interact, leading to a decrease in their numbers
for an air shower that is traversing a lot of atmosphere. This results in
di�erently evolving signals in the so called early region (|ζ| < π

2 , more
vertical arrival directions, particles arrive relatively early after they have
been made) and late region (|ζ| > π

2 , more horizontal arrival directions,
particles arrive relatively late after they have been made) of the air shower
footprint [96]. Figure 5.4 shows the de�nition of ζ in the air shower plane
(a plane perpendicular to the air shower axis).

The assumption that the di�erences between the early and late regions
depend on the primary particle was con�rmed by comparing the average
rise time <t1/2/r>, weighted with the distance to the air shower axis as
function of the polar angle ζ [96], which provides the relative orientation
within the air shower.
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The rise time distribution can be �tted with

<t1/2/r>= a+ b cos ζ + c cos2 ζ (5.2)

and the parameters are combined into the asymmetry factor b/(a + c).
This asymmetry factor depends on the inclination angle θ of the EAS.
The behavior of the asymmetry factor as function of atmospheric depth,
measured by sec θ was studied. The position of the maximum asymmetry
(sec θ)max was found to vary with energy, but also to provide a good
discrimination power between hadronic primaries [96].

Surface signal parameter (Sb) Another attempt of using signals from
the SD proposes the Sb parameter [97]. It is based on the weighted sum
of signals depending on their distances to the air shower axis:

Sb =

N∑
i=1

[
Si ×

(
ri
r0

)b]
, (5.3)

where Si are the total signals of all N triggered SD stations, ri their
distances to the air shower axis and r0 a reference distance of 1000 m.
The parameter b adjusts the weighting and was found to maximize the
discrimination power at the value of b = 3. Similar to the rise time Sb does
not take into account the signal pro�le. Thus, di�erent constellations of
secondary fractions could result in the same Si values.

Signal ratio parameter (Fγ) Speci�cally for the photon search the sig-
nal ratio parameter Fγ was proposed [98]. It is de�ned as the ratio be-
tween the reconstructed signals S1000 (Section 3.4.1), once using the reg-
ular procedure for hybrid events (S1000|Hybrid) and once with parameters
optimized for gamma induced air showers (S1000|γ) [99]:

Fγ =
S1000|γ

S1000|Hybrid
. (5.4)

Fγ was found to have a good discrimination power when combining it
with Xmax. However, thereby the advantage of using the full SD statistics
is lost.
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5.2. New approach: Time Probability Density
Function (TPDF)

Most SD observables described above only use one observable for each
SD station, mostly a function of the total signal value, ignoring the mea-
sured arrival trace distribution of the secondaries. Only T50 uses the time
structure but condenses it into only one parameter. The new approach
described below uses the entire signal (time) trace to gain more infor-
mation about the internal structure of an air shower in view of the mass
composition of cosmic rays. The time di�erences between the SD stations,
as used for the Rc parameter are not included in the present analysis, but
could be added as a mostly independent piece of information in the future
(Chapter 11).

The air shower front reaching the ground contains several secondary
particle types (muons, electrons, positrons, photons, etc.). The SD de-
tector response di�ers slightly for the di�erent types of secondary parti-
cles and also depends on their energies and paths through the detector.
Muons mostly traverse the water tank loosing only a fraction of their en-
ergy, while photons, electrons and positrons are showering and may be
(almost) completely absorbed in the SD tank. Muons generally also ar-
rive �rst at the SD and thus form the air shower front, while photons,
electrons and positrons usually arrive later, because of the many scatter-
ing processes they and their ancestors were involved in. Thus the arrival
time pro�le is expected to be characteristic for di�erent primary particles.
The arrival time pattern also depends on the EAS energy and inclination
angle. To analyze the di�erences of the SD time traces (signal shapes) an
empirical function that describes the arrival time pro�le will be presented
in the next section.

Figure 5.5 shows the time distribution of the electromagnetic and
muonic components of the secondary particles reaching the ground at
the air shower plane with tcore = 0 s. These distributions are taken from
non-thinned simulations. It can be observed that there is a big di�erence
between the numbers of muons (blue curves) created in a EAS with a
proton (left column) and one with a gamma primary (right column). It
can also be seen that the ratio between muons and electrons is changing
with distance (from top to bottom). At distances to the air shower axis
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Figure 5.5.: Arrival time distributions of the secondaries in the air shower
plane at SD observation level with distances r to the air
shower axis of 475 m− 525 m (top), 975 m− 1025 m (middle)
and 1475 m − 1525 m (bottom) of the electromagnetic and
muonic components from non-thinned simulated air showers
with proton (left column) and gamma (right column) pri-
maries, with E = 1018.5 eV and θ = 15◦.
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between 475 m and 525 m, the number of muons at the maximum of
the arrival time distribution is 10 (50) times smaller than the number
of electrons and positrons for proton (gamma) induced air showers. At
larger distances the maxima for proton induced air shower are comparable
in height, whereas for gamma induced EAS the they are still di�erent
by a factor 10. Note that it is not possible to compare these histograms
directly to the signal response from the SD stations because the energy
deposit for muons is less than for electrons and photons, although they
have higher energies when reaching the Earth surface.

One can also see from Figure 5.5 that for proton induced air showers
(left column) the muon signal has a large component at early times, espe-
cially near the air shower axis. This is due to muons from pion production
in the early stage of the air shower, where the pions decay before inter-
acting. The muon production in gamma air showers (right column) is due
to pion production all along the air shower, where only a small, more or
less constant fraction of the pions decay before having an interaction.

To compare the measurements of real air showers with theoreti-
cal predictions, EAS simulations have been created with CORSIKA
(Section 4.3). In the output �les of these simulations the secondary
particles at the ground level (SD observation level) are stored. Among
other properties of the secondaries their type is saved, which allows
to distinguish the di�erent components. It was already mentioned that
muons play an important role and de�ne the steepness of the rise of the
arrival time pro�le. Therefore, the muon time distribution at ground is
taken to construct a function that �ts the arrival time pro�le.

In a pure muon time distribution from a non-thinned EAS simulation
with a proton primary in Figure 5.6 several characteristics can be ob-
served. The shape begins with a very steep rise up to a maximum fol-
lowed by an approximately exponential fall-o�. The maximum represents
the highest number of the secondaries arriving in the same time interval,
whereas particles that are late form the tail of the distribution. The time
distribution can be understood as the longitudinal cross section through
the air shower front.

The muon time distribution in Figure 5.6 has roughly quadratic ex-
ponential rise and a linear exponential fall-o�. A function that �ts this
distribution should be exponential, depend on the position of the maxi-
mum and have a least one parameter to adjust the tail. Several standard
functions were tested for di�erent distances to the air shower axis, e.g.
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Figure 5.6.: Arrival time distribution of muons at ground, in a 475−525 m
ring to the air shower axis. The simulated EAS was initiated
by a vertical proton with an energy of 1018.5 eV.
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Figure 5.7.: Arrival time distribution of muons at ground (blue his-
togram), in a 475 − 525 m ring to the air shower axis. The
simulated EAS was initiated by a vertical proton with an en-
ergy of 1018.5 eV. The red line is a �t using the function of
Eq. (5.5). The �t parameters are displayed in the box.
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Landau and Log-normal functions. None of these could satisfactorily �t
the arrival time distribution. Especially closer to the air shower axis all
of the functions either missed the true position of the maximum or could
not properly �t the tail. Empirically, a double exponential function was
found to �t the time pro�le:

f(t) = 10a · e
−
(
e−
( t−µ

b

)
+ c · t α

)
, (5.5)

where a de�nes the amplitude, b is related to the steepness of the rising
part, µ is related to the position of the maximum and α and c are pa-
rameters describing the tail. The need for two tail parameters arises from
the fact that the exponential slope is changing its inclination shortly after
the maximum. In Figure 5.7 the function from Eq. (5.5) is �tted to the
muon time distribution of Figure 5.6. The main features of the arrival
time pro�le are well described: the rise, the maximum and the tail with
a slope change after the maximum. The extreme tail is not so well �tted,
but concerns only very few particles and is not relevant for the time trace
analysis in this thesis.
Next, it is essential to prove that this function still works on the PMT

traces recorded by the SD. Di�erent particle types contribute di�erently
to the total signal seen by the PMTs. Also the di�erent paths through the
tank modify the shape. Finally, the detector and electronic resolutions
smear the signal.
To study this behavior the simulated air showers were fed into the Sur-

face Detector simulation and signal reconstruction algorithms of Off line

(Section 4.2). On the averaged time traces of the SD the function from
Eq. (5.5) was �tted. It still describes the main characteristics of the time
trace well, although there is a di�erence between the SD time trace and
the pure muon time distribution. The tail of the SD time trace is almost
exactly exponential without a change of exponential slope, due to the
contribution of the EM particles and the detector resolution. Hence, the
tail parameter α can be dropped, resulting in the �nal function that will
be used for the analysis in this thesis:

f(t) = 10a · e
−
(
e−
( t−µ

b

)
+ c · t

)
. (5.6)

The double exponential function in Eq. (5.6) is named the Time

Probability Density Function (TPDF) and has 4 free parameters, which

84 ◦



Mass composition parameters

Entries 189444
logfactor 0.01±5.87 
scaling 0.44±86.61 
mu 0.7±398.6 
tail 0.000019±0.006465 

time (ns)
0 500 1000 1500 2000

si
gn

al
 (V

EM
)

0

5000

10000

15000

20000

Entries 189444
a 0.01±5.87 
b 0.44±86.61 
µ 0.7±398.6 
c 0.000019±0.006465 

SD signal trace at 500m from air shower axis

Entries 189444
logfactor 0.01±5.87 
scaling 0.44±86.61 
mu 0.7±398.6 
tail 0.000019±0.006465 

time (ns)
0 500 1000 1500 2000

si
gn

al
 (V

EM
)

10

100

1000

10000

Entries 189444
a 0.01±5.87 
b 0.44±86.61 
µ 0.7±398.6 
c 0.000019±0.006465 

SD signal trace at 500m from air shower axis

Figure 5.8.: Sum of time traces from 360 SD stations at 500 m to the air
shower axis. The simulated EAS was initiated by a vertical
proton with an energy of 1018.5 eV. On the sum of time traces
Eq. (5.6) was �tted. The top and the bottom graphs are iden-
tical except the logarithmic y-axis of the bottom one.
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re�ect the di�erent features of the arrival time pro�le. Parameter a is the
normalization parameter and depends on the total number of particles
in the arrival time distribution and their energy deposit in the SD, b
describes the steepness of the rising edge and the behavior up to the
maximum, µ is related to the position of the maximum and c describes
the slope of the exponential tail. Figure 5.8 shows the TPDF �tted to
the sum of time traces of an SD simulation. It should be noted that the
SD signals, within the signal region of the FADC trace, were shifted here
and in the following before applying the TPDF algorithm by an o�set of
250 ns to monitor potential errors i.a. in the algorithm �nding the start
time. Also the pure particle arrival time distributions without the SD
simulation could be evaluated with this o�set. This was done primarily
to monitor the non-thinned simulations of air showers.
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In the previous chapter the TPDF (Time Probability Density Function)
was introduced. In this chapter the TPDFmodel generation procedure will
be described, followed by the de�nition of the TPDF con�dence interval
for the models. The TPDF models will be applied to the data (Chapter 9)
to identify the nature of the primary particles and to distinguish between
cosmic rays and gamma rays.

6.1. TPDF model de�nition

Using the TPDF ansatz (Section 5.2) the SD time traces are �tted in-
dividually. The measured SD events that pass the T5 trigger condition
(Section 3.4.1) contain measurements of several SD stations at various
distances to the air shower axis that belong to the same EAS. The TPDF
is applied to all triggered SD stations. As the SD time trace changes with
the distance of the SD station to the air shower axis (Figure 6.1), the
TPDF parameters will also change. Furthermore, the parametrization of
the TPDF also depends on the energy, nature and inclination angle of
the primary particle. For inclined air showers (θ > 0◦) the distribution
of secondary particles in the footprint also varies with the polar angle
ζ (Figure 5.4). In the air shower plane, the particle fractions in the air
shower front vary due to the di�erent paths through the atmospheric lay-
ers and the di�erences increase with the inclination of the EAS.
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In particular, the ratio between the muonic and the EM components
changes due to the di�erences in the number of interactions with the at-
mosphere. While the number of muons remains almost unchanged, EM
particles interact with air molecules causing a spatial and temporal dis-
persion resulting in a wider distribution of their arrival times at ground
in the late region.

All the above e�ects a�ect the signals of the SD stations, depending
on their orientation with respect to the air shower axis. To extract the
information about the nature of the primary particle that initiated a given
EAS, the changes of the TPDF �t results for SD stations at di�erent
distances to the air shower axis and orientations in the footprint will be
combined into TPDF models. For this purpose the �rst half of the thinned
simulation set mentioned in Section 4.3 is used.

Ring separation The output �les of the air shower simulations are di-
vided into many smaller �les, each containing information about the sec-
ondary particles in one ring of 50 m width at di�erent distances to the air
shower axis. The rings in the air shower plane correspond to ellipses at
the ground plane of the footprint for inclined EAS (Figure 6.2).

For the analysis of the changes in the SD time trace as a function of
distance to the air shower axis the TPDF is �t to the sum of the time
traces of all SD stations placed in each ring. For vertical air showers
the SD signals at a certain distance will vary only due to the statistical
�uctuations, whereas for the inclined air showers the ζ dependency will
cause an additional distortion. Thus, the rings need to be divided further
into ζ segments.

Ring segment separation To study the ζ dependency for the inclined air
showers each ring is divided into 360 segments of 1◦ width (Figure 6.2) in
the air shower plane. From the TPDF �tted on time traces of the simulated
SD stations placed in the middle of each segment the TPDF parameters
can be analyzed individually as function of ζ. For each parameter 360
individual values are obtained and �tted with the following function:

f(ζ) = j + k · cos(ζ) , (6.1)

where j de�nes an o�set and k the amplitude of the cosine function.
It should be noticed here, that the geometry de�nitions of CORSIKA
and Off line di�er by 90◦ with an additional shift of 4.23◦ that arises
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Figure 6.1.: Time traces of one SD station at 500 m (a) and one at 1000 m
(b) to the air shower axis for a simulated EAS with vertical
proton primary and energy of 1018.5 eV.

Figure 6.2.: Schematic view of the separation of the footprint into ellipses
(rings in the air shower plane) and into segments in which the
SD stations are simulated.
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from the axis orientation di�erences between CORSIKA and Off line . In
CORSIKA the x-axis points towards the magnetic north and the y-axis
towards the west. In Off line the x-axis points towards the east and the
y-axis towards the geometrical north. Hence, for the reconstruction of the
measured events the magnetic �eld orientation at the location of the Pierre
Auger Observatory has to be taken into account. Furthermore the mag-
netic �eld orientation and strength change slightly over time. However,
this e�ect is not taken into account for the reconstruction.

Fit minimization The TPDF �t (Eq. (5.6)) is performed on the SD time
traces using the log-likelihood method, whereas the f(ζ) �t (Eq. (6.1)) is
done with a χ2 minimization on the individual TPDF parameters using
values determined from the statistical event-to-event �uctuations. The
maximization of the likelihood of the TPDF �t and the minimization of
the χ2 of the f(ζ) �t are performed using the numerical minimization pro-
gram MINUIT [100], implemented in the ROOT framework [83] version
5.34/36, with the MIGRAD minimization routines.

Minimal signal strength The number of particles measured in a SD
station is decreasing with the distance to the air shower axis (Figure 2.12).
As a consequence only a few secondaries hit the SD stations at larger
distances, leading to a spiky signals (Figure 6.1). The �t of the TPDF
then becomes di�cult to interpret, because this function assumes only
one maximum with an exponential tail, whereas the measured signal can
have several maxima caused by a few individual particles. To prevent
misinterpretations only SD stations with signals higher than 5 VEM will
be taken into account.

6.1.1. Uncertainties

When comparing a measured SD time trace to the TPDF models, the un-
certainties that arise from the simulations of the EAS and the detectors,
the event-to-event and SD sampling �uctuations and the event recon-
struction have to be taken into account. Some of these uncertainties are
described below and are included in the TPDF models. Others that are
described at the end of this section are not taken into account for this
analysis, but could be added in future.
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Included uncertainties:

• Event-to-event �uctuations

The CORSIKA air shower simulations used to build the TPDF mod-
els are based on the Monte Carlo method to model the interactions of
the secondary particles while traveling though the atmosphere. Even
with identical primary particle parameters the outcome varies event-
by-event. To study these �uctuations, several air showers have been
simulated for each set of initial parameters describing the primary
particle using a di�erent random number generator seed. These sim-
ulations are combined to estimate the statistical uncertainties.

• Early-late e�ects

For inclined EAS the SD signals from stations at the same distance
to the air shower axis di�er according to their azimuthal position
around the air shower axis. To study the TPDF parameter changes,
the results from the detector simulations in the 360 segments at
the same distance to the air shower axis will be evaluated as a
function of the polar angle ζ. The con�dence interval as a function
of ζ is constructed by �tting Eq. (6.1) for the upper and lower edge
separately. These functions follows the trend of the main ζ function
and are constructed in such a way that 68 % of the mean values of
the points lie between them.

• Detector resolution

The SD station response (Section 4.2.1) to the air showers adds an-
other set of uncertainties to the TPDF parameters. To obtain the
best estimation of the SD response the simulations are performed
using GEANT4. The resulting SD signals with their uncertainties
directly a�ect the parametrization of the TPDF parameters. Since
the TPDF models are based on several simulated air showers and
thus on several detector simulations these uncertainties are auto-
matically included.
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• Event reconstruction uncertainties

During the event reconstruction several parameters and their un-
certainties are calculated from the measurements or are taken from
previously generated models. For the TPDF models the relevant re-
construction parameters are the air shower core position and the
inclination of the air shower axis. These parameters provide the dis-
tance from the SD stations to the air shower axis and therefore the
uncertainties are propagated into the TPDF models through the
reconstructions of the simulated air showers.

Uncertainties that are not taken into account:

• Further primary particles

For building the TPDF models only three primary particle types
were simulated: protons, iron nuclei and gamma rays. Although the
mass composition of the cosmic rays in reality remains unknown,
there is no reason to assume that only particles of these three types
arrive at the Earth. However, all other hadronic primaries are be-
lieved to initiate EAS with average characteristics, like Xmax or Nµ,
in between those from proton and iron initiated air showers. In case
of the search of ultra-high-energy gamma rays in the data this is
not an issue, because the cases of proton and iron are thought to
e�ectively encapsulate all hadronic primary possibilities.

• Geometrical e�ects

The TPDF analysis is based on the estimation of the SD time trace
as function of the distance and ζ orientation to the air shower axis.
Therefore, a projection of the detector position onto the air shower
plane (Figure 6.3) was calculated by a linear shift of the detector
position at ground parallel to the air shower axis to determine the
distance to the axis. This is not an accurate projection according to
the expanding sphere air shower model. As described in Section 5.1
this model also has its problems, thus the projection in the direction
toward the Rc origin would not be correct either. The calculation
of the SD position in the air shower plane mostly biases the sum of
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time traces of 360 SD stations. This is due to the di�erent angles
particles arrive at in the early and late regions. However, for indi-
vidual stations this bias is present in the simulations as well as in
the air shower data and should not a�ect the testing for the di�erent
TPDF models.

• Detector and atmospheric e�ects

The simulated events were reconstructed with static environmental
parameters of the SD stations. In reality the detector response varies
with time, due to periodically changing conditions like day-night and
summer-winter cycles [15] and detector aging [101]. These e�ects
are di�cult to simulate properly. For the data they are taken into
account when calibrating the detectors. The uncertainties arising
from these detector and atmospheric e�ects are not include in the
current study.

Figure 6.3.: The calculation of the distance of SD station position to the
air shower axis is equal to the projection into the air shower
plane. The expanding character of the air shower front is
ignored.
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6.2. TPDF model generation

For each parameter set of the primary particle types, energies and in-
clination angles, CORSIKA versions and high-energy models mentioned
in Section 4.3 an individual TPDF model is generated. For each set 10
thinned and for a few sets some non-thinned air showers are simulated on
which the TPDF is �tted. The TPDF models obtained from the thinned
air shower simulations will be used for the mass composition analysis of
the measured events, while the one based on the non-thinned EAS sim-
ulations will mainly be used for a comparison to the thinned one for
validation.

Each TPDF model consists of the TPDF parametrization from 360 in-
dividual simulated SD stations for distances to the air shower axis from
575 m to 1525 m in 50 m steps. For each ring the parameterizations are
available in 1◦ steps in ζ. The distance range on the lower side is limited
due to the software boundary conditions of Off line, as the reconstruction
of 360 SD stations and the large number of simulated particles, especially
for the higher energy air showers, cause an over�ow in the internal mem-
ory. The upper limit is chosen due to the small particle density, as was
shown in Figure 2.12, and as a consequence the very small signals in the
SD stations at larger distances.

During the model generation it was noticed that some of the TPDF �ts
failed for di�erent reasons. Mostly, the spiky time traces are di�cult to
�t due to the continuous shape that is assumed for the model. Especially
for more inclined air showers the di�erences between the time traces of
the early and late regions cause problems, where the former are in general
reconstructed and �tted well, the latter may have a very small number
of particles. Although the total signal strength is a good discrimination
parameter, some failed �ts had other reasons. Therefore, the following
�t quality criteria were applied. First the time traces should contain val-
ues di�erent from zero for more than half of their bins and have a total
signal above 5 VEM. The zero bins indicate a missing signal part, which
is crucial mainly for �tting the tail of the distribution, and the signal
threshold ensures that only SD stations with a reasonably large signals
are used. Next, the maximum of the TPDF function has to be between
0 ns and 2000 ns. This removes results with arbitrary parameters where
the TPDF �ts failed. The maximum of the TPDF can be calculated using
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the derivative of Eq. (5.6):

∂

∂t
f(t)

!
= 0 = f(t)︸︷︷︸

6=0

·
[
− exp

(
− t− µ

b

)
·
(
− 1

b

)
− c

]
(6.2)

⇒ tmax = − b · ln(b c) + µ . (6.3)

Finally all TPDF �ts with an uncertainty of the �rst parameter (a)
larger than 1.0 are not taken into account for building the ζ function. A
high uncertainty of this parameter indicates that the TPDF function could
not be �tted properly. As the a parameter is the decimal power (10a) an
uncertainty of 1.0 implies an uncertainty of one order of magnitude for the
TPDF function. This can happen for time traces without a clear maximum
position, especially in case of almost horizontal air showers.

6.3. TPDF model interpolation

While the TPDF models are created for certain discrete energies and
inclination angles of the primary particle, these parameters can take all
values for the measured EAS. Thus, the TPDF parameters from di�erent
models have to be combined for testing the measured air showers. The
following sequence for this procedure is used.
First the measured (reconstructed) energy of the EAS is corrected for

the energy misreconstruction (which will be discussed in Section 8.1). Us-
ing the corrected energy and measured inclination angle, the four closest
TPDF models from the discrete grid are determined with the closest lower
and higher energies and inclination angles θ. The weights for these mod-
els are calculated based on the di�erence of their energies and θ to the
corrected energy and measured inclination angle.
Next, according to the distances to the air shower axis and ζ orientations

of each triggered SD station in the tested EAS, the TPDF parameters and
their uncertainties are taken from the four closest TPDF models individu-
ally and interpolated to the estimated values with di�erent weights. This
interpolation is performed for each primary separately.
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6.4. TPDF con�dence interval

For data testing the individual TPDF parameter values and their con�-
dence intervals at the positions of the SD stations have to be calculated
from the TPDF models. Each TPDF parameter has a mean expectation
value and a con�dence interval as function of ζ angle. The parameter
con�dence intervals are then propagated into con�dence intervals for the
time trace models that are to be compared to the data.

The TPDF parameters are expected to be correlated and for proper
propagation of the uncertainties their correlation factors have to be de-
termined and taken into account. For this purpose the correlations are cal-
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Figure 6.4.: Correlation factors from over 2.5 million �ts. Around the bin
with the maximum content a Gauss function (red line) was
�tted between (maximum - RMS) and (maximum + RMS).
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culated during the TPDF model generation procedure, when the TPDF is
�tted to the SD time traces of the simulated EAS. Afterwards the individ-
ual correlation factors are stored into histograms and their most probable
values are �tted using a Gauss function, as can be seen in Figure 6.4 for
the correlation between a and µ. To avoid in�uences from failed TPDF
�ts during the model generation procedure, only correlation factors from
simulated air showers with a minimum energy of E = 1018.5 eV and a max-
imum inclination of θ = 45◦ are taken into account. In addition, those �ts
that have not passed the quality cuts from Section 6.2 are discarded. The
Gaussian �ts on the correlation histograms provide the most probable
correlation factors and are summarized in Table 6.1.

a b µ c

a 1 0.7058 0.8750 0.9648
b 0.7058 1 0.8847 0.5901
µ 0.8750 0.8847 1 0.7677
c 0.9648 0.5901 0.7677 1

Table 6.1.: Values of the most probable correlation factors of TPDF
parameters.

Once the TPDF correlation factors are determined, they are included in
the calculation of the con�dence interval. The total squared uncertainty
for each time bin is calculated as:

σ2total(t) =
∑
i,j

∂f(t)

∂pi

∂f(t)

∂pj
· σpi · σpj · corr(pi, pj) , (6.4)

where corr(pi, pj) represents the correlation factors, ∂f(t)∂p are the deriva-
tives of the TPDF f(t) with respect to one parameter p = {a, b, µ, c} and
σp is the uncertainty of the corresponding TPDF parameter. The TPDF
and their derivatives with respect to the four parameters are:
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f(t) = 10a · e
−
(
e−
( t−µ

b

)
+ c · t

)
(6.5)

∂f(t)

∂a
= f(t) · ln 10 (6.6)

∂f(t)

∂b
= f(t) ·

− t− µ
b 2
· e
−
(
t− µ
b

) (6.7)

∂f(t)

∂µ
= f(t) ·

−1

b
· e
−
(
t− µ
b

) (6.8)

∂f(t)

∂c
= f(t) · (−t) (6.9)

The con�dence intervals for each TPDF parameter are constructed with
separate functions for the upper and the lower bounds. They are asym-
metric around the mean expectation in most cases. The widest con�dence
interval obtained from all combinations of TPDF parameter uncertainties
is used for comparison with the tested SD time traces. Figure 6.5 shows an
example of a time trace and TPDF models (no �ts) for di�erent primaries
with their corresponding con�dence intervals.
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Figure 6.5.: Time trace (black line) of a single SD station at 850 m from
the air shower axis and ζ = 286◦ with interpolated TPDF
models (solid color lines) and 1 sigma con�dence intervals
(asterisks), based on simulations with protons (red), iron nu-
clei (blue) and gamma rays (green).
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Chapter 7

Analysis of TPDF parameters

obtained from simulated EAS

The TPDF models, mentioned in Section 6.2 are generated on air
shower simulations with di�erent input parameters and properties of the
primary particle. In this chapter the analysis of the variations in the pa-
rameters of the TPDF models is described. The variations with the change
of the primary particle properties, i.e. energy and inclination angle are ex-
pected. However, the di�erences of the TPDF parameters obtained from
simulations with di�erent simulation parameters, e.g. CORSIKA version
or high-energy hadronic interaction model would indicate the uncertainty
of the simulations themselves.
The analysis of the TPDF parameters is focused on their dependence on

distance r to the air shower axis and on the polar angle ζ. The graphs in
Figure 7.1(a) show the general trend for the �t parameters as a function of
the distance r. Each point represents the mean and the standard deviation
from all TPDF �ts on several air shower simulations with the same sim-
ulation parameters (but other random number sequences) and primary
particle properties. The second set of graphs, plotted in Figure 7.1(b),
shows the results of the TPDF parameter �ts as a function of the ζ angle
at the same distance r displayed together with the individual standard de-
viations and the con�dence interval covering 68 % of the individual TPDF
parameters (points in Figure 7.1(b)) not taking the individual standard
deviations into account.
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Figure 7.1.: TPDF parameters as functions of r (a) and ζ at 800 m (b)
to air shower axis obtained from non-thinned EAS simula-
tions with proton primary, E = 1018.5 eV, θ = 45◦, EPOS and
FLUKA models and CORSIKA version 7.4005. In (b) indi-
vidual values with standard deviations (red) for each 1◦ seg-
ment and �tted ζ functions and their 68 % con�dence interval
(black) are shown.
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Note that the TPDF parameters as functions of distance r to the air
shower axis and polar angle ζ are calculated di�erently and therefore
Figure 7.1(a) and (b) cannot directly be compared. This is also true for
all following graphs and is due to the fact that the distance dependence is
constructed from the sums of the time traces of all 360 SD stations in a
ring. The time traces at the same distance r to the air shower axis are �rst
summed and then �tted with the TPDF. The results of the TPDF �ts are
used to calculate the mean and the uncertainty of each point displayed in
Figure 7.1(a). However, in calculating the ζ dependence, each segment of
the 360 in each ring is treated separately. First the individual time trace
histograms in each ζ segment are �tted with the TPDF. Next the results
of the �ts are used to calculate the mean and the uncertainty at each
ζ angle separately. Finally the ζ function (Eq. (6.1)) and the con�dence
interval are �tted for each distance r (Figure 7.1(b)).

All ζ angle dependency �ts have been performed for all di�erent models.
However, as the total number is large, only some of them are shown in the
following sections. The air shower simulations used are all thinned, except
when explicitly written. The open markers indicate TPDF parameters
built on thinned EAS simulations, whereas for non-thinned simulations
full markers are used. In case of proton primary red circles will be shown,
for iron induced EAS blue upward triangles and for gamma primary green
downward triangles will be drawn.

7.1. Primary particles di�erences

The TPDF approach (Section 5.2) is targeted at the discrimination of the
primary particles of air showers to �nd ultra-high-energy gamma rays. To
set criteria for estimating that a certain unknown air shower was initiated
by a gamma the air shower simulations with the same energy and angular
starting parameters, but di�erent primaries, have to be compared.

Figures 7.2, 7.3, 7.4 and 7.5 show the results obtained from air
shower simulations with proton, iron and gamma primaries at energies of
1018.5 eV and 1019.5 eV, and at inclination angles of 0◦ and 45◦.
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Figure 7.2.: TPDF parameters as functions of r (a) and ζ (b) for air
shower simulations with iron (blue), proton (red) and gamma
(green) primaries. For each primary 10 thinned simulations
are used with E = 1018.5 eV, θ = 0◦, EPOS and FLUKAmod-
els and CORSIKA v. 7.4005. Note that the results in (a) and
(b) were built di�erently and therefore cannot be compared
directly.
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Figure 7.3.: TPDF parameters as functions of r (a) and ζ (b) for air
shower simulations with iron (blue), proton (red) and gamma
(green) primaries. For each primary 10 thinned simulations
are used with E = 1018.5 eV, θ = 45◦, EPOS and FLUKA
models and CORSIKA v. 7.4005. Note that the results in
(a) and (b) were built di�erently and therefore cannot be
compared directly.
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Figure 7.4.: TPDF parameters as functions of r (a) and ζ (b) for air
shower simulations with iron (blue), proton (red) and gamma
(green) primaries. For each primary 10 thinned simulations
are used with E = 1019.5 eV, θ = 0◦, EPOS and FLUKAmod-
els and CORSIKA v. 7.4005. Note that the results in (a) and
(b) were built di�erently and therefore cannot be compared
directly.
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Figure 7.5.: TPDF parameters as functions of r (a) and ζ (b) for air
shower simulations with iron (blue), proton (red) and gamma
(green) primaries. For each primary 10 thinned simulations
are used with E = 1019.5 eV, θ = 45◦, EPOS and FLUKA
models and CORSIKA v. 7.4005. Note that the results in
(a) and (b) were built di�erently and therefore cannot be
compared directly.

107



Chapter 7

SD

FD

By comparing the results as a function of distance r to the air shower
axis (upper graphs (a)) one can see that the di�erences between proton
and iron primaries are small, but that gamma primaries show a di�erent
behavior from the hadrons. The second observation is that the uncer-
tainties on the TPDF parameters are much larger for the gamma TPDF
model when compared to the other two. Both statements are also valid for
the ζ angle dependence (lower graphs (b)). In addition, parameters from
inclined air showers with gamma primaries show a larger dependency in
the ζ angle than those from inclined EAS initiated by hadrons. This can
be explained by the di�erent fractions of EM and muonic components
for gamma and hadron air showers (Figure 5.5). For vertical air showers,
Figures 7.2 and 7.4, the a parameter in the r graphs (a), which is propor-
tional to the number of secondaries and their energy deposit in the SD,
shows a large di�erence between hadronic and gamma EAS simulations.
This is caused mainly by the small number of muons in case of gamma
air showers. Finally, the ζ graphs (b) show that the uncertainties are de-
creasing with increasing energy. This is due to a larger number of particles
in the SD stations, leading to smoother time traces and better �ts of the
TPDF function.

The reason for the large uncertainties e.g. at around 1000 m from the
air shower axis for the rise parameter b in Figure 7.4(a) is the so called
transition zone where this parameter is changing for an individual air
shower from near 150 ns to 50 ns. The change accomplishes rapidly within
a few distance bins and highly depends on the individual statistics of
the air showers. The uncertainties in the graphs depends on the value
di�erences before and after the change and on the distances to the air
shower axis where this change is happening.

In general, Figures 7.2, 7.3, 7.4 and 7.5 show that there are di�erences
in the TPDF parameters between TPDF models constructed using the
gamma and the hadron induced EAS simulations. Furthermore, these dif-
ferences get larger for more inclined and more energetic air showers. This
fact will be used for the search of ultra-high-energy gamma rays.

As the di�erences between the TPDF parameters from EAS with proton
and iron primaries are relatively small, in the following only the results
from TPDF models with the proton primary will be displayed as repre-
sentative for hadronic primaries.
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7.2. Simulation energy di�erences

The size of an air shower depends directly on the number of secondary
particles produced during the propagation and therefore on the energy
of the primary particle. The signal strengths of SD stations at a cer-
tain distance r to the air shower axis are increasing with increasing en-
ergy of the primary, thus the TPDF parameters will also change. To in-
vestigate those changes, the TPDF parameters of air showers with en-
ergies of E = 1018 eV, 1018.5 eV, 1019 eV and 1019.5 eV are plotted in
Figures 7.6, 7.7, 7.8 and 7.9, separately for proton and gamma primaries,
for two inclination angles θ = 0◦ and 45◦.

Three of the four TPDF parameters get larger with increasing EAS
energy, the normalization parameter a and the parameters de�ning to-
gether the steepness of the rising part and the maximum, b and µ. The
tail parameter c appears to be rather stable as a function of energy. As a
consequence the predictions of the SD time traces depend on the energy.
The uncertainties for the time trace sums in the r graphs (a) are larger for
the vertical and for the gamma initiated air showers compared to inclined
EAS and those with a proton primary.

The ζ graphs (b) show a larger dependency of the ζ angle with a wider
con�dence interval for air showers initiated by gamma primaries. Espe-
cially, the TPDF parameters for the gamma induced EAS with an en-
ergy of E = 1018 eV feature very wide con�dence intervals, which makes
a discrimination between di�erent primaries almost impossible. However,
the reconstructed energy in this case is well below 1018 eV (Section 8.1),
therefore this is not a real problem, as air showers with such reconstructed
energies will be rejected by the quality cuts.

The energy comparisons in Figures 7.6, 7.7, 7.8 and 7.9 show large un-
certainties for low energy EAS in combination with high inclination angle.
Higher uncertainties are also present for gamma primaries compared to
hadronic primaries. The origin of this uncertainty is the lack of particles in
a single SD station. In these cases the electromagnetic component of the
air showers has died out, whereas there is almost no muonic component
in case of gamma initiated EAS.
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(a)

(b)

Figure 7.6.: TPDF parameters as functions of r (a) and ζ (b) for air
shower simulations with di�erent energies. For each energy
10 thinned simulations are used with proton primary, θ = 0◦,
EPOS and FLUKA models and CORSIKA version 7.4005.
Note that the results in (a) and (b) were built di�erently and
therefore cannot be compared directly.
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(a)

(b)

Figure 7.7.: TPDF parameters as functions of r (a) and ζ (b) for air
shower simulations with di�erent energies. For each energy 10
thinned simulations are used with proton primary, θ = 45◦,
EPOS and FLUKA models and CORSIKA version 7.4005.
Note that the results in (a) and (b) were built di�erently and
therefore cannot be compared directly.
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(a)

(b)

Figure 7.8.: TPDF parameters as functions of r (a) and ζ (b) for air
shower simulations with di�erent energies. For each energy 10
thinned simulations are used with gamma primary, θ = 0◦,
EPOS and FLUKA models and CORSIKA version 7.4005.
Note that the results in (a) and (b) were built di�erently and
therefore cannot be compared directly.
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(a)

(b)

Figure 7.9.: TPDF parameters as functions of r (a) and ζ (b) for air
shower simulations with di�erent energies. For each energy 10
thinned simulations are used with gamma primary, θ = 45◦,
EPOS and FLUKA models and CORSIKA version 7.4005.
Note that the results in (a) and (b) were built di�erently and
therefore cannot be compared directly.
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7.3. Inclination angle di�erences

While for the vertical air showers no big ζ angular di�erences are expected
neither in the time traces nor for the TPDF parameters, for inclined air
showers these di�erences are present and increase with the θ angle. To
study this behavior the TPDF parameters from �ts on the simulated
air showers with inclination angles of θ = 0◦, 15◦, 30◦, 45◦ and 60◦ are
compared, separately for proton and gamma primaries, for two energies
E = 1018.5 eV and 1019.5 eV displayed in Figures 7.11, 7.12, 7.13 and 7.14.

The distance r to the air shower axis graphs (a) show that the TPDF
parameters vary di�erently with the inclination angle θ for increasing
distance r, for di�erent primaries and as a function of primary particle
energies. For proton induced air showers the tail parameter c for θ = 60◦

is completely o� from the ones of the other inclination angles for both
energies, while for the EAS with gamma primaries this di�erence is smaller
and decreases with the increase of the primary energy.

The ζ graphs (b) show the increase of the ζ angular di�erences and the
width of the con�dence intervals for more inclined EAS. This means that
for lower energies and higher inclination angles it will be more di�cult to
di�erentiate air shower primaries, as the TPDF parameters cover many
possible values for this case.

7.4. CORSIKA version di�erences

The air shower simulations used for building the TPDF models were per-
formed using two CORSIKA versions. Therefore, a comparison of the
simulations has to be done, to ensure that both simulations sets can
be used for testing the unknown air showers. To analyze the di�erences
of TPDF parameters the simulations using the two CORSIKA versions
7.4005 and 7.5600 are shown together, separately for proton and gamma
primaries, for the energy of E = 1018.5 eV and inclination angle of 45◦

in Figures 7.15 and 7.16. The newer CORSIKA version includes small
changes e.g. several bug �xes, protection from negative energy deposits
due to rare problems and the use of ρ0 mesons instead of pions at high-
energy photonuclear interactions.

The distance r graphs (a) for proton and gamma primaries show compa-
rable TPDF parameters for EAS simulations done with both CORSIKA
versions. Small di�erences are observed in the tail parameter c. The com-
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parison indicates a steeper slope after the maximum of the time traces for
simulations done with CORSIKA version 7.4005. Figure 7.10 displays 20
TPDF, 10 done with each of the CORSIKA versions. The TPDF are ob-
tained from sums of time trace �ts for the ring at 800 m to the air shower
axis and con�rms the behavior of the steeper slope for CORSIKA version
7.4005. Additionally, it can be observed that the spread of the TPDF is
higher for these air shower simulations.
The ζ graphs (b) also con�rm that behavior of the tail parameter for

the EAS simulation with a proton primary. In case of gamma initiated
EAS all TPDF parameters reveal a stronger dependency on the ζ angle
and at the same time an increase of the con�dence intervals.
However, the values obtained with both CORSIKA versions are compat-

ible and both sets of TPDF models can be used for testing the measured
air showers.

Figure 7.10.: TPDF results from �ts of time trace sums (from 360 SD sta-
tions) at 800 m from the air shower axis. The SD time traces
are simulated using thinned air shower simulations done with
proton primary, E = 1018.5 eV, θ = 45◦, EPOS and FLUKA
models. The orange dotted lines represent results obtained
from 10 simulation done with CORSIKA v. 7.4005 and the
red solid lines those 10 done with v. 7.5600.

115



Chapter 7

XMAX

SD

FD

(a)

(b)

Figure 7.11.: TPDF parameters as function of r (a) and ζ (b) for air
shower simulations with di�erent inclination angles. For each
θ angle 10 thinned simulations are used with proton primary,
E = 1018.5 eV, EPOS and FLUKA models and CORSIKA
version 7.4005. Note that the results in (a) and (b) were
built di�erently and therefore cannot be compared directly.
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(a)

(b)

Figure 7.12.: TPDF parameters as function of r (a) and ζ (b) for air
shower simulations with di�erent inclination angles. For each
θ angle 10 thinned simulations are used with proton primary,
E = 1019.5 eV, EPOS and FLUKA models and CORSIKA
version 7.4005. Note that the results in (a) and (b) were
built di�erently and therefore cannot be compared directly.
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Figure 7.13.: TPDF parameters as function of r (a) and ζ (b) for air
shower simulations with di�erent inclination angles. For
each θ angle 10 thinned simulations are used with gamma
primary, E = 1018.5 eV, EPOS and FLUKA models and
CORSIKA version 7.4005. Note that the results in (a) and
(b) were built di�erently and therefore cannot be compared
directly.
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(a)

(b)

Figure 7.14.: TPDF parameters as function of r (a) and ζ (b) for air
shower simulations with di�erent inclination angles. For
each θ angle 10 thinned simulations are used with gamma
primary, E = 1019.5 eV, EPOS and FLUKA models and
CORSIKA version 7.4005. Note that the results in (a) and
(b) were built di�erently and therefore cannot be compared
directly.
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(a)

(b)

Figure 7.15.: TPDF parameters as functions of r (a) and ζ (b) for air
shower simulations with di�erent versions of CORSIKA. For
each CORSIKA version 10 thinned simulations are used
with proton primary, E = 1018.5 eV, θ = 45◦ and EPOS and
FLUKA models. Note that the results in (a) and (b) were
built di�erently and therefore cannot be compared directly.
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(a)

(b)

Figure 7.16.: TPDF parameters as functions of r (a) and ζ (b) for air
shower simulations with di�erent versions of CORSIKA. For
each CORSIKA version 10 thinned simulations are used
with gamma primary, E = 1018.5 eV, θ = 45◦ and EPOS and
FLUKA models. Note that the results in (a) and (b) were
built di�erently and therefore cannot be compared directly.
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7.5. High-energy interaction model di�erences

Air showers are simulated using di�erent interaction models, as described
in Section 4.1. For the low-energy region only the FLUKA package [77]
was used. In the more important high-energy region, above 80 GeV two
models were used: EPOS [72] and QGSJet [73]. Both models are frequently
used by the Pierre Auger Collaboration. This strategy provides a test
for sensitivity of results against the interaction model that is used and
a means to estimate the associated systematic uncertainty. All of the
di�erent sets of thinned air shower simulations described in Section 4.3
were created with both hadronic interaction models. In case of the non-
thinned simulations, most sets were created using the EPOS model for
the high-energy region.
Figure 7.17 shows that model dependence of the TPDF parameters is

negligible for proton primary at 1018.5 eV and a zenith angle of 45◦. The
same is true at other angles and energies as well as for iron primary.
Figure 7.18 shows the same for gamma primary. In this case a hint of a
slight model dependence may be observed in the ζ graphs (b). However,
this dependence is within the statistical uncertainty of the Monte Carlo
simulations.
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7.6. Increased number of secondary muons

As mentioned in Section 4.1 a muon de�cit of 30 % was found in the
CORSIKA simulations, which are performed using the EPOS hadronic
interaction model [75] [76], with respect to data. To investigate how much
this lack of muons a�ects the TPDF a simple test is performed. The num-
ber of muons in the CORSIKA output �le is arti�cially increased through
a loop over the particles, whereby each muon has a 30 % probability to
be saved twice with unchanged parameters. The modi�ed output �les are
used to construct the TPDF models following the same procedure as the
original ones. This simple test will only be used to investigate if there
are large systematic biases. The TPDF models based on simulations with
30 % additional muons will not be applied to the data.
The results from TPDF models with both the standard and in-

creased number of muons are plotted together, separately for pro-
ton and gamma primaries, for non-thinned air shower simulations
with energy of 1018.5 eV and for inclination angles θ = 0◦ and 45◦ in
Figures 7.19, 7.20, 7.21 and 7.22.
Figures 7.19 and 7.21 show that the TPDF parameters for vertical EAS

with and without an increased number of muons are in good agreement. In
the case of 45◦ inclination the TPDF parameters obtained from air shower
simulations with proton primaries (Figure 7.20) and an increased number
of muons are in agreement with the one with the default number of muons,
while for gamma primaries (Figure 7.22) the ζ graphs reveal an increase
of the uncertainties with small changes of the ζ mean �t functions. The
larger uncertainties are in the late region of the EAS at ζ = 180◦. This
is likely due to the fact that the additional muons enlarge the signals in
the SD stations, while distorting the time traces by increasing the muons
contribution in certain bins and not smearing them.
Based on these results the conclusion is that the lack of muons in the

hadronic interaction models is unlikely to have a signi�cant impact on the
TPDF parameters.
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Figure 7.17.: TPDF parameters as functions of r (a) and ζ (b) for air
shower simulations with di�erent high-energy hadronic in-
teraction models. For each model 10 thinned simulations
are used with proton primary, E = 1018.5 eV, θ = 45◦ and
CORSIKA version 7.4005. Note that the results in (a) and
(b) were built di�erently and therefore cannot be compared
directly.
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Figure 7.18.: TPDF parameters as functions of r (a) and ζ (b) for air
shower simulations with di�erent high-energy hadronic in-
teraction models. For each model 10 thinned simulations
are used with gamma primary, E = 1018.5 eV, θ = 45◦ and
CORSIKA version 7.4005. Note that the results in (a) and
(b) were built di�erently and therefore cannot be compared
directly.

125



Chapter 7

XMAX

SD

FD

(a)
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Figure 7.19.: TPDF parameters as functions of r (a) and ζ (b) for EAS
simulations of default and arti�cially increased number of
muons. In both cases 1 non-thinned simulation is used with
proton primary, E = 1018.5 eV, θ = 0◦, EPOS and FLUKA
models and CORSIKA version 7.4005. Note that the results
in (a) and (b) were built di�erently and therefore cannot be
compared directly.
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(a)

(b)

Figure 7.20.: TPDF parameters as functions of r (a) and ζ (b) for EAS
simulations of default and arti�cially increased number of
muons. In both cases 1 non-thinned simulation is used with
proton primary, E = 1018.5 eV, θ = 45◦, EPOS and FLUKA
models and CORSIKA version 7.4005. Note that the results
in (a) and (b) were built di�erently and therefore cannot be
compared directly.
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(a)

(b)

Figure 7.21.: TPDF parameters as functions of r (a) and ζ (b) for EAS
simulations of default and arti�cially increased number of
muons. In both cases 1 non-thinned simulation is used with
gamma primary, E = 1018.5 eV, θ = 0◦, EPOS and FLUKA
models and CORSIKA version 7.5600. Note that the results
in (a) and (b) were built di�erently and therefore cannot be
compared directly.
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(a)

(b)

Figure 7.22.: TPDF parameters as functions of r (a) and ζ (b) for EAS
simulations of default and arti�cially increased number of
muons. In both cases 1 non-thinned simulation is used with
gamma primary, E = 1018.5 eV, θ = 45◦, EPOS and FLUKA
models and CORSIKA version 7.5600. Note that the results
in (a) and (b) were built di�erently and therefore cannot be
compared directly.
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7.7. Thinning impact

The thinning algorithm (Section 4.1.1) and the resampling (dethinning)
procedure (Section 4.2.1) used by the detector simulation add other
sources of uncertainties in the simulated SD signal. It was shown that the
number of particles after the resampling matches the number of particles
in the non-thinned air shower simulation [102], although the impact on
the shape of the SD signal was not studied.
As the TPDF function takes into account the structure within the air

shower time development folded with the detector response the thinning
and especially the dethinning procedure could cause distortions in the
TPDF parameters, even though they reproduce the same number of par-
ticles. This analysis is crucial for the decision whether the thinned air
shower simulations provide the same results as the non-thinned ones and
therefore can be used for the search for UHEGR. In addition, the non-
thinned simulations of air showers are studied to verify the proper SD
station signal simulation on the thinned ones.
For three sets of simulation parameters, one each for proton, iron and

gamma primary, at least 10 non-thinned EAS simulations are available.
All of these are simulated with E = 1018.5 eV and θ = 45◦, using the
EPOS and FLUKA interaction models. For simulated EAS with proton
and iron primaries CORSIKA version 7.4005 was used and in case of a
gamma primary version 7.5600. The results of the comparison between the
TPDF model parameters based on these 10 non-thinned EAS simulations
per primary particle and their 10 thinned counterparts, generated with
thinning level of εthin = 10−6 are displayed in Figures 7.23, 7.24 and 7.25
separately for the three di�erent primaries.
In general a good agreement for all three primaries was found. Only

the ζ graphs (b) for gamma induced EAS show some di�erences, mostly
in the late region (ζ = 180◦). These can be explained by the low number
of muons in the SD stations and the amplifying e�ect of the thinning
procedure on this fact.
During the simulation of the non-thinned air showers several problems

have been found and solved, like the bug with several air shower cores
in the footprint. Unfortunately, there are still remaining issues that have
not been �xed, like the energy loss bug. Between thinned and non-thinned
simulations created with CORSIKA version 7.4005 large di�erences of the
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Figure 7.23.: TPDF parameters as functions of r (a) and ζ (b) for air
shower simulations with and without thinning. 10 thinned
and 10 non-thinned simulations are used with iron pri-
mary, E = 1018.5 eV, θ = 45◦, EPOS and FLUKA models
and CORSIKA version 7.4005. Note that the results in (a)
and (b) were built di�erently and therefore cannot be com-
pared directly.
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Figure 7.24.: TPDF parameters as functions of r (a) and ζ (b) for air
shower simulations with and without thinning. 10 thinned
and 10 non-thinned simulations are used with proton pri-
mary, E = 1018.5 eV, θ = 45◦, EPOS and FLUKA models
and CORSIKA version 7.4005. Note that the results in (a)
and (b) were built di�erently and therefore cannot be com-
pared directly.
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Figure 7.25.: TPDF parameters as functions of r (a) and ζ (b) for air
shower simulations with and without thinning. 10 thinned
and 10 non-thinned simulations are used with gamma pri-
mary, E = 1018.5 eV, θ = 45◦, EPOS and FLUKA models
and CORSIKA version 7.5600. Note that the results in (a)
and (b) were built di�erently and therefore cannot be com-
pared directly.
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signal heights were found, as shown in Figure 7.26. These di�erences in
the signal height of the maximum were found in several simulations using
proton and iron primaries. Note that no gamma primaries were simulated
using the older CORSIKA version. Table 7.1 summarizes when this signal
height di�erence was seen. The discrepancy of a factor of 2-3 was found for
all distances to the air shower axis of the a�ected simulations, although
the di�erence decreases for larger distances.

Primary log(E/eV) θ(◦) high-energy
interaction
model

Height di�erence
between thinned and
non-thinned EAS

iron 18 0 EPOS no
iron 18 15 EPOS no
iron 18 30 EPOS no
iron 18 45 EPOS no
iron 18 60 EPOS yes
iron 18.5 0 EPOS yes
iron 18.5 30 EPOS yes
iron 18.5 45 EPOS no
iron 18.5 45 QGSII yes
iron 18.5 60 EPOS yes
iron 19 30 EPOS no

proton 18 0 EPOS no
proton 18 15 EPOS no
proton 18 30 EPOS no
proton 18 45 EPOS no
proton 18 60 EPOS no
proton 18.5 0 EPOS yes
proton 18.5 30 EPOS yes
proton 18.5 45 EPOS no
proton 18.5 45 QGSII no
proton 18.5 60 EPOS yes
proton 19 30 EPOS no

Table 7.1.: Sets of simulated EAS done with CORSIKA version 7.4005
where both the thinned and non-thinned simulations are avail-
able for the comparison.
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Analysis of TPDF parameters obtained from simulated EAS

Figure 7.26.: TPDF results from �ts of time trace sums (360 SD sta-
tions) at 800 m to air shower axis obtained using 10 thinned
(violet dotted lines) and 1 non-thinned (blue solid line)
EAS simulations, with iron primary, E = 1018.5 eV, θ = 30◦,
CORSIKA version 7.4005 and EPOS and FLUKA models.

Figure 7.27.: TPDF results from �ts of time trace sums (360 SD sta-
tions) at 800 m to air shower axis obtained using 10 thinned
(violet dotted lines) and 10 non-thinned (blue solid lines)
EAS simulations, with iron primary, E = 1018.5 eV, θ = 45◦,
CORSIKA version 7.4005 and EPOS and FLUKA models.
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The origin of these di�erences are the smaller SD signals that are gener-
ated by the GEANT4 simulations, which indicates that during the prop-
agation of the particles from simulated EAS through the air some energy
was lost, beyond what was expected. This is a bug that a�ects only the
non-thinned simulations and can be inferred from the comparison be-
tween time traces for EAS using the same simulation parameters but
di�erent inclinations of e.g. θ = 30◦ and 45◦ (Figures 7.26 and 7.27). The
TPDF obtained from the one non-thinned air shower at the lower incli-
nation angle (30◦) shows a much lower maximum compared to the one
obtained from the thinned air showers. The TPDF results from both the
non-thinned and the thinned air shower simulations with higher inclina-
tion angles (45◦) are in a good agreement. Due to the fact that the lower
maximum from the one non-thinned simulation at θ = 30◦ (Figure 7.26)
is even lower compared to the one obtained from non-thinned EAS sim-
ulation at 45◦ (Figure 7.27), it can be concluded that something for the
θ = 30◦ non-thinned simulation went wrong. It should be stressed that
for CORSIKA version 7.5600 no such di�erences were found.
Due to this bug, the EAS simulations done with CORSIKA version

7.4005 and the TPDF models based on these simulations will not be used
for the application on data. Unfortunately, there is only a small number
of non-thinned air shower simulations available with the newer CORSIKA
version 7.5600, therefore only the thinned simulations will be used in the
next steps. However, as was shown, this makes little di�erence for the
�nal analysis.
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Evaluation of the TPDF models

Once the TPDF models are created, they are evaluated to de�ne the
testing ranges and to test their discrimination power for the identi�cation
of speci�c primary particles using simulated air showers.

8.1. Correction of the reconstructed energy

For probing the nature of cosmic rays, a proper TPDF model for each
primary particle type has to be chosen, depending on the total calori-
metric energy E and the inclination angle θ of the air shower axis of the
investigated EAS. The inclination angle can be used directly from the re-
construction as its value is quite precise, however the reconstructed total
energy has to be corrected. The reconstruction of the air shower param-
eters through Off line (Section 3.4.1) are performed using the assumption
that the air shower was initiated by a hadron. While this is true for most
air showers, the development and the longitudinal pro�le of an air shower
initiated by a gamma di�er from the ones with a hadron primary. This
leads to incorrect �t results and wrongly reconstructed air shower param-
eters of gamma induced EAS.
The inclination angle θ is calculated from the time di�erences and ori-

entations of the triggered SD stations (Section 3.4.1), with the additional
aid of the FD data, when available. Using a wrong assumption of the lon-
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gitudinal pro�le, e.g. from an iron and not a gamma initiated air shower
simulation, has no signi�cant impact on the calculated inclination angle.

The total calorimetric energy is calculated from the signals of the
triggered SD stations and the results of the θ reconstruction. The signal
strengths depend on the air shower development. As can be seen in
Figure 5.1 air showers with gamma primaries are narrower compared to
those initiated by protons or iron and have a signi�cantly smaller muon
content. This leads to a wrong total energy estimation by Off line .

For both simulated air showers and data the reconstructed total energy
will be corrected by a factor determined from this study, separately for
each primary particle assumption. This corrected energy is used to deter-
mine the TPDF models that are subsequently used to probe the primary
particle type of the air showers.

To investigate the discrepancy between the reconstructed total energy
by Off line of the simulations with the same con�guration as at the Pierre
Auger Observatory and the corresponding true energy of the air shower
simulations, their quantities are compared for iron, proton and gamma
primaries and inclination angles θ = 0◦, 15◦, 30◦, 45◦ and 60◦. The re-
sults are shown in Figures 8.1, 8.2 and 8.3. For each point the value and
the uncertainty are calculated for 40 random SD grid con�gurations with
the smallest distance to the air shower axis of the closest SD station
of 500 m for 40 thinned air shower simulations: 10 each for 2 di�erent
high-energy hadronic interaction models and 2 di�erent CORSIKA ver-
sions (Section 4.3). For every set of simulated primary particle, energy
and inclination angle in total 1600 air shower reconstructions have been
analyzed. For some inclination angles, e.g. θ = 0◦, and especially at low
energies of 1018 eV not all SD grid con�gurations could be reconstructed,
e.g. due to missing trigger signals.

All energy evaluation graphs were �tted with a straight line going
through the origin. The slope of the �t function indicates how much the
reconstructed total energy di�ers from the simulated one and will be used
as the energy correction factor :

κE =
Erec
Esim

. (8.1)

For air shower simulations with an iron primary κE decreases with the
inclination angle from 0.94± 0.07 at θ = 0◦ to 0.86± 0.06 at θ = 60◦. The
energies for simulated EAS induced by protons are reconstructed
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Figure 8.1.: Correlation between simulated and reconstructed energies
for EAS simulations with iron primary, Esim = 1018 eV,
1018.5 eV, 1019 eV and 1019.5 eV and θsim = 0◦ (a), 15◦ (b),
30◦ (c), 45◦ (d) and 60◦ (e), �tted with a straight line go-
ing through the origin. The dependence of the slope on the
inclination angle θ (f), �tted by another straight line.
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Figure 8.2.: Correlation between simulated and reconstructed energies
for EAS simulations with proton primary, Esim = 1018 eV,
1018.5 eV, 1019 eV and 1019.5 eV and θsim = 0◦ (a), 15◦ (b),
30◦ (c), 45◦ (d) and 60◦ (e), �tted with a straight line go-
ing through the origin. The dependence of the slope on the
inclination angle θ (f), �tted by another straight line.
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Figure 8.3.: Correlation between simulated and reconstructed energies
for EAS simulations with gamma primary, Esim = 1018 eV,
1018.5 eV, 1019 eV and 1019.5 eV and θsim = 0◦ (a), 15◦ (b),
30◦ (c), 45◦ (d) and 60◦ (e), �tted with a straight line go-
ing through the origin. The dependence of the slope on the
inclination angle θ (f), �tted by another straight line.
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with correction factors around 0.70 for all inclination angles. The biggest
discrepancy between the simulated and reconstructed total energies can
be found for air shower simulations initiated by gamma primaries. The
estimated energies are for all inclination angles below the half of the sim-
ulated energies, and their ratio vary from the smallest value for θ = 0◦

with κE = 0.18± 0.04 up to 0.46± 0.05 at θ = 45◦.

As the calibration for the energy reconstruction varies with the inclina-
tion angle, an estimation for each angle is made for each primary particle.
The inclination angle dependence is parametrized with a straight line
(Figures 8.1(f), 8.2(f) and 8.3(f)). When comparing an air shower to a
TPDF model for each particle type the reconstructed inclination angle is
�rst used to calculate the corrected total energy separately for each model.
In the next step the applicable TPDF models are determined based on
the reconstructed inclination angle and the corrected energy. This means
that the reconstructed energy of an air shower will be much higher for the
gamma than for the hadron primary particle hypothesis.

8.2. Signal strength and number of triggered SD
stations

While the reconstruction procedure by Off line requires that the total sig-
nal of a SD station is above 3 VEM, the TPDF models were created from
simulated SD stations with a total signal above 5 VEM (Section 6.2). This
restriction prevents problems coming from spiky time traces, but limits
the distance range to the air shower axis up to where enough SD stations
can be reconstructed with a signal strength above this threshold. At some
distances to the air shower axis, depending on the primary particle type,
energy and inclination angle, only a few out of the 360 SD stations simu-
lated for the TPDF models are above this limit. This e�ect could distort
the ζ function �t. Therefore, when testing an air shower, only SD sta-
tions within distances to the air shower axis where at least 180 simulated
SD stations of the TPDF models with a signal above 5 VEM could be
reconstructed will be used.

To study at which distances at least half of the simulated SD stations is
reconstructed, the e�ciency of the SD stations above the 5 VEM threshold
is displayed in Figures 8.4, 8.5, 8.6 and 8.7 for each ring in the air shower
plane of the TPDF models. This is done for each simulation energy and
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inclination angle separately. The distance range of the rings was chosen
between 575 m and 1525 m from the air shower axis using a ring width of
50 m (Section 6.2). In each ring the simulated SD stations were placed at
the mean distance, e.g. at 600 m for the ring between 575 m and 625 m.
When comparing the di�erent particle types, it should be noted that

the energy of the gamma TPDF models is 3 times higher than that of
protons and iron in Figures 8.4, 8.5 and 8.6. This approximately com-
pensates the discrepancy between the reconstructed and the corrected
energies (Section 8.1). As a consequence the inclination angle behavior of
the e�ciency is di�erent for gamma initiated EAS compared to the ones
with hadronic primaries.
Figure 8.4 shows the probability for a SD station to have a signal S

at 5 VEM or higher, using simulations with E = 1018 eV for proton (red
circles) and iron (blue upward triangles) and E = 1018.5 eV for gamma
(green downward triangles) primaries. The four upper graphs (a) to (d)
displaying the di�erent inclination angles of the EAS up to θ = 45◦ reveal
that over half of all SD stations in each ring are successfully reconstructed
(S ≥ 5 VEM) up to a distance r of 825 m from the air shower axis, includ-
ing the ring width. At smaller distances nearly all of the simulated SD
stations in each ring can be reconstructed. After 825 m a steep decrease
follows, ending at around 1225 m, where only a few SD stations have a sig-
nal above 5 VEM. In case of an inclination angle of θ = 60◦, Figure 8.4(e),
not even at the smallest available distances all SD stations could be suc-
cessfully reconstructed.
In Figure 8.5 the number of successfully reconstructed stations with

S ≥ 5 VEM is shown for EAS simulations with energies of E = 1018.5 eV
for proton and iron and E = 1019 eV for gamma primaries. The steep
decrease starts at higher distances r to the air shower axis. For all EAS
simulations up to θ = 45◦ at least the half of all SD stations have a signal
above 5 VEM up to 1025 m. For simulated air showers with θ = 60◦ this
is true up to 975 m.
Figure 8.6 shows the results for EAS simulations with energies of

E = 1019 eV for proton and iron and E = 1019.5 eV for gamma primaries.
It is clearly shown that the e�ciency as function of distance to the
air shower axis depends on the primary particle type. The number of
successfully reconstructed SD stations is above half of all SD stations in
the rings for at least up to 1175 m and is limited for the gamma initiated
EAS simulations, even though they were simulated with a higher energy.
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Figure 8.4.: Reconstruction e�ciency of SD stations with a signal above
5 VEM as function of r for θ = 0◦ (a), 15◦ (b), 30◦ (c), 45◦ (d)
and 60◦ (e). Each graph contains points from 4 TPDF mod-
els per primary with E = 1018 eV (gamma: E = 1018.5 eV),
EPOS (darker colors) and QGSJet (lighter colors) models
and CORSIKA versions 7.4005 (open markers) and 7.5600
(full markers). Proton EAS in red, iron in blue and gamma
in green.
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Figure 8.5.: Reconstruction e�ciency of SD stations with a signal above
5 VEM as function of r for θ = 0◦ (a), 15◦ (b), 30◦ (c), 45◦ (d)
and 60◦ (e). Each graph contains points from 4 TPDF mod-
els per primary with E = 1018.5 eV (gamma: E = 1019.0 eV),
EPOS (darker colors) and QGSJet (lighter colors) models and
CORSIKA versions 7.4005 (open markers) and 7.5600 (full
markers). Proton EAS in red, iron in blue and gamma in
green.
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Figure 8.6.: Reconstruction e�ciency of SD stations with a signal above
5 VEM as function of r for θ = 0◦ (a), 15◦ (b), 30◦ (c), 45◦ (d)
and 60◦ (e). Each graph contains points from 4 TPDF mod-
els per primary with E = 1019.0 eV (gamma: E = 1019.5 eV),
EPOS (darker colors) and QGSJet (lighter colors) models and
CORSIKA versions 7.4005 (open markers) and 7.5600 (full
markers). Proton EAS in red, iron in blue and gamma in
green.
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Figure 8.7.: Reconstruction e�ciency of SD stations with a signal above
5 VEM as function of r for θ = 0◦ (a), 15◦ (b), 30◦ (c), 45◦

(d) and 60◦ (e). Each graph contains points from 4 TPDF
models per primary with E = 1019.5 eV, EPOS (darker colors)
and QGSJet (lighter colors) models and CORSIKA versions
7.4005 (open markers) and 7.5600 (full markers). Proton EAS
in red and iron in blue.
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For TPDF models with proton and iron primaries at least half of all
simulated SD stations were reconstructed with S ≥ 5 VEM for all available
distances r and all inclination angles.

Finally, Figure 8.7 displays the results for EAS simulations with energy
of E = 1019.5 eV for proton and iron primaries. For all distances r to the
air shower axis and all inclination angles nearly all simulated SD stations
could be successfully reconstructed.

Another detail can be seen in the model dependence of the simulations.
For each primary the TPDF models are created with two CORSIKA ver-
sions and two high-energy hadronic interaction models. Hence, for each
distance r four points for each primary are drawn. The open markers
represent the results obtained from simulations with CORSIKA version
7.4005 and the full markers those done with version 7.5600. Especially for
simulated EAS with gamma primaries in Figure 8.6 the di�erences in the
e�ciencies are visible. The origin for this dependence is most probably the
same as described in Section 7.7, the bug in the older CORSIKA version
with the loss of some energy during the simulation of the air shower par-
ticle propagating through the air. This will be taken into account for the
de�nition of the distance testing region in the next section and, as men-
tioned before, the TPDF models calculated using EAS simulations that
were done with CORSIKA version 7.4005 will not be used for probing the
primary particle nature.

8.3. De�nition of testing ranges

Based on the results in Section 8.2 a range for the SD station distances
to the air shower axis is set to make sure that an accurate prediction of
the TPDF parameters was obtained. Therefore, the tested events will be
divided into two di�erent sets based on their reconstructed energy.

The �rst set contains EAS with reconstructed energies between
E = 1018 eV and 1018.5 eV. Here, only SD stations between 575 m and
825 m from the air shower axis will be tested. For all distances within
this range at least half of all simulated SD stations in the rings were
reconstructed for the TPDF models (Figure 8.4). For this set only air
showers with a maximum inclination of θ = 45◦ are tested. At higher
inclination angles the SD station reconstruction e�ciency is too small.

The second set of EAS contains those with reconstructed energies be-
tween E = 1018.5 eV and 1019 eV. The upper limit originates from the
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maximum energy of the available simulated air showers with gamma
primary. The corrected energy in case of a gamma induced EAS with
Erec = 1019 eV is around Ecorr = 1019.5 eV. The TPDF model �t param-
eters of such air showers can be compared to the predictions of the TPDF
model parameters with Esim = 1019.5 eV. The distance range for this set
is larger and ranges from 575 m up to 975 m to the air shower axis. The
upper bound is limited due to the criteria of SD reconstruction e�ciency
to be above 50 % by the EAS with θ = 60◦ as can be seen in Figure 8.5(e).

8.4. Gamma cut de�nition

The discrimination power of the TPDF method is tested on new thinned
simulations with parameters mentioned in Section 4.3. Per each set of
parameters 10 simulations are used. The SD signals of these simulations
are used to probe di�erent TPDF models. There are 80 di�erent SD grid
con�gurations created with the randomly chosen air shower core positions
and azimuthal angle orientations. 20 each with 2 and with 3 SD stations
within the distance ranges to the air shower axis de�ned for the two
event sets in Section 8.3. It should be mentioned here, that especially
for air shower simulations with energies less than 1018.5 eV not all of the
detector simulations could be completed due to the small footprint of
these air showers.

As the inclination angles are reconstructed quite accurately, all results
from the air shower simulations are evaluated for θ = 0◦, 15◦, 30◦, 45◦

and 60◦. Furthermore, the reconstructions with 2 SD stations within
the testing distance range and those with 3 SD stations are analyzed
separately. Another division into 2 groups is created based on the re-
constructed energy as de�ned in Section 8.3. The simulation with lower
energies Erec < 1018.5 eV are only evaluated for θ up to 45◦.

In order to test an unknown air shower with respect to the TPDF
interpolated models for each of the three primary assumptions (gamma,
proton and iron) a χ2 value is calculated:

χ2 =

n∑
i=1

(SSD,i − STPDF,i)2

σ2TPDF,i
, (8.2)

with the reconstructed signal of the i-th time trace bin SSD,i, the predic-
tion of the TPDF model STPDF,i and the uncertainty σTPDF,i, de�ned by
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the TPDF con�dence interval, as shown in Figure 6.5. The calculation of
χ2 is done for n bins of the signal trace with 25 ns sampling within the time
range between 250 ns and 1500 ns. The uncertainties of the measured sig-
nal values are much smaller than the uncertainties from the TPDF models
and therefore are not included in the χ2 calculations. The lower limit of
the time range is set to exclude the o�set that is used to monitor whether
some part of the signal was missing (Section 5.2). The upper boundary is
set to limit the comparison to a region with signi�cant signal values only.
For each χ2 a probability p is calculated using the number of bins

(nbins = 51) minus the number of TPDF parameter (npars = 4). For cal-
culation purposes the values of the probabilities are limited to the range
of −200 ≤ log(p) ≤ +200. The p values for the N SD stations within the
de�ned distance range of one event are all multiplied to obtain the TPDF
model probability λ for the event to be initiated by one speci�c primary:

λ =
N∏
j=1

pj . (8.3)

Hence, for each tested air shower three probabilities are obtained de-
scribing the compatibility with a gamma, proton and iron induced air
shower simulation model. An unknown air shower is deemed to be ini-
tiated by a photon when it is compatible with a photon induced EAS
model, i.e. when the gamma TPDF model probability λγ is high, whereas
the probabilities for proton and iron primaries (λp, λFe) are low. As the
proton TPDF model prediction compared to the iron prediction is usually
closer to the gamma prediction, only the proton and the gamma TPDF
model probabilities are used in the following. λFe will be displayed only
for demonstration purposes.
The e�ciency of the TPDF method is studied by dividing λγ by the

proton TPDF model probability λp. Due to the small values, the logarithm
is taken and the division becomes a subtraction yielding in the primary
particle discrimination variable Λγ,p:

Λγ,p = log10(λγ)− log10(λp) . (8.4)

For all available air shower simulations used here this variable is calcu-
lated and the results are plotted for di�erent inclination angles, as shown
in Figure 8.8 for one simulation data set of kinematic variables. All other

150



Evaluation of the TPDF models

histograms and graphs are provided in Appendix D. Note that there are
no results for Erec < 1018.5 eV and θ ≤ 15◦ with NSD = 3. This is due
to the small upper limit of the distance range of 825 m to the air shower
axis that does not allow to trigger 3 SD stations within this distance r for
nearly vertical EAS.

The results of Λγ,p in upper histograms in Figure 8.8 are colored green
for simulations with a gamma primary, those with proton primary are
shown in red and those with iron primary are in blue. Based on these
histograms the sum graphs are calculated, which are displayed below the
histograms. They represent the relative fractions of all Λγ,p in the range
between −∞ and Λcutγ,p. The green lines in the sum graphs (lower �gures)
indicate the signal e�ciencies ε for gamma, while the red (blue) line
represents the background rejection ρ for proton (iron), when making a
cut at the Λγ,p value on the horizontal axis. The de�nitions of ε and ρ
are:

ε =
Nγ

(
Λγ,p≥Λcutγ,p

)
Nγ,all

(8.5)

ρ =
Np

(
Λγ,p<Λcutγ,p

)
Np,all

, (8.6)

with Nγ

(
Λγ,p≥Λcutγ,p

)
representing all results above a threshold from

gamma induced air showers and Np

(
Λγ,p<Λcutγ,p

)
representing all results

below a threshold from proton induced EAS of all tested simulations with
gamma Nγ,all and proton primaries Np,all.

The left side histogram and graph (a) in Figure 8.8 show the results
for simulated EAS with 2 reconstructed SD stations (NSD) and at the
right side (b) are those with 3 stations within the distance r to the air
shower axis ranges described in Section 8.3. The reconstructed energy
interval and the inclination angle θ are written at the upper edge of each
histogram and graph. In addition the simulated primary particle type and
the number of reconstructed EAS are displayed.

The upper histograms show that for almost all simulated data sets with
reconstructed energies below 1018.5 eV most entries are concentrated to-
wards Λγ,p = 0. Especially for simulations with a gamma primary this is
true. This is a consequence of the wider con�dence intervals of the TPDF
models at lower energies compared to the higher energies. For higher re-
constructed energies (Erec ≥ 1018.5 eV) the spread in the distributions is
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Figure 8.8.: Λγ,p histograms for simulated EAS with gamma rays (green),
protons (red) and iron nuclei (blue) and the corresponding
signal e�ciency ε for gamma ray EAS with background rejec-
tion ρ for proton and iron nucleus induced EAS.
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larger and in case of proton and iron air shower simulations more �at or
concentrated toward the lower edge. In addition, the signals in the SD sta-
tions are higher for more energetic air showers, which create more precise
time traces for testing against a TPDF model.

The lower graphs show that the background rejection is above 90% for
positive Λγ,p for all simulated data sets, except for very inclined EAS
with θ = 60◦ and Erec above 1018.5 eV. By de�ning a threshold at some
value of Λγ,p the signal e�ciency and the background rejection can be
obtained directly from the lower graphs. When comparing the left and
right histograms it can be seen that the distributions of Λγ,p for 3 SD
stations are wider. This is due to the additional SD station, which adds
another probability.

For a better understanding of how the signal e�ciency and background
rejection correlate, these two parameters (ε and ρ) are plotted one versus
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the other in Figures 8.9, 8.10 and 8.11. At the bottom of each graph
the energy range, inclination angle and number of SD stations within the
testing distance range are displayed. Again, the graphs for lower energies,
NSD = 3 and θ = 0◦ and 15◦ are missing due to the size of the de�ned
distance range (Section 8.3).

When comparing the background rejections at the same signal e�ciency
level of e.g. 50% the best rejection is obtained for simulated air showers
with E ≥ 1018.5 eV and θ = 30◦, while the lowest background rejection
is found for simulations with E < 1018.5 eV and θ = 45◦. As expected
the background rejection at the same signal e�ciency level increases with
energy and the number of SD stations involved.

Another evaluation of the goodness of the TPDF method is obtained
using the merit factor η de�ned as:

η =
|µγ − µp|√
σ2γ − σ2p

, (8.7)

with µγ and σ2γ as the mean and the uncertainty of Λγ,p for simulated
EAS with a gamma primary and µp and σ2p for simulated EAS with a
proton primary. The results are displayed in Figure 8.12.

The merit factors con�rm that the distinction between gamma and
proton induced air showers works better at higher energies and with more
SD stations involved. The best separation power of the TPDF method is at
θ = 30◦ for high energies between E = 1018.5 eV and 1019.0 eV with both
2 and 3 selected SD stations with merit factors of 1.7 and 2.1, respectively.
In general an observable is considered to have a good separation power
when the merit factor is above 1.

Several photon discrimination criteria (gamma cuts) Λcutγ,p are de�ned
to test the gamma compatibility of air showers with di�erent purities by
setting thresholds of background rejection ρ at 0.8, 0.9, 0.95 and 0.99.
The gamma cuts are de�ned individually for each TPDF model available.

The reconstructed energy Erec of a tested unknown air shower, together
with the number of involved SD stations and the reconstructed inclination
angle θrec determine which gamma cuts (at the same ρ level) of the TPDF
models with the closest simulation parameters Esim and θsim are used. As
Erec and θrec will not correspond to the simulated values, conservatively
the highest gamma cuts of the selected TPDF models are used.

153



Chapter 8

XMAX

SD

FD

∈signal efficiency  
0 0.2 0.4 0.6 0.8 1

ρ
ba

ck
gr

ou
nd

 r
ej

ec
tio

n 
 

0

0.2

0.4

0.6

0.8

1

 = 2
SD

,  N° = 0θ < 18.5,  
rec

 logE≤18.0 

(a)

∈signal efficiency  
0 0.2 0.4 0.6 0.8 1

ρ
ba

ck
gr

ou
nd

 r
ej

ec
tio

n 
 

0

0.2

0.4

0.6

0.8

1

 = 3
SD

,  N° = 0θ < 18.5,  
rec

 logE≤18.0 

No simulations passed these range cuts!

(b)

∈signal efficiency  
0 0.2 0.4 0.6 0.8 1

ρ
ba

ck
gr

ou
nd

 r
ej

ec
tio

n 
 

0

0.2

0.4

0.6

0.8

1

 = 2
SD

,  N° = 15θ < 18.5,  
rec

 logE≤18.0 

(c)

∈signal efficiency  
0 0.2 0.4 0.6 0.8 1

ρ
ba

ck
gr

ou
nd

 r
ej

ec
tio

n 
 

0

0.2

0.4

0.6

0.8

1

 = 3
SD

,  N° = 15θ < 18.5,  
rec

 logE≤18.0 

No simulations passed these range cuts!

(d)

∈signal efficiency  
0 0.2 0.4 0.6 0.8 1

ρ
ba

ck
gr

ou
nd

 r
ej

ec
tio

n 
 

0

0.2

0.4

0.6

0.8

1

 = 2
SD

,  N° = 30θ < 18.5,  
rec

 logE≤18.0 

(e)

∈signal efficiency  
0 0.2 0.4 0.6 0.8 1

ρ
ba

ck
gr

ou
nd

 r
ej

ec
tio

n 
 

0

0.2

0.4

0.6

0.8

1

 = 3
SD

,  N° = 30θ < 18.5,  
rec

 logE≤18.0 

(f)

Figure 8.9.: Signal e�ciency ε vs. background rejection ρ calculated from
EAS simulations separated by the reconstructed energy. The
results in the left column are with 2 reconstructed SD stations
within the testing distance range and in the right column
those with 3 SD stations. The di�erent rows show the results
with di�erent inclination angles.
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Figure 8.10.: Signal e�ciency ε vs. background rejection ρ calculated from
EAS simulations separated by the reconstructed energy. The
results in the left column are with 2 reconstructed SD sta-
tions within the testing distance range and in the right col-
umn those with 3 SD stations. The di�erent rows show the
results with di�erent inclination angles. Note that the top
graphs here show results from simulations with di�erent en-
ergies compared to the other graphs.
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Figure 8.11.: Signal e�ciency ε vs. background rejection ρ calculated from
EAS simulations separated by the reconstructed energy. The
results in the left column are with 2 reconstructed SD sta-
tions within the testing distance range and in the right col-
umn those with 3 SD stations. The di�erent rows show the
results with di�erent inclination angles.
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Figure 8.12.: Merit factors based on results from air shower simulations
with 2 selected SD stations (a) and those with 3 stations (b).

157



Chapter 8

XMAX

SD

FD

As the TPDF models were created for two high-energy interaction mod-
els EPOS and QGSJet separately, di�erent gamma cuts are de�ned for
each model, and the tested event has to pass the gamma cuts for both
models to be identi�ed as a gamma ray candidate.

8.5. Gamma cut testing on simulations

After the gamma cuts are de�ned for the TPDF models and the domain
of applicability has been determined, the sensitivity for distinguishing
gamma induced EAS is tested on additional air shower simulations pro-
duced by the Pierre Auger Collaboration. These air showers were created
by the group in Wuppertal with the following parameters:

• Primary particle: gamma (γ), proton (p), iron (Fe).

• Energy Esim : 1018.5 eV − 1020.5 eV

• Inclination angle θsim : 0◦ − 70◦ (0◦ − 65◦ for γ)

• CORSIKA version: 7.5600

• High-energy interaction model: EPOS

• Low-energy interaction model: FLUKA

• Thinning: εthin = 10−6

18.0 ≤ log(Erec/eV) < 18.5
0.0 ≤ θrec ≤ 45.0
2 ≤ NSD ≤ 3

Table 8.1.: Reconstruction range cuts for low energies (set I).

18.5 ≤ log(Erec/eV) ≤ 19.0
0.0 ≤ θrec ≤ 60.0
2 ≤ NSD ≤ 3

Table 8.2.: Reconstruction range cuts for high energies (set II).
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The total numbers of simulations for the three primary particles are:
Nsim,Fe = 999, Nsim,p = 8 409 and Nsim,γ = 29 988. The tests of these
simulated air showers with �unknown� primary and later also on real data
are performed for EAS with reconstructed parameters within the ranges
(Section 8.3) summarized in Tables 8.1 and 8.2.

From all simulated air showers (Nsim) only a fraction could be recon-
structed (Nrec) within the reconstruction ranges de�ned above. The re-
sults of the search for gamma ray candidates in the two simulated EAS
sets are summarized in Tables 8.3 and 8.4. The requirement of the number

Nrec Ngammalike

ρ
0.8 0.9 0.95 0.99

p 29 2 0 0 0
100% 6.9± 4.9% < 8.4% < 8.4% < 8.4%

γ 691 578 377 176 38
100% 83.6± 3.5% 54.6± 2.8% 25.5± 1.9% 5.5± 0.9%

Table 8.3.: Statistics of simulation set I passing the gamma cuts. In cases
where no events were selected, the upper limits at a con�dence
level (CL) of 90% are calculated. No iron air shower simula-
tions were available for this set.

Nrec Ngammalike

ρ
0.8 0.9 0.95 0.99

Fe 91 10 5 0 0
100% 11.0± 3.5% 5.5± 2.5% < 2.7% < 2.7%

p 705 200 116 52 1
100% 28.4± 2.0% 16.5± 1.5% 7.4± 1.0% 0.1± 0.1%

γ 2 323 1 802 1 528 1 291 602
100% 77.6± 1.8% 65.8± 1.7% 55.6± 1.5% 25.9± 1.1%

Table 8.4.: Statistics of simulation set II passing the gamma cuts. In cases
where no events were selected, the upper limits at a con�dence
level (CL) of 90% are calculated.
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of SD stations to be within a de�ned distance range to the air shower axis
reduces the available number of tested events to about 10% of the total
number of simulations. In cases where no gamma ray candidates were
selected, the upper limits are displayed, calculated according to [103].
A comparison of the relative numbers passing the gamma cuts

(Ngammalike) for EAS with proton and iron primaries in Table 8.4
shows that more iron air showers are cut than proton EAS at the same
ρ. The numbers of EAS with proton primary left are higher compared
to the expectation given at a certain ρ, e.g. 10% proton air showers left
at ρ = 0.90, except for ρ = 0.99. In this case less than 0.1% of Nrec,p

passed the gamma cuts. In nearly all individual cases there is marginal
statistical compatibility between the number of selected proton events
and the value expected based on the cut values. However, the number
of selected protons at ρ = 0.99 in set II is too small. The upper limit
at this gamma cut level is 0.6% and is below the expected value of 1%.
This discrepancy results from the de�nition of gamma cuts on discrete
distributions (Figure 8.8), the approach of use of the highest gamma cuts
of the selected models, mentioned in the previous section, which is very
conservative, and the small statistics of proton EAS simulations in the
region of ρ = 0.99. This can be observed when comparing the upper and
lower histograms of Figure D.3. When a set of tested EAS has an energy
of 1018.5 eV ≤ Erec < 1019.0 eV and inclination angle of 0◦ ≤ θ < 15◦ the
gamma cuts of these models are selected. The gamma cuts at ρ = 0.99
used would be around Λcutγ,p = 0 (histograms in (c) and (d)). For almost
vertical EAS (histograms in (a) and (b)) these would be too high gamma
cuts which lead to a too small number of selected events with a proton
primary.
For simulations with a gamma primary the fractions of EAS are much

higher than of those with proton or iron primaries passing Λcutγ,p. This
means that the TPDF separation of air showers initiated by gammas
from EAS with other primaries is con�rmed to be working. Even for the
highest tested background rejection of ρ = 0.99 still more than 5 % of
gamma induced and reconstructed EAS with the lower energies and more
than 25 % of those with higher energies have passed the gamma cuts.
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Results of the TPDF application

on data

Once the thresholds for optimal gamma-hadron separation are set, the
TPDF models are applied to the data recorded by the Pierre Auger Obser-
vatory with the aim to �nd ultra-high-energy gamma rays. This analysis is
similar to the tests of the simulated air showers described in the previous
Section 8.5.

9.1. Data selection

At the Pierre Auger Observatory EAS are measured with di�erent types
of detectors as described in Chapter 3. The measured events are stored
once a de�ned trigger was �red. In particular, all SD events passing the T3
trigger are saved. Among these there are some events with a bad quality
that are useless for the TPDF analysis and should be discarded.
All recorded SD events were reconstructed with the same Off line ver-

sion as was used for the simulation. This ensures that both simulated and
measured EAS are treated in the same way. During the reconstruction
some errors could occur that would lead to wrong results. To select re-
liably reconstructed events, which will be used to search for gamma ray
candidates, SD and reconstruction cuts are applied.
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First, the events that are comparable with the simulated EAS as listed
in Section 4.3 have to be selected. Although the SD e�ciency reaches
100% for EAS above 1018.5 eV, also air showers with smaller energies are
detected by the regular array. The energy threshold is set to 1018 eV.
The maximum inclination angle θ of the recorded EAS is set to 60◦.
Above this angle the reconstruction of the air shower geometry becomes
more di�cult, because e.g. a non-negligible part of the air shower travels
horizontal and either misses the SD stations or hits several in a row. The
recorded data contain also bad events due to e.g. environmental conditions
or reconstruction problems. In particular lightning can cause a distortion
in the SD PMT traces. Therefore, known periods of lightning are discarded
from the data set. SD station components, such as the PMTs, electronics
or power supply can break down and prevent the detectors from measuring
the air showers correctly. Hence, periods with many SD stations with
known problems (bad SD) are excluded from the reconstruction.

N ε

Raw sample 5 963 923 100 %

SD cut name value

Minimum SD energy 1018 eV 2 173 205 36.4 %
Maximum SD inclination angle 60◦ 1 928 881 88.8 %
Include lightning periods false 1 928 881 100.0 %
Reject bad SD periods true 1 893 550 98.2 %
T4 trigger 2 1 893 258 99.9 %
T5 trigger 0 1 664 540 87.9 %
Minimum reconstruction level 4 1 663 658 99.9 %
LDF status 4.5 1 663 652 99.9 %
Select saturated events false 1 576 376 94.8 %
Use events with silent SD stations false 1 574 586 99.9 %

Total number of events 1 574 586 26.3 %

Table 9.1.: SD cuts for the data, the number of data events that passed
the individual cut and their fraction comparing to the previous
number.
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As mentioned in Section 3.4.1 the CDAS provides two triggers, namely
T4 and T5, to select well measured events. For the data selection the T4
is set to pick all the SD events and the T5 trigger value is set so that all
events that passed this trigger are used. The measured SD events have
to be reconstructed with Off line to calculate the air shower geometry.
The reconstruction is done in steps (Section 3.4.1), where some steps
require e.g. a minimum number of stations to work correctly. For the
TPDF analysis the reconstructed air shower geometry properties, such
as the air shower core position, estimated energy and air shower axis
orientation are necessary inputs. Therefore, the minimum reconstruction
level is set to include the LDF and the radius of curvature �ts with the
LDF status �ag of 4.5. For some events where the air shower axis is
close to one SD station both high and low gain channels of its PMTs are
saturated. Although the reconstruction could have passed the previous
cuts the SD signals of these stations need to be further prepared for the
TPDF analysis. This needs to be studied in detail and is not part of this
thesis. Hence, these events are excluded. Another cut removes events with
silent SD stations in the range of a detected air shower where they should
have a signal.
All these cuts, summarized in Table 9.1, are used to select events that

can be probed with the TPDF models. This table also shows the fraction
of events that pass a speci�c cut with respect to the previous one. At the
end the total number of events passing all cuts is listed.
The number of air showers recorded by the Pierre Auger Observatory

between January 2004 and December 2017 that passed all SD cuts is
1 574 586.

9.2. Reconstruction range and quality cuts

Taking the reconstruction e�ciency into account and the de�ned ranges
in Section 8.3, the preselected air showers are separated based on the re-
constructed parameter range cuts from Tables 8.1 and 8.2 into two data
sets, data set I and data set II, displayed in Figure 9.1. The inclina-
tion angle distribution of SD events of these two sets are displayed in
Figures 9.2 and 9.3. Note that for smaller energies (data set I) only EAS
up to θ = 45◦ are tested according to the de�nition from Section 8.3.
Additional quality cuts are applied to these data sets.
The �rst cut rejects all events for which for at least one selected SD
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Figure 9.1.: Energy distribution of measured EAS, as selected in
Section 9.1. For testing against TPDF models only events
with energy in data set I and data set II will be used.
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station one or more PMTs have no signal. This can be caused by several
problems, e.g. the PMT is broken or the wiring is damaged. Those events
are more likely to pass the gamma cuts as the total signal is reduced by
the missing PMT signal.

The second cut rejects all events with a time trace with a misidenti�ed
start time. An example is shown in Figure 9.4. This can happen due to an
error in the electronics as well as due to a particle unrelated to the EAS
passing the water tank around the trigger time window. The misidenti�-
cation of the start time can occur for one or more PMTs, depending on
the cause. This e�ect enhances the time between time trace maximum and
start time, thus making the event look more gamma-like. Therefore, events
with a wrong start time are rejected. A wrong start time is recognized by
using two algorithms scanning the time trace in the range between 250 ns
and 750 ns. The �rst algorithm searches for traces with minimally 5 bins
in a row with a content below 0.1 VEM and is mainly sensitive for a big
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gap between the wrongly triggered front bin and the signal of the main air
shower. The second algorithm removes events with a leading accidental
particle with relative small energy that does not belong to the air shower.
It searches for minimally 3 bins in a row with a decreasing signal starting
at at least 1% of the total signal of the PMT time trace.
It can happen that an event has a signal from an accidental particle in

front of the main air shower that has su�cient energy and is in time very
close to the main signal. Those events are hard to classify as faulty events
and are not removed at this stage.
The last quality cut removes all events with SD stations with a signal S

lower than 5 VEM, to be consistent with the TPDF models (Section 6.1).
The numbers of events left after all range and quality cuts are applied

are summarized in Tables 9.2 and 9.3. 188 435 data set I events with lower
energies and 39 761 data set II events with higher energies are left, which
account for 12.0% and 2.5% of all measured events by the Pierre Auger
Observatory between January 2004 and December 2017.
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Figure 9.4.: Time trace from data event 16015959, SD station 844 with
misidenti�ed start time. The dashed vertical lines de�ne the
signal region and the green arrow the start time of the signal.
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Preselected sample 1 574 586 100 %

Range cuts

18.0 ≤ log(Erec/eV) < 18.5 1 456 095 92.5 %

0.0◦ ≤ θrec ≤ 45.0◦ 947 925 65.1 %

2 ≤ NSD(575 m− 825 m) ≤ 3 235 050 24.8 %

Quality cuts

Missing PMTs cut 189 873 80.8 %

Wrong start time cut 188 445 99.2 %

S ≥ 5.0 VEM 188 435 99.9 %

Number of data set I testing events 188 435 12.0 %

Table 9.2.: Range and quality cuts of data set I, the number of events that
passed the individual cut and their fraction comparing to the
previous number.

Preselected sample 1 574 586 100 %

Range cuts

18.5 ≤ log(Erec/eV) ≤ 19.0 106 936 6.8 %

0.0◦ ≤ θrec ≤ 60.0◦ 106 936 100 %

2 ≤ NSD(575 m− 975 m) ≤ 3 52 087 48.7 %

Quality cuts

Missing PMTs cut 39 919 76.6 %

Wrong start time cut 39 801 99.7 %

S ≥ 5.0 VEM 39 761 99.9 %

Number of data set II testing events 39 761 2.5 %

Table 9.3.: Range and quality cuts of data set II, the number of events
that passed the individual cut and their fraction comparing to
the previous number.
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9.3. Gamma ray candidates

The data set I and II events are tested against TPDF models if they pass
the gamma cuts at several background rejection thresholds as de�ned
in Section 8.4. The result of the search for gamma ray candidates are
summarized in Tables 9.4 and 9.5. Note that for some events in each set,
less than 1%, the testing procedure including several �ts has failed and
they are discarded.
When comparing these results to Tables 8.3 and 8.4, it is clear that

the numbers of events passing the gamma cuts are comparable with the
scenario of only hadronic cosmic rays. For the data set II the results are
even comparable with the iron EAS from Table 8.4. Therefore, there is
no indication of a signi�cant number of gamma ray candidates. It should
be noted that the comparison of data to simulation expectations is com-
pletely limited by the available simulation statistics.

Nrange Ngammalike

ρ

0.8 0.9 0.95 0.99

data 187 747 11 961 2 808 1 036 138

set I 100% 6.37± 0.06% 1.50± 0.03% 0.55± 0.02% 0.07± 0.01%

Table 9.4.: Numbers of tested air showers of data set I and those passed
the gamma cuts.

Nrange Ngammalike

ρ

0.8 0.9 0.95 0.99

data 39 371 5 116 2 084 593 14

set II 100% 12.99± 0.18% 5.29± 0.12% 1.51± 0.06% 0.04± 0.01%

Table 9.5.: Numbers of tested air showers of data set II and those passed
the gamma cuts.
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9.4. Characteristics of selected gamma ray
candidate events

The highest threshold tested is at the background rejection ρ of 99%. The
events passing this threshold are studied in more detail. From data set I
events 138 air showers where classi�ed as gamma ray candidates, which
corresponds to 0.07% of all events in this set. For the data set II 14 gamma
ray candidates where found, corresponding to 0.04% of all events in this
set. The EAS of data set II passed the gamma cuts at 0.99 are listed in
Table 9.6. Both results are comparable with the scenario that there are
no gamma induced EAS.
When taking a close look into the gamma ray candidate events, some

issues were found. Event 35749641 has a huge signal value in just one time
trace bin. This is unlikely to originate from a particle, as only one out of

Event ID Date Time E(EeV) θ(◦) b(◦) l(◦)

1207345 11. Feb 2005 06:00:13 7.55 59.70 10.89 -145.36

3528386 6. Jun 2007 15:50:36 5.09 11.52 -35.57 -126.06

3531107 7. Jun 2007 14:11:40 7.17 10.84 -57.20 -133.55

7569396 12. Apr 2009 05:08:56 3.41 58.83 60.32 29.34

13516784 3. Jan 2012 06:37:35 3.60 30.68 -20.32 -86.14

24530119 9. Dec 2013 15:21:25 7.38 56.82 38.34 -77.86

26071805 16. Mar 2014 05:00:31 5.29 59.93 -21.26 -106.19

27405165 5. Jun 2014 04:46:08 3.60 24.08 16.62 10.64

34053480 1. Aug 2015 23:21:26 5.57 57.43 16.83 -85.47

38336722 21. Jun 2016 06:32:49 4.00 41.66 14.01 3.07

38515023 4. Jul 2016 07:18:42 3.90 34.77 -81.91 2.85

41116581 12. Jan 2017 11:53:34 4.20 9.58 23.19 -21.98

44805263 7. Oct 2017 02:58:50 4.02 58.55 -48.40 147.91

45664243 6. Dec 2017 13:51:50 3.89 59.59 34.00 30.80

Table 9.6.: Events of data set II that passed the gamma cuts of ρ = 0.99.
The ID, arrival time, reconstructed energy E, inclination angle
θ, galactic latitude b and galactic longitude l for each event are
displayed. Events with some issues (see text) are highlighted.
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Figure 9.5.: PMT time traces of wrong events with arti�cial bin signal (a)
and wrong start time (b). The dashed vertical lines de�ne the
signal region and the green arrow the start time of the signal.
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Figure 9.6.: Examples of events with too high signals (black lines) com-
pared to interpolated TPDF models (solid color lines) and 1
sigma con�dence intervals (asterisks), based on simulations
with proton (red), iron (blue) and gamma (green) primaries.
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three time traces has this peak and the signal decay is abnormally fast.
The trace of this event is shown in Figure 9.5(a). Event 41531570 has a
wrong start time, although it passed the quality cuts. This results mainly
from the signal of the second PMT. The decay trace after each signal
peak indicates an electronics issue, as it is slowly exponentially decreasing
instead of falling back on the baseline quickly. The time trace of the second
PMT of this event is shown in Figure 9.5(b).

Several issues were found in events 13744313, 20864072, 26093052,
2900001, 39712045, 44252528 of data set I, and for 3 events in data set
II with IDs 3528386, 3531107, 41116581. For all of these events the time
trace predicted by the TPDF models is too low compared to the measured
signal for some SD stations, either for the front part of the time trace or
for the whole time range. Examples are displayed in Figure 9.6. In case
of some data set II events a wrong LDF �t by Off line could be identi�ed
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Figure 9.7.: Example of a wrong LDF �t. Note the orange and red points
far from the �t line.
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causing a wrong distance to air shower axis calculation. An example for
event 3531107 is given in Figure 9.7.

In the data set I several events could be found with an additional peak
at late times or at the very end of the tested time range of 1500 ns. They
have passed the gamma cuts, because at that stage of the time trace
the uncertainties of the TPDF models become small. Thus, the higher
TPDF model values for a gamma primary results in a higher probability
to be a gamma induced EAS. An example of a time trace from event with
ID 12659312 is shown in Figure 9.8. Although such events may not be
initiated by a gamma primary it is not possible to determine whether the
second peak belongs to the air shower or not.
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Figure 9.8.: Example of events with multiple peaks in the time traces
(black line) with interpolated TPDF models (solid color lines)
and 1 sigma con�dence intervals (asterisks), based on sim-
ulations with proton (red), iron (blue) and gamma (green)
primaries.
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9.5. Comparison to gamma ray candidates of
other studies

The TPDF method can be veri�ed by a comparison with the results of
other analyses that concentrated on �nding gamma initiated air showers.
Two such analyses were described in [99] and [104]. The �rst analysis uses
the ratio of the energy estimator for hybrid events obtained from a gamma
optimized and a standard �t, as already mentioned under �Signal ratio
parameter Fγ� in Section 5.1. The second analysis discriminates gamma
ray candidates using the time trace distribution. Therefore, the second
approach is close to what is done in this thesis, although the function
used in [104] generally does not �t the time trace well.
In the �rst analysis only 1 event passed the gamma cuts. This small

number is due to the use of hybrid events and additional selection criteria.
Unfortunately, this event's reconstructed SD energy is below the range
used in this thesis and no comparison is possible.

Auger ID Event ID Date Time
ρ

0.95 0.99

80555184500 4586998 25. Feb 2008 02:24:04 - -

81143356100 4841436 23. Apr 2008 21:19:20 X -

103196014500 10611670 16. Nov 2010 04:42:24 X -

120026705600 13516784 3. Jan 2012 06:37:35 X X

Table 9.7.: Highest energy events from [104] that are also in the data set
of this thesis.

In the thesis describing the second analysis 103 events with energies
1018.8 eV < Eγrec < 1019.0 eV and 13 events with higher energies were se-
lected. Following that analysis we focus on the 13 high-energy events. Four
of these events were found in data sets used in this thesis. 7 were rejected
due to range cuts (energy, inclination angle and 2 or 3 SD stations with
signals within a de�ned distance range to the air shower axis) and 2 due
to quality cuts applied. From the 4 events in overlap with the data sample
of this thesis 3 passed the ρ = 0.95 and only 1 also the ρ = 0.99 gamma
cuts. The results are summarized in Table 9.7.
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Chapter 10

Conclusions

In this work the time traces measured by the Surface Detector (SD)
stations (water-Cherenkov detectors) of the Pierre Auger Observatory
are �tted with the newly introduced Time Probability Density Function
(TPDF). The parameters obtained in these �ts are used to study the mass
composition of ultra-high-energy cosmic rays (UHECR), in particular for
the search for ultra-high-energy gamma rays (UHEGR). In addition, com-
parisons of simulation results are presented for di�erent primary particles
as function of energy, inclination angle and other simulation parameters.
In Chapter 6 the description of the TPDF model building procedure

is given. It is shown in Chapter 7 that the TPDF parameters vary with
cosmic ray energy E and inclination angle θ, as well as with the polar angle
ζ around the air shower axis, while they hardly depend on the CORSIKA
simulation software versions and high-energy hadronic interaction models.
Given the energy, inclination angle and polar angle the di�erences are
maximal between gamma ray and hadron induced extensive air showers
(EAS). This makes the TPDFmethod sensitive to discriminate air showers
started by gamma rays from EAS initiated by other primary particles.
A general increase in the number of muons in the footprint, as observed

in data compared to simulations, causes no large changes in the TPDF
parametrization. Note that this study is performed on a small number
of full, non-thinned simulations and this e�ect should be further veri�ed
with a larger sample.
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In the comparison between thinned simulations with thinning level of
εthin = 10−6 in which only a fraction of the air shower particles are tracked
and non-thinned simulations in which all particles of signi�cant energy are
tracked some small di�erences have been seen for the simulated EAS with
a gamma ray primary particle. The ζ distributions for the non-thinned air
shower simulations show a smaller con�dence interval and less variation
in ζ.
Chapter 9 concentrates on �nding gamma ray induced air showers in

the measured events with gamma cuts de�ned on simulated test samples
in Chapter 8. It was shown using simulations in Section 8.5 that for a
background rejection ρ (simulated air showers with proton primary par-
ticle) of 99% more than 5 % of signal events (simulated EAS with gamma
ray primary particle) with lower energies (1018.0 eV - 1018.5 eV) and more
than 25 % of those with higher energies (1018.5 eV - 1019.0 eV) pass the
gamma cuts (Tables 8.3 and 8.4).
The application on the events measured by the Pierre Auger Observa-

tory between January 2004 and December 2017 was made in the same
way. The events were divided into two samples, the �rst with energies
of 1018.0 eV ≤Erec< 1018.5 eV and inclination angles of 0◦ ≤ θrec ≤ 45◦

(data set I) and the second with 1018.5 eV ≤ Erec ≤ 1019.0 eV and
0◦ ≤ θrec ≤ 60◦ (data set II). From 187 747 successfully tested data-set-I
events 138 passed the gamma cuts with ρ = 0.99 and from the 39 371
data-set-II events 14 passed the ρ = 0.99 gamma cuts. For both samples
this is less than 0.1% of all events tested with the TPDF method.
The number of selected events is compatible with the expectations from

hadron induced air showers as determined in Chapter 8 and therefore there
is no indication of the presence of gamma ray induced EAS in the selected
samples.
A closer look at the events selected as gamma ray candidates reveals

that the TPDF method is sensitive to unusual events with some issues
caused by electronics or physics circumstances. Especially the origin of
events with a late peak after the main signal of the air shower should be
studied further.
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Outlook

In this chapter a short discussion of the upcoming improvement of the
particle detection with the Surface Detector is given. In addition, possible
improvements of the TPDF analyses are suggested.

11.1. AugerPrime

In the near future the AugerPrime upgrade [105] [15] [106] will be �nished
by the Pierre Auger Observatory. The SD stations will be modi�ed with
an additional Scintillator Surface Detector (SSD) and a spherical radio
antenna on top (Figure 11.1).
This modi�cation allows a better determination of the muonic and elec-

tromagnetic components of an air shower at the position of each SD sta-
tion. This will be achieved due to the di�erences in the signals of the
muons and the EM particles (electron-to-muon ratio), measured by the
PMTs in the water tank and the SSD for air showers with small incli-
nation angles. The additional radio antennas in combination with the
water-Cherenkov detector will make the electron-to-muon ratio accessible
for horizontal air showers.
The separation of the muonic signal will allow to measure the number

of muons Nµ and provide a better estimation for the muon production
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depth. Both parameters are of main interest for the mass composition
studies and could be added to the TPDF analysis.

Additionally, the electronics of the SD stations will be upgraded. The
time resolution will be improved by a factor of 3 leading to a reduction of
the bin size from 25 ns to below 10 ns by increasing the Flash Analogue to
Digital Converter (FADC) sampling frequency from 40 MHz to 120 MHz.
In view of the mass composition studies this will lead to an improvement
of time critical parameters, like Rc or T50. For the TPDF analysis this
will lead to a more precise time trace and decreasing uncertainties of the
TPDF models. Increased raggedness of the time trace may also lead to
complications when �tting the smooth TPDF model, for which solutions
will have to be found.

Also a smaller PMT will be added to each SD station, that will extend
the dynamic range. This will allow to use the signals of SD stations closer
to the air shower axis.

Figure 11.1.: SD station with an additional �at scintillator (SSD) on
top and an additional spherical radio antenna. Adapted
from [106].
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11.2. Possible TPDF improvements

• Curvature of the air shower front using the time trace max-

imum

The TPDF can help to de�ne a new curvature parameter that de-
pends on the time trace maximum. When plotting the muon arrival
time distribution of a vertical air shower as a function of distance
to the air shower axis (Figure 11.2), it can be observed that the
time between the impact of the air shower core (tcore = 0 s) and the
arrival time of the muons increases with distance. This corresponds
to the curved air shower front model (Figure 3.15) and is used to
calculate Rc. Compared to the arrival times of the �rst muons the
delays of the arrival time distribution maxima vary di�erently with
distance to the air shower axis. This variation is used to calculate
the T50 parameter.
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Figure 11.2.: Arrival time distributions of muons as function of distance
to the air shower axis from an EAS induced by a vertical
proton with an energy of 1018.5 eV. Each distribution was
calculated for rings with width of 50 m at di�erent distances.
The red dashed line shows the delay of the �rst muons arrive
at ground. The green dotted line shows the time of the high-
est muon densities at di�erent distances. Green lines mark
the maxima of the time distributions.
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In Figure 5.5 it was shown that the time distribution maximum
changes di�erently for di�erent primary particles at same distance
to the air shower axis. In particular, this timing of the maximum
changes rapidly at the distance where the dominance of the electro-
magnetic component is overtaken by the muonic one. In this thesis,
this behavior was only found for simulated EAS with a gamma ray
primary particle. Both, this rapid change and the timing of the time
trace maximum can be used for further mass composition studies.
In particular, the timing of the maxima together with the absolute
time of the SD stations may replace the start time of the station as
is currently used for determining Rc.

• Modi�ed ζ functions

To build the TPDF models the parameters of ring segments were �t-
ted with a ζ function (Eq. (6.1)). While this function �ts quite well
for most distances and air showers with di�erent primary particles,
in case of the gamma ray primary particle there are some di�culties
when the muonic component starts to become the dominant contri-
bution to the signal. For these rings the TPDF parameters of the
early and late regions di�er signi�cantly. Figure 7.1(b) displays a
small plateau around 180◦. Here, it might be better to modify the
ζ function and add an additional cos2 term:

f(ζ)∗ = j + k · cos(ζ) + l · cos2(ζ) . (11.1)

• Extend the testing ranges

The main focus of this thesis was the development of the TPDF
method. Some aspects, especially in case of simulations, were chang-
ing and improved during the work of this thesis, but too late to be
included. The lower distance range to the air shower axis of 575 m
was set due to computational limits. The range could be extended
toward lower distances reducing the simulated number of SD sta-
tions. However, there are some other di�culties that have to be
taken into account, e.g. the saturated PMTs.

In addition, the energy limits could be extended by simulating more
air showers with higher or lower energies than used in this thesis.
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Also the number of tested SD stations of the grid within the distance
range to the air shower axis could be increased. While most air
showers inside the tested energy range have 2 or 3 SD stations within
the tested distances, there are some with more triggered SD stations
that can be included in future studies, especially in case of inclined
EAS.

• Reconstruction of the saturated SD signals

In Section 5.2 it was mentioned that the TPDF describes the main
characteristics of the SD time trace well. Thus, it can be used to
model the time trace of the saturated signals such as shown in
Figure 3.14(b).
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Appendix A

Hardware and software versions

A.1. Hardware used

• 10 nodes with 1.8 TB storage space each, additional 30 TB storage
space

• 32 x86_64 AMD Opteron CPUs with 128 GB RAM in each node

A.2. Software used

• Linux Debian 3.16.36 x86_64

• CORSIKA 7.4005, 7.5600

• GNU gcc, fortran compilers 4.9.1

• ROOT framework 5.34/36

• GEANT4 4.9.4

• OpenMPI 1.6.5

• Offline framework v3r3p1

• Offline externals: aerarootio v00r11, aevread v02r00p04, aires
2.8.4a, boost 1.59.0, cdas v5r4, clhep 2.1.2.3, cmake 3.4.3, cppunit
1.12.1, eigen 3.1.2, fdeventlib 4.1.8, �tw 3.3.3, pkg-con�g 0.27.1,
xerces-c 3.1.1
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B Appendix

Steering �le examples and

command descriptions

Flag Value(s)

RUNNR 3
PARALLEL 316000 31600000 1 F

NSHOW 1
EVTNR 1
PRMPAR 5626
ERANGE 3.16e9 3.16e9
ESLOPE -1
THETAP 45 45
PHIP 0 0
SEED 1234618 0 0

... ...
SEED 1234623 0 0

OBSLEV 145200
MAGNET 20.1 -14.2
ECUTS 0.05 0.01 0.00005 0.00005
QGSJET T 0
QGSSIG T
MUADDI T
ATMOD 21
ELMFLG T T
LONGI T 5. T T
DEBUG F 6 F 1000000
USER aab

DIRECT /data/simulations/Fe_E18.5_Z45_nonthin_3/output/
EXIT

Table B.1.: Steering �le of an EAS simulation with iron nucleus primary
particle, E = 1018.5 eV, θ = 45◦, QGSJet hadronic interaction
model and without thinning (non-thinned), generated in par-
allel on several CPUs. FLUKA interaction model was set dur-
ing the setup of CORSIKA.
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Steering �le examples and command descriptions

Flag Value(s)

RUNNR 7
NSHOW 1
EVTNR 1

PRMPAR 14
ERANGE 1e9 1e9
ESLOPE -1
THETAP 30 30

PHIP 0 0
SEED 1234642 0 0

... ...
SEED 1234647 0 0

OBSLEV 145200
MAGNET 20.1 -14.2
ECUTS 0.05 0.01 0.00005 0.00005
THIN 1.0e-6 10000. 0
EPOS T 0

EPOSIG T
EPOPAR input ../epos/epos.param
EPOPAR fname inics ../epos/epos.inics
EPOPAR fname iniev ../epos/epos.iniev
EPOPAR fname initl ../epos/epos.initl
EPOPAR fname inirj ../epos/epos.inirj
EPOPAR fname inihy ../epos/epos.ini1b
EPOPAR fname check none
EPOPAR fname histo none
EPOPAR fname data none
EPOPAR fname copy none
MUADDI T
ATMOD 21

ELMFLG T T
LONGI T 5. T T
DEBUG F 6 F 1000000
USER aab

DIRECT /data/simulations/p_E18_Z0_1e-6thin_7/output/
EXIT

Table B.2.: Steering �le of an EAS simulation with proton primary parti-
cle, E = 1018 eV, θ = 30◦, EPOS hadronic interaction model
and thinning level of εthin = 10−6. FLUKA interaction model
was set during the setup of CORSIKA.
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Appendix B

Flag Function

RUNNR Assigns the simulation run number.
PARALLEL Provides the options for parallelization (Section 4.1.2).

NSHOW Speci�es how many EAS will be simulated in one run.
EVTNR De�nes the number of the �rst EAS, the next will be in-

dicated subsequently.
PRMPAR De�nes the primary particle type.
ERANGE De�nes the energy range of the primary particle.
ESLOPE De�nes the spectral index of the di�erential energy spec-

trum in the speci�ed range.
THETAP De�nes the zenith angle range of the primary particle.

PHIP De�nes the azimuth angle range of the primary particle.
SEED Adjusts up to 7 seeds for random number sequences for

di�erent subroutines.
OBSLEV Speci�es the observation altitude. All particles reaching

this height will be saved in the output �le.
MAGNET Speci�es the magnetic �eld for EAS.
ECUTS De�nes the energy threshold to limit the simulation e�ort

by sorting out low energy particles. The limits can be ad-
justed for hadrons (except π0), muons, e± and photons
(including π0) individually.

THIN Enables the thinning algorithm (Section 4.1.1).
EPOS Enables EPOS routines for high-energy hadronic interac-

tions.
EPOSSIG Enables EPOS high-energy hadronic cross-sections.
EPOPAR Provides commands for subroutines of the EPOS package.
QGSJET Enables QGSJet routines for high-energy hadronic inter-

actions.
QGSSIG Enables QGSJet high-energy hadronic cross-sections.
MUADDI Enables additional muon information to be written to the

output �le.
ATMOD Speci�es the atmospheric model.

ELMFLG De�nes how electromagnetic interactions will be calcu-
lated.
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Steering �le examples and command descriptions

Flag Function

LONGI Enables the sampling of the longitudinal pro�le. In this
case an additional �le is written, containing number of
di�erent particle types in de�ned steps of the slant depth.

DEBUG Prints more information about the simulation processes.
USER De�nes the user.

DIRECT De�nes the output directory.
EXIT Marks the end of the steering commands.

Table B.3.: Commands used for the steering �les.
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C Appendix

Module sequence �les

The last capital characters of the module description (e.g. KG, OG, Xb)
indicates the author or the group, who wrote the module.

<sequenceFile>

<enableTiming/>

<moduleControl>

<loop numTimes="unbounded" pushEventToStack="yes">

<module> EventFileReaderOG </module>

<module> SdPMTQualityCheckerKG </module>

<module> TriggerTimeCorrection </module>

<module> SdCalibratorOG </module>

<module> SdStationPositionCorrection </module>

<module> SdBadStationRejectorKG </module>

<module> SdSignalRecoveryKLT </module>

<module> SdEventSelectorOG </module>

<module> SdPlaneFitOG </module>

<module> LDFFinderKG </module>

<module> EnergyCalculationPG </module>

<module> SdEventPosteriorSelectorOG </module>

<module> RecDataWriterNG </module>

</loop>

</moduleControl>

</sequenceFile>

Table C.1.: Module sequence �le used for measured air showers.
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Module sequence �les

<sequenceFile>

<enableTiming/>

<moduleControl>

<loop numTimes="1" pushEventToStack="yes">

<module> EventFileReaderOG </module>

<loop numTimes="1" pushEventToStack="yes">

<module> EventGeneratorOG </module>

<loop numTimes="unbounded" pushEventToStack="no">

<module> CachedShowerRegeneratorOG </module>

<module> CachedDirectInjector </module>

<module> G4TankSimulatorOG </module>

</loop>

<module> SdSimulationCalibrationFillerOG </module>

<module> SdPMTSimulatorOG </module>

<module> SdFilterFADCSimulatorMTU </module>

<module> SdBaselineSimulatorOG </module>

<module> TankTriggerSimulatorOG </module>

<module> TankGPSSimulatorOG </module>

<module> CentralTriggerSimulatorXb </module>

<module> CentralTriggerEventBuilderOG </module>

<module> EventBuilderOG </module>

<module> EventCheckerOG </module>

<module> SdCalibratorOG </module>

<module> SdEventSelectorOG </module>

<module> SdMonteCarloEventSelectorOG </module>

<module> SdPlaneFitOG </module>

<module> LDFFinderKG </module>

<module> SdEventPosteriorSelectorOG </module>

<module> RecDataWriterNG </module>

</loop>

</loop>

</moduleControl>

</sequenceFile>

Table C.2.: Model sequence �le used for simulated air showers. The high-
lighted modules are alternatively turned on and o� for thinned
(ShowerRegenerator, red) and non-thinned (DirectInjector,
green) simulations.
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D Appendix

Λγ,p histograms and graphs
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Figure D.1.: Λγ,p histograms for simulated EAS with gamma rays (green),
protons (red) and iron nuclei (blue) and the corresponding
signal e�ciency ε for gamma ray EAS with background re-
jection ρ for proton and iron nucleus induced EAS. Note that
here both left and right histograms and graphs display the
results with 2 SD stations. Those for 3 SD stations for nearly
vertical air showers (θ ≤ 15◦) are empty due to upper limits
of the distance range (Section 8.3).
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Λγ,p histograms and graphs
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Figure D.2.: Λγ,p histograms for simulated EAS with gamma rays (green),
protons (red) and iron nuclei (blue) and the corresponding
signal e�ciency ε for gamma ray EAS with background re-
jection ρ for proton and iron nucleus induced EAS.
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Appendix D
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Figure D.3.: Λγ,p histograms for simulated EAS with gamma rays (green),
protons (red) and iron nuclei (blue) and the corresponding
signal e�ciency ε for gamma ray EAS with background re-
jection ρ for proton and iron nucleus induced EAS.
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Λγ,p histograms and graphs
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Figure D.4.: Λγ,p histograms for simulated EAS with gamma rays (green),
protons (red) and iron nuclei (blue) and the corresponding
signal e�ciency ε for gamma ray EAS with background re-
jection ρ for proton and iron nucleus induced EAS.
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Glossary of abbreviations

ADST Advanced Data Summary Tree
AERA Auger Engineering Radio Array
AGN Active Galactic Nuclei
AMIGA Auger Muons and In�ll for the Ground Array
CDAS Central Data Acquisition System
CIC Constant Intensity Cut
CMB Cosmic Microwave Background
CORSIKA COsmic Ray SImulations for KASCADE
CR Cosmic Ray(s)
EAS Extensive Air Shower(s)
EM Electro Magnetic
EPOS Energy conserving quantum mechanical multi-scattering

approach, based on Partons, O�-shell remnants and Split-
ting parton ladders

FADC Flash Analogue to Digital Converter
FD Fluorescence Detector
FLUKA FLUctuationg KAscade
GDAS Global Data Assimilation System
GPS Global Positioning System
GZK Greisen Zatzepin Kuzmin (limit)
HEAT High Elevation Auger Telescope
IR Infra Red
LDF Longitudinal Distribution Function
LHC Large Hadron Collider
KASCADE KArlsruhe (Air) Shower Core And Array DEtector
MC Monte Carlo
Mpc Mega parsec
MPI Message Protocol Interface
MPD Muon Production Depth

Off line (Pierre) Auger (Observatory) O�ine Software Framework
PAO Pierre Auger Observatory
PMT Photo Multiplier Tube
ROOT Data Analysis Framework
S1000 Signal at 1000 m
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S38 S1000 under 38◦

SD Surface Detector
QGSJet Quark Gluon String model with JETs
T1-T5 Trigger 1 to 5
TA Telescope Array
TPDF Time Probability Density Function
UHE Ultra-High-Energy
UHECR Ultra-High-Energy Cosmic Ray(s)
UHEGR Ultra-High-Energy Gamma Ray(s)
UV Ultra Violet
VEM Vertical Equivalent Muon
XML Extensible Markup Language

207



208



Summary

ENG

Although outer space seems to be empty, it is �lled with many kinds of
particles. Several sources of these particles with galactic and extra galactic
origins could be identi�ed, �rst of all the stars. From our nearby star, the
Sun, we receive everyday di�erent kinds of rays like visible light, UV-
radiation or the sun wind, which is de�ected by the Earths magnetic �eld
toward the poles and gets visible as polar lights.

About 100 years ago it was discovered that besides photons also charged
particles arrive at Earth from space. These are called cosmic rays, which
mainly consist of protons. Several experiments have measured the energy,
the arrival direction and the nature of these particles since then. It was
found that a fraction of them are so highly energetic that they must come
from outside of our solar system, some even from beyond our galaxy.

One of the big challenges is to �gure out what the sources of the cosmic
rays at the highest energies are. There are two main di�culties in this
search. First, the �ux of the cosmic rays, thus the number of particles that
arrive at Earth, is rapidly decreasing with energy (Figure 2.3). Hence, the
direct measurement of the cosmic rays where the primary particles interact
with the detectors itself becomes unfeasible at energies above 1015 eV,
because only a few particles per square meter per year arrive at Earth.
The second di�culty originates from the charge of the cosmic rays, which
induces a de�ection by the galactic and extra galactic magnetic �elds.
The strength of the de�ection depends on the charge and the energy of
the particles and results in an arrival direction which does not point back
to the origin. To reconstruct the origin the magnetic �elds need to be
precisely known but they are not.

To study the cosmic rays at the highest energies above 1018 eV (Ultra-
High-Energy Cosmic Rays, UHERC) the indirect method is used involving
the Earth's atmosphere, instead of the direct method. When the high-
energy particles hit the atmosphere they interact with the atomic nuclei
in the air. At this process new particles are produced, which interact
with further air nuclei and produce new particles again. This creates a
cascade of secondary particles which moves in the same direction as the
primary particle. This cascade is called the extensive air shower (EAS).
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Its properties, like total energy and inclination angle, are obtained from
the primary particle, and are used to study the cosmic rays. The advan-
tage of using air showers is their huge cross section going up to several
square kilometers. They can be analyzed with surface detectors even if
only a small fraction of the secondary particles is measured. Thus, several
air showers can be measured per day by many small detectors, instead of
waiting for centuries for a direct hit of the cosmic ray or building a huge
solid detector. The disadvantage of the indirect method is the required
reconstruction of the properties of the primary particle from the measure-
ments of a few secondary particles. In particular the identi�cation of the
nature of the primary particle is di�cult, as it has only a small in�uence
on the properties of the air shower. The knowledge of the primary particle
type from the measured air showers can support di�erent astrophysical
models of the sources and the acceleration mechanisms, as they propose
di�erent mass compositions of the cosmic rays. Particularly the search for
neutral primary particles, like photons, is of main interest, as they are not
bent by the magnetic �elds and point directly to their sources.
The analysis described in this thesis studies the signals of the Surface

Detector (SD) of the Pierre Auger Observatory for speci�c signatures of
di�erent air showers with di�erent primary particles. The SD stations
are basically water tanks. When the secondary particles of an air shower
are traversing though the water they produce (Vavilov-)Cherenkov light,
which is captured by the Photo Multiplier Tubes (PMTs) and recorded
as a function of arrival time. The time pro�le depends on the number of
secondary particles, their individual arrival times and their energies. The
route of the secondaries through the atmosphere from the �rst interaction
of the cosmic ray until the arrival at the SD as well as the distance to
the air shower axis in�uence the signal. To understand how the time
pro�les of the SD vary for di�erent cosmic rays, air shower simulations
with di�erent primaries have been created. On the simulated SD signals
the TPDF (Time Probability Density Function), a function with four free
parameters, is �tted and their parameters are analyzed.
The parameters of the TPDF at di�erent distances to the air shower axis

are combined into models for di�erent properties of the primary particles.
The simulated and measured signals from the SD data are compared to
these models to �nd measured air showers with characteristics of a photon
(gamma ray) primary particle. The analysis with the TPDF method on
the simulations revealed that it has a good separation power to distinguish
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air showers induced by ultra-high-energy gamma rays from those induced
by hadrons, but a very weak separation power between proton and iron
nucleus induced EAS. The di�erences of the time pro�les of photon and
hadron initiated air showers are mainly due to their di�erent fractions
of electromagnetic and muonic components. The air showers initiated by
a photon have almost no muons. However, the muons change the time
pro�le signi�cantly, as they arrive �rst at the SD stations. This comes
mainly from the fact that they almost never interact further with the air
atoms once produced. After the application on data, 152 out of 227118
tested air showers were found to ful�ll the requirement to be induced by
gamma rays, which is less than 0.1% of the events. This is compatible
with the expected background from hadron induced air showers without
evidence of the presence of gamma rays.
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Samenvatting

NL

Ondanks dat het heelal vrijwel leeg lijkt te zijn, is het gevuld met
allerlei soorten deeltjes. Een aantal bronnen voor deze deeltjes met een
galactische of extra-galactische oorsprong kunnen worden ge��denti�ceerd,
op de eerste plaats: sterren. Van onze eigen ster, de zon, bereiken ons
dagelijks verschillende soorten straling zoals zonlicht en uv-straling, maar
ook de zonnewind die door het aardmagnetisch veld afgebogen wordt naar
de polen en daar zichtbaar wordt als poollicht.

Dat niet alleen fotonen, maar ook geladen deeltjes de aarde bereiken
vanuit de ruimte werd ongeveer 100 jaar geleden ontdekt. Deze deeltjes,
voornamelijk protonen, worden kosmische straling genoemd. Verschillende
experimenten hebben sindsdien de energie, aankomstrichting en aard van
deze deeltjes gemeten. Sommige deeltjes zijn zo hoog-energetisch dat ze
afkomstig moeten zijn van buiten ons zonnestelsel en sommige zelfs van
buiten ons sterrenstelsel.

Een van de grote uitdagingen is het achterhalen van de bronnen van
deze hoog-energetisch kosmische straling. De zoektocht naar de bronnen
is lastig om twee redenen. Ten eerste, de �ux van de kosmische straling,
en daarmee ook het aantal deeltjes dat het aardoppervlak bereikt, neemt
sterk af met toenemende energie (Figuur 2.3). Dit betekent dat directe
detectie van kosmische straling, waarbij de primaire deeltjes direct met de
detector wisselwerken, met energie�en boven 1015 eV niet meer praktisch
haalbaar is, aangezien slechts enkele deeltjes per vierkante meter per jaar
de aarde bereikt. De tweede reden is dat de kosmische straling afgebogen
wordt door de galactische en extra-galactische magnetische velden van-
wege hun elektrische lading. De sterkte van de afbuiging is afhankelijk
van de lading en de energie van de deeltjes, en het zorgt ervoor dat de
richting waarin de deeltjes op aarde aankomen niet meer overeenkomt
met de richting waarin de bron zich bevindt. Om de oorsprong te recon-
strueren is het noodzakelijk dat de magnetische velden precies bekend
zijn, wat echter niet het geval is.

Om de kosmische straling met energie�en boven 1018 eV (Ultra-High-
Energy Cosmic Rays, UHECR) te bestuderen wordt in plaats van directe
detectie een indirecte detectie methode toegepast die gebruikt maakt van
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de atmosfeer. Wanneer de hoog-energetische deeltjes de atmosfeer raken,
gaan ze een interactie aan met de atoomkernen in de lucht. In dit pro-
ces worden nieuwe deeltjes geproduceerd die op hun beurt weer andere
atomen in de lucht raken en daarbij nog meer nieuwe deeltjes produceren.
Dit resulteert in een deeltjeslawine (extensive air shower, EAS) van se-
cundaire deeltjes die in dezelfde richting bewegen als de primaire deeltjes
van de kosmische straling. De eigenschappen van de deeltjeslawine, zoals
de energie en de invalshoek, zijn ge�erft van het primaire deeltje, en wor-
den gebruikt om de kosmische straling te bestuderen. Het voordeel van
het gebruik van deeltjeslawines is dat ze meerdere kilometers in diameter
zijn en geanalyseerd kunnen worden met detectoren op het aardopper-
vlak, zelfs als slechts een fractie van de secundaire deeltjes wordt geme-
ten. Op deze manier is het dus mogelijk om meerdere deeltjeslawines per
dag te meten, zonder dat men eeuwen hoeft te wachten op een enkele
directe meting van de kosmische straling dan wel een enorme, massieve
detector moet bouwen. Het nadeel van deze indirecte methode is echter
dat de eigenschappen van het primaire deeltje gereconstrueerd moeten
worden uit metingen van enkele secundaire deeltjes. Vooral de identi�-
catie van de aard van het primaire deeltje is lastig, omdat dit slechts een
kleine invloed heeft op de eigenschappen van de secundaire deeltjes. De
kennis van de aard van het primaire deeltje van gemeten deeltjeslawines
kan worden gebruikt om verschillende astrofysische modellen van bronnen
en versnellingsmechanismen te toetsen, aangezien ze verschillende samen-
stelling in massa van kosmische straling veronderstellen. Vooral de zoek-
tocht naar neutrale primaire deeltjes zoals fotonen is interessant, omdat ze
niet worden afgebogen door magnetische velden en hun aankomstrichting
overeenkomt met hun oorsprong.
De studie beschreven in dit proefschrift onderzoekt de signalen van de

aardoppervlakdetectoren (Surface Detectors, SD) van het Pierre Auger
Observatorium voor karakteristieke kenmerken van verschillende deeltjes-
lawines met verschillende primaire deeltjes. De SD-stations hebben elk een
watertank waarin (Vavilov-)Tsjerenkov-licht wordt gegenereerd wanneer
de secundaire deeltjes uit de deeltjeslawine het water passeren. Het licht
wordt geregistreerd door een fotomultiplicator (Photo Multiplier Tube,
PMT) als een functie van de aankomsttijd. Dit tijdpro�el hangt onder
meer af van het aantal secundaire deeltjes dat de tank passeert, hun indi-
viduele aankomsttijden en hun energie. Het pad door de atmosfeer vanaf
het punt van de eerste interactie tot de aankomst bij het SD-station en de
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afstand tot de as van de deeltjeslawine be��nvloeden het signaal. Met be-
hulp van gesimuleerde deeltjeslawines met verschillende soorten primaire
deeltjes is onderzocht hoe de tijdpro�elen van de SD-stations verschillen.
Een functie met vier vrije parameters (TPDF, Time Probability Density
Function) is gebruikt om de gesimuleerde SD-signalen te beschrijven en
de best-passende parameters zijn geanalyseerd.
De parameters van de TPDF op verschillende afstanden tot de as van de

deeltjeslawine worden gecombineerd in modellen voor verschillende eigen-
schappen van de primaire deeltjes. De gesimuleerde en gemeten signalen
van SD-stations worden vergeleken met deze modellen om te bepalen welke
van de gemeten deeltjeslawines de karakteristieke eigenschappen hebben
van een foton ge��nitieerde deeltjeslawine. De analyse van de TPDF meth-
ode op de simulaties toonde aan dat het een goed scheidingsvermogen
heeft tussen deeltjeslawines ge��nduceerd door ultrahoge-energie gammas-
tralen en die ge��nduceerd door hadronen, maar een zeer zwak scheid-
ingsvermogen tussen die van protonen en ijzerkernen. De tijdpro�elen
van de foton en hadron ge��nitieerde deeltjeslawines verschillen hoofdzake-
lijk vanwege hun verschillende verhoudingen in de elektromagnetische en
muonische componenten. Deeltjeslawines ge��nitieerd door fotonen bevat-
ten nauwelijks muonen. Muonen be��nvloeden de tijdpro�elen op signi�-
cante wijze, omdat ze als eerste aankomen bij de SD-stations. Dit komt
omdat muonen nauwelijks interactie hebben met de luchtatomen als ze
eenmaal geproduceerd zijn. Na de toepassing op de data, bleken 152 van
de 227118 geteste deeltjeslawines te voldoen aan de eis om ge��nduceerd te
worden door gammastralen, wat minder is dan 0,1% van de gevallen. Dit
is compatibel met de verwachte achtergrond van de hadron ge��nduceerde
deeltjeslawines zonder bewijs van de aanwezigheid van gammastralen.
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Zusammenfassung

DE

Auch wenn das Weltall leer erscheinen mag, ist wird es von vielen Arten
von Teilchen durchdrungen. Als Quellen dieser Teilchen konnten viele
Objekte mit galaktischem und extragalaktischem Ursprung identi�ziert
werden, allen voran die Sterne. In der N�ahe unseres Sterns, der Sonne,
erreichen uns tagt�aglich verschiedene Arten von Strahlung, wie Sonnen-
licht, UV-Strahlung oder der Sonnenwind, der im Magnetfeld der Erde zu
den Polen abgelenkt und als Polarlicht sichtbar wird.

Vor etwa 100 Jahren wurde entdeckt, dass neben Photonen auch
geladene Teilchen aus dem Weltall die Erde erreichen. Diese werden
als kosmische Strahlung bezeichnet, welche haupts�achlich aus Protonen
besteht. Zahlreiche Experimente haben seitdem unter anderem die En-
ergie, die Ankunftsrichtung und die Art der Teilchen messen k�onnen. Es
konnte nachgewiesen werden, dass einige von ihnen so hochenergetisch
sind, dass sie von außerhalb des Sonnensystems stammen m�ussen, einige
sogar von außerhalb unserer Galaxie.

Eines der großen Geheimnisse der kosmischen Strahlung bei den
h�ochsten Energien ist ihr Ursprung. Bei der Suche nach diesem gibt es
zwei Schwierigkeiten. Zum einen nimmt der Fluss der Teilchen, also ihre
Anzahl die auf der Erde ankommt, mit der Energie rapide ab (Bild 2.3).
Dies f�uhrt dazu, dass der direkte Nachweis der kosmischen Strahlung,
bei der die Prim�arteilchen unmittelbar mit dem Detektor interagieren,
ab Energien von ca. 1015 eV nicht mehr praktikabel ist, da nur wenige
Teilchen pro Quadratmeter pro Jahr die Erde erreichen. Die zweite
Schwierigkeit besteht darin, dass die geladene Teilchen, woraus sich die
kosmische Strahlung zusammensetzt, von den galaktischen und extra-
galaktischen Magnetfeldern abgelenkt werden. Die St�arke der Ablenkung
h�angt von der Ladung und der Energie der Teilchen ab und f�uhrt dazu,
dass die Ankunftsrichtung im Detektor nicht zur�uck zum Ursprung zeigt.
Um diese zu rekonstruieren m�ussen die Magnetfelder genau bekannt sein,
was jedoch nicht der Fall ist.

Um die kosmische Strahlung bei den h�ochsten Energien (Ultra-High-
Energy Cosmic Rays, UHECR) ab 1018 eV studieren zu k�onnen wird
statt der direkten Methode eine indirekte Methode genutzt, unter Zuhil-
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fenahme der Erdatmosph�are. Wenn die hochenergetischen Teilchen auf
die Atmosph�are tre�en, wechselwirken sie mit den Atomkernen der
Luftmolek�ule. Bei diesem Vorgang werden neue Teilchen erzeugt, die
auf weitere Atomkerne tre�en und dabei weitere Teilchen erzeugen. So
entsteht eine Kaskade von Sekund�arteilchen, die sich in Richtung des
urspr�unglichen Prim�arteilchens der kosmischen Strahlung auf die Er-
dober��ache zu bewegt. Diese Kaskade wird Luftschauer (extensive air
shower, EAS) genannt. Sie besitzt die Eigenschaften wie Energie und
Einfallswinkel des Prim�arteilchens und wird dazu benutzt, die kosmi-
sche Strahlung zu untersuchen. Der Vorteil der Luftschauer ist, dass
sie sich �uber mehrere Kilometer im Durchmesser erstrecken und sich
mit Detektoren auf dem Erdboden analysieren lassen, selbst wenn nur
ein Bruchteil der Sekund�arteilchen gemessen wird. So k�onnen mehrere
Luftschauer pro Tag mit vielen kleinen Detektoren untersucht wer-
den, anstatt Jahrhunderte auf einen direkten Tre�er der kosmischen
Strahlung zu warten oder einen riesigen massiven Detektor bauen zu
m�ussen. Der Nachteil dieser indirekten Methode liegt jedoch in der
erforderlichen Rekonstruktion der Eigenschaften des Prim�arteilchens
aus den Messungen einiger weniger Sekund�arteilchen. Im Besonderen
ist die Identi�zierung der Prim�arteilchenart schwierig, da diese wenig
Ein�uss auf die Sekund�arteilcheneigenschaften hat. Mit dem Wissen
der Prim�arteilchenart der gemessenen Luftschauer k�onnen verschiedene
astrophysikalische Modelle der Quellen und Beschleunigungsmechanis-
men �uberpr�uft werden, da sie verschiedene Massenzusammensetzungen

der kosmischen Strahlung voraussagen. Daher is speziell die Suche nach
neutralen Prim�arteilchen, wie Photonen, von Interesse, da diese nicht
durch Magnetfelder abgelenkt werden und ihre Ankunftsrichtung direkt
zu ihrer Quelle zeigt.
Die vorliegende Studie untersucht die Signale der Bodendetektoren

(Surface Detector, SD) des Pierre Auger Observatoriums auf charak-
teristische Signaturen die von verschiedenen Luftschauern mit unter-
schiedlichen Prim�arteilchen stammen. Die SD-Stationen sind Wasser-
tanks, in denen beim Durchgang von Sekund�arteilchen der Luftschauer
(Wawilow-)Tscherenkow-Licht erzeugt wird, welches von den Photover-
vielfachern (Photo Multiplier Tube, PMT) als Funktion der Ankunftszeit
aufgezeichnet wird. Dieses Zeitpro�l h�angt unter anderem von der An-
zahl der durchgehender Teilchen, ihrer Ankunftszeitverteilung und ihrer
Energie ab. Auch der Weg durch die Atmosph�are von der ersten Wech-

218



Zusammenfassung

selwirkung bis zum Auftre�en auf die SD-Stationen und der Abstand zur
Achse des Luftschauers ver�andern das Signal. Mit Hilfe der Simulationen
von Luftschauern mit verschiedenen Prim�arteilchenarten werden die
SD-Signale auf Pro�lver�anderungen untersucht, die auf die Art schließen
lassen. Dazu wird an das Signalpro�l eine Funktion mit vier freien Pa-
rametern angepasst, die TPDF (Time Probability Density Function),
und die Werte der Parameter miteinander vergleichen.
Die Parameter der TPDF f�ur verschiedene Abst�ande zur Luft-

schauerachse werden zu Modellen f�ur verschiedene Eigenschaften des
Prim�arteilchens zusammengefasst. Die simulierten und die gemessenen
Signale aus den Daten der SD-Stationen werden mit diesen Modellen
verglichen, um zu bestimmen, welche der gemessenen Luftschauer die
charakteristischen Merkmale eines Photons als Prim�arteilchen besitzen.
Die Analyse der TPDF-Methode anhand von Simulationen hat ergeben,
dass TPDF eine gute Trennkraft besitzt, um zwischen photon- und
hadroninduzierten Luftschauer zu unterscheiden. Allerdings eignet sich
die TPDF weniger, um die verschiedenen hadronischen Prim�arteilchen
der Luftschauer zu unterscheiden. Die Signalpro�le von Photonen- und
Hadronen-Luftschauern unterschieden sich vor allem aufgrund der unter-
schiedlicher Verh�altnisse von elektromagnetischer und myonischer Kom-
ponenten. In Luftschauern die von Photonen gestartet werden be�nden
sich kaum Myonen. Dabei beein�ussen diese signi�kant die SD-Signale, da
sie zuerst in den SD-Stationen ankommen. Der Grund daf�ur ist, dass die
Myonen kaum mit den Atomkernen in der Luft wechselwirken. Nach der
Anwendung auf Daten wurden 152 der 227118 getesteten Luftschauern
herausge�ltert, die die Eigenschaften von photoninduzierten Luftschauern
aufweisen. Dies entspricht weniger als 0,1% aller analysierten Luftschauer
und ist vereinbar mit dem erwarteten Untergrund aus den Luftschauern
mit Hadronen als Prim�arteilchen, ohne einen eindeutigen Nachweis von
Photonen bei den h�ochsten Energien.
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Ðåçþìå

РУС

Íåñìîòðÿ íà òî, ÷òî êîñìîñ êàæåòñÿ ïóñòûì, îí çàïîëíåí ñàìûìè
ðàçíûìè ÷àñòèöàìè. Áûëè íàéäåíû ìíîãèå ãàëàêòè÷åñêèå è âíåãà-
ëàêòè÷åñêèå èñòî÷íèêè ýòèõ ÷àñòèö, â ïåðâóþ î÷åðåäü çâåçäû. Íàøå
Ñîëíöå èçëó÷àåò ðàçíûå âèäû ÷àñòèö, íàïðèìåð ñîëíå÷íûé ñâåò è
ÓÔ-èçëó÷åíèå èëè ñîëíå÷íûé âåòåð, êîòîðûé â ìàãíèòíîì ïîëå Çåìëè
îòêëîíÿåòñÿ ê ïîëþñàì è ïðîÿâëÿåòñÿ êàê ñåâåðíîå ñèÿíèå.

Îêîëî 100 ëåò òîìó íàçàä áûëî îòêðûòî, ÷òî ïîìèìî ôîòîíîâ
íà Çåìëþ èç êîñìîñà òàêæå ïðèëåòàþò ÷àñòèöû ñ íåíóëåâûì
çàðÿäîì. Èç-çà èõ ïðîèñõîæäåíèÿ îíè áûëè íàçâàíû êîñìè÷åñêèìè

ëó÷àìè, êîòîðûå ñîñòîÿò ïî áîëüøåé ÷àñòè èç ïðîòîíîâ. Ñ òåõ ïîð,
ìíîãèå ïðîâåä¼ííûå ýêñïåðèìåíòû ïîçâîëèëè èçìåðèòü ýíåðãèè,
íàïðàâëåíèÿ ïðèõîäà è ìàññîâûé ñîñòàâ ýòèõ ÷àñòèö. Áûëî îáíàðó-
æåíî, ÷òî íåêîòîðûå èç ÷àñòèö íàñòîëüêî âûñîêîýíåðãåòè÷íû, ÷òî èõ
èñòî÷íèêè íàõîäÿòñÿ â äðóãèõ ñîëíå÷íûõ ñèñòåìàõ, íåêîòîðûå äàæå
çà ïðåäåëàìè íàøåé ãàëàêòèêè.

Äî ñèõ ïîð èñòî÷íèêè êîñìè÷åñêèõ ëó÷åé ïðè ñâåðõâûñîêèõ
ýíåðãèÿõ íå óñòàíîâëåíû. Ïðè èõ ïîèñêå ñóùåñòâóþò äâå îñíîâíûå
ñëîæíîñòè. Âî-ïåðâûõ, ïîòîê ÷àñòèö, òî åñòü èõ êîëè÷åñòâî ïðè-
áûâàþùåå íà Çåìëþ, ðåçêî óìåíüøàåòñÿ ñ óâåëè÷åíèåì ýíåðãèè
(ðèñóíîê 2.3). Ýòî îçíà÷àåò, ÷òî ïðÿìîå èçìåðåíèå, òî åñòü íå-
ïîñðåäñòâåííîå âçàèìîäåéñòâèå êîñìè÷åñêèõ ëó÷åé ñ äåòåêòîðîì,
ïðè ýíåðãèÿõ ÷àñòèö âûøå 1015 ýÂ íåïðàêòè÷íî, òàê-êàê èõ ïîòîê
ñîñòàâëÿåò âñåãî íåñêîëüêî ÷àñòèö íà îäèí êâàäðàòíûé ìåòð â
ãîä. Âòîðàÿ ñëîæíîñòü ñîñòîèò â òîì, ÷òî çàðÿæåííûå ÷àñòèöû
êîñìè÷åñêèõ ëó÷åé èçìåíÿþò òðàåêòîðèþ ïðè âîçäåéñòâèè ãàëàê-
òè÷åñêèõ è âíåãàëàêòè÷åñêèõ ìàãíèòíûõ ïîëåé. Ñèëà îòêëîíåíèÿ
îò èçíà÷àëüíîé òðàåêòîðèè çàâèñèò îò çàðÿäà è ýíåðãèè ÷àñòèö è
ïðèâîäèò ê òîìó, ÷òî èçìåðåííîå íàïðàâëåíèå ïðèáûòèÿ íå ñîîò-
âåòñòâóåò èñòèííîìó íàïðàâëåíèþ îò èñòî÷íèêîâ. ×òîáû ïîíÿòü,
ãäå âîçíèêëè âûñîêîýíåðãåòè÷íûå ÷àñòèöû êîñìè÷åñêèõ ëó÷åé ñ
íåíóëåâûì çàðÿäîì, íóæíû áîëåå òî÷íûå çíàíèÿ î ìàãíèòíûõ ïîëÿõ,
ïî ñðàâíåíèþ ñ òåì, ÷òî èçâåñòíî â íàñòîÿùåå âðåìÿ.

Äëÿ èññëåäîâàíèÿ êîñìè÷åñêèõ ëó÷åé ñâåðõâûñîêîé ýíåðãèè
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âûøå 1018 ýÂ âìåñòî ïðÿìîãî èçìåðåíèÿ èñïîëüçóåòñÿ êîñâåííûé
ìåòîä ãäå àòìîñôåðà Çåìëè âûñòóïàåò â ðîëè ÷àñòè äåòåêòîðà.
Êîãäà âûñîêîýíåðãåòè÷íûå ÷àñòèöû ïîïàäàþò â àòìîñôåðó îíè
âçàèìîäåéñòâóþò ñ ÿäðàìè àòîìîâ âîçäóõà. Ïðè ýòîì ïîðîæäàþòñÿ
íîâûå ÷àñòèöû, êîòîðûå â ñâîþ î÷åðåäü ñòàëêèâàþòñÿ ñ äðóãèìè
àòîìàìè è ïîðîæäàþò òàêæå íîâûå ÷àñòèöû. Òàê çàðîæäàåòñÿ êàñêàä
âòîðè÷íûõ ÷àñòèö, íàïðàâëåíèå êîòîðîãî ñîîòâåòñòâóåò íàïðàâëåíèþ
ïåðâè÷íîé ÷àñòèöû. Òàêîé êàñêàä íàçûâàåòñÿ øèðîêèé àòìîñôåðíûé

ëèâåíü (ØÀË). Åãî ñâîéñòâà, òàêèå êàê ýíåðãèÿ è óãîë íàêëîíà
îñè, ïîçâîëÿþò îïðåäåëèòü ñîîòâåòñòâóþùèå ñâîéñòâà ïåðâè÷íîé
÷àñòèöû. Ïðåèìóùåñòâî èññëåäîâàíèé ØÀË ñîñòîèò â òîì, ÷òî
îíè äîñòèãàþò ïîïåðå÷íûõ ðàçìåðîâ â íåñêîëüêî êèëîìåòðîâ è
ñ ïîìîùüþ äåòåêòîðîâ ðàñïîëîæåííûõ íà çåìíîé ïîâåðõíîñòè
ìîãóò áûòü èçó÷åíû, äàæå åñëè òîëüêî íåáîëüøàÿ ÷àñòü âòîðè÷-
íûõ ÷àñòèö áûëà èçìåðåíà. Ýòèì ñïîñîáîì ìîæíî èññëåäîâàòü
àòìîñôåðíûå ëèâíè ñ ïîìîùüþ íåáîëüøèõ äåòåêòîðîâ, ðàçíåñ¼ííûõ
íà çíà÷èòåëüíûå ðàññòîÿíèÿ, âìåñòî òîãî, ÷òîáû æäàòü ïðÿìîãî
ïîïàäàíèÿ êîñìè÷åñêèõ ëó÷åé ñòîëåòèÿìè èëè ñîçäàâàòü îãðîìíûé
ìîíîëèòíûé äåòåêòîð. Íåäîñòàòêîì òàêîãî êîñâåííîãî ìåòîäà
ÿâëÿåòñÿ íåîáõîäèìîñòü ðåêîíñòðóêöèè ñâîéñòâ ïåðâè÷íîé ÷àñòèöû
íà îñíîâå èçìåðåíèé ïàðàìåòðîâ íåìíîãî÷èñëåííûõ âòîðè÷íûõ
÷àñòèö. Â îñîáåííîñòè ñëîæíà èäåíòèôèêàöèÿ òèïà ïåðâè÷íîé
÷àñòèöû, òàê êàê îí â ìåíüøåé ìåðå âëèÿåò íà ñâîéñòâà âòîðè÷-
íûõ ÷àñòèö. Çíàÿ òèï ïåðâè÷íûõ ÷àñòèö èçìåðåííûõ ØÀË ìîæíî
ïðîâåðèòü ðàçíûå àñòðîôèçè÷åñêèå ìîäåëè èñòî÷íèêîâ è ìåõàíèçìîâ
óñêîðåíèÿ, òàê êàê îíè ïðåäñêàçûâàþò ðàçíûå ìàññîâûå ñîñòàâû

êîñìè÷åñêèõ ëó÷åé. Ïîýòîìó ïîèñê íåéòðàëüíûõ ÷àñòèö, òàêèõ êàê
ôîòîíîâ, ïðåäñòàâëÿåò ñîáîé îñîáûé èíòåðåñ, ïîòîìó êàê îíè íå
èçìåíÿþò ñâîåé òðàåêòîðèè ïîä âîçäåéñòâèåì ìàãíèòíûõ ïîëåé è
òåì ñàìûì èõ íàïðàâëåíèå ñîâïàäàåò ñ íàïðàâëåíèåì îò èñòî÷íèêîâ
èõ ïðîèñõîæäåíèÿ.
Ïðåäñòàâëåííûé â ýòîé äèññåðòàöèè àíàëèç èññëåäóåò ñèãíàëû

íàçåìíûõ äåòåêòîðîâ (Surface Detector, SD) îáñåðâàòîðèè èìåíè
Ïüåðà Îæå íà ïðåäìåò îòëè÷èé ðàçíûõ øèðîêèõ àòìîñôåðíûé
ëèâíåé ñ ðàçíûìè òèïàìè ïåðâè÷íûõ ÷àñòèö. Êàæäûé èç íàçåìíûõ
äåòåêòîðîâ â îñíîâíîì ÿâëÿåòñÿ áàêîì ñ âîäîé ïðè ïðîõîæäåíèè
â êîòîðîé âòîðè÷íûå ÷àñòèöû àòìîñôåðíûõ ëèâíåé ïîðîæäàþò
èçëó÷åíèå Âàâèëîâà-×åðåíêîâà, êîòîðîå â ñâîþ î÷åðåäü ðåãèñ-
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òðèðóåòñÿ ôîòîóìíîæèòåëÿìè êàê ôóíêöèÿ âðåìåíè. Ôîðìà çà-
ðåãèñòðèðîâàííûõ ñèãíàëîâ çàâèñèò â òîì ÷èñëå îò êîëè÷åñòâà
÷àñòèö ïðîëåòåâøèõ ÷åðåç äåòåêòîð, èõ âðåìåííîì ðàñïðåäåëåíèè
è èõ ýíåðãèé. Òàê æå íà ôîðìó ñèãíàëà îêàçûâàþò âëèÿíèå: ïóòü
ñêâîçü àòìîñôåðó íà÷èíàÿ ñ ïåðâîãî âçàèìîäåéñòâèÿ äî ïîïàäàíèÿ â
íàçåìíûé äåòåêòîð è ðàññòîÿíèå îò îñè àòìîñôåðíîãî ëèâíÿ. Ñ öåëüþ
îïðåäåëåíèÿ òèïà ïåðâè÷íîé ÷àñòèöû ïðîâîäèòñÿ àíàëèç èçìåíåíèé
ñèãíàëîâ íàçåìíûõ äåòåêòîðîâ ñ ïîìîùüþ ìîäåëèðîâàííûõ àò-
ìîñôåðíûõ ëèâíåé ñ ðàçíûìè ïåðâè÷íûìè ÷àñòèöàìè. Äëÿ ýòîãî ê
âðåìåííûì ïðîôèëÿì àäàïòèðóåòñÿ ôóíêöèÿ ñ ÷åòûðüìÿ ñâîáîäíûìè
ïàðàìåòðàìè (TPDF, Time Probability Density Function), êîòîðûå
ñðàâíèâàþòñÿ äðóã ñ äðóãîì.
Ðåçóëüòàòû ïàðàìåòðèçàöèé TPDF-ôóíêöèè äëÿ ðàçíûõ ðàññòî-

ÿíèé îò îñè ØÀË îáúåäèíåíû â îòäåëüíûå ìîäåëè äëÿ ðàçëè÷íûõ
ñâîéñòâ ïåðâè÷íîé ÷àñòèöû. Íà îñíîâå ýòèõ ìîäåëåé ïðîâîäèòñÿ
ñðàâíèòåëüíûé àíàëèç èçìåðåíèé íàçåìíîãî äåòåêòîðà îáñåðâàòîðèè
èìåíè Ïüåðà Îæå ñ ðåçóëüòàòàìè êîìïüþòåðíîãî ìîäåëèðîâàíèÿ,
äëÿ âûÿâëåíèÿ â äàííûõ îáñåðâàòîðèè øèðîêèõ àòìîñôåðíûõ
ëèâíåé ñ õàðàêòåðèñòèêàìè, ñõîäíûìè ñ îæèäàíèÿìè äëÿ ïåðâè÷íûõ
ôîòîíîâ. Àíàëèç TPDF-ìåòîäà ñ èñïîëüçîâàíèåì êîìïüþòåðíûõ
ìîäåëåé ïîêàçàë, ÷òî ýòîò ìåòîä îáëàäàåò õîðîøåé ñïîñîáíîñòüþ
äèñêðèìèíàöèè ØÀË èíèöèèðîâàííûõ ôîòîíàìè îò ëèâíåé, çàðîæ-
ä¼ííûõ àäðîíàìè, íî î÷åíü ñëàáîé ñïîñîáíîñòüþ äèñêðèìèíàöèè
ïðîòîíîâ îò ÿäåð æåëåçà â êà÷åñòâå ÷àñòèö êîñìè÷åñêîãî èçëó÷åíèÿ.
Âðåìåííûå ðàñïðåäåëåíèÿ ñèãíàëîâ îò ôîòîííûõ è àäðîííûõ
ØÀË îòëè÷àþòñÿ äðóã îò äðóãà â ïåðâóþ î÷åðåäü çà ñ÷åò ðàçíûõ
ñîîòíîøåíèé ýëåêòðîìàãíèòíûõ è ìþîííûõ êîìïîíåíò. Â àòìîñôåð-
íûõ ëèâíÿõ èíèöèèðîâàííûõ ôîòîíàìè ïðàêòè÷åñêè îòñóòñòâóþò
ìþîíû. Ïðè ýòîì ìþîíû âíîñÿò äîìèíèðóþùèé âêëàä â ðàííþþ
÷àñòü âðåìåííûõ ðàñïðåäåëåíèé ñèãíàëîâ íàçåìíûõ äåòåêòîðîâ,
òàê êàê îíè ïðàêòè÷åñêè íå âçàèìîäåéñòâóþò ñ àòîìàìè âîçäóõà
ïîñëå ñâîåãî âîçíèêíîâåíèÿ è èìåþò ïðÿìîëèíåéíûå òðàåêòîðèè.
Â èçìåðåíèÿõ íàçåìíîãî äåòåêòîðà áûëè èäåíòèôèöèðîâàíû 152
ØÀË, ñîîòâåòñòâóþùèõ õàðàêòåðèñòèêàì ëèâíåé îò ïåðâè÷íûõ
ôîòîíîâ, ÷òî ñîñòàâëÿåò ìåíåå 0,1% îò 227118 ïðîâåðåííûõ ØÀË.
Ýòî çíà÷åíèå ñîâìåñòèìî ñ îæèäàåìûì ôîíîì îò àòìîñôåðíûõ
ëèâíåé èíèöèèðîâàííûõ àäðîíàìè, áåç íåîáõîäèìîñòè ïðèñóòñòâèÿ
ñâåðõâûñîêîýíåðãè÷íûõ ôîòîíîâ.
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Ultra-high-energy cosmic rays and photons (gamma rays) can be studied 
through the air showers they produce when interacting with the Earth's 
atmosphere. The sources and acceleration mechanisms of these ultra-
energetic, but also very rare visitors from space are still not understood. 
Gamma rays have the advantage, compared to cosmic rays, that they are 
not deflected by the galactic and extragalactic magnetic fields. Therefore, 
their arrival directions point back to their origins. This makes them great 
candidates to analyse the mechanisms behind the creation and 
acceleration of particles to energies above 1018 eV. The identification of 
gamma ray induced air showers is important for such studies. The Time 
Probability Density Function (TPDF) introduced in this Ph.D. thesis to 
describe the Surface Detector data of the Pierre Auger Observatory is 
aimed to improve the separation of cosmic ray and gamma ray induced 
air showers compared to other techniques that have been used so far.
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