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Abstract

The subject of this thesis is the experimental study of the optical image of extensive
air showers generated by ultra high energy cosmic ray particles. This analysis is based on
the determination of the lateral distribution of light in the shower optical image recorded by
the fluorescence detector of the Pierre Auger Observatory. The lateral distribution was
measured at different stages of shower development, i.e. at different shower ages, for
showers with energies higher than 10'® eV. The measured lateral distribution profiles are
compared to those obtained from the simulations, for the purpose of testing the function of
lateral distribution of fluorescence light (the so-called Goéra function), used for
parameterization of the light distribution. The test has shown that the Goéra function
describes the measured fluorescence light distribution, if all atmospheric and telescope
effects are included properly. Based on the knowledge of the Goéra function at each shower
age and using the measured lateral distribution of light, the method of calculation of the
depth of shower maximum (Xnax) Using the shower age was elaborated. The first results
obtained using this method give the approximate values of Xmax, Which are in agreement

with the expected values.






Streszczenie

Przedmiotem niniejszej pracy jest eksperymentalne badanie obrazu optycznego
wielkich  pekéw atmosferycznych generowanych przez czastki promieniowania
kosmicznego o bardzo wysokiej energii. Analiza ta jest oparta na wyznaczaniu rozktadu
poprzecznego $wiatta w obrazie optycznym peku, rejestrowanym przez detektor
fluorescencyjny Obserwatorium Pierre Auger. Rozktad poprzeczny zostal zmierzony na
réznych etapach rozwoju peku, tzn. dla r6znych wartosci parametru wieku peku, dla pekow
o energiach wyzszych niz 10'®eV. Profile zmierzonych rozktadéw poprzecznych sa
poréwnywane z profilami otrzymanymi z symulacji w celu testowania funkcji rozktadu
poprzecznego s$wiatta fluorescencyjnego (tak zwanej funkcji Gory), uzywanej do
parametryzacji rozktadu swiatta. W wyniku testu stwierdzono, ze funkcja Gory opisuje
rozktad rejestrowanego $wiatta fluorescencyjnego, pod warunkiem ze analiza obejmuje
wszystkie efekty atmosferyczne i aparaturowe, poprawnie uwzglednione. W oparciu 0
znajomos¢ funkcji Gory dla kazdego wieku peku i stosujac zmierzony rozktad poprzeczny
$wiatla, zostata opracowana metoda obliczania gtgbokosci atmosferycznej maksimum peku
(Xmax) za pomoca wieku peku. Pierwsze wyniki uzyskane przy uzyciu tej metody dajg

przyblizone warto$ci Xmax, ktore zgadzaja si¢ z wartoSciami oczekiwanymi.
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1. Introduction

The Earth's atmosphere is constantly bombarded by high energy subatomic cosmic
ray particles. Among them there are particles with energies higher than 10'®eV and even
above 10 eV. They are called ultra high energy cosmic rays (UHECRS).

Cosmic rays were discovered at the beginning of the twentieth century by Victor
Hess. This researcher performed flights on balloons in 1911-1912 and got a surprising
result, which showed that with increasing altitude from about 1.5 km, the average ionization
of air increased compared to the ionization at the sea level [1]. During one of the Victor
Hess’s flights a solar eclipse occurred, but the drop of ionization had not happened. Those
observations were a convincing evidence of the fact that the source of ionizing radiation was
outside the atmosphere and it was not the Sun.

These experiments laid the foundation for the new direction in physics, known as the
cosmic rays physics. Later in 1936 Victor Hess was awarded the Nobel Prize for his
discovery of cosmic rays.

Cosmic rays do not reach the Earth's surface directly. They interact with the
atmosphere, creating cascades of secondary particles, so-called extensive air showers
(EAS). Most particles, born in this process, move nearly at the same direction as the initial
cosmic ray due to momentum conservation. Traversing the atmosphere, they leave their
energy deposited in the air. Furthermore, their interactions with the atmospheric nitrogen
molecules lead to ultraviolet light emission. This light can be registered by sensitive optical
fluorescence detectors. Shower particles, able to reach the Earth's surface, can be detected
by particle detectors on the ground.

UHECRs with the energy about 10°°eV are very rare events. On average, less than
one such particle falls on every square kilometer of the Earth's surface only once per
century. Fluxes of the ultra high energy particles are so small, that their measurements
require rather large detectors and therefore scientists are working mainly with large detector
systems, located on the ground, like the Pierre Auger Observatory [2], the Telescope Array
(TA) [3], Yakutsk air shower Array [4], etc. At the same time another experiment Extreme
Universe Space Observatory JEM-EUSO [5] for UHECRs investigation is now in the
construction phase. Its detectors will record the fluorescence light from extensive air
showers by looking downward from space at the Earth's atmosphere during nights.

Measurements of cosmic ray properties, performed at the different experiments, do
not completely agree to each other. That may be probably a result of the inaccuracies in the

processes of air shower detection and reconstruction. That is why it is important for all
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experiments to make the precise detection of UHECRs and to reveal the sources of
experimental uncertainties, in order to eliminate them in the reconstruction procedures.

The Pierre Auger Observatory is a very good instrument for measurements of the
extensive air showers. It gives the unprecedented statistics of the events with the energy
higher than 10" eV that can help in revealing of the cosmic rays mysteries. In the currently
conducted Auger experiments two main types of detectors are used for taking data: a
network of the ground-based detectors, which register air shower particles, which passed
through detectors; and the fluorescence detectors - optical telescopes, which measure
fluorescence light induced by charged particles of extensive air shower in the air. These
observations enable the measurements of the lateral and longitudinal shower profiles that
makes possible to observe the whole process of the development of showers, which are in
the detector field of view. The detection of extensive air shower is a complicated process,
which requires consideration and modeling of several significant physical phenomena, in
particular, the cascade light development with the proper estimation of all the separate
shower components, telescope effects, choice of the right atmosphere and geographical
position of event, multiple scattering, etc. This work, in particular, is dedicated to the study
of the fluorescence detection method and to the search and elimination of the factors that
may influence the shower signal, measured at the Pierre Auger Observatory.

The aim of this work is to measure the lateral distribution of light in the fluorescence
detector and to study its change during the shower development in the atmosphere, i.e. for
different shower ages. For this purpose the procedure of the signal estimation in the shower
optical image was developed. The lateral profiles were calculated both for the thoroughly
selected recorded showers and for their simulations. The measured lateral distribution of
fluorescence light was further compared to the simulated profiles, created using a theoretical
function. This procedure allowed investigation of the method of shower maximum
determination based on the width of lateral distribution of fluorescence light in the shower
optical image.

The more detailed plan of this work is as follows. Main problems of the cosmic ray
physics are discussed in section 2. Furthermore this section includes the basic facts, related
to the development of the extensive air shower, and also the shower detection methods. In
section 3 the Pierre Auger experiment is described, with particular emphasis on the hybrid
detection technique. In addition, this section contains the recent results, obtained in the
Pierre Auger Observatory. Section 4 embraces the description of the procedures of

reconstruction and simulation of real extensive air shower, using the modern programming



tools. The main analysis includes the results, obtained by the author, and is presented in
sections 5 and 6. In particular, the method of shower image registration in the fluorescence
detector camera is described in detail in section 5. It also includes the parameterizations of
the lateral distribution of shower fluorescence light. Special attention is paid to the
parameterization using the phenomenological Goéra function, the experimental test of which
is discussed in the next section. Lateral shower profiles for measured and simulated
extensive air showers are presented in sections 5 and 6. Based on these profiles the method
of shower maximum determination, using the measured and simulated fluorescence light, is
investigated in section 6. A short summarizing overview of the results, presented in this

work, is given in the last section.






2. Ultra High Energy Cosmic Rays

The most energetic UHECRS ever observed have energy of the order 10%eV. Such
events are very rare (only less than one particle with energy higher than 10 eV is observed
per km? per millennium). Due to the extremely low flux of UHECRSs at the Earth, the direct
detection of such particles is impractical. When cosmic ray enters the atmosphere, it
produces an extensive air shower of secondary particles. Using the atmosphere as the
detector volume, the air shower particles can be registered and such parameters as energy,
arrival direction and nuclear mass composition of primary cosmic rays can be reconstructed.

In this section both the physical properties of primary UHECRs and the development

and detection of extensive air showers, initiated by them, are treated.

2.1. Physics of cosmic rays

What gives to the ordinary proton such energy, which is 10" times higher than the
energy reached by the most powerful terrestrial accelerators? Where are the UHECRS
coming from? These and other questions, concerning the cosmic ray physics, researchers are
trying to answer for nearly a century. In particular, the urgent theoretical problems, which
need to be solved, include the following aspects:

- it is still unclear, whether the UHECRs with energy higher, than theoretically
predicted limit GZK-cutoff, exist; this has to be proven experimentally;

- the composition of the UHECRs is a one more problem to solve;

- there is no universal and commonly accepted acceleration mechanism of UHECRS;

- the question of UHECRs origin is still open: there are no astrophysical sources
(such as active galactic nuclei, galaxy clusters, etc.) in the measured arrival directions of
UHECR:s.

So, despite the intensive investigations the nature of cosmic rays remains unclear.
Due to the correlation of these problems, solving one of them will greatly facilitate the

solution of another.

2.1.1. Energy spectrum and the GZK-effect

The flux of cosmic rays, i.e. number of particles above a given energy, changes
much with energy. About one cosmic ray particle with energy 10 eV arrives at m® per
second, whereas for energies in the range of 10™°+ 10 eV (the so-called “knee region”)

only one particle is coming at m? per year, and for 10%° eV the flux of cosmic rays drops to
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mere one particle at km? per century (Fig.2.1). That is why, for measurements of the
UHECRS, either a lot of time for acquisition of these particles, or detectors of a big size are
needed, in order to compensate such a low flux of UHECRs and accumulate a significant
statistics of them. As these conditions are unaffordable for satellite or balloon-based
detectors, so the most rational solution is to build a ground-based detector with a large area
for collecting data during the long period of time (such as the Pierre Auger Observatory —
see section 3).

Cosmic ray energy spectrum was measured in several experiments in the range of
10" eV to more than 10%°eV. The flux of cosmic rays can be described by a non-thermal
energy spectrum, represented approximately by an inverse power law in energy [6]

—N E7Y Eq.2.1
(o4 . 2.

Up to 10" eV the spectral index of cosmic ray spectrum can be approximated by
y = 2.7. However, there are some visible steepening features in spectrum structure, where
the spectral index behaves different (Fig.2.1.). One of them is the knee, i.e. a steepening
with changing of the spectral index from y~2.7 to y ~ 3.1 in the range of 10>+ 10'° eV.
Another feature is called the ankle and is observed at about 4 x 10*®eV. It is considered,
that at the ankle region of spectrum the extragalactic cosmic rays start to dominate over the
galactic ones (see section 2.1.3 for details).

The structure of the spectrum in the high energy region becomes better visible, if the
cosmic ray flux is multiplied by an energy dependent factor, e.g. E2°, (Fig.2.2.). It should be
mentioned that spectrum is generally known up to 10'°eV, but starting from this value its
shape is not clear enough, as there is small amount of available experimental data and
uncertainties on them become larger.

At the energy above 5 x 10*°eV the essential suppression is present in the cosmic
ray flux (Fig.2.2). This feature of UHECRS is compatible with the Greisen-Zatsepin-Kuzmin
(GZK) cutoff [7].

The existence of the GZK-effect was under investigation for a long time. In the
1990s, the GZK-cutoff was not observed in the spectrum of AGASA ground array and an
excess over the theoretically predicted GZK-limit was clearly seen in the registered flux
(Fig.2.2). At the same time, the GZK-suppression was seen in the first HiRes [8]
measurements, which used the fluorescence detection technique for recording light from
extensive air showers. To solve the inconsistency between these two results further

experiments (the Telescope Array [3], and the Pierre Auger project [9], [10]) were
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conducted and presence of GZK-like cutoff in the spectrum was confirmed.
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Figure 2.1: The differential all-particle spectrum of cosmic rays above 10%eV [11]. It
combines the measurements of several experiments: direct measurements from the LEAP [12] and
Proton [13] experiments and extensive air showers measurements done by Yakutsk [14], Haverah
Park [15], Akeno AGASA [16], Fly's Eye [17], HiRes [8] and the Pierre Auger Observatory [9]. For
comparison with experimental spectrum measurements, the theoretical spectrum with y = 3 is drawn
(green dashed line). Also the main shower features, i.e. ankle and knee, are indicated. The frequency

of UHECR arrival at the Earth is also shown for different energies (Figure updated from [18]).
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Figure 2.2: Cosmic ray high energy spectrum as measured in different experiments. The
spectrum was scaled with the factor of E*°for better presentation of its structure [19]. Such spectrum
features as ankle, knee and GZK-cutoff are indicated.

According to the theory of Greisen, Zatsepin and Kuzmin [20], the energy of the

0'%°eV due to the significant energy losses,

cosmic rays is reduced in the region above 1
which the primary cosmic ray particles (mainly protons) undergo in the intergalactic
medium during interactions with the cosmic microwave background (CMB) radiation ycueg.
The energy of the CMB photons is very low, nevertheless there can be enough center of
mass energy of interaction to produce pions and induce high energy losses for these cosmic
ray particles, that leads to reduction of their flux. So, as the result of this interaction, the
photo-pion production through the resonance A” is expected
P+yome A s p+a —p+2y, [Eq.2.2]
- A —>n+7, [Eq.2.3]
and the energy of the initial hadron is decreased significantly. The length of the mean free
path for this process for proton is very large for energies below the photoproduction
threshold, but it decreases quickly for energies above the threshold, that is about several
Mpc for energies above 10°°eV [21]. Therefore, primary UHECRSs suffer essential energy
losses from the interactions with CMB, if they are emitted at the distances larger, than

several Mpc (Fig.2.3). So that, for example, protons with energies above 10 eV are not
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able to travel further than several tens of Mpc [22]. Consequently, the UHECRs which are
coming from the distances larger than mentioned ones, are not observed at the Earth. In such
a way the existence of the observable GZK-suppression leads to the conclusion that the
sources of UHECRs should be nearby (up to 100 Mpc) to allow cosmic rays, accelerated by

them, to avoid large energy losses and be able to reach the Earth's atmosphere.

2
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Figure 2.3: Proton primary energy as a function of the propagation distance [22].

As a possible interpretation of energy losses in the ankle region of spectrum, the
interaction of extragalactic cosmic ray protons with CMB through the Bethe-Heitler e*e”
pair production process [23], is commonly treated:

P+yemg — A+ —>p+e+e. [Eq.2.4]

Besides mentioned processes, high energy particles may lose their energy due to
expansion of the Universe [24], [25].

If one takes into account the described situations, the travelling distance without
energy losses shortens considerably for particles with energies above ~10**°eV. So, if ultra-
high energy cosmic rays originate from the cosmological distances, their flux should be
consequently suppressed above that energy, indicating the GZK-cutoff in the spectrum.

It should be also mentioned that there are several other explanations of steepening
after 5 x 10" eV, different from the GZK-cutoff. For example, it can be interpreted as an

inability of the UHECRS sources to accelerate particles to higher energies.

2.1.2. Chemical composition
Identification of the primary particle type for UHECRs is still an urgent problem in

the cosmic ray physics, whereas the chemical composition of the low energy cosmic rays
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was measured experimentally. For the particles in the energy range from a few MeV up to
several TeV almost 86% of primaries are protons, about 11% are helium nuclei, electrons
constitute ~2% and nuclei of heavier elements (like iron, carbon, oxygen, etc.) ~1% [25]
(Fig.2.4).

I(' II T T T T T
x — Cosmic Rays

4
10 o — Solar System

100

Abundance relative to Carbon

5 10 15 20 25 30

Atomic number

Figure 2.4: The chemical composition of low energy cosmic rays in comparison to solar
system composition [26].

Unlike the low energy cosmic rays, primary UHECRs are not directly observed
experimentally. That is why direct identification of primary cosmic ray particles is
impossible, but it can be approximately inferred from measured extensive air shower
properties: either from the measurements of the number of electrons and high energy muons
with ground based detectors, or from the estimation of the depth of shower maximum (Xpax
- the depth, at which number of charged shower particles reaches its maximum) and its
fluctuations [27] from the longitudinal shower profile (see section 2.2.1), using fluorescence
telescopes.

Because of the significant fluctuations in the development from shower to shower
(even for showers of the same energy), the primary particle type cannot be identified for
each single shower, and is usually represented as an average solution.

The estimation of the mass composition of UHECRs was provided in several air
shower experiments. However, the results of those investigations lead to different
conclusions. So, light particles (mainly protons) seem to dominate in composition data of

HiRes experiment [28]. Whereas, results from the Pierre Auger Observatory (presented in

10
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section 3.3) are based on the greater statistics and indicate the mixed composition of
UHECRSs, i.e. both protons and iron nuclei are considered as possible primaries [29].
Moreover, the analysis of the dispersion in the depth of shower maximum in Auger data
emphasizes a predominance of iron nuclei at the highest energies. Such results may suggest
a change in the process of shower development, associated probably with some changes in

the nuclear interactions.

2.1.3. Candidate sources and acceleration mechanisms

Observation of a particle with energy above 10%° eV [30] implies the existence of the
very powerful sites in the universe, able to produce the UHECR. That is why among the
most fascinating mysteries in the cosmic ray physics there is also origin of UHECRs that is
closely related to a problem of the acceleration of cosmic ray particles to the ultra high
energies.

The sources of cosmic rays can vary according to cosmic rays energy values. Cosmic
rays in the range of 10" to 10% eV are emitted by the Sun; those in the range of 10° to 10" eV
are called galactic cosmic rays as they are predominantly emanated in our Galaxy, in
particular as a result of acceleration in supernova remnants. Extragalactic cosmic rays are
considered to have the energy starting from above 10'®eV and to more than 10 eV, their
sources are not known very well.

It is difficult to identify practically even the sources of the galactic cosmic rays with
energies around and below the knee region, as trajectories of these particles are curved
much due to deflections in the irregular galactic magnetic fields (diffusive propagation of
cosmic rays). Consequently, the measured directions, from which the particles arrive to the
Earth, do not indicate the location of the sources, which caused the acceleration of these
particles. This is why it is considered, that the distribution of arrival directions of these
cosmic rays is isotropic.

On the other hand, cosmic rays with energies higher than 10'°eV cannot change
their path because of the galactic magnetic field, as the Larmor radius of curvature for their
trajectory is larger than the radius of the Galaxy itself. Such particles are known as
extragalactic cosmic rays as they cannot be kept within the Galaxy and therefore, in the
absence of a galactic candidate source, it is supposed that they are coming from the
extragalactic sources [31]. It may be possible to determine the locations of the sources of
such UHECRs, knowing their arrival directions, which should in good approximation point

back to their sources. In particular, if the GZK-effect takes place as expected, the number of

11
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candidate sources can be limited to nearby objects. Such determination of the origin of
cosmic rays using pointing to sources method is currently under investigation in cosmic rays
physics, making its contribution into the charged particle astronomy.

Among the objects that belong to candidate extragalactic sites, powerful enough to
accelerate particles to ultra-high energies, there are: active galactic nuclei (AGN), radio
galaxies, clusters of galaxies, gamma-ray bursts (GRB) sources etc. The number of them is
limited by the GZK horizon and also by the maximum energy (Fig.2.5), achievable by
particle as the result of acceleration by relativistic shock waves. This energy can be
estimated as

Epax~bs-Z-B-L, [Eq.2.5]
where bs=v/c, and v — the velocity of the shock wave, Z - the charge of the accelerated
particle, B - the magnetic field able to keep the particles inside the acceleration region, and

L - the size of the acceleration region.
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Figure 2.5: Hillas plot of candidate sources for acceleration of ultra high energy cosmic rays
[32] in relation to the typical values of their magnetic fields and sizes. Green area depicts the region,
in which it is impossible to accelerate the particles to the energies higher, than 10®eV. The diagonal
line denotes the sources, capable to accelerate the particles to the given energy. For comparison the

point, corresponding to Large Hadron Collider (LHC), is shown.
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There are two basic groups of processes, generally used for explanation of the
particle acceleration up to the macroscopic energies: bottom-up and top-down models.

Top-down models suppose the creation of UHECRs as the result of the decay or
annihilation of the more energetic or supermassive primary particles into the UHECRS. This
group is represented by the more speculative exotic mechanisms, originating from the early
Universe. In particular, they include the emission of particles by the topological defects
(magnetic monopoles, cosmic strings) [33]; from the super-heavy dark matter particles [34];
from the QCD fragmentation [35] or from the Z-burst model [36].

Bottom-up models propose the acceleration from the low to high energies by means
of some processes. This group predicts the more realistic scenarios of particle acceleration
that can happen in observed astrophysical objects. So, for example, as the result of the
explosions in these sources (for example, in supernova) some areas of randomly moving
plasma can be created in the space. These areas can be regarded as separate plasma clouds,
moving with large velocities relatively to each other. The bulk of plasma particles is kept
inside the clouds and moves along with them. However, there is a small number of high-
energy particles, for which the radius of curvature of their trajectory in the plasma magnetic
field is of the size of the cloud or larger. Such particles, getting into the cloud, are not kept
in it and so are deflected by the magnetic field of the cloud. During this process the particle,
moving stochastically, is efficiently exchanging the energy with the whole cloud. But the
kinetic energy of the cloud is very large and so the energy of the accelerated particles may
grow indefinitely, until the particle leaves the area with intensively moving plasma. This
statistical acceleration mechanism was suggested by Fermi in 1949 [37]. In the similar way
particles may also be accelerated when they interact with the powerful shock waves (e.g., in
the intergalactic space), in particular, when two shock waves approach, forming reflecting
magnetic "mirrors” (or "wall") for the accelerated particles. Observations at different scales
(AGNSs, the Galaxy, the Sun, the Earth's magnetosphere, etc.) show that such particle
acceleration may take place in the cosmic plasma areas with magnetic fields and intense
nonuniform motions of plasma. However, large numbers of particles can be accelerated to
very high energies only in the regions with the large kinetic energy of plasma. This is
exactly what may happen in such processes as supernova explosions, or during activity of
radio galaxies and quasars.

Another example of bottom-up models of cosmic rays acceleration is the “one-shot”

mechanism [38]. It implies the direct acceleration of particles to high energy by an extended
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2. Ultra High Energy Cosmic Rays

electric field. This model can be applicable for such objects as pulsars or active galactic
nuclei (AGN).

All acceleration mechanisms lead to the spectrum of cosmic rays, in which the
number of particles decreases with increasing energy, but they may give different foresights
for the shape of the energy spectrum, chemical composition, etc. That is why a universal
acceleration mechanism or combination of mechanisms, able to explain all the features of
the spectrum and charge composition of cosmic rays, has not yet been found despite the
intensive theoretical and experimental studies.

Consequently, the precise measurements of the flux, energy, arrival direction and
particle type of primary cosmic rays are necessary for solving the open questions of
UHECRs physics. As the flux of the UHECRS is extremely low, this task can only be done
by the experiments with a large exposure, such as the Pierre Auger Observatory [2], or the
future space JEM-EUSO observatory [5].

2.2. Extensive air shower development

Extensive air showers (EAS) were discovered in 1938 by the French physicist Pierre
Auger [39]. He observed signal from the cosmic ray particles, coming simultaneously to
separate detectors, situated several tens meters away from each other. Based on these
experimental results, Pierre Auger made a conclusion about the existence of cascades of
secondary particles, i.e. extensive air showers, initiated by the high energy cosmic rays, and
further developing in the atmosphere, causing the correlated arrival of secondary particles at
the detectors at the ground level.

The development of an extensive air shower begins when high energy primary
particle enters the atmosphere and interacts with a nucleus of air. This interaction provokes
a production of secondary particles, which in their turn also interact with air nuclei,
producing a large number of particles and creating in such a way a cascade of shower
particles (Fig.2.6). During this process, the energy of the primary particle is shared between
the secondaries. There are three components that are usually distinguished in the process of
the cascade formation in the atmosphere, they are: hadronic, muonic and electromagnetic
showers.

The hadronic component is represented mainly by pions and kaons, produced as a
result of the collisions. The decays of kaons and pions, created in the hadronic interactions,

lead to electromagnetic and muonic cascades.
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Figure 2.6: Cascade process, caused at the result of interaction of primary comic ray with the
atmosphere, includes the production of the following extensive air shower components: hadronic,

electromagnetic and muonic.

The electromagnetic component is composed of electrons and photons that appeared
from the decay of the products of hadronic collisions. This part of cascade is always the
most dominant component of the extensive air shower as it contains the largest part of
shower particles. Electromagnetic shower is developing as a result of two main processes:
pair-production and bremsstrahlung. Created during these processes photons and electrons
have energy sufficient for production of the further particles. Hence, the number of particles
in the cascade is growing in the avalanche-like way. The ionization losses start to dominate
over the production of new particles, when the mean energy per particle in extensive air
shower is below the critical energy (see more details in section 2.2.1.). During this process
the total number of particles in the shower is decreasing, leading to the attenuation of the
shower.

The muonic component is characterized by the hadronic decay of pions and kaons
into the muons and neutrinos. The cross sections for neutrinos are very small, so these
particles do not participate in the further interactions and are not detected. Most of the
muons are able to reach the ground, as due to the high energy they are not much deflected
from their path by multiple scattering. Estimation of the total number of shower muons and
electrons is used for the reconstruction of the primary particle type and energy.

15



2. Ultra High Energy Cosmic Rays

So, as the result of the cascade development only electrons, muons, neutrinos,
photons and small numbers of hadrons can arrive at the Earth's surface. Secondary electrons
and muons are observed in scintillators or through the Cherenkov light emission in water
tanks. Fluorescence photons are registered by the fluorescence telescopes (see section 2.3
for details). Determination of the primary energy and mass composition of individual
showers in particular is possible by observing the fluorescence light from extensive air
showers.

The process of the evolution of the all shower components in the atmosphere can be
also described numerically by the so-called differential cascade equations [40], representing
the change of the number of particles with slant atmospheric depth X for defined shower
energy and primary particle type.

The size of extensive air shower depends on the primary energy, primary particle
type and arrival direction of cosmic ray. Showers of ultra high energies are composed of the
billions of particles and, when coming to the Earth’s surface, can cover the area of several
square kilometers. The width of the showers can be estimated using lateral distribution of
particles around shower axis, measured by the ground-based detectors. Cosmic ray arrival
direction can also be found by measuring the relative arrival time and lateral density of
particles at the grid of ground-based detectors. The approximate determination of the
primary particle type is possible, knowing the shape of the longitudinal profile and shower
maximum (Xmax). S0, it is important to measure precisely the longitudinal and lateral shower
profiles, which are responsible for determination of the main shower characteristics. The
physics of extensive air shower development, including the description of the shower

profiles, is discussed further in this section.

2.2.1. Longitudinal shower development
During developing in the atmosphere, a shower is traversing the amount of matter X
(in g/cm?) before reaching the Earth, where X is known as a slant atmospheric depth.

For the vertical showers the atmospheric depth can be defined as:

o)

%o® = [ ptran, [Eq. 2.6]
h
where h is a given height above the sea level, and p is the density profile of the atmosphere.

For inclined showers (zenith angle & < 60°) the slant atmospheric depth should be calculated
as:
X=X,/ cos 6. [Eq.2.7]
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2.2. Extensive air shower development

The longitudinal shower profile is represented by the number of particles in the
shower, N, as a function of X (Fig.2.7). At the beginning of the shower development the
number of particles in the shower is increasing with X, reaching the maximum at Xmax, after

which it is decreasing.
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Figure 2.7: The extensive air shower cascade of secondary particles is shown together with
longitudinal profile, representing the shower evolution process (schematic view). X; indicates the

slant depth, at which the first interaction of the primary particle with the atmosphere takes place.

The longitudinal shower profile can be theoretically described by the Gaisser-Hillas
parameterization [41]:

X — X1 )(Xmax_Xﬂ//l eXp (Xmax - Xl)
Xmax - Xl A ’

where Nnax is the number of particles at shower maximum, X; - depth of the first interaction,

N = N [Eq.2.38]

Xmax - depth of shower maximum, 4 - interaction length in air. Using the fit of this function
to the measured longitudinal profile points of real event, such main shower parameters as
Xmax and energy can be estimated.

Shower behavior, and so the shape of the longitudinal profile, depends on the type
and energy of primary particle. Showers, initiated by light nuclei will have their shower

maximum closer to the surface, than showers generated by heavy particles of the same
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2. Ultra High Energy Cosmic Rays

energy. And also showers with large energy penetrate more deeply into the atmosphere, than
showers with small energy.

The Heitler model [42] is a simplified way to describe shower development. It
reflects the dependence of Xnax On energy in the electromagnetic cascade. In this model
Heitler assumed that bremsstrahlung and pair-production processes have equal interaction
lengths, i.e. Xo=36.7 glcm? for both processes, and that when a particle traverse the
distance 1 = X, In 2, two particles are created (e*, e for pair-production process; and e, y for
bremsstrahlung) (Fig.2.8). It is also assumed, that during these processes the energy of the
parent particle Eq is shared equally between the created particles. Therefore, if the total
number of particles after n iterations is N =2", then the energy of each particle is
En=Eo/2". The cascade continues until the particle energy drops below the critical energy
Ec (Ec=80 MeV in air [40]), reaching shower maximum point Xmax and further starting the
process of shower attenuation. The maximum number Nmax =Eo/Ec of electromagnetic

particles is achievable at depth

Eo
Xmax = A In—. [Eq.2.9]
Ec
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Figure 2.8: The Heitler model of electromagnetic cascade [24].

Although the Heitler model gives a simplified explanation for electromagnetic
cascade development, it also brings important relations, that Nmax ~ Eo and Xmax ~ In Eo.

Furthermore, change of the average Xmax With the logarithm of energy, termed as the
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2.2. Extensive air shower development

elongation rate, can be used for determination of the cosmic rays composition (Fig.2.9). For
this purpose the average measured Xmax is compared to the theoretically predicted values for

different mass compositions.
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Figure 2.9: Average X.x measurements, provided by different experiments and compared to
values from Monte Carlo simulations, using different hadronic interaction models, are shown [43].
The information about average mass composition at given energy can be obtained, using measured

elongation rate.

2.2.2. Lateral shower profile

Another way to describe the evolution of the shower in the atmosphere is to study
the distribution of particles around the shower axis, known as a lateral distribution of
shower particles. The lateral distribution changes with slant atmospheric depth X, or
according to the so-called shower age parameter s, and can be estimated at each stage of
shower development. For the study of lateral shower profiles several stages of shower
development, which correspond to certain values of shower age, can be selected at the
shower path (Fig.2.10).

The shower age parameter s is ensued from the theory of the electromagnetic

cascades [44]. It can be defined as:

_ 3X
ST X ¥ 2K
Besides this definition there is also another approximation of shower age [45], according to

[Eq.2.10]
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which the age parameter equals to:
e 3t
t+2-In(Ey/E;)’
where t = X/Xp is the slant atmospheric depth in terms of the electromagnetic radiation
length Xo.

[Eq.2.11]

Figure 2.10: Schematic view of the shower, represented by several selected shower
development stages. Particularly, such stages can be chosen for measurement of the lateral
distribution of particles around shower axis. Shower stages, shown at the scale of the longitudinal
shower profile, are indicated by the approximate values of shower age parameter. In addition, the

lateral distribution of density of shower particles at certain stage is shown on the right.

The shower age changes according to the shower development in the atmosphere as
follows: at s =0 the extensive air shower is initiated by a single particle; at s =1 shower
reaches its maximum; and after s = 1 it is attenuated [46].

For the lateral and angular distribution of shower particles the Coulomb multiple
scattering mechanism is of the most importance. It causes that some extensive air shower
particles do not move forward along the shower axis, but are spreading away from axis. The
formed shower front resembles a disc, in which the density of shower particles decreases
with increasing distance from shower axis, i.e. with the disc radius r (Fig.2.10). By
integration of the lateral density py of charged shower particles the total number of particles

N can be found:

NX) = J.pN(X,r)andr. [Eq.2.12]
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2.2. Extensive air shower development

Examples of lateral distribution of the density of shower particles simulated using
the CORSIKA program [47], are shown in Fig.2.11. They include the hadronic, muonic and

electromagnetic components.
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Figure 2.11: Lateral distributions of different shower components, determined at the ground
level for the vertical proton shower with energy 10 eV, simulated using the CORSIKA program
[47].

Lateral distribution of shower particles at the small distances from the axis can be
expressed in terms of Moliére radius ry. This is a characteristic, mainly useful for the
central part of shower, known as shower core. The Moli¢re radius depends on the
atmospheric density p(h), and thus on the altitude h, temperature T and pressure P, at which
shower is detected [46]:

1
P[mb] — 73.94co0s0) 525588
T1K] ( P[mb] )
P[mb] — 73.94cos0 ’

where @ is the shower zenith angle. The Moliére radius equals about 78 m at the sea level

rylm] = 272.5 [Eq.2.13]

and about 100 m at the ground level of the Pierre Auger Observatory. It also can be

interpreted as:

Xo &
v = Eg E—C/P(h) = 9-6@//0(’1)' [Eq.2.14]

where Es=21MeV is the scale energy, Ec=80MeV the critical energy and
Xo = 36.7 glcm? - the radiation length in air (also known as a cascade unit). So, the Moliére
radius changes along the shower path, in particular, it increases with altitude, while the air

density p(h) decreases.

21



2. Ultra High Energy Cosmic Rays

The distribution of particles at a certain stage of shower development depends on the
history of Moliére radius changes with X rather than on the local ry value at this depth. That
is why ry is usually calculated at 2 cascade units above the appropriate atmospheric depth
[46], namely at Xygpyw = X — 2X,/cos(6), leading also to calculation of the new altitude
value hyew. This situation is demonstrated in Fig.2.12, where the shift of the mentioned
parameters is shown for the estimation of the proper ry value, based on the atmospheric

profile, fitted for the experimentally measured shower (represented in the further sections).
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Figure 2.12: Shift of the slant atmospheric depth X (red dots) by 2 cascade units above its
current values leads to the new depth Xyew and altitude hyew values (blue squares), at which the true
rv values should be calculated. The calculations are made for the real atmosphere, appropriate for
Auger event #200812102909, analysed in the further sections of this work.

Finally, for estimation of the number and lateral distribution of shower particles, the
distance from shower axis is commonly represented in Moli¢re units as r* = r/ry.

For pure electromagnetic showers the lateral density of e’e” particles at distance r
from the shower core can be described by the Nishimura-Kamata-Greisen function, also
known as the NKG approximation [48]:

_ N (52 r\s %5 T(45-5s)
puXor) = T (E) (1 * E) 2l (s)I'(4.5 —s)’ [Eq.2.15]

where s is represented by Eq.2.11, T" is the Euler gamma function.
Although the NKG approximation is good for description of electromagnetic

cascades, it is not sufficient for the other components (hadronic and muonic) of extensive air
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2.2. Extensive air shower development

shower. That is why other parameterizations of lateral distribution of shower particles, are

under investigation (see section 5.4).

2.3. Air shower detection technique

When cosmic ray particles traverse the atmosphere, they interact with the air
molecules, suffer energy losses and can be absorbed. For registration of them at the
beginning of their way through the atmosphere direct observations by means of satellites or
balloons are possible. These experiments are able to measure cosmic rays with energies up
to 10™eV. The other part of cosmic ray energy spectrum can be measured indirectly,
through recording the extensive air showers by the ground-based detection systems and
fluorescence telescopes. The fluorescence technique [17] is particularly useful for the
energies above 10 eV, as it makes possible to estimate the primary cosmic ray energy from
the longitudinal shower development in the atmosphere, so that the primary energy is
obtained by integrating the energy deposited in the air (see section 2.3.2.).

Thereby, there are two major methods of extensive air shower detection. One of
them is to use a ground-based array of detectors, composed of particle counters. The other
technique is based on the detection of the fluorescence light during shower traversing of the
atmosphere. This kind of light is induced by nitrogen molecules in the air and its
measurement makes possible to trace the development of the shower in the atmosphere.

Different detector types can be used in the surface detector for observations of
UHECRs. Scintillation counters were used in the Volcano Ranch [49] and AGASA [50]
experiments, whereas water-filled Cherenkov detectors were mounted at the Haverah Park
[51] experiment and are currently used at the Pierre Auger Observatory. In particular,
scintillators detect secondary electrons and muons, whereas Cherenkov detectors register the
Cherenkov light produced as the result of interaction of the flux of charged particles with
the water.

Besides these main techniques for extensive air shower detection, there are also
attempts to develop the new ones. Among them there is a technique of radio detection of
cosmic rays. It is very promising, as implies measurements with high duty cycle and offers a
possibility of precise shower direction reconstruction.

The two basic techniques, described shortly above, are discussed in detail in the

following parts of this section.
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2.3.1. Surface detector technique

Shower particles, falling at the Earth's surface, cover an area of many square
kilometers. That is why, to measure them carefully, the detectors, situated on the distance of
1 - 2 kilometers from each other, should be arranged on a grid. That was realized, for
example, at the Pierre Auger Observatory, in the way, that more than 1500 surface detector
stations, spaced by the 1.5 km, were mounted at the area of 3000 km? (see section 3.1). Such
array of detectors is called a surface detector (SD). Among the advantages of the surface
detector are its almost 100% duty cycle, which enables the continuous detection, and a
relatively simple determination of the exposure (i.e. of the integral over instantaneous
aperture of the observatory detectors). Detectors of such type measure density of shower
particles and time of their arrival at many points. Based on the measurements, conducted at
several detectors, it is possible to reconstruct the direction and position of shower axis.
Moreover, the number of particles in the shower can be estimated, giving a possibility for
the further calculation of the energy of primary particle.

Using surface detector the lateral distribution of shower particles at the Earth's
surface can be measured. As the lateral distribution depends on the shower energy, on the
inclination of the shower axis, on the shower age and depth in the atmosphere, at which the
shower is detected, the surface detector calibration must be based on detailed Monte Carlo
simulations of the shower development.

Lateral distribution of density of shower particles p(r) can be determined on the basis
of the density of particles in many points (surface detector stations). The lateral distribution
function (LDF) can be denoted as:

S(r) = $(1000) - f,pr (1), [Eq.2.16]
where S(1000) is a signal, measured at fixed distance r (equal 1000 m in this example case)
from the shower core (it is considered, that at r=21000 m the fluctuations between
individual showers of the same energy and zenith angle are minimal [52]); fior(r) is a
parameterization function, normalized to S(1000). In particular, f_pe(r) can be represented as
a modified NKG function [53], [46]:

fuor(r) = ( : )B< AR >ﬁ- [Eq.2.17]

T1000/ \T1000 + 7700

In this formula r;g0 = 700 m, $ describes the slope of the LDF and depends on the shower
zenith angle. Similar expression of lateral distribution function can be used in all
experiments, which employ the surface detector technique. Particularly, this formula is
applied to the measurements at the Pierre Auger Observatory (the example of the shower
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2.3. Air shower detection technique

LDF for the real event, registered at the surface detector of the Pierre Auger Observatory, is
shown in section 3.1.1).

Thus, with the information about measured signal strength S(r), it is possible to find
the total number of shower particles at the ground level:

N ocme‘S(r)dr. [Eq.2.18]

Thereafter the shower energy can be obtained, as it is proportional to the number of
shower particles. In practice, it is done simpler, as:

E=A-SE, [Eq.2.19]

where S3g IS the expected signal of a shower at a reference zenith angle 6 =38° at the

distance of 1 km from the core, A and B are the energy calibration parameters.

2.3.2. Fluorescence measurements

When charged shower particles traverse the atmosphere, they excite nitrogen
molecules, causing the isotropic emission of photons in the ultraviolet range 300 — 430 nm
(Fig.2.13). Such photons are known as the fluorescence light. Their isotropic emission
makes possible the detection of extensive air shower irrespectively of the moving direction
of the primary particle. For registration of the fluorescence light from air showers the optical
fluorescence detectors are used. By means of these detectors, it is possible to observe
extensive air shower at the large areas. So, UHECRs can be seen from the distances of even
30 km, in favorable atmospheric conditions. However, the measurements of the fluorescence
light can only be conducted during the clear moonless nights, which constitute only about
10% of the time.
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Figure 2.13: A measured spectrum of fluorescence light.
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The technique of the fluorescence light detection is based on the Fly's Eye concept,
used successfully for the first time in Utah at the Fly's Eye [54] and then in HiRes (High-
resolution Fly's Eye) [55] experiments. So, for example, in the Fly's Eye experiment mirrors
and photomultipliers were mounted in such a way, that the region of the sky observation
was divided onto 880 pixels, at which the light from extensive air shower could be imaged.
All pixels looked at their own directions of the sky, so that each pixel observed only small
area of the sky, and some pixels might observe a certain region of the passing shower
(Fig.2.14). Such triggered pixels formed a trace of the shower, mapping the shower
trajectory on the telescope camera. Knowledge of the sequence of triggered pixels and
triggering times allowed the determination of the arrival direction of the primary cosmic ray,
shower axis and shower detection plane (see section 4.1.). In addition, this fluorescence
detection technique made the possibility to trace out the longitudinal shower profile at all

the visible atmospheric depth levels.

Fluorescence

Figure 2.14: The geometrical layout of pixels as used in Fly's Eye experiment. The shower

trace is shown by the shaded hexagons.

The Fly's Eye concept of the fluorescence detection technique is used by several
experiments until now. In particular, it is one of the basic methods of detection at the Pierre
Auger Observatory.

For estimation of the number of charged particles based on recorded fluorescence
light, emitted in the air, the so-called fluorescence yield Y, should be known. This quantity
determines the number of photons emitted per unit length | of a charged particle trajectory in

26



2.3. Air shower detection technique

the air. It is usually measured experimentally in the laboratory conditions. It can be found
from the relation [56]:

d*N, _ YyNeu [photon
dldQ~— 4n '
In this expression N, is the number of emitted fluorescence photons, Y, is a constant

Eq.2.20
srm [ 1 ]

value of fluorescence yield, Ncy is the average number of charged particles in the shower. In
such a way the intensity of the fluorescence light, emitted at each stage of shower
development, is proportional to the average number of charged particles at that stage.
Alternatively, the amount of fluorescence light, generated in the atmosphere, is also
proportional to the average energy, deposited along the shower path (dE/dX) as the result of
ionization and excitation (so that, it can be assumed that average energy deposit is
equivalent to average number of charged particles). It is also evident that the fluorescence
yield should depend on the atmospheric conditions, in particular, on pressure P, temperature
T, and atmospheric density of air p,ir Therefore, the yield can also be represented as [57],
[58], [59]:
A dE

Yy(l) = (P, T) hcd_Xpair

where €, (P, T) is the fluorescence efficiency; 4 is the photon wavelength, c is the speed of

[phoﬂ]. [Eq.2.21]

light and h is the Planck constant.

Looking at both formulas representing fluorescence yield Eq.2.20-2.21, it can be
deduced, that the number of emitted fluorescence photons is proportional to the released
energy:

N, o d—E. [Eq.2.22]
dXx

Therefore, it is possible to calculate the energy of cosmic ray primary particle (which is

equal to the extensive air shower total energy) using fluorescence detection method. So, if

Ec is the critical energy, Xo — the radiation length in the air, Ncy — the number of charged

particles, the cosmic ray energy can be calculated as:
Ec
0

Although this formula is not used in practice, it shows that the measurements of
fluorescence light, carried out at the fluorescence detectors, provide the nearly calorimetric
estimation of shower energy.

Having the limited duty cycle, the fluorescence detection method is not as much

effective as surface detector technique. However, it allows the rather precise estimation of
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shower energy, using the calorimetric method, what is not accessible for the surface
detectors. That is why, as the best method of extensive air shower detection the so-called
‘hybrid" detection technique was proposed, in particular, in the Pierre Auger experiment [2],
[60]. This technique is represented by a combination of two complementary detection
methods, which imply the employment of surface and fluorescence detectors (Fig.2.15).
Simultaneous usage of these detectors at the observatory improves significantly the
accuracy of measurements, as both detectors register the same shower by measuring the
various quantities. The Pierre Auger experiment is discussed in more detail in the next

section.

Fly’s Eye ||
with activated '
phototubes |

Cherenkov water tanks

Figure 2.15: The schematic example view of hybrid detection technique of extensive air
shower, represented by the detectors of two types: surface array (Cherenkov tanks) and fluorescence
detector (Fly’s Eye).
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The Pierre Auger Observatory [2] was built for the purpose of studying the UHECRs
via measurements of the properties of extensive air showers. It is expected that the
observations, conducted at the observatory, will help in explanation of the origin of
UHECRSs, primary particle identification, etc. These goals can be realized at the Pierre
Auger Observatory as it has the exposure, which is much larger than in other cosmic ray
experiments. Furthermore, the hybrid detection technique, used at the observatory, allows
the shower registration, using different detection methods, and so provides the reliable,
cross-checked data.

The hybrid detection technique, used at the Pierre Auger Observatory, is represented by
two main types of detectors (surface and fluorescence). Using surface detectors (SD) it is
possible to measure shower front at the Earth’s surface, and find the lateral distribution and
time dependence of shower particles, which reach the ground. Fluorescence detectors (FD)
enable observation of shower development in the atmosphere and measurement of the
longitudinal shower profile. By connecting two different measurement techniques, Auger
hybrid detection system enables a very good calibration, and comparison of shower
parameters. This technique allows also to reduce the systematic uncertainties of the single
detection methods, and so to increase the measurement accuracy.

One of the main advantages of the Pierre Auger Observatory is its size. Being the
largest detection system for UHECRS study in the world, it covers an area of 3000 km?.
Data collection started at the observatory at the beginning of 2004. The operation period of
the observatory was planned at least for 10-15 years. So, starting from the beginning of data
collection and up to the year 2012, the total exposure constitutes more than
23 500 km? sr yr. That means that the Pierre Auger Observatory has significantly larger

exposure, than other cosmic ray observatories combined.

3.1. The instruments of the Pierre Auger Observatory

The Pierre Auger detection system [2] is situated in Malargiie
(69° W, 35° S, 1400 m a.s.l.), Mendoza Province, Argentina (Fig.3.1). There are two types
of detectors currently employed at the Pierre Auger Observatory, which have already been
briefly discussed earlier. In addition to them, a radio detection technique, represented by the
array of radio detectors, is being developed at the observatory. Besides different detectors,

other instruments are located at the Pierre Auger Observatory. Some of them extend the
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3. The Pierre Auger Observatory

properties of the detectors (like the High Elevation Auger Telescope (HEAT)), others are
responsible for the monitoring of the atmospheric conditions and aerosols at the area of
observatory (such as weather stations, cloud cameras, etc.). The instruments of the Pierre
Auger Observatory are discussed in more detail in the following section.
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Figure 3.1: The Pierre Auger Observatory near the town of Malargiie. The positions of the
instruments of the Pierre Auger Observatory are shown: the surface array detector stations (black
dots), the fields of view of the fluorescence detector (FD) telescopes (blue lines), HEAT - High
Elevation Auger Telescope (close to Coihueco FD), AERA - Auger Engineering Radio Array (pink
region) and the atmospheric monitoring instruments Central and eXtreme Laser Facilities (CLF and
XLF) are shown in the middle, while the others are situated mainly in the FD sites and so are not

shown.

3.1.1. Surface array

The surface detector system [61] consists of 1660 water Cherenkov detector stations,
arranged in a hexagonal grid on the distance of 1.5 km one from another, covering the total
area of 3000 km?. Each SD station (Fig.3.2) is a polyethylene plastic tank with 12 tons of
purified water (water level inside the tank equals 1.2 meter). Each water tank encloses a
Tyvek reflective liner that protects the water from contamination and ensures a uniform
reflection of the Cherenkov radiation, produced by muons and electrons, traversing the
water. Among other parts of SD station are: 3 photomultiplier tubes (PMTSs), which record
the Cherenkov light emitted by shower particles; electronics box for reading the signals

from PMTs; communication antenna for sending the collected data to the Central Data
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Acquisition System (CDAS) and GPS antenna for time and position determination; solar
panel and battery box, used for power supply. The SD station photomultipliers monitor the
water in the tank all the time and register the Cherenkov light, when the event comes to SD.
The signal is further filtered and read out using the Flash Analog Digital Converters
(FADCs) at 40 MHz. At the same time its arrival time is obtained by the GPS receiver. The
information about the shower (the FADC signals and their time of arrival) is sent to CDAS,

where the energy and direction of the primary cosmic ray is determined.

Communication GPS
antenna antenna

Solar
panel

" %

Tank
with water
Three PMTs

Figure 3.2: One of the SD stations of the Pierre Auger Observatory.

An example of the real Auger event, measured by SD is presented in Fig.3.3. The
signal, coming to the array of SD stations, is shown in dependence on the time, distance and
strength. In particular, colours of the individual circles at the grid of detectors (Fig.3.3a)
denote the time of signal arrival at the station (from yellow (start of the signal detection) to
red (last signal detected)). The size of the circles at the figure illustrates the strength of the
signal. The dependence of the signal on the distance from the shower core S(r) is represented
by the lateral distribution of the signal (Fig.3.3b), calculated in VEM units, i.e. as the
average signal deposited by a centered and vertically travelling high energy muon,
traversing each SD tank. Shower particles are coming to several stations during a short time.

As it already was mentioned above, the duty cycle of the surface array is about 100%
that makes possible collecting of the large ultra high energy event statistics. Therefore, large
database of ultra high energy events, measured at SD array, can help much in determination

of the shower parameters, and so in solving of the mysteries in UHECR physics.
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Figure 3.3: The real Auger event #201114608582 is shown at the image, representing the
part of SD array (a). It has an energy E =~ 5 - 10"° eV, zenith angle 6 = 42.7°+0.1°, azimuthal angle
@ = 143.9°+0.2°. The increasing size and changing colour (from yellow to red) of the circles at array
correspond to the strength of the extensive air shower signal at each single station and to the arrival
time of that signal respectively. The lateral distribution, represented by the signal value S(r) vs.
distance r, is shown in VEM units on the figure (b). The signal at 1000 m, indicated by a red square,
equals to S(1000) = 222.7 + 8.9 VEM. The blue line fitted to the lateral distribution is a lateral
distribution function, obtained from the NKG parameterization. Blue triangles at the right down

corner of the picture mark stations with no signal.

3.1.2. Fluorescence detectors

The Auger FD system [62] consists of four FD sites, situated at the borders of the
surface detector (Fig.3.1) and overlooking the whole SD array. They are: Los Leones (LL),
Los Morados (LM), Loma Amarilla (LA) and Coihueco (CO) fluorescence detectors. Each
such FD site contains six fluorescence telescopes (Fig.3.4a,b), which observe their own
regions of sky with the size of 30° in azimuth and 2° - 30.6° in elevation, that constitutes the
total field of view of FD site, equal 180° x 28.6°.

The inner structure of a FD telescope is presented in Fig.3.5a,b. When the shutter is
opened, the light enters through the diaphragm with diameter 2.2 m. Using UV filter, most
of the background light contamination (such as moonlight) is filtered out from the total
light. After that the residual light is reflected by the spherical mirror (with the approximate
size 3.5 m x 3.5 m) and focused onto the camera, located in the focal surface.

The large field of view of each telescope (30° x 28.6°) is obtained, using the
modified Schmidt optics [63], which includes the diaphragm, corrector ring and a spherical
mirror. Spherical optics makes possible observation of such a large field of view by

focusing light from a wide range of directions on the focal plane. However, large spherical
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aberrations arise during this process as the light is not focused on a single point, but on a
caustic surface, leading to an extended spot on the focal plane. These aberrations become
more significant with increasing of the part of the illuminated mirror surface, and therefore
they have to be corrected. The diaphragm and corrector ring are responsible for the
reduction of coma and spherical aberrations respectively. The diaphragm opening window
limits the mirror area available for illumination, while the corrector ring compensates the
increased spherical aberrations. The corrector ring lens, installed around the diaphragm,
allows one to increase the effective light collection area of the telescope about two-fold,

while maintaining a shower image size of 0.5° [64].

(a) (b)
Figure 3.4: The real (a) and schematic view (b) of FD site at the Pierre Auger Observatory.
The photo represents Coihueco FD. Six telescopes layout is shown at the schema.
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Figure 3.5: The inner schematic structure (a) and real view (b) of a fluorescence telescope at
the Pierre Auger Observatory. The path of incoming photons is also shown at the scheme.

The FD camera (Fig.3.6a,b) is built of 440 pixels. Each pixel looks at its own

direction, observing approximately 1.5° x 1.5° of the sky, as follows from its size, shown in
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Fig.3.7. When shower light comes to the detector, the camera pixelizes the shower image

and records the time and the amount of light, which comes to every pixel.

~
o
~

Figure 3.6: Real view of the PMT camera of the telescope is presented on figure (a). Its
schematic view (b) denotes that the camera consists of 440 pixels, arranged in a 22 x 20 matrix [62].

Each pixel has a hexagonal photomultiplier tube (PMT) (Fig.3.8). The camera PMTs
have the light collection efficiency in the UV band, equal on average to 93% [62]. Such
great efficiency is reached by installation of small light reflectors (“mercedes stars”)

between the PMTs [65], that leads to the reduction of signal losses on the PMT boundaries.

Figure 3.8: The photomultiplier tube
(Photonis XP3062), which is used in the

cameras of FD telescopes at the Pierre Auger

Observatory.
Figure 3.7: Schematic pixel size view.

Besides the listed FD parts, there are also electronic devices, responsible for data
collection and processing. Thus, the main computers, located in each FD site, are used both
for managing the signal identification scheme (also known as high level triggering process)
and for storing the large volume of events raw data. The absolute timing information is

assured by the GPS receiver. Each camera has its own data acquisition system (DAQ). Data
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transfer to the Central Data Acquisition System (CDAS) is provided via a wireless
communication link.

Air shower identification scheme, used at Auger FDs, is also of the special interest.
It consists of 4 trigger levels [66], i.e. 4 steps, necessary for the correct event registration
and including selection criteria for this purpose. The First Level Trigger (FLT) ensues with
frequency equal 100 Hz, when the signal (measured in a single pixel and integrated over
10 time bins (1 time bin =100 ns) to improve signal to noise ratio) exceeds a certain
threshold of detection during 1 ps. For passing the Second Level Trigger (SLT) the
previously chosen pixels should form a pattern of the definite shape (Fig.3.9). The Third
Level Trigger (TLT) is activated for the verification of the event time structure. It is
considered to be a software trigger operating on the telescope level. The last trigger is called
the eye level trigger (T3), and is supposed to check the possibility of the quick rudimentary
event reconstruction with determination of the direction and time of impact on the ground.
After that, in order to enable the data readout and comparison with SD data the information
is sent to CDAS.
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Figure 3.9: Basic topologic configurations, used by SLT at the Auger FDs [66].

For the purpose of conversion of the measured signal to the number of photons, the
following procedure is commonly used in FD data analysis. After registration of the charge
values of signal in the PMTs, the signal is digitized by the fast analog to digital converters
(FADCs) with a frequency of 10 MHz in time bins of 100 ns [62]. This provides a time
profile of the shower development in the atmosphere. Then, using the previously measured
calibration constant [2], the FADC-traces can be transformed to the number of photons in
the time interval. Shower profiles, built using number of photons determined in such a way,

are presented in the next sections.
3.1.3. Other instruments of the Pierre Auger Observatory

Atmosphere monitoring instruments are also a necessary part of the Pierre Auger
Observatory, as the atmosphere is variable, and therefore the special instruments are needed
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to take into account its variability. Furthermore, the atmosphere itself forms a part of the
detector system and so should be carefully monitored. As a shower develops in the air, the
atmospheric parameters are of great importance for determination of shower characteristics.
In particular, due to the fact that some fraction of the fluorescence photons is dissipated in
the atmosphere and does not reach the detector, it is necessary to permanently monitor the
density of aerosols in air, on which the scattering takes place. In addition, the monitoring
instruments can help much in estimation of the influence of atmospheric effects (like
clouds) on shower signal that can lead to reduction or even elimination of their impact on
FD data. Among the instruments for atmosphere monitoring at the Pierre Auger Observatory
are: weather stations, Llght Detection And Ranging station (LIDAR), atmospheric
soundings (i.e. balloon sounding of the atmosphere), Central and eXtreme Laser Facilities
(CLF and XLF), cloud cameras, optical telescopes - the Horizontal Attenuation Monitor
(HAM) and the Fotometric Robotic Telescope for Atmospheric Monitoring (FRAM), and
two Aerosol Phase Function Monitors (APFs). Specifics of the measurements, provided by
these instruments, is briefly discussed further in this section.

Four weather stations are situated at the FD sites and two are in the central part of
the observatory. For every five minutes they measure pressure, temperature, relative
humidity and wind speed at the ground level.

Also for the measurements of vertical temperature and density profiles above
Malargiie, the atmospheric sounding [67] was used. Helium balloons with radiosondes
attached were launched several times per month and measure atmospheric properties at the
height of up to 30 km. Currently, this procedure has been replaced by use of GDAS global
data [68].

There are two laser facilities (CLF and XLF) in the middle of the surface detector
array (Fig.3.1). They are used for measurements of the parameters (such as aerosol optical
depth) of the aerosol component, responsible for the contamination of the atmosphere with
dust and smoke particles. Each of these facilities is equipped with a pulsed laser, which
generates a sequence of shots into the atmosphere. The laser light scattered in the air is
registered further in all FDs [69]. Laser events, recorded by FD telescopes, give the
information about the aerosol concentration at different altitudes.

There are also aerosol monitors (APFs), situated at Coihueco and Los Morados FD
sites. These instruments include the Xenon flashers, which shoot horizontally in short

distances in front of the FD eyes to observe scattered light over a large scattering angle
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range [70]. Using these measurements, it is possible to find the Mie scattering phase
function.

Additionally, for the purpose of aerosol studies, optical telescopes HAM and FRAM,
located at Los Leones FD site, are used at the Pierre Auger Observatory. HAM lasers shoot
horizontally from one FD building to another that allows measuring the horizontal
attenuation length at the ground level. FRAM observes a set of known bright stars.
Comparing the star brightness, obtained from these observations, with the catalogue value, it
Is possible to find the dependence of the light attenuation in the atmosphere with the
wavelength [71]. Besides, FRAM is able to detect presence of clouds in the atmosphere.

The LIDAR [72] stations are located at each FD site of the Pierre Auger
Observatory. Each station includes a pulsed UV laser with a wavelength of 351 nm and a
80 cm mirror. This system is capable to measure the atmospheric profile in any direction.
Besides, during operation the LIDAR detects clouds, which are between the extensive air
shower and the FD. The LIDAR stations are also used in measurements of atmospheric
aerosols through backscattered light from the UV laser. In addition, the LIDAR can work in
the shoot-the-shower mode: if a very high energy shower is detected, in short time the
LIDAR is directed to scan the atmosphere crossed by this event.

Four infrared cloud cameras [73] are situated at the roofs of each FD site. A single
camera has a field of view equal 45° x 35°. Every 5 minutes during data taking, the camera
photographs the sky, looking at the FD field of view, and an estimate of the cloud coverage
is made.

In such a way, the atmosphere studies, conducted all the time at the Pierre Auger
Observatory, allow not only the monitoring of the atmospheric parameters, which influence
the shower development, but also take into account the atmospheric fluctuations. Working
together the instruments discussed above ensure the acquisition of a detailed information
about atmospheric conditions, and so about important extensive air shower characteristics,
that helps much in studies of UHECR properties.

There are several upgrades, being implemented currently at the Pierre Auger
Observatory. The purpose of their implementation at the observatory is to increase the
capability of the detectors, to develop new detection techniques, etc.

One of the enhancements for the Pierre Auger Observatory detectors is the High
Elevation Auger Telescope (HEAT) [74]. It is situated close to Coihueco FD building
(Fig.3.1) and contains the identical telescopes, as FD has. As it can be deduced from its

name, high elevation telescope extends the FD field of view in elevation, so that its size is in
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the range from almost 30° in Coihueco FD up to 60°. Such large field of view allows the
registration and study of the low-energetic extensive air showers, which develop high in the
atmosphere. Furthermore, the Xmax measurements can be done at HEAT for the close
showers with maximum outside the FD field of view.

Another extension of the Pierre Auger Observatory is AMIGA, i.e. Auger Muons
and Infill for the Ground Array [75]. It contains 85 detector pairs, which consist of the
water-Cherenkov detectors and muon counters. These detectors are situated near the
Coihueco FD site at the area of 23.5 km?, forming in such a way an infill array inside the
Auger SD array. This infill array in its turn contains 2 sub-arrays. One sub-array includes 61
detectors, located at the distance of 750 m one from another; the rest 24 detectors constitute
the other sub-array, and have a spacing of 433 m. The infill array allows more precise
measurements of the muonic shower component, providing a detailed study of the showers
with the energy 0.1 — 10 EeV.

Besides the discussed extensions the detectors of the third independent detection
type are being developed at the Pierre Auger Observatory. They are radio detectors, which
form the so-called Auger Engineering Radio Array (AERA) [76] (Fig.3.1). The main
purpose of arrangement of these detectors at the Pierre Auger Observatory is to develop the
radio detection technique. AERA occupies the area of 20 km? counting 160 detector
stations. The detectors of this new type can measure the extensive air shower radio emission
with radio antennas at each stage of shower development. Radio detection arises as a very
promising measurement technique, which can provide shower reconstruction with very good
angular resolution. The duty cycle of radio detectors is almost 100%. So, they can supply
the Auger Observatory with the complementary information on energy and nature of the

cosmic ray primaries.

3.2. Specifics of the hybrid detection technique

The main feature of the Pierre Auger Observatory is the hybrid detection method,
which employs two independent detector types. The air showers, measured simultaneously
by the surface and fluorescence detectors, are known as hybrid events. Taking advantage of
both detection techniques, the properties of hybrid events can be measured independently,
giving the opportunity to obtain the more accurate results.

Due to the layout of the FDs at the Pierre Auger Observatory, among hybrid events

there are extremely high energy showers, which can be registered at the same time by
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several FDs (Fig.3.10). Such showers are called stereo hybrid events, whereas events,

detected by one FD, are mono hybrid events.

Figure 3.10: The example of real hybrid event #201114608582, recorded in May 2011 at the
Pierre Auger Observatory, is shown at the picture together with schematic views of the four FDs and
SD array. Presented event is a very rare, so-called, 'golden’ event, which was register simultaneously
by the all four FDs. Its characteristics together with SD view and lateral profile were specified in
section 3.1.1. The picture includes slightly inclined vertical lines, which define the shower axis,
reconstructed separately by the surface (blue line) and fluorescence (red lines) detectors. Lines,
arising from the axis in the direction to the FDs, represent the signal, coming to the telescopes,
depending on the time of arrival on FD (in the spectrum from violet colour (early time) to yellow or

red one (latest registered time)).

The reconstruction procedure, appropriate for hybrid showers, is another distinctive
feature of the detection technique, used at the Pierre Auger Observatory. In particular, it
includes the reconstruction with the fluorescence detectors taking into account the
information from the surface array, and consists of several important steps. They are:
calibration and pulse determination; reconstruction of shower detector plane (SDP) and
shower axis; finding the time fit; estimation of shower light at the aperture; and, finally,
reconstruction of the shower profiles and energy. These steps of shower reconstruction
procedure are described in more detail in section 4.1, particularly on example of the real
hybrid event.

One of the consequences of the hybrid reconstruction procedure is a possibility of
the precise estimation of shower energy by means of SD and FD detection methods (as it

was shown in section 2.3). Thereafter, one more feature of the hybrid detection technique
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arises; it is a cross-calibration of shower energy between the fluorescence and surface
detectors. For this purpose the correlation between the measurements of fluorescence energy
Erp and shower signal S(1000), recorded in SD at 1000 meters from shower core, should be
carefully studied [77]. To adjust for the zenith angle dependent attenuation of signal,
S(1000) is converted to S;g value [9], which represents the expected signal at 1 km from the
core of a shower at the zenith angle 38°.

At the same time, the energy Egp of the event is known due to the fluorescence
telescopes. The correlation between Egp and S;g can be derived by fitting a power law to
(Ssg, Epp) pairs of hybrid events (Fig.3.11).
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Figure 3.11: Correlation between shower signal Ssg, measured by SD array, and energy Egp,
determined by FD, is shown. The data points represent the energies, obtained for hybrid events. The
blue line denotes the best fit to the data [9].

So, the energy calibration can be obtained from the hybrid events dataset. Using this
cross-calibration it is possible to estimate the energy of events, seen by one technique and
unavailable for detection by another one (such as daytime events, which are unavailable in
FD).

3.3. Main results of the Pierre Auger Observatory

One of the great advantages of the Pierre Auger Observatory is the unprecedentedly
large statistics of UHECRs that allows obtaining more precise cosmic ray characteristics,
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than it is done in other experiments, and consequently can greatly help in solving the
mysteries of UHECR physics.

Thus, in 2008 the Pierre Auger Observatory reported the measured cosmic ray
spectrum with a visible confirmation of the GZK-cutoff [9]. That energy spectrum was
found for 20000 events with energy values starting from 2.5 - 10'® eV. Further observations
of energy spectrum at the Pierre Auger Observatory, using hybrid detection technique,
confirmed that results [10]. Thus, due to the high statistics such spectrum features as the
ankle (~10"®eV) and the GZK suppression (above 10'*7eV) are well visible at the
updated spectrum version (Fig.3.12). Furthermore, the shape of Auger energy spectrum is in
a good agreement with the correspondent data from other experiments (Telescope Array,

HiRes), despite the different energy scale of these experiments.
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Figure 3.12: Recent energy spectrum measured at Auger Observatory in comparison to
measurements, provided by Telescope Array and HiRes detectors [19]. The systematic uncertainties

of the energy scale, indicated by arrows at the figure, are of the order of 20%. The differential

cosmic ray flux is multiplied by E*®.

As it was discussed in section 2, the measurements of the primary cosmic ray
particle type depend on the longitudinal profile and shower maximum estimation [27]. That
is why changes of the average depth of the shower maximum and its RMS with energy are
carefully studied at the Pierre Auger Observatory (Fig.3.13). In particular, according to
measurements of (X,,,,,) as a function of energy, the elongation rate (i.e. the dependence of

the mean X,,,,, on the logarithm of the energy) starts changing its value in the energy region
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~ 10 gV [78], which is close to the ankle. These results rather point out at the mixed
composition at all energies (see Fig.3.13). However, as statistics of the events with energy
above 4 - 10" eV s still insufficient, this result needs more studies. In addition, Monte
Carlo simulations provided using different hadronic interaction models, give large
uncertainties for expected values of elongation rate. So, the mass composition at the highest

energies still is uncertain.
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Figure 3.13: Average depth of shower maximum (X,,,.,) (2) and RMS (X,,,4x) (b) vs. shower
energy are shown. The number of events (points) in each bin is indicated together with systematic
uncertainties, denoted as a band. The limits of predictions for proton and iron primaries for several
hadronic interaction models (EPOS, QGSJETO1, SIBYLL, QGSJETII) are presented [79].

In [80] the Pierre Auger Observatory reported anisotropy in the arrival directions of
UHECRSs, based on the Auger data up to the end of August 2007. As a result of this
analysis, a correlation with positions of active galactic nuclei in the Véron-Cetty and Véron
(VCV) catalog was found. This correlation was observed for events with energy above
55 EeV and with angular separations of less than 3.1° from AGNSs located closer than
75 Mpc from the Earth. The degree of the correlation with AGNs, observed at that time,
was 69%.

The later analysis [81], carried out based on the Auger events up to the end of
December 2009, increased number of events from 27 to 69 and revealed that the UHECRs
correlating fraction with nearby AGN directions equals to 38%, while 21% is expected if
cosmic rays were isotropic. The correlation between the 69 arrival directions of CRs and
AGNs in the VCV catalogue is illustrated in Fig.3.14.
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Figure 3.14: The 69 arrival directions (black dots) of cosmic rays with energy above 55 EeV
and the positions of nearby 318 AGNs (blue points, where darker blue colour indicates larger
relative exposure), according to the VCV catalogue, are shown at the map. The objects are plotted
in galactic coordinates. The solid line draws the border of the field of view for the southern site of

the Pierre Auger Observatory for zenith angles smaller than 60° [81].

Some correlations can be explained by existence of a possible source in the explored
region of the sky — the radiogalaxy Centaurus A, situated at the distance of 3.8 Mpc. There
is a significant number (about 12 from 69) of UHECRSs with arrival directions pointing in
that region (Fig.3.15), while arrival directions of 2 of them seem to correlate with the

nucleus position of the radiogalaxy.
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Figure 3.15: The number of cosmic ray arrival directions as a function of angular distance
from Centaurus A. For an isotropic cosmic ray flux the expected dispersion is shown in different
ranges (68%, 95%, and 99.7%) [81]. The excess in data above isotropic expectations is

represented by the 13 arrival directions within 18° from Centaurus A.
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It is still unclear, whether the UHECRs from Centaurus A really originate from this
region, or from other close sources. This problem needs more sufficient statistics of
UHECRSs, which the Pierre Auger Observatory is able to supply, and so have a perspective
to be solved in future.

The Pierre Auger Observatory is now running smoothly after complete installation
of all the necessary components. Large statistics of events allows conducting of the precise
measurements of the UHECR spectrum with GZK-cutoff, as well as provides the detailed

study of chemical composition and arrival directions.
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simulation

A shower reconstruction procedure, together with shower modeling and simulation
of detector response, needs to be described by computational methods. This is done in the
Offline software framework, designed within the Pierre Auger Collaboration [82]. Its
general purpose is to supply the researches with good computing tools for analysis of the
data collected at the observatory.

The structure of the Offline software package includes three main parts (Fig.4.1).
They are connected with each other by means of a centralized mechanism, which consists of

a collection of configuration files.

Detector description Algorithms Event data

-v—* Module ;—) Event

Fluorescence detector . Fluorescence detector
-—* Module %—)

Surface detector Surface detector

. ; Air shower
: H Module *_F

Figure 4.1: The structure of the Offline software framework.

T
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The three component parts of the framework include:

o The detector description consists of a read-only information about detector
performance at a given time. In particular, this contains details of the configuration, size and
status of the SD and FD detectors, uptime information (the sum of the time intervals from
the periods, when a fluorescence telescope was successfully operating, giving the good data
for physics analysis), and data from atmospheric monitoring. The static information (about
the detectors, for example) is stored in XML-files; relatively slowly varying data (like
changes of the atmospheric conditions) are saved in MySQL databases. During work of the
program the requested information is passed to a manager of modules, responsible for
extraction of specific detector characteristics from data source;

o The algorithms, needed to provide objective data analysis, are arranged in
processing modules, saved as the XML-files. A collection of modules can be assembled and
sequenced, using instructions defined by the user in a special file (ModuleSequence.xml).
The changes in modules can be done by means of a bootstrap file (bootstrap.xml);
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o The event structure is built in the process of data analysis, using the
processing modules of the program. They allow obtaining of raw, calibrated, reconstructed
and Monte Carlo data for every Auger event.

The Offline software package is extremely flexible; it gives the possibility to use a
combination of modules, appropriate for the conducted analysis.

The C++ language is used for code implementation in the Offline framework. The
analysis output is recorded in a ROOT [83] based file format, called the Advanced Data
Summary Tree (ADST) [84]. This format was specially designed for summarizing the
resulting output of event reconstruction and simulation, done by means of Auger Offline
software. It contains event variables from FD and SD, needed for physics analysis. The
analysis, provided in the sections 5 and 6, is based on the data obtained from such kind of
outputs.

As one of the main goals of this work is to measure the lateral shower profile using
the optical image on FD camera, the stress in this analysis is made on the FD part of the
hybrid study. That is why mainly the steps of FD reconstruction and simulation procedures
are described in detail in the following sections. These procedures are implemented into the

Offline software, and so can be applied to events from the Pierre Auger Observatory.

4.1. Shower reconstruction procedure

The main purpose of hybrid reconstruction is the extensive air shower energy
estimation, based on the data collected by FD, and considering the information from the SD
array [62]. The standard procedure of shower reconstruction consists of several steps (as it
was briefly discussed in section 3.2). All of them are implemented in the Offline software as
modules, arranged in the proper sequence (Appendix Al). The steps of the reconstruction
procedure include the following:

1. Calibration of FD (responsible module — FdCalibrator). The detector
calibration is needed in order to determine the number of photons, measured by the
fluorescence detector. After subtraction of the background noise from the total measured
light (see also section 5.2), the signal in ADC-counts (i.e. electric pluses) should be
converted into number of photons at the aperture (photon traces). It is done for each pixel by
multiplying the ADC-trace (i.e. the signal in ADC-counts as a function of time) by the
calibration constant at the appropriate time interval. These constants depend on time and are
determined for each telescope during the detector calibration procedure [62].

2. Pulse reconstruction (module — FdPulseFinder) is represented by an
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4.1. Shower reconstruction procedure

algorithm which determines the true pulse of the shower. Using this algorithm, the

calibrated ADC-traces are obtained at each 100 ns, by maximization of the signal over
noise. A signal-to-noise ratio can be calculated as:

S/N = S(At) ’

VAt x RMS

where At —is the difference between the last and the first time moments, at which signal S

[Eq.4.1]

arrives at the FD; S(At) — is a total signal, measured at the correspondent time interval At,
RMS is the variation of the ADC-trace baseline. Only S/N values greater than 5 are chosen
for further analysis, that allows elimination of the accidental noise, caused by background
radiation.

3. Shower detector plane (SDP) reconstruction (Offline module -
FASDPFinder) is a first step of the shower geometry reconstruction (Fig.4.2). SDP is a plane
defined by the pixels of the fluorescence telescope. Each pixel of the telescope camera looks
at its own direction, observing a certain region of the sky. Knowing the directions of a set of
pixels which receive light from the shower, it is possible to determine the SDP by

minimizing the function:
0* =) wilp; -, [Eq.4.2]
i

where w; is the total integrated signal found in pixel i; p, is a geometrical pointing direction
of a pixel i corresponding to the angle yi; 71 is a searched vector normal to the SDP. When

the SDP is determined, the shower axis can be found.

Figure 4.2: Schematic illustration of the shower geometry reconstruction [85]. Hybrid SDP
is reconstructed using the shower trace image at the FD camera. Shower axis can be determined,
knowing the timing and angular information for each pixel from shower trace, as well as using data

from SD station.
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4. Shower reconstruction and Monte Carlo simulation

4. Shower axis reconstruction within the SDP (module — FdAXxisFinder) is the
second step of extensive air shower geometry reconstruction. The SDP intersects the
telescope camera, matching the triggered pixels. To find the position of shower axis within
the shower detector plane, the following function should be minimized:

¢, — gmeas 2
x?= z (—l L ) , [Eq.4.3]
L. o(t:)
where t]***® indicates the average measured time of shower light arrival to the field of view

of pixel i, o(%) is an error, corresponding to the expected time t; of pulse for pixel i. This

time t; (see Fig.4.2) can be given by:

Xo _Xi), [Eq. 4.4]

2
with Ry — the perpendicular distance of closest approach from the shower to the detector

RP
t; =ty + Ttan(

(also known as an impact parameter, determining the shower core), to — time, at which
shower front reaches the position of closest approach, y; — a pixel elevation angle, defining
the direction of each pixel i projected onto SDP, yo — angle between the shower axis and
vector pointing from detector to shower landing point, ¢ — velocity of light. The best fit of
parameters yo, Rp, to determines the shower axis.

The time fit can be more precisely found using the hybrid reconstruction
(HybridGeometryFinder module). If the timing information from only a single SD station is
additionally used in the reconstruction, the accuracy of event geometry reconstruction is
much better, than that obtained by SD or FD independently. The estimation of the expected
trigger time of the SD station can be given by:

1 - Ed
teY =ty + ZR -k, [Eq.4.5]

where R is the position of the Cherenkov detector station with respect to the FD eye, k is the
shower direction. So, using this timing information, the axis direction and the core position
of the shower can be reconstructed.

5. Calculation of the light flux at the aperture (module — FdApertureLight). The
special procedure is used at this step of shower reconstruction to estimate the total light
received at the aperture of the fluorescence telescope. It includes a signal-to-noise
maximization algorithm. This algorithm, first of all, implies the determination of the optimal
width ¢ of shower image on the camera (i.e. the optimal { angle, defined as the angle
between the viewing direction of a pixel and the position of the shower on the camera
(Fig.5.7a)). After that the integration of the signal from pixels inside the circle of radius {
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4.1. Shower reconstruction procedure

allows us to obtain the number of photons at the telescope aperture as a function of time
N, (t).

6. Longitudinal shower profile and energy reconstruction (module —
FdProfileReconstructor). As both the shower geometry and amount of light at the detector
aperture have already been determined, it is possible to reconstruct the emission of shower
light from the atmospheric layers, visible to FD. The number of photons collected in the FD
aperture as a function of time N,(t) is proportional to amount of light deposited by the
shower particles along their path in the air as a function of slant depth N,(X). In such a way,
a longitudinal shower profile (see section 2.2.1) can be measured.

During such a reconstruction procedure several kinds of light are taken into account.
They include the isotropically emitted fluorescence light, the Cherenkov light component,
and scattered light from these contributions [86].

The Cherenkov radiation is emitted in a narrow cone along the direction of a
particle. However, this kind of light covers a considerable angular range on its way with
respect to the shower axis, because some charged particles are deviated from the primary
particle direction due to multiple scattering. Therefore, two Cherenkov light components
with different nature are usually distinguished: the forward direct and scattered light.
Moreover, the scattered Cherenkov light consists of the Rayleigh (photons, scattered on
particles smaller than the wavelength of fluorescence light) and Mie (photons scattered on
larger particles, such as dust) components (Fig.4.3).

o]
i A \F\\
i t : € T; . €
i \ Nt )
J 7 /}i B/ W T /’4
(a) (b)

Figure 4.3: The flux of shower light, which comes to the FD, is composed of several direct
(a) and scattered (b) components. They are shown by different colours at the picture: isotropic
fluorescence light (green), forward beamed direct Cherenkov light (red), Rayleigh-scattered
Cherenkov light (blue), Mie-scattered Cherenkov light (magenta) [86]. All these light contributions

should be taken into account during shower profile reconstruction procedure.

49



4. Shower reconstruction and Monte Carlo simulation

The multiple scattering of light is supposed to occur in the atmosphere during
propagation. This process describes the motion of photons, scattered on the aerosols or air
molecules, instead of propagating along the direct path from the shower core to the
telescope. Also some photons, which should not be in the telescope field of view, can be
scattered back to the telescope and thus they may increase the signal. That is why it is
important to add or subtract the scattered light to the total light flux correctly, to obtain the
precise model of the shower signal.

Each of the mentioned contributions can be represented by the relations which
include the fluorescence yield. Particularly, the non-scattered direct fluorescence light can

be given by:

Ny (X)) =Y/ -4, [Eq.4.6]

where AX; is the interval of slant atmospheric depth, Yif — the fluorescence yield (i.e. the
expected number of fluorescence photons at slant depth Xj), and dE;j/dX — the energy,
deposited by the extensive air shower charged particles, which covered the distance AX;
along the shower axis. The direct Cherenkov light can be represented by
NE(X) = YENLAX,, [Eq.4.7]
with Y;© — the expected number of Cherenkov photons at Xi, N. — the number of the electrons
and positrons with energy larger than the threshold energy needed for Cherenkov light
production.
As shower light, which comes to the detector, is scattered in the atmosphere
(Rayleigh and Mie scattering), only some its part can reach the FD. Being limited by the

telescope aperture A, the registered direct fluorescence light can be calculated as:

AeT;
yif = l

f
= N, (X;), Eq.4.8
47TT‘i2 y ( l) [ q ]

where T; is a light transmission factor, r; is a distance between the light emission point and
the FD, ¢ — the light detection efficiency dependent on the UV filter transmission, mirror
reflectivity and PMTs efficiency.

Correspondingly, the direct Cherenkov light, registered in the FD, can be described

as.

cd _
i =

AETi
T f (BN (XD, [q.4.9)

with fo(B;) — a fraction of direct Cherenkov light, emitted in a solid angle g; (Fig.4.3).

On the other hand, as the Cherenkov photons move forward along the shower axis,
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4.1. Shower reconstruction procedure

an intense Cherenkov light beam can be formed along the shower (Fig.4.3b), so the
possibility of detection of scattered Cherenkov light also should not be neglected. Therefore,

the number of Cherenkov photons in the beam can be calculated at certain depth X; as:
i

Ny 2o (X)) = Z zji YT AXG N, (X)), [Eq.4.10]

j=0
where z; — is an attenuation coefficient, including the fact that the number of Cherenkov
photons at the depth X; corresponds to amount of the Cherenkov light, emitted from the
previous stages of shower development X;. Hence, the scattered Cherenkov light, coming to
the FD aperture, can be estimated as:

£ = Tifs(BYNy"*™ (X)), [Eq.4.11]
with f(B;) — a fraction of scattered Cherenkov light, emitted in the g; angle.

The total light, observed at the detector aperture, can be described as:

i =y + v yE + oy, [Eq.4.12]
and includes the multiple scattering component y;™*.

Shower energy can be calculated based on the amount of light, registered at the
telescope aperture. This is possible knowing the energy deposited dE/dX; by charged shower
particles in the atmosphere, which corresponds to the summarized deposited energy of a
single shower electron, multiplied by the number of charged particles N¢(Xj) at the

atmospheric depth X;. Thus, the total deposited shower energy can be given by

dE—N(X)JOO (EX)dE(EX)dE Eqg.4.13
dXi_eiOfe'idXe'ir [Eq.4.13]

where function f¢(E, X;) represents the normalized electron energy distribution (this function
is universal and depends on the shower age parameter only [87]), dE/dX¢(E, X;) is the energy
loss of a single electron with energy E.

It happens often that due to the close distance to the detector or large elevation angle,
not all stages of shower development are observed within the FD field of view, so that the
shower longitudinal profile is cut. That means that a part of shower signal is lost. To avoid
this loss, the parameterization of longitudinal profile, using Gaisser-Hillas function (see
section 2.2.1), is usually applied. In addition, this function gives the opportunity to estimate
quite precisely shower maximum Xma. Furthermore, its integration over slant depth,
together with taking into account of the measured fluorescence yield in air, enables
estimation of energy deposited in the atmosphere that corresponds to a calorimetric energy

of the shower.
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4. Shower reconstruction and Monte Carlo simulation

Afterwards, the total reconstructed shower energy (that is the energy of the primary
cosmic ray particle) can be estimated after correction for the invisible energy, to which the
undetectable neutrinos and muons contribute. Sometimes, large systematic uncertainties on
the calculated shower energy arise in the process of shower reconstruction. To reduce them
the accurate study of the lateral distribution of light at different stages of shower
development in the atmosphere is needed. Such kind of study is provided in the following

sections of this work.

4.2. Example of event reconstruction

The process described in the previous section can be visually explained on example
of the high energy Auger event #200812102909. This event is analysed in this and next two
sections. For convenience, in the following it will be denoted as event 1 (correspondingly
the other events, presented in Appendix, will be named as events 2, 3, 4, 5). So, event 1 was
recorded by the Auger fluorescence telescope (mirror 2) at the Coihueco site (the 3D view
of the reconstructed event is illustrated in Fig.4.4), and has zenith angle 6 =41.7 +0.3°,
azimuth ¢ =241.3+0.6°, and distance to the detector ~5.90+0.02 km. After the
monocular reconstruction procedure the event primary energy, equal to 4.78 + 0.47 EeV,
was determined together with Xmax = 699 + 9 g/cm?. The estimated Cherenkov fraction is
18%.

The telescope field of view is divided into hexagonal pixels (PMTs). Shower light
triggers some of these pixels, forming a shower trace on the camera (Fig.4.5a) (for details
on procedure of signal acquisition see section 5.2). This trace defines the shower detector
plane (SDP), which includes the shower axis. Location and orientation of shower axis
within SDP is determined from the pixel times. The expected time of light arrival at each
pixel of the camera (Fig.4.5b) is described by a function of angle y (Eq. 4.4), responsible for
determination of pixel directions.

Once the shower geometry is known, the amount of light collected at the aperture of
the fluorescence telescope at different time bins is found (Fig.4.6a). During the
reconstruction procedure the contributions (direct and scattered Cherenkov light, multiple-
scattered light) to total shower light are estimated by calculating the attenuation due to
scattering between the shower axis and the fluorescence telescope. Knowing the fraction of
these contributions in the total light collected, the estimation of fluorescence emission in the
atmosphere can be found by subtracting the photons of mentioned contributions from the

total reconstructed light.
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4.2. Example of event reconstruction

Figure 4.4: The example event 1, recorded in May 2008 at the Pierre Auger Observatory, is
shown at the 3D picture together with schematic views of the Coihueco FD telescope and triggered
SD stations. A reconstructed shower axis (almost vertical red line) is also defined. The coloured
lines represent the light, coming to the FD at different times (in the range from early (violet colour)

to latest (red) time moments).
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Figure 4.5: Light track of the example event is reconstructed at the telescope camera (a) of
the Coihueco FD site. Colours of triggered pixels are changing depending on time of light arrival
(according to the colour encoding, mentioned in the previous figure). In addition to the triggered
pixels, there are also other pixels at the camera: grey ones correspond to the FLT pixels, which are
not a part of the shower; light grey ones are all pixels without a pulse; black pixels have a pulse, but
are not a part of SDP. The red line, crossing the camera, represents the SDP, intersecting the
detector, and red point at this line denotes the position of shower maximum X..x. The time fit (red
line) (b) is shown on the right. Coloured points correspond to appropriate coloured pixels. The black

square indicates the surface detector station used for hybrid reconstruction.
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4, Shower reconstruction and Monte Carlo simulation

After atmospheric corrections the light in the aperture is converted into the energy
deposit at slant atmospheric depth (Fig.4.6b), and so the longitudinal shower profile is
derived. The best fit of the Gaisser-Hillas function to the profile provides the estimation of
shower parameters (such as Xnmax). As the atmospheric depth is connected with the shower
age (Eg. 2.10), the longitudinal shower profile can be also drawn versus age (Fig.4.6c).

For the shower energy calculation, the energy deposit should be transformed to the
number of charged particles (Fig.4.6d). Integration over them provides the calorimetric
shower energy.

The longitudinal profiles for several other selected events (events 2, 3, 4, 5) are

shown in Appendix B together with time fits and camera views with the triggered pixels.
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Figure 4.6: The amount of light (a) (black points) of the example event, registered at the
aperture of the fluorescence telescope, is illustrated as a function of time. It corresponds to the total
reconstructed light, and includes estimation of all its contributions (shown as the coloured curves).
The energy, deposited in the atmosphere, is reconstructed from the light at the telescope aperture.
Considering it as a function of atmospheric depth gives the longitudinal shower profile
reconstruction (b). The red curve, fitted to the points of the profile, is a Gaisser-Hillas function. The
energy deposit as a function of shower age is shown at (c). Number of charged particles vs. slant

depth is presented at (d).
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4.3. Monte Carlo simulation of extensive air showers

Measured signals usually have large uncertainties (shown at the profiles), which may
appear because of the fluctuations of the background, electronics, etc., i.e. as a result of
inaccuracies in the processes of air shower detection and reconstruction. Such uncertainties,
in their turn, influence the uncertainty on shower energy. To solve this problem, a simulation
of extensive air showers is used. Large number of showers with the same parameters
(energy, zenith and azimuth angles etc.), as real shower has, are simulated. Such simulation
is called a real Monte Carlo (MC) simulation. Taking the signal values, averaged over the
simulated showers, as the most approximated to the real shower, allows calibration of the
measured signal. Besides, the simulation of the detection process is needed to have the
correct simulations.

There are several programs, widely used for the extensive air shower simulations.
Among them are CORSIKA [47], [88], which simulates the development of the shower, and
its derivative CONEX program [89], which is a simpler program, able to simulate 1-
dimentional development of the shower.

The Offline framework allows simulations of the detector response, simulated
measurements of showers with their reconstruction following, based on these simulations.

Before the Offline simulations, an input file including the main shower
characteristics should be created to be subsequently read at the beginning of the Offline
simulation procedure. This file can be obtained by means of CORSIKA or CONEX
programs, which provide the MC simulations of high energy interactions with a fast
numerical solution of cascade equations for the resulting distributions of secondary
particles. Using these programs it is possible to simulate the interactions of the cosmic rays
with the Earth's atmosphere and the development of extensive air showers. The advantage of
the air shower MC simulation is a possibility to estimate the fraction of invisible energy, i.e.
the energy not recorded by the air shower detectors (as it is mainly taken away by neutrino,
created during shower development).

The MC programs enable simulations of extensive air showers with different input
shower specifications. This finally allows getting of appropriate shower profiles. All input
parameters, used for simulation in this work, are given by the characteristics of real
reconstructed showers, needed to be simulated. Particularly, for CONEX they are: type of
the primary particle, energy (up to 10**eV), zenith and azimuth angles. The advantage of
the CONEX simulation is providing the realistic air shower profiles including shower-to-

shower fluctuations for the minimal computation time.
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4. Shower reconstruction and Monte Carlo simulation

The Offline simulations used in this work are based on the one-dimensional
simulations of proton shower profiles, obtained from CONEX, using QGSJETO01 [90]
hadronic model for ultra high energy interactions and GHEISHA [91] model for lower
energies. As the result of these simulations, the energy deposit profiles as well as charged
particle longitudinal profiles are calculated (Fig.4.7). Moreover, the Gaisser-Hillas function
is fitted to these profiles and the following shower parameters can be derived for the further
Offline simulation: the Xmax value, the number of particles at shower maximum Npax, depth

of the first interaction Xo, shower energy.
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Figure 4.7: The longitudinal shower profiles, obtained using CONEX for the real event 1
(described in section 4.2), include energy deposit profile (a) and a distribution of charged particles

(b). In addition, the Gaisser-Hillas function is shown (red fitted line), together with the shower

parameters, estimated from fit.

Afterwards, the simulation of the shower detection process at the Auger observatory,
using Offline framework, is done. It includes the simulation of the detectors response and
takes into account the triggering of the surface array by the particles arriving at the ground,
and of the FD eye by fluorescence light emitted by the shower particles and propagated in
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4.3. Monte Carlo simulation of extensive air showers

the air. The real MC approach is used for hybrid detector simulation, and is applied to this
work. The specifics of such simulation procedure implies a combination of the time
dependent detector status and the use of monitoring data for each pixel of the camera. The
simulation procedure contains several steps (represented also by a list of modules in the
module sequence (Appendix A2)). First of all, the CONEX output file, which includes some
showers, is read as an input file for Offline. Secondly, the atmospheric density and
temperature profiles are defined based on the GDAS atmosphere parameterization [68].
After that the following steps are launched to provide a real MC simulation:

1. Generation of shower impact position and time stamp (responsible module
EventGenerator) for determination of shower core location on the ground. This step
precedes both real FD and SD simulation parts.

2. Event preparation (FdSimEventChecker module) includes a choice of the
proper FD telescopes (eyes, pixels) to be used for further simulation. This is done based on
the information about the event actual time and geometry (obtained, in particular, from the
FD uptime manager, i.e. manager which is operating by the information about the time
intervals, at which the FD was successfully operating), and using energy dependent
telescope trigger probability.

3. Light generation (ShowerLightSimulator module) is a simulation of the
fluorescence and Cherenkov photons along the shower track. At this step the simulation of
only one of these components is also possible by switching off another one. Shower light
simulation allows obtaining the information about the number of shower particles, with the
following estimation of their energy deposited in the atmosphere, and calculation of the
number of fluorescence photons emitted along the shower axis.

4. Propagation of the shower light to the telescope diaphragm
(LightAtDiaphragmSimulator module) is also described. The light flux is calculated with
certain time resolution (100 ns for standard FD telescopes), and at certain time moments, at
which shower enters and then leaves the telescope field of view. It is also possible to
simulate both direct (fluorescence and Cherenkov) and scattered (Mie and Rayleigh
Cherenkov) light components, coming to the diaphragm.

5. Lateral shower structure (ShowerPhotonGenerator module) is implemented
in this step. It should be pointed out that at the previous steps the shower was treated at each
stage of shower evolution as a point-like one-dimensional object. However, it is a disk-like
object, and the point-like simplification is corrected by implementation of the lateral shower

particle distribution into shower simulation procedure. Using appropriate atmospheric

57



4. Shower reconstruction and Monte Carlo simulation

parameters, the lateral distribution of electrons at each stage of shower development can be
found based on the shower age dependent parameterization [92], used only for the
fluorescence light production. For proper simulations of the lateral Cherenkov light
distribution, another parameterization [93] should be implemented. Also multiple scattering
(Mie and Rayleigh scattering effects in the atmosphere) should be included into the flux,
being parameterized by [94] or [95] (the Pe¢kala parameterization [95] is the one, used for
simulations in this work). Then, the total light flux at the diaphragm, summed over all
wavelengths at each time interval, is converted into the number of photons. In sections 5 and
6 of this work, the contributions of the described components of shower light into the total
signal are investigated, using the lateral distributions of photons, measured at the camera.

6. Simulation of the telescope optics (TelescopeSimulator module). After
determination of the number of photons at the diaphragm, photons are traced through the
telescope. During ray-tracing of photons in the telescope, properties of light and telescope
are taken into account. They include: reflection and refraction at the corrector lens, mirror,
light collectors and PMT window; transmission and reflectivity of the materials.
Consideration of these characteristics leads to the proper estimation of the telescope effects,
and to increasing of the accuracy of simulations.

7. Adding the background photons (such as from stars and moon) to the photon
traces (FdBackgroundSimulator module) of the shower light allows to reproduce the total
light, coming to the detector. In this work the so-called 'bgLoop' option is used in telescope
background simulations. It is responsible for implementation of the background variances
per pixel from the FD monitoring data, and so provides realistic background simulations.

8. Simulation of the telescope electronics (FdElectronicsSimulator module). At
this step the electronics noise is added to the signal obtained from shower and background.
Formed in such a way, the total signal for each pixel is further saved as ADC counts (see
section 5.2). The 'useMonitoringInfo' option, which is applied for simulation process, should
be switched on to provide the realistic simulations with the FLT threshold (see section 3.1.2)
as well as the electronics noise data from the monitoring database. The monitoring and
uptime information are the features, specific to the real MC simulation. So the total signal,
obtained at this step of simulation, is supposed to correspond to the measured signal of
appropriate real events.

9. Simulation of a response of FD trigger (FdTriggerSimulator module).
Simulated at the previous steps ADC traces are used for FD trigger simulation. Four trigger

levels, described in section 3.1.2, are implemented at this step. If the event passes them, a

58



4.3. Monte Carlo simulation of extensive air showers

conclusion whether to record the event for further use or not is made.

10. A simple procedure (SdSimpleSim module), which provides generation of
realistic air showers in the surface detector of the Pierre Auger Observatory without
employment of the full shower and detector MC simulations (appropriate for ordinary
hybrid simulation) is provided at this step. The input information, including the one-
dimensional shower profiles, is read from CONEX file. Using these data the generation of
lateral shower signal at SD array and the timing information are provided. The one-
dimensional shower longitudinal profile is extended to yield a three-dimensional air shower
object, which can be detected by the surface detector.

The described above steps are the basic stages of the real MC simulation. They can
be supplemented by other modules, needed for the specific analysis. After a successful
detector simulation the events are reconstructed based on the reconstruction steps, described
in one of the previous section, and using detector configuration and parameters of the
atmosphere.

In particular, for simulation and further reconstruction of the shower at the Pierre
Auger Observatory, the procedures described in the above are used. As a result, the profiles
obtained after simulation and then after reconstruction (Fig.4.8), are found for example
event, discussed in section 4.2. It is expected that the final profile (obtained after
reconstruction) corresponds to the reconstructed profile of real event. Due to fluctuations it
is not always true, therefore the average values for several tens simulated showers should be

taken into account to provide unbiased data analysis.
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Figure 4.8: The longitudinal profile of event, created from simulation procedure is shown in

the blue colour. After application of the reconstruction module sequence it results into the profile,
coloured red. The reconstructed values of primary energy (equal 3.96 EeV), and shower maximum

(Xmax = 706 = 8 g/cmz) are a little bit different from those of real measured event, mentioned above.
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5. Optical image of an extensive air shower

During simulation of shower development in the atmosphere several important
aspects should be taken into account for precise shower parameters determination. The
distribution of shower particles around the shower axis is often considered to be of a disk-
like shape with the disk size equal to Moliere radius ry (ry~80m at the sea level).
Therefore, if the shower is seen from a distance of several kilometres, it can be represented
as a point-like source of light, moving with the speed of light. The light, emitted during this
process is further registered at the camera as the shower image. The point-like
approximation of the shower, used in such experiments as Fly's Eye and HiRes, is generally
relevant, but it is not sufficient for precise shower energy determination, especially for close
showers. For the correct analysis, the disk-like structure of the shower front should be
considered during measurements of light distribution in shower optical image. The principal
part of high energy events, registered at the Pierre Auger Observatory, have the size of
shower image, equal 1 - 4 pixels, that corresponds to 2{"angle ~ 1.5 - 6° (Fig.5.1).

Figure 5.1: Main part of emitted light (collected in 2 angle) is registered by the FD and
further used for reconstruction. But some part of shower light is lost and not included to

reconstruction, as follows from the lateral distribution of light around shower axis.
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5. Optical image of an extensive air shower

The main part of shower photons, emitted in the process of shower development and
forming the shower optical image, goes to pixels located in the center of shower image
(usually 1-4 pixels). However, as the image is usually larger than the field of view of a
single pixel used for light registration, some part of light is expected not to be registered
(Fig.5.1). This smaller part of shower photons comes to the pixels situated relatively close to
the image center, and is not registered by FD, as signal values in those pixels are below the
pixel trigger thresholds. As a result, that part of photons is not included into the beam of
registered light, and shower energy is underestimated. That is why it is important also to
have a good theoretical background to be able to estimate precisely both the shower optical
size and expected distribution of light in shower optical image. In the following sections the
method of determination of shower image angular size and lateral distribution of
fluorescence light in shower optical image is discussed together with its practical

application to showers measured at the Pierre Auger Observatory.

5.1. Shower development and shower image in the FD

As the shower front is not a point-like source, but has a disk-like shape, the snapshot
of the fluorescence light from the shower is seen in the detector camera as a circular spot
[96]. This spot is the shower optical image formed by photons which come simultaneously
at the camera from different stages of shower development [97]. Those photons originate
from the surface S (Fig. 5.2). At this figure the shower at each moment of time is
represented by a disk with a radius r, which moves downward in the direction of the shower
axis. Let's consider the movement of particles from disk at position m. Photons, emitted at
the same time from the points A and B, do not arrive at the same time to the FD eye, as the
distances of these points to the eye are different (AO # BO). While a photon, emitted from
point B, reaches the intermediate point D, shower disk is moving to a new position n. So,
that BD = AC. As the distances OD = OC, the photons emitted from the points C and B will
reach the FD eye simultaneously, while the photon from point A comes early. In other
words, if the photons arrive simultaneously from the points B and C, the time, for which a
particle passes the distance BO, equals to the time, needed to pass the distance AC + CO.

Consequently, the surface S consists of points of emission of photons, which arrive
to the FD eye at the same moment of time. Photons emitted from the surface S, form the
spot-like shower optical image (Fig. 5.3) at the camera at each moment of time.
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5.1. Shower development and shower image in the FD

0
Figure 5.2: Schematic view of the air shower development (updated from [97]), with the
stress on the geometry of this process and on forming of the shower image, seen by the FD. Shower
front with radius r is moving through the atmosphere. Photons, which are coming simultaneously to

the FD eye and constitute the shower optical image, originate from the surface S.

time bin 281

elevation [deg]

90 95 100 105 110 115 120
azimuth [deg]

Figure 5.3: Example of shower optical image for real Auger event. It is formed by the
photons coming to the camera at certain time moment and from a certain surface (as discussed
above), forming in such a way a spot on the camera. A set of the spots, registered sequentially for all
time bins, constitute shower trace at the detector camera. The indicated colour scheme corresponds
to the change of logarithm of the signal. The red line represents the SDP.
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5. Optical image of an extensive air shower

The size of the shower optical image is defined as the angular diameter of the image
spot, which contains the fraction of light, registered on the FD camera and limited by the
circle of 2{ angle (Fig. 5.1) at the shower image (the {"angle corresponds to a certain radius
r around shower axis (Fig. 5.7)). For distant showers the optical image is usually smaller
than the field of view of a single pixel, that allows to collect almost 100% of light, using the
signal-to-noise (S/N) maximisation algorithm (when the light is collected in the circle with

radius {5y, which has a maximal S/N value). However, for close showers (with distance to

detector d < 10 km) the shower image size is larger than 1.5° (single pixel size). So that the
part of the photons, forming the image, hits the pixels, which are situated relatively close to
the image center. Those pixels may have a signal value below the triggering threshold, that
leads to underestimation of the total shower signal and consequently of the shower energy.
This effect can be taken into account by means of a lateral distribution function (such as the
Gora function, see section 5.4), fitted to the measured signal. However, such function
should be proven experimentally by comparison with measured lateral profiles. This task is

discussed in detail in section 6.

5.2. Procedure of signal detection in FD pixels

Determination of the signal distribution in shower image is based on the analysis of
shower signals, registered in individual pixels of the camera at certain moments of time
(time bins, equal 100 ns). They include the photons, coming from the shower, and the
background light, constantly recorded from bright stars, our galaxy, the moon, atmosphere
etc. [98].

The light from an air shower triggers pixels along the observed line of its
propagation across the camera. When the shower trace at the camera is formed, the signal at
each pixel is recorded (Fig. 5.4). Signal amplitudes vary for each pixel, and depend on the
time, at which shower light arrives to the pixel. At the beginning, the signal, saved as ADC
counts, contains the background light, which is responsible for most fluctuations seen in
ADC traces. For calculation of the average number of background photons the variance,
caused by electronics noise, should be subtracted from the recorded variance of ADC traces.
After that, the signal without background light is determined for each pixel by subtracting
the background from the trace. Afterwards the signal is converted from the ADC counts to
photons (Fig. 5.5), using calibration constants. The photon traces for each pixel of the

camera are reconstructed both for real measured as well as for simulated events.
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5.2. Procedure of signal detection in FD pixels
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Figure 5.4: Several pixels (marked by black dots) are selected from the shower trace at the
camera (a) to indicate the change of a signal (in ADC traces, without background) with time (b). The
data are analysed for previously discussed Auger event 1. Typical acquisition of the signal is shown
in detail in figures (c-f) for single example pixel #348, indicated by its number at the camera. In
particular, signal in ADC traces with background is presented at (c) with its closer view (d), and
signal in ADC traces without background is shown correspondently at (e) and (f). Shower signal

values are determined by the height of the pulses.
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5. Optical image of an extensive air shower
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Figure 5.5: After application of the calibration constants of each pixel to signal in ADC
counts, the signal in units of photons is recovered for pixel #348 (a) (discussed at (Fig. 5.4)). For

comparison also a pulse, registered in the pixel #207 (b) at later moment of time is shown.

It should be also mentioned that a well visible pulse is seen in Fig. 5.4 only for
coloured pixels, which passed all trigger levels and definitely have the shower signal. The
white pixels, situated nearby the pixels with pulse, are considered not to have a shower
signal and are not included into the ordinary analysis. They usually contain only fluctuations
of the background light (Fig. 5.6). However, such pixels may contain a small part of shower
signal (usually lost, as it was shown in Fig. 5.1). Therefore, they are taken into account in
this analysis for measurements of the lateral distribution of shower light.

Once the signal in each pixel is known at each stage of shower development, the

lateral distribution of photons in the shower optical image can be found.
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5.2. Procedure of signal detection in FD pixels
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Figure 5.6: The signal without pulse is shown in ADC counts for pixel #304. Herewith, the
background light is included at (a), and then subtracted at (b).

5.3. Measurement of lateral distribution of light in shower

optical image

For the measurement of the lateral distribution of light in the shower optical image,
the photons should be collected at certain moment of time (or in our analysis - at certain
stage s) from all pixels located in a circle of definite angular radius ¢ (Fig. 5.7). Then the
signal is integrated within this circle, giving the number of shower photons and number of

background photons for this moment of time.

Spot position
100 ns interval

(a) (b)

Figure 5.7: Shower optical image (a) of the discussed early real Auger event 1 is shown.
Shower light triggered some pixels (green pixels), so that a trace of the shower at the FD camera is
formed. Grey pixels are considered to be the pixels without pulse, but are used in this analysis for
lateral shower profile determination. It is not possible to read the signal of white pixels. The light is
collected each 100 ns in the circles of { radius, that correspond to the radius r of light distribution

around shower axis (b).
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5. Optical image of an extensive air shower

At this stage of the analysis, the maximal possible angular radius { is chosen for the
following lateral distribution measurement (Fig. 5.8). It equals to the circle radius, which
takes into account the signal from all the available pixels at the camera (including both
pixels with and without a pulse). The circle radius is limited by the edges of the camera. To
demonstrate the shower evolution with different values of shower age parameter s, several
circles (Fig. 5.8) of different radius are selected for those stages of shower development.
The light was determined as a sum of pixel signals, measured inside these circles with the
step A =0.5°. The pixel signal is taken into account if the pixel centre is inside the circle.
This procedure allows very precise determination of the lateral distribution of light f() in

shower optical image.

3

</

A

Figure 5.8: Lateral shower light distribution is measured inside the regions, limited by
circles at the shower image. These regions correspond to several selected stages of shower

development with different values of shower age parameter s.

The measured lateral distributions are shown in Fig. 5.9 for different age parameters
of the event 1. In these examples the light is collected at certain stages, corresponding to the
shower age parameter s. However, there are often more than one shower profile, measured
for the same shower age. As the measurements are very detailed, different shower time bins
can correspond to approximately the same shower age. For example, the profiles, measured
at time bins 297 and 298, refer to the shower age equal 1.046 and 1.054 correspondingly;
that means that different time bins have approximately the same value of shower age ~1.05.
When such situation takes place, the signal used in lateral distribution measurement is
calculated as an average value of signals from different profiles of the same shower age.

The number of such profiles for one shower age is usually up to 10.
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5.3. Measurement of lateral distribution of light in shower optical image
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Figure 5.9: The lateral distributions of light f({) for the real Auger event 1 (as described
above) are shown in a sequential order for different shower ages, representing distribution of light in

the circles distinguished in Fig. 5.8.
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5. Optical image of an extensive air shower

For better representation of the shape of the lateral distribution, the integrated
(cumulative) lateral distribution, known as a fraction of light function F((), is used in the

further analysis instead of f({):
¢

F() = f F@H2rgdq. [Eq.5.1]

0
Such distribution, measured for event 1, is shown for several measured shower

stages in Fig. 5.10.

The angular distribution of light in the shower optical image is proportional to the
local distribution of photons, emitted simultaneously in the air from the surface S (Fig. 5.2).
It can be described by the lateral distribution of light, emitted around shower axis at certain
stage of shower evolution. In other words, the part of light F({), registered within the ¢
angle, is proportional to the appropriate part F(r) of the light, emitted around the shower
axis [92]:

F(Q) = ff((’)Zﬂf'dZ'~ff(r’)2ﬂr’dr’ = F(r), [Eq.5.2]

where f(r) is a normalized lateral distribution of the emitted fluorescence light, that can also
be characterized as a function of light distribution in the shower optical image f({). Hence it
appears that the shape of light distribution around the axis should be the same as the shape
of light distribution in camera. f(r) is also referred to as the shape function, since the
brightness distribution of the shower image also depends on the shape of f(r). The transition
from angle ¢, used for measurements of shower image at the camera, to the distance from

shower axis r can be deduced from the shower geometry (Fig. 5.7b) and equals to:

r=R,-tg (g) [Eq.5.3]

Thereby, the lateral distribution of particles around the shower axis f(r) is a function,
used for calculation of the shower optical size (the angular diameter of the image spot,
limited by the 2{ angle). The fraction of light, estimated at the distance r from shower axis,
is shown in Fig. 5.11 for selected values of the shower age parameter.

In summary, the image of the real shower is not a point, since it has a definite width.
Neglecting this fact may result in an underestimation of shower energy, by 2% - 14%
(depending on the distances of shower to the detector) [92]. To correct this problem, the
lateral distribution should be implemented in the analysis. To find the lost part of shower
energy, the parameterization of the lateral distribution of shower fluorescence light (the so-

called Gora function [92]) should be applied. Such kind of parameterization is already
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5.3. Measurement of lateral distribution of light in shower optical image

implemented in detector simulations of Auger Offline framework, as well as in the event

reconstruction.
Age = 0.95 Age =1.00
E . . . . . . N . . 4500-—----l ----- K P == R
w 4000F . o F : : : : : :
S.. F S 400of-
3500F :
S 2 3500F
% 3000F B
e 2 3000F
0 5500f- - - ]
"525005 “© 2500
£ onof £
5.2000F S 2000
L- 1500F - 1500
1000;' 1000:_....: ..... meaaa peresgenaas e e e s
b %
P 4000
& 3500 @
o S 3500
S 3000 =
% 3 3000
< 2500 c
% %2500
2000
£ £
5 < 2000
L 1500F L 1500
1000

[-1111] SRR

© 1 2 3 4 5 6 71 8 9

3500

photons/100ns

21500F
w E
1000
500F
c' ] i i 1 1 1
0 2 4 6 8 10 12 14 0 2 4 6 8 10 12
¢, deg Z, deg

photons/100ns

F

0.5 1 1.5 2 25 3

1 2 3 4 5 6 7 3.5
¢, deg g, deg
Figure 5.10: Plots, representing the fraction of shower light F({) in { angle, are shown for

different shower ages for the real shower (event 1).
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5. Optical image of an extensive air shower
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Figure 5.11: Plots, representing the fraction of shower light F(r) at distance r around shower

axis, are shown for different shower ages for the real shower (event 1).
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5.3. Measurement of lateral distribution of light in shower optical image

In addition to the measured profiles, the simulated profiles are presented in the
following sections. The MC simulation of the showers with the same characteristics, as
measured showers have, is needed. To minimize the effect of fluctuations, an average of
many simulations should be used. The simulated lateral profiles are discussed in section 6

together with the measured ones.

5.4. Parameterization of the lateral distribution of
fluorescence light in a shower

To obtain the lateral distribution of shower light, the NKG approximation of lateral
distribution of shower particles (discussed in section 2.2.2), can be used. However, it
describes only the electromagnetic shower component and so does not determine precisely
the lateral distribution of the whole shower. Therefore, the CORSIKA approach [99] was
proposed to obtain a more realistic simulation of the spatial distribution of light production.
This section summarizes the results, obtained by D. Gora et al. in the works [92], [97], [99].

The distribution of photons f(r), emitted (from the surface S) around shower axis, is
described by the lateral distribution of energy deposited by shower particles in the
atmosphere dE/dX:

dE(X,r)
dX,dr
It is called CORSIKA approximation as the profiles of deposited energy were obtained

fr)~ [Eq.5.4]

based on simulations using CORSIKA program. These profiles describe the sum energy,
deposited by shower particles, including particles below threshold energy:
dE(X) — Eioniz + Eei,cut Ey.cut 1 Eui.cut lEhad,cut

dx, AX, AX, = AX, 3 AX, 3 AX,

[Eq.5.5]

where dX, is the vertical atmospheric depth, Eioni; — energy deposited as the result of
ionization in the interval AX,, E; .t — the energy of particles of type i with the energy below
threshold, used in simulations.

The fraction of deposited energy is obtained by numerical integration of the

normalized distribution of the deposited energy density % as a function of distance r in

the plane perpendicular to the shower axis:

F(r) = rMan’dr’ [Eq.5.6]
), Tdx,ar ' 4>

Such function F(r) allows calculation of the expected amount of shower light around

shower axis, which should correspond to the true shower signal, registered by the
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5. Optical image of an extensive air shower

fluorescence detector. According to this function F(r), the shape of lateral shower profiles
does not depend much on shower energy, primary particle or zenith angle. It is universal

and, when expressed in the Moliére units F(r/ry) (Fig.5.12), depends on shower age
parameter only.
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Figure 5.12: Plots, simulated at s = 1, using CORSIKA: integral of energy deposit density
vs. distance from shower axis r (a) and vs. distance in Moliére units r/ry (b) for vertical and inclined

proton showers with energy 10 EeV. The universality of the profiles is clearly seen in the case (b).

Based on Monte Carlo simulations, provided by CORSIKA, the universal

parameterization of F(r*=r/ry) for fluorescence light was proposed in [92] (the so-called

Gora function):

Fr?)=1-(1+a(s) r)=°® [Eq.5.7]
with parameters a(s) and b(s) :

a(s) = 5.151s* — 28.925s3 + 60.056s% — 56.718s + 22.331, [Eq.5.8]
b(s) = —1.039s2 + 2.251s + 0.676. [Eq.5.9]
The shape of this function changes, depending on shower age (Fig. 5.13).
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Figure 5.13: Integrated lateral distribution function, i.e. Goéra function, which depends on
shower age parameter s and distance from shower axis r*.
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5.4. Parameterization of the lateral distribution of fluorescence light in a shower

So, the above equations give a universal parameterization of the integral of deposited
energy, which can be used for description of lateral distribution of light for showers with
different energies, primary particles and zenith angles.

The energy deposit density f(r) can be found by differentiation of the Goéra function:

a(s)b(s)(1 + a(s) - r*)b®-1
21T Ty :

f(r) = [Eq.5.10]

This equation is also referred to as the differential Gora function. This function
allows making precise simulations of light distribution around shower axis.

Thereby, the Goéra function (EQ. 5.7) can be used for calculation of expected size of
shower optical image in the fluorescence detector camera, as it can also define the percent
of light, collected within angle, at each stage of shower evolution.

The lateral distribution, measured for real events, should be used to test the Gora
function experimentally. If the experimental distribution agrees with the Gora function that
means that there is also the appropriate relation between shower age s and the shape of the
lateral distribution. Consequently, it may become possible to find the shower maximum
Xmax, Knowing the shape of the lateral distribution of fluorescence light. These tasks are

discussed in detail in section 6.
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6. Analysis of lateral distribution

As it is was mentioned above, existence of the relation between the shower age and
the shape of the lateral distribution of fluorescence light around the shower axis is given by
the Gora function [92]. However, as this is a phenomenological function, derived from
CORSIKA shower simulations, it should be proven experimentally. For this purpose the test
of the Gora function is done in section 6.2. For this test the lateral distribution of simulated
showers is also needed. To reduce the fluctuations in the lateral distribution profiles of the
simulated showers, a large number of showers is simulated with the same parameters, as the
real showers have. The signal from these simulated showers is averaged over the number of
showers. So, the signal used in all discussed simulated plots in this work is an average value
of the signal, obtained from some number of showers. In particular, the number of simulated

showers used for the analysis in the current work is about 50 for each event.

6.1. Measurements of light fraction

Before the test the special features, important for proper test, are discussed. First of
all, to be able to compare the measured light with the theoretical function, the measured
quantities should be considered in the units, appropriate for the Goéra function, i.e. as
normalized fraction of light:

K _ F(r/ry)
norm - Norma'’

[Eq.6.1]
where F(r/ry) is a fraction of light as a function of distance in Moli¢re units, Norma is a
normalization constant. Coming from the assumption that the Goéra function defines the
percent of fluorescence light from the shower (100% of light is emitted, if F(r* = r/ry) = 1),
the normalization constant can be found from fitting the Goéra function to the simulated
fraction of fluorescence light. After application of this constant to the measured and
simulated fractions of total light, the profiles of normalized fraction of light Fpom can be
obtained (Fig.6.1, Fig.6.2) (for fractions of light, estimated for several other example events,
see Appendix C).

The profiles obtained for the simulated showers include the following components:
the fluorescence light only (green curve on the plots), and the fluorescence and Cherenkov
light components (blue curve). In addition, multiple scattering light makes its contribution
in both simulations with the fluorescence light only and with the fluorescence and
Cherenkov light. The simulated profile, including the fluorescence and Cherenkov light

components (blue line), almost corresponds to the one, measured experimentally (red line at
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6. Analysis of lateral distribution

the plot Fig.6.1). For comparison of the measured profiles to the theoretical Gora function

this function is also shown at the plots.
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Figure 6.1: Fractions of light F(r/ry) (a) and normalized fractions of light Fom(r/ry) (b) are
represented vs. distance, expressed in Moli¢re units. The profiles are shown for measured (red
curve) and simulated showers of event 1 for age parameter s=1 (blue curve — including the
fluorescence and Cherenkov light contributions; and green curve — represented by the fluorescence
light only). 100% of the fluorescence light emitted corresponds to F,,,, = 1. Multiple scattering is
included in all simulations. The red dashed line indicates the Goéra function appropriate for this
shower age.

The simulation of total light EfSim includes the following light components:

simulated fluorescence E/*'™ ' Cherenkov EStSim - multiple scattering E™SSim  and other

norm 1
possible light contributions E;,,.:

ptotsim — pflSim  pchsim 4 pmsSim 4 px

iotsim — RIS EGISIn 4 pssim 4 XL [Eq.6.2]
In particular, the blue curve at (Fig.6.1) includes three of four discussed components
(fluorescence, Cherenkov, and multiple scattering), the green one includes only fluorescence
with multiple scattering from the fluorescence light correspondingly.

If all types of light are included, it is expected that the measured light £43t¢ (red
curve in Fig.6.1) corresponds to the simulated one (blue curve in Fig.6.1, in this case
if £ = 0):

Fata ~ plotsim, [Eq.6.3]

When the profiles of total measured and simulated light are compared for various
shower ages (Fig.6.2), one can notice that some of them (such as at s = 1.05, s = 1.15) agree
rather well, whereas others (at s =0.95, s=1.10) are a little bit different. The difference,
represented by various heights of the profiles, can be explained by existence of additional

light in the measured shower profile, which can unexpectedly appear in FD camera field of
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6.1. Measurements of light fraction

view, for example due to some atmospheric effects. The increase of the measured light at
about s =0.95 and s = 1.10 is also reflected in the correspondent longitudinal shower profile
(Fig.4.6c) of this event.
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Figure 6.2: Normalized fractions of light Fn.m(r/rm) are shown for several shower age
parameters, as discussed before (for event 1). The red curves represent the measured shower, while
green ones correspond to the simulated showers with fluorescence light only, and blue ones — to the
simulated showers with fluorescence and Cherenkov light components. The red dashed line indicates
the Gora function appropriate for the defined shower age. Multiple scattering is included in all

simulations.
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6. Analysis of lateral distribution

There are also some inconsistences in shape of the measured and simulated profiles
(at s=1.00, s=1.20, s=1.25, s=1.3). They can be explained by some effects, which
influence the measured light during propagation and registration. They may have different
nature: telescopic, atmospheric etc.; and are discussed in detail in the following section.

Consequently, for proper studies of lateral distribution the additional effects should
be included into analysis. If strange shape of shower profiles is impossible to explain, such

ranges of shower age, or even the whole event, should be eliminated from the analysis.

6.1.1. Impact of the atmosphere and clouds on the shower optical

image

As the atmosphere is a part of the extensive air shower detection system, its changes
may cause changes in the shower shape. Thus, variations of the atmospheric pressure on the
ground correspond to appropriate variations in the amount of matter, which the shower
particles traverse, and therefore affect the longitudinal shower profile. On the other side, as
the Moliére radius is inversely proportional to air density, the decrease of the density leads
to increase of the Moli¢re radius and so extends the shower lateral profile. Therefore, the
impact of the atmosphere onto shower development is implemented into the analysis. The
atmospheric model is supplied to the system by means of a file in XML format.

So, the development of a shower depends on the properties of the atmosphere,
particularly on the Moli¢re radius, as the lateral distribution profile is wider or narrower,
depending on ry. Therefore, the reconstruction should be done using the same atmosphere.
Since the effective Moliere radius, describing the shower lateral distribution, should be
calculated at the altitude of two cascade units above the given level (see section 2.2.2), there
is a need to calculate the altitude h at the atmospheric density X (as it was shown in
Fig.2.12). Therefore, different atmospheric models give different values of X at the same
altitude. That is why, for consistency, the same model of atmosphere should be used in real
and simulated showers, and X should be converted to h, using Eq. 2.6 - Eq. 2.7.

The selection of the appropriate model of atmosphere usually depends on the
investigated location and the seasonably changing atmospheric parameters (pressure,
temperature, etc.), typical for that place. Different atmosphere models are available for data
analysis, among them: U.S. standard atmosphere [100]; monthly average atmospheres,
strongly dependent on season, produced for the Pierre Auger Observatory experiment at
Malargiie [67]; the Global Data Assimilation System (GDAS) atmosphere [68], which gives

the atmospheric parameters, specific for certain hour and location.
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6.1. Measurements of light fraction

For implementation of the specified atmosphere into data analysis the vertical
atmospheric depth X,, represented previously by Eg. 2.6, can be used as a parameterization
function. This parameterization function allows fitting of atmospheric depth at 5
atmospheric layers (particularly, at 4 layers up to h = 100 km a.s.l. and at the 5th layer up to
the upper atmospheric limit h =112.8 km a.s.l.) [47]:

h

X,(h)=a;+b;re s i=1,..,4 [Eq.6.4]

X,(h) =as — bs-h/cs, [Eq.6.5]
where a;, b;, and c; are the fit parameters, specific for previously selected atmospheric
model.

The parameterization Eg. 6.4 - Eq. 6.5 of the atmospheric depth is applied for
conversion of the atmospheric depth X to the altitude h, as described above.

As atmospheric properties may change considerably with time and for different
locations, the static US standard model and seasonally changing monthly average model are
not accurate enough for precise shower lateral distribution studies. For this purpose the
GDAS atmosphere should be used, as it is the most accurate model, with parameters
determined every three hours. So, comparing the lateral profiles, calculated with GDAS, US
standard and monthly average atmosphere models (Fig.6.3), it is clearly visible that the
profiles, made using GDAS and monthly average models, are a little bit different, while the
profiles for US standard atmosphere differ considerably at some stages of shower
development (s = 1.2, s = 1.3). Such differences in profiles point out that of course the same
atmosphere parameterization should be applied both for event reconstruction and simulation
procedures for the proper lateral distribution analysis. As the GDAS atmospheric model
describes best that atmosphere, in which the real shower is developing, this model is the
most convenient parameterisation of the atmosphere. That is why it is used for event
simulations and reconstructions in the current work.

For selection of events for the analysis, several standard cuts are usually applied for
the dataset from the Pierre Auger Observatory. Among such basic cuts are limits on shower
energy (starting from 10*®eV), fraction of Cherenkov light (less than 50%), rejection of the
bad period FD data (the data, which for some reason cannot be used for physics analysis),
selection of only hybrid events, etc. (description of cuts, generally used at the Pierre Auger
Observatory, is given in [101]). However, such standard cuts are not enough for choosing
events for lateral distribution analysis. The additional factor, which influences the selection,
is also the existence of clouds in the telescope field of view. This is a strict criterion for the
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6. Analysis of lateral distribution

current analysis, as presence of the clouds on the shower path strongly influences the shape

of the lateral profile.
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Figure 6.3: The profiles of lateral distribution of light (represented by the normalized
fractions of light F.om(r/ryv)), obtained from the real reconstructed shower, are shown for different
atmosphere parameterisations for several shower age parameters (for event 1). The atmospheric
models, used for lateral distribution analysis, demonstrated at this figure, include the GDAS
parameterization (red line), Monthly Average (MAv.) and US standard (USst) atmosphere
parameterisations (pink and violet lines correspondingly). The GDAS atmosphere is the most

accurate one, and therefore should be used in the analysis.

For study of the cloud coverage the cloud cameras are used at the Pierre Auger
Observatory. Their data enable the estimation of the cloud fraction (i.e. the part of a pixel
field of view, covered by clouds (in %)). A full field of view set of cloud camera images is
demonstrated within (Fig.6.4a). It includes a scan of the whole sky, which consists of the 27
images, and is provided by the infrared cloud camera every 15 minutes. Presence of clouds

in the field of view is clearly visible at that figure. After processing of such images, the FD
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6.1. Measurements of light fraction

camera pixels which see the clouds are identified (Fig.6.4b). Measurement of light for
events, registered in such cloudy atmosphere, leads to the imprecise determination of
shower profiles, and, therefore, such events are excluded from the data analysis of the

current work.

elevation [deg]

90 85 80 75 70 65 60
azimuth [deg]

(b)

Figure 6.4: A set of the cloud camera images (a) for time moment, corresponding to the time
of arrival of event #200806503688 to the detector field of view, is presented. Dense clouds are well
visible in this figure. The red line in figure (a) limits the field of view of the camera 3 of Coihueco
FD site, shown also at (b). Processing the data from cloud cameras allows estimation of cloud
fraction in FD camera field of view (b): triggered pixels, forming shower trace, are indicated at
camera (b) by red hexagons; pixels with clouds are graded by colours from white (100% of a pixel is
covered by clouds) to dark blue (pixel cloud fraction constitutes 10%), and black coloured pixels are

pixels without clouds.
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6. Analysis of lateral distribution

In contrast to the situation, shown in Fig.6.4, the cloud camera sky view without
clouds is shown in Fig.6.5. The absence of the clouds in the cloud camera field of view may
indicate their absence in FD field of view, and consequently leads to determination of the
undeformed lateral shower profiles (Fig.6.2).

Figure 6.5: A set of the cloud camera images for time moment, corresponding to the time of
arrival of event 1 to the detector field of view, is presented. No visible clouds are clearly seen in the
cameras field of view. The whole sky view is composed of many photographs in infrared. The
horizon is clearly seen at the figure, together with several Auger Observatory buildings (such as

communication building), which are in the cloud cameras field of view.

One more example of presence of the clouds in the FD camera field of view is
presented in Fig.6.6b. The 6 yellow rectangles in Fig.6.6a correspond to field of view of the
6 FD telescopes; the two red rectangles correspond to the telescopes 4 and 5, which see the
discussed example event. Although there are no clearly visible clouds in the total view of
the cloud camera images (Fig.6.6a), which are taken every 15 minutes, the precise cloud
camera scans, processed for the FD field of view during every 5 minutes denote the
existence of the clouds (Fig.6.6b). The clouds probably appeared in the detector field of
view soon after the set of cloud camera images was done. These clouds influence much the
longitudinal (Fig.6.6d) and lateral (Fig.6.7) shower profiles, since shower light reflected or
absorbed by the cloud molecules results in the over- or underestimations of light in the
shower profiles. This is visually seen as large fluctuations or waves in the profiles of the
events with clouds. Thus, the signal observed in waves in Fig.6.7 drops because of the

procedure of signal estimation (described in detail in section 5.2): when the background is
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6.1. Measurements of light fraction

subtracted from the underestimated measured light, the °‘negative’ value of signal,
inconsistent with its true expected value, is obtained.
Therefore, the clear sky without clouds is a strict and compulsory selection criterion

for registered air showers, used for lateral distribution analysis in this work.
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Figure 6.6: A set of cloud camera images (a) for time moment, corresponding to the time of
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arrival of event #200809303036 to the detector field of view, is presented. The red line at (a) limits
two FD camera regions, shown in the following figures (b) and (c). Although there are no dense
clouds in the composite image (a), produced every 15 minutes, some clouds are indicated in the FD
camera pixels (b) of telescopes 4 and 5. These clouds may lead to significant fluctuations in
measured longitudinal shower profile (d). Figure (b) is a more precise image of the region, limited
red at (a). It can also be explained by the fact that cloud cameras, looking at the field of view of 6
FD telescopes (limited by the yellow line at figure (a)), scan the sky every 5 minutes, and so, can
detect new clouds, coming to the detector field of view. In particular, this event had come to the

detector 5 minutes after the set of photographs (a) was done by the cloud camera.
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Figure 6.7: Lateral profiles of event #200809303036 with clouds in FD field of view are
shown. Fnom(r/ry) denotes the normalized fractions of light, estimated for real (red line) and
simulated (green line — the fluorescence component, blue line — the simulated fluorescence and
Cherenkov shower components). Existence of a cloud in FD field of view may lead to waves in
lateral shower profiles, measured for certain values of shower age parameter. If there were no clouds

in the detector field of view, the red line should be approximately the same as the blue one.

However, sometimes there are very weak clouds, not seen at the cloud camera

images. They result in the rise of large fluctuations in the longitudinal profile. In this case,
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6.1. Measurements of light fraction

presence of such fluctuations may lead to significant waves in lateral profiles, and so the
events with such longitudinal profiles should not be included into the lateral distribution
analysis. Furthermore, the fluctuations may be caused by atmospheric effects difficult for
prediction. As an example of such effect the variations in aerosol conditions can be given.
The vertical density profiles of aerosols, their size, shape, and composition, change
considerably with location and time (from hour to hour). If they are not measured precisely,
the shower reconstructions may be wrong, and so is the lateral distribution.

After application of the mentioned cuts and conditions, several events were selected
for lateral distribution analysis. In particular, among them there is an example event 1.
Several other events are presented in Appendix B. Furthermore, the lateral profiles, shown

in the following sections, are also provided for events, which satisfy the selection criteria.

6.1.2. Specifics of the shower lateral profiles measurements

As it is shown in Fig.6.2, even after including all the known atmospheric effects into
analysis, the simulated profiles do not fully correspond to the ones measured
experimentally. Some of the real event profiles (at s = 1.00, s = 1.15, s = 1.25, s = 1.3) have
a visible increase of light at their tail. This effect can be explained by existence of the
relatively large halo around the shower image. Although the halo’s nature is not yet clear, it
is considered to be a telescope effect.

The fraction of total light due to the halo is estimated to be about 18-20%. As it is a
low intensity light, it is very difficult to distinguish its photons from the background ones.
Therefore, for halo measurements an isotropic flashing UV point source of light was used at
the Pierre Auger Observatory [102]. The flasher emitted short light pulses, which were
further registered by FD. Those measurements have shown that halo light broadens the
optical light spot. It was found that the angular range of { angle, over which the halo is
detected, extends even up to 30 degrees, and so may cover the whole camera surface.
During further measurements the halo light was discovered in all FD telescopes.

Using flasher data the cumulative distribution of halo signal (measured in 2008) was
plotted in Fig.6.8. The obtained shape of the halo distribution may explain the increase in
the tail of the light fraction for real measured events.

For explanation of the halo nature several its possible causes were proposed, among
them: underestimated impact of the atmospheric multiple scattering; additional light,
coming through the gaps in the corrector rings; the dust on the UV filters; reflections on the
camera backside; effect of PMT glass reflectivity. Some of them were rejected as a possible
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6. Analysis of lateral distribution

halo sources, others still are under investigation, but the significant contribution into halo
fraction was only observed from PMT glass reflectivity effect. It is based on the fact that the
reflectivity of the PMT, used in the telescope simulations (with value 8%), is too small, and
should be increased up to 20%. That also means that the large part of photons (which
contribute to halo) are reflected on the PMT's surface and afterwards in the mirror before
being registered in the camera. After application of the new reflectivity values to
simulations of the flasher light, up to 12% of light become understood. However, significant
part (6-8%) of light still remains unexplained.
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Figure 6.8: Cumulative distribution F,m(¢) of halo light in the image at the camera is
plotted according to flasher data taken in 2008 [102].

Although the effects causing halo are currently under investigation, some of them are
implemented in the developing module of the Offline Framework (in the
TelescopeSimulatorKG_dev module), and can be used in real showers simulations.
However, after performing such simulations it was discovered that this implementation
influences the reconstruction, resulting in underestimation of shower energy. Therefore, to
obtain the simulated profiles with halo included, the input shower energy (at CONEX input
profile) should be rescaled. The lateral profiles, derived using this procedure are shown in
Fig.6.9 together with profiles of real and simulated showers, presented earlier in Fig.6.2.

When the contribution of the halo light EoSim js included into the analysis, the
formula (Eq. 6.2) for total simulated light EL255i™ can be rewritten as:

FiSIA™ = Florm + BN + EBssim + Elglosim. [Eq. 6.6]

In this case, FLotim js represented by the orange curve, shown in Fig.6.9.
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Figure 6.9: Normalized fractions of light F.m(r/ry) are presented for measured shower (red

curves) and simulated ones with only fluorescence light simulated (green curves), with fluorescence

and Cherenkov light simulated (blue curves), and finally with fluorescence, Cherenkov and halo

light simulated (orange curves). The profiles are derived for different values of shower age

parameter for event 1. Multiple scattering light is included in all simulations.



6. Analysis of lateral distribution

As simulations with halo are in the developing phase, they give approximate results.
However, even the approximate results are very similar to the real shower profiles (orange
curve, representing simulations with halo in Fig.6.9 has almost the same shape as the red
one, representing the real observed shower). Nevertheless, the simulations with halo are not
perfect also because of the other factors, which may influence them: unclear nature of
fraction of halo light (about 8%); any atmospheric effects; multiple scattering light, etc. The
influence of these factors is usually observed in the longitudinal shower profile, as the
fluctuations in data. If these fluctuations are essential even after rebinning of shower data
(as in Fig.6.6d), the exact determination of the lateral distribution is not possible. At the
same time, when data points are in good agreement with the Gaisser-Hillas curve (Fig.4.6c¢),
the measured lateral distribution of light seems to be correct, and therefore its fluorescence
component should correspond to the Goéra function. These facts are going to be checked in

the next section.

6.2. Test of the Gora function

The aim of the Goéra function test is to check whether it really corresponds to the
measured fluorescence fraction of shower light, and so whether there is dependence between
the shape of measured lateral distribution and shower age. For this purpose, several steps are
done. First of all, the measured and simulated profiles are taken for certain values of shower
age parameter s. For this analysis the values of the age parameter are selected from the
range 0.8 - 1.3 with the step 0.05. Secondly, the simulated profiles are described by the
functions fitted to their data points, for the possibility to estimate the Fnom at each distance
from shower axis r/ry. Thus, the best fits to the simulated profiles are found, using the Gora
function (Fig.6.10a). Finally, the approximate fractions of the measured fluorescence light
are obtained from the real data in the way described below.

For convenience, the simulated light contributions should be represented by the
functions fitted to them. Therefore, for estimation of total simulated light EL255im jts fitted

function FE9&im.  is further used (in Fig.6.10a it is a black curve fitted to the orange points,

norm,

corresponding to the total light, simulated with halo contribution), so that

totSim — rtotSim
Fnorm = Fnorm,fit'
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Figure 6.10: Normalized fractions of light Fnom(r/ry) () are presented for measured shower
(red curve) and simulated ones (for event 1) for age parameter s = 1. The profile of simulated light,
including the fluorescence and Cherenkov light, is indicated by the blue colour. The Goéra function
(black curves) is fitted to the simulated profiles, including the fluorescence light only (green curve)
and total known simulated light with halo contribution (orange curve). Multiple scattering light is
included in all simulations. The fit of the Goéra function to simulated fluorescence light is shown

together with the Gora function for defined age parameter at (b).

For the same reason a function is also fitted to the simulated fluorescence light only

(in Fig.6.10a it is a black curve fitted to the green points, corresponding to the simulated

fluorescence light only). In the following a function F/}

norm,fit’

describing the fit to the

simulated fluorescence light, is implemented. It includes also multiple scattering from the

fluorescence light EmS /5™ and so can be given by:
fl _ pflsim ms fISim
Frormgit = Faorm + Faorm ™ - [Eq.6.7]

As a parameterization function, fitted to the simulated total and fluorescence light,
the Gora function with free parameters was used, so that the fitted function has a somewhat
different shape than the original Goéra function for the defined shower age parameter
(Fig.6.10b).

When the fractions of all contributions of shower light are known, the measured light
Edata (red curve in Fig.6.10a) should correspond to the simulated one Eft5im (Eq. 6.3). So
that the total measured light should also include all the components, enumerated in the
simulated light, and these components should have approximately the same fractions as the

simulated ones have:

l
Elate ~ gL+ FEh L+ FS, + Fhalo [Eq.6.8]
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6. Analysis of lateral distribution

The main task of this test is to check the correspondence between the measured

Fn’:,lrm fluorescence light and the Gora function. For this purpose it can be assumed that the
simulations of other components of total light are performed correctly, so that the simulated

components correspond to their contributions in the measured light, i.e.

Ch ~ FChSim pms o pmsSim halo ~ rhaloSim
Fnorm ~ Fnorm 'Fnorm ~ Fnorm ’ Fnorm ~ Fnorm :

However, it is impossible to measure separately all mentioned components of total
simulated light, and Fn’;lrm, in particular. But it is feasible to provide simulations of the
fluorescence light only or with addition to it any needed set of components (so as it is shown
in Fig.6.10a: green curve - representing fluorescence light with multiple scattering, or blue
curve - indicating the fluorescence, Cherenkov, and multiple scattering light). Therefore, to
extract the fraction of the fluorescence light from the measured data, the total simulated
light should be subtracted from the measured one, and then the simulated fluorescence light
(with its multiple scattering) should be added. Using the fitted functions the measured
fluorescence light can be given by:

g/t — pdata _ FtotSimit + F/t

norm = fmorm — Lnorm,f norm,fit. [Eq.6.9]
After application of this formula to the measured and simulated data the profiles of
measured fluorescence light can be plotted (Fig.6.11).
The fit of the Gora function to the profile of fluorescence light, obtained from data,

gives the values of the shower age parameter s;;, which can be compared to the expected

3X
X+2Xmax

values sexp, calculated using formula Eq. 2.10, i.e. sgyp, =

The approximate depth of shower maximum can be found from Eq. 2.10, knowing
the fitted shower age parameter St

nax = X(BZS;]:”) [Eq.6.10]
It can be compared with shower maximum, estimated from the Gaisser-Hillas fit
(particularly, equal Xmax = 699 + 9 g/cm? for the example event 1). From Fig.6.11 it can be
deduced that the fitted shower age and Xmax values of some measured profiles are in a good
agreement with the expected values. At the same time there are values, which do not agree
at all. This fact can be explained by over- or underestimation of measured light during
analysis procedure, or by pixels having for some reason a larger or smaller fraction of light

than it was expected for the defined moment.

92



6.2. Test of the Gora function
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Figure 6.11: Normalized fractions of fluorescence light an(,lrm (pink curves) derived from
the measured data are presented for defined shower ages (for event 1). The Goéra function (blue
curves) is fitted to the profiles of fluorescence light, obtained from data. The approximate values of
shower age sg; are found from fit, giving the approximate Xq.x values. The expected shower age
values S, obtained from the formula Eq. 2.10, are shown for comparison. The depth of shower

maximum determined from the Gaisser-Hillas fit for this event is Xmax = 699 £ 9 g/cmz.
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6. Analysis of lateral distribution

One of the reasons of the not exact estimation of s and Xmax values is a selection of
the circle with probably wrong radius for light collection on the FD camera. Up to this
moment the largest possible radius was used for analysis in this work. However, sometimes
at several stages with the large circle radius there are pixels in the circle (white pixels in
Fig.6.12 in the large circle, drawn for s = 1.2), the signal for which was not saved into the
database. It is expected that the signal in them is fluctuating around zero, and so does not
contribute much. For this reason the study of the signal within the circle of the large radius,
was provided in the previous parts of this work. Nevertheless, inclusion of such pixels into
the circle may result in underestimation of the signal in that circle. Therefore, the smaller

circle which covers the pixels with signal is taken for the further analysis (Fig.6.12).

Figure 6.12: The area of light collection for certain stage of shower development (s = 1.2) is
limited by the circle. The circle of a large radius includes the pixels without signal (white ones). The
circle of the small radius includes all the pixels, which have a signal (grey and green). The circle of
the radius equal 5 degree includes the pixels with signal and excludes the pixels with possible large

halo contribution.

The profiles of measured fluorescence light for which the change of the radius to the
smaller one is essential are shown in Fig.6.13. A comparison with Fig.6.11 shows that such

change improves considerably the parameter values.
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6.2. Test of the Gora function
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Figure 6.13: Normalized fractions of measured fluorescence light Fn’;lrm (pink curves),
determined in the circle of smaller radius (see Fig.6.12), are presented together with shower
parameters found using the Goéra function fits (blue curves) for several selected age parameters for
event 1. The depth of shower maximum determined from the Gaisser-Hillas fit for this event is
Xmax = 699 £ 9 g/em?,

According to the first measurements of halo it can be assumed that the halo light
contribution grows noticeably when the radius of the circle, in which the light is collected, is
larger than 5 degree. Therefore, as simulations with halo are only in the developing phase,
and so the data may have uncertainties caused by simulations, it is worth also to estimate the
light fraction within the circle with radius of 5°, using the reliable standard simulation
procedure, not including halo. The profiles of measured fluorescence light, plotted for this
case, are shown in Fig.6.14 together with the following calculation of the shower
parameters. These parameters are in better agreement with the expected values than those
obtained from the profiles, representing the total simulated light with halo contribution,
collected within the small radius. The examples of such profiles, measured for other events,
are shown in Appendix C. They support the results obtained for example event 1.
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6. Analysis of lateral distribution
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Figure 6.14: Normalized fractions of measured fluorescence light anolrm(r/rM) (pink
curves) are plotted for circle radius equal 5 degree for defined shower ages (for event 1). The Gora
function (blue curves) is fitted to the profiles of fluorescence light, obtained from data. The
approximate values of shower age parameters and X« are found and presented at the figure. The
depth of shower maximum determined from the Gaisser-Hillas fit for this event is
Xmax = 699 + 9 g/cm?,
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6.2. Test of the Gora function

So, use of the 5 degree cut on the circle radius gives much better values of shower
age, and consequently shower maximum. However, the calculation of these parameters still
is not perfect for some profiles (for example, at s = 1.10, s = 1.15), that is also reflected in
the corresponding region of the longitudinal profile (Fig.4.6¢). This fact can be explained by
the increase of the light fraction in measured light, because of any atmospheric or telescope
effect. Therefore, when choosing the stages for shower age determination, those regions of
longitudinal profiles, where the measured data deviate from the Gaisser-Hillas curve, should
not be taken to the analysis. It is better not to take them into account, as the profiles,
obtained from them are uncertain and give wrong results.

Other Auger events were analysed in the same way (so that the total number of
events taken to the analysis is ten). The profiles of measured fluorescence light are obtained
for them and shown in Fig.6.15. Profiles of all events available for a given age are plotted
together and compared to the Gora function for the particular ages. It is seen that the
fractions of measured fluorescence light for different shower ages keep the shape,
corresponding to the shape of the Gora function.

To check whether the values of Sey, and ssit (and correspondingly their Xmax) agree to
each other, the difference between these values is calculated for each good event discussed
in this work for each available shower age (Fig.6.16).

From Fig.6.16 it can be concluded that generally the Gora function describes well
the data. So, as the shape of the fluorescence light distribution for measured showers
corresponds to the shape of the Gora function at different shower ages, the test of the Gora

function gives a positive result.
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6. Analysis of lateral distribution
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Figure 6.15: Normalized fractions of measured fluorescence light Fn’;lrm(r/rM) (pink
curves) are shown for several events for the defined shower age parameters. The numbers of Auger
events used for the analysis for each shower age, varies from 2 to 10, depending on the number of
profiles available at each event for the specified age. The blue lines correspond to the Gora function,
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circle. As the signal was measured with the step 0.5°, and the pixel size is 1.5° that may lead to

2
Age=090 | X2 I ndf 963.8 / 27
12 %2 | ndf (r/r,>0.2) 35.05/24
E ' : I : H . H H
6 4l
= c E
1 El
0.8 —
0.6
04f
0.2f
C i : :
o
| i i i i i i i
0 05 1 15 2 25 3 35
rir,
2
Age=1.00 | Xx? [ ndf 737.5/63

X2 I ndf (r/r,>0.2) 117 /58

X2 I ndf 513.2/39
%2 | ndf (r/r,>0.2) 372.4/35
E F ey
=9 rl:
NTRERISE
Flo
I € S S RS E S B e
0s ¥/
04f
0.2
P B
0 05 1 15 2 25 3 35 4 45
rir,
Kt 2078117
= X2 I ndf (r/r,>0.2) 9.978 /17
E | I : . H H
S
]
c

uncertainties in the signal measurement in the central pixel).

98




6.2. Test of the Gora function
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Figure 6.16: The difference between the values s, and s (a) is varying near zero that points
out at the correspondence between their values. Correspondingly, the difference of the X« values of
these age values (Sep and sg;) is shown at (b). The dashed black line corresponds to the Gora
function, and the points represent the deviation from this function.

6.3. Study of the method of X,.« determination, using
shower optical image

According to Eqg. 2.10 and Eq. 6.10, there is a correspondence between shower age s
and shower maximum Xmax. S0, knowing one of these values, it is possible to find the other.
Therefore, it is possible to obtain Xy« by estimation of shower age from the fit of the Gora
function to the measured fluorescence light.

The test of the Gora function was provided for selected stages of shower
development, i.e. for known values of shower age, obtained using the fit to longitudinal
profile. This was needed for the test. However, such kind of selection cannot be used as a
separate method of Xy, determination, as shower age is not known a priori and has to be
determined from the measured data. Therefore, the lateral profiles should be selected
according to other variable, which changes together with shower development, such as the
atmospheric depth X.

The atmospheric depth can be found from the profiles of the atmosphere, using the
parameterization, described in section 6.1.1 (Eq. 6.4, Eq. 6.5). Therefore, the lateral light
distribution can be measured at certain values of atmospheric depth X (Fig.6.17). Then, the
measured fluorescence light is estimated (Fig.6.18), according to the procedure described in
the previous section, and the Gora function is fitted to this light (for fractions of light,

estimated at certain X for several other example events, see Appendix D).
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Figure 6.17: Normalized fractions of light F.m(r/ry), collected in the circle with radius
equal 5 degree, are presented for measured (red curve) and simulated showers (blue curve —
including the fluorescence and Cherenkov light contributions; and green curve — represented by the
fluorescence light only) of event 1 at the defined stages of shower development, corresponding to

the appropriate values of atmospheric depth X. Multiple scattering is included in all simulations.
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6.3. Study of the method of X,.x determination, using shower optical image
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Figure 6.18: Normalized fractions of measured fluorescence light Fn’:,lrm(r/rM) (pink
curves), collected in the circle with radius equal 5 degree, are shown for event 1 at the defined stages
of shower development, corresponding to appropriate values of atmospheric depth X. The
approximate values of shower age sg; are found from fit, giving the approximate Xp.x values. The
expected shower age values s, are also shown for comparison. The depth of shower maximum
determined from the Gaisser-Hillas fit for this event is X, =699 £ 9 g/cmz.
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6. Analysis of lateral distribution

Knowing the shape of the lateral distribution of fluorescence light, the shower age
can be further found. So, using the Gora function with the free parameters, the shower age
parameter sg; iS obtained from the fit. Finally, the depth of shower maximum can be
calculated using Eq. 6.10.

The expected values of shower age Sexp are calculated, using formula Eq. 2.10. As it
was already mentioned above, some obtained values of shower age ss; do not correspond to
expected parameters Sep. This can happen as measured data may be influenced by many
unpredictable atmospheric effects, occurring at the corresponding development stage. The
inconsistence between the data points of measured longitudinal profile and its fit (Fig.4.6d)
iIs also reflected in the incorrect shower age determination at some stages (for example, as it
is shown in Fig.6.18 at X = 800 g/cm?, X = 850 g/cm?). For stages, where the data points are
located on the Gaisser-Hillas curve, the shower age parameter and shower maximum are
determined correctly within error values.

Giving the possibility of the shower maximum estimation, the method discussed here
can be applied for determination of Xnyax for events with maximum outside the detector field
of view (such as event 5, presented in Appendixes in figures B.4, C.4, and D.4).

Although Xmax determination is still not much precise (because of large errors on s
and Xmax), the discussed method allows obtaining the values of shower age parameter and
shower maximum independently on the other methods. As demonstrated above, in good
observation conditions the obtained parameters are very close to those found using the other
method (the Gaisser-Hillas fit to longitudinal profile). This allows us to state that the
method of Xmax determination, using the Gora function, is perspective for further
development.

In addition, this method indicates the fact that the Gora function corresponds to the
measured fraction of fluorescence light, and so it is universal, depending on the shower age
parameter and distance from shower axis only. At the same time, this method can also
contribute into estimation of the composition and energy of cosmic rays, using the measured

Xmax Values.

102



7. Conclusion

The properties of the shower optical image were investigated in this work, in
particular, the study of the lateral distribution of the light within the shower optical image,
including the estimation of its angular size.

The shower light often comes to several pixels simultaneously. However, as the
shower image is almost always larger than the pixel size of the fluorescence detector of the
Pierre Auger Observatory, a part of the signal goes to pixels with the signal values below
the trigger threshold, and so is lost, leading to an underestimation of the shower energy. To
avoid the signal loss, the lateral distribution of light should be used to recuperate the signal
in the subthreshold pixels. This is done with the Goéra function, but this function has not
been verified experimentally so far. The actual measurement of the Gora function was done
for the first time in this work for showers registered by the fluorescence detectors of the
Pierre Auger Observatory.

The measured lateral distributions of light in the shower image were compared to the
simulated ones, obtained using the real simulation method. These distributions are expected
to be the same. Nevertheless, in many cases it was not so, as the fraction of light,
determined for simulated showers (including all known light components, i.e. fluorescence,
Cherenkov and multiple scattering light) was generally smaller than the fraction of total
light in measured events. This underestimation of light can be explained by the presence of
the halo light in the shower optical image. The lateral profiles, obtained from simulations,
including the halo light, seem to solve this problem. However, as the nature of the halo still
is not completely clear, the simulations of the halo light are in the developing phase now,
and therefore are not much reliable. So, the ordinary (not including the halo) procedures
were used for simulation of the showers. After that the distribution of light was measured in
the circles of 5 degree at different stages of shower development to study the lateral
distribution in the region, which is expected to contain none (or low) fraction of halo light.

In this work it was discovered that there are several important factors, which
influence and distort the shape of the lateral distribution. So, only events recorded without
presence of clouds are eligible for the lateral distribution analysis. Moreover, it was noticed
that large fluctuations in the data in the longitudinal profiles also indicate possibility of large
distortions in the lateral profiles. Such fluctuations may be a result of a presence of
undetectable clouds in the detector field of view. In addition, a correct atmosphere
parameterization was needed for the analysis procedure, as the atmosphere influences much

the shape of the profiles.
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7. Conclusion

The lateral distribution of fluorescence light in shower image can be parameterized
by the Gora function. This phenomenological function was used for simulation of the
fluorescence light distribution in the Auger Offline framework. This function is universal, as
it depends on the shower age parameter and distance from shower axis only. This
dependence was checked in this work using the fraction of the measured fluorescence light.
For this purpose, the fluorescence light was extracted from the total measured light, using
the Monte Carlo simulations. So, the test of the Goéra function was performed for various
age parameters of showers. The test had shown quite a good agreement for events, which
are not much influenced by the atmospheric and telescope effects. It was observed that such
events had good fits of the Gaisser-Hillas function to the longitudinal distribution data
points. In particular, the test has shown experimentally the existence of the dependence of
the measured lateral distribution on the shower age.

As the Gora function gives the possibility to estimate the shower age and
consequently the depth of shower maximum, based only on the distribution of the fraction
of fluorescence light, the method of determination of s and Xmax parameters was elaborated.
Using this method, the approximate values of these parameters were found, which are in a
good correspondence with their expected values. At this moment the discussed method does
not give better results of estimation of the depth of shower maximum, than the method,
which uses the longitudinal profiles for this purpose. But it is an independent method of
shower maximum estimation, which has given the first good results. That is why this
method is perspective for further developing and should be studied in more detail. It may
give better results in future, when, for example, the fraction of the halo light in the total light
will be exactly known.

As a final point of this work it should be stressed that when the lateral distribution of
the measured fluorescence light is known, it is possible to determine the exact distribution
of light around shower axis, and so to find more accurately the values of shower energy. In
such a way, a precise measurement of the lateral distribution of light in shower optical
image, provided in this work, can contribute to the shower energy estimation, and so

improve the fluorescence detection technique of extensive air showers.
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Appendixes
Appendix A

The sequences of modules, specific for reconstruction and simulation procedures

used in Auger Offline software, are presented in Appendix A.
Appendix Al

A module sequence, typical for standard hybrid reconstruction, is presented. It is
used as one of the input files (ModuleSequence.xml) in the Offline software.
<sequenceFile>
<enableTiming/>
<moduleControl>
<loop numTimes="unbounded" pushEventToStack="yes">
<module> EventFileReaderOG </module>
<module> EventCheckerOG </module>
<!-- HYBRID reconstruction part -->
<module> FdCalibratorOG </module>
<module> SdCalibratorOG </module>
<module> FdPulseFinderOG </module>
<module> FdSDPFinderOG </module>
<module> FdAxisFinderOG </module>
<module> HybridGeometryFinderOG </module>
<module> FdApertureLightOG </module>
<module> FdProfileReconstructorKG </module>
<module> RecDataWriterNG </module>
</loop>
</moduleControl>

</sequenceFile>

The general modules, involved at the beginning and at the end of the sequence, are
the following:

- EventFileReader, which reads the raw data (with the shower profile and ground
particle data), measured at the Pierre Auger Observatory; or in the simulation case - the
input file, created using extensive air shower simulation program (like CORSIKA, CONEX,

etc.);
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- RecDataWriter — writes down an output of the reconstruction in a format specified
by the user (ROOT, ASCII), gives to user a possibility to choose the writing options.

During the hybrid reconstruction a not described previously SD module
(SdCalibrator) is launched. It is responsible for the reading in appropriate calibration

constants out detector characteristics of the real events and their simulated equivalents.

Appendix A2

A sequence of modules, used for real hybrid Monte Carlo simulation, is presented.
This part should precede the reconstruction part to perform the full standard modeling of
extensive air shower at the Pierre Auger Observatory.
<module> EventGeneratorOG </module>
<!-- REAL FD simulation part -->
<module> FdSimEventCheckerOG </module>
<module> ShowerLightSimulatorKG </module>
<module> LightAtDiaphragmSimulatorKG </module>
<module> ShowerPhotonGeneratorOG </module>
<module> TelescopeSimulatorKG </module>
<module> FdBackgroundSimulatorOG </module>
<module> FdElectronicsSimulatorOG </module>
<module> FdTriggerSimulatorOG </module>
<!-- REAL SD simulation part -->
<module> SdSimpleSimKG </module>

For simulations with the multiple scattering option switched on, the
ShowerPhotonGeneratorST module should be used instead of ShowerPhotonGeneratorOG .
To include the halo telescope effect into the real MC simulation, the
TelescopeSimulatorKG module is modified. Instead of this module, its developing version

TelescopeSimulatorKG_DEV should be included into the simulation module sequence.
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Appendix B

Examples of events, registered at the Pierre Auger Observatory, and then
reconstructed using the Offline software, are presented in this appendix part. The following
events are the good ones, they do not have clouds in their field of view and some part of
their longitudinal profile is in a good agreement with the Gaisser-Hillas function, giving the
possibility to obtain good profiles of lateral distribution. As it was already denoted in
section 4.2, for convenience, the long number of the Auger events will be replaced by the
single numbers. So, Auger event #200812103155 is renamed as event2, event
#200809503337 — as event3, Auger event #200812102538 — as event4, and event
#200809304337 — as events 5.

The results, obtained from reconstruction of each event, are described in the
following by the camera view (a) with triggered pixels, the time fit (b), and longitudinal
profiles, drawn as a function of shower age (c) and as a function of slant depth (d). The

profiles are rebinned for better display.
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Figure B.1: Auger event2 with reconstructed energy E =43.1+0.38EeV,
Xmax = 771 + 9 glcm?, zenith angle # = 61.2 + 0.2°, azimuth angle ¢ = 149.4 + 0.4°, distance to the
detector ~ 20.39 + 0.03 km, and total Cherenkov fraction ~ 4%.
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Figure B.2: Auger event3 with reconstructed energy E =1.89+0.33EeV,
Xmax = 740 £ 11 glcm?, zenith angle 6 = 17.3 + 0.4°, azimuth angle ¢ = 111.8 + 1.5°, distance to the
detector ~ 5.28 + 0.03 km, and total Cherenkov fraction ~ 13%.
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Figure B.3: Auger event4 with reconstructed energy E =151+0.25EeV,
Xmax = 658 + 17 g/cm?, zenith angle 6 = 22.3 + 0.2°, azimuth angle ¢ = 235.8 + 1.3°, distance to the
detector ~ 7.69 + 0.03 km, and total Cherenkov fraction ~ 9%.
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Figure B.4: Auger event5 with reconstructed energy E =2.51=+0.42EeV,

Ximax = 666 £ 32 g/cmz, zenith angle # = 31.0 + 0.2°, azimuth angle ¢ = 104.2 + 0.8°, distance to the
detector ~ 5.89 & 0.03 km, and total Cherenkov fraction ~ 12%.
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Appendix C

The normalized fractions of light are presented for events, discussed in Appendix B.
The lateral profiles are built for shower age parameters s, specific for each selected event.
The circle radius, in which the signal is determined, equals 5 degree. Description of the line

colours is given in the plots and in the main text.
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Figure C.1.1. The fractions of light F.om(r/ry) are obtained for event 2, presented in Fig.B.1
from Appendix B.
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Figure C.1.2: The normalized fractions of fluorescence light Fn’;lrm(r/rM) are obtained for
example event 2, presented in Fig.B.1 from Appendix B. The expected X..x determined from the

Gaisser-Hillas fit for this event is X =771+ 9 g/cmz.
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Figure C.2.1: The fractions of light F,m(r/ry) are obtained for event 3, presented in Fig.B.2
from Appendix B.
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Figure C.2.2: The normalized fractions of fluorescence light Fn’;lrm(r/rM) are obtained for
example event 3, presented in Fig.B.2 from Appendix B. The expected X« determined from the

Gaisser-Hillas fit for this event is Xa = 740 £ 11 g/cmz.
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Figure C.3.1: The fractions of light F..;m(r/ry) are obtained for event 4, presented in Fig.B.3
from Appendix B.
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Figure C.3.2: The normalized fractions of fluorescence light anolrm(r/rM) are obtained for
example event 4, presented in Fig.B.3 from Appendix B. The expected X« determined from the

Gaisser-Hillas fit for this event is X, = 658 £ 17 g/cmz.
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Gaisser-Hillas fit for this event is X = 666 + 32 g/cmz.
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The normalized fractions of light are presented for events discussed in Appendix B.

The lateral profiles are built for the shower development stages, which correspond to

atmospheric depth X, selected from the longitudinal profile of each event. The circle radius,

in which the signal is determined, equals 5 degree. Description of the line colours is given in

the plots and in the main text.
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Figure D.1.1: The normalized fractions of light F,,m(r/ry) are obtained for event 2,

presented in Fig.B.1 from Appendix B.
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Figure D.1.2: The normalized fractions of fluorescence light Fn’;lrm(r/rM) are obtained for

example event 2, presented in Fig.B.1 from Appendix B. The expected X..x determined from the

Gaisser-Hillas fit for this event is Xmax = 771 + 9 g/cm?.
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Figure D.3.1: The normalized fractions of light

presented in Fig.B.3 from Appendix B.
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Gaisser-Hillas fit for this event is Xy = 658 + 17 g/cm?.
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