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deals with the method of the Cherenkov transparency coefficient. This method
is suitable for the detector calibration in experiments employing imaging atmo-
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Introduction

This thesis deals with γ–rays of cosmic origin with energies between 108−1014 eV.
Non-thermal electromagnetic radiation is mostly produced when charged cos-
mic particles interact within the surroundings of astrophysical emitters or during
propagation through the interstellar space. Cosmic photons can be traced to the
production sites and carry indirect information about their particle progenitors.
In the studied energy range, cosmic γ–rays can be efficiently observed by com-
plementary space- and ground-based particle detectors. For these reasons, γ–ray
astrophysics is crucial for the study of the origin and mechanisms of acceleration
of charged cosmic rays that cannot be linked directly to their sources. In addi-
tion, observations of cosmic γ–rays play an important role in exploration of some
concepts of fundamental physics.

The focus of this thesis lies on some aspects of the detection of cosmic γ–rays
as well as the analysis of experimental data from observations of several emitters.
The basis for the work was laid down during the author’s stay at the Max Planck
Institut für Kernphysik in Heidelberg, Germany. In the co-operation with the
H.E.S.S. collaboration, a preliminary analysis was conducted which paved the
way to author’s active involvement in the Cherenkov Telescope Array (CTA)
experiment and its Central Calibration Facilities working group, in particular.
Within this group, the author is a responsible person for the implementation of
the calibration method of the Cherenkov transparency coefficient (CTC). Another
motivation for the research presented in this work originated from the author’s
participation at the summer schools focused on the analysis of data of the Fermi
Gamma–ray Space Telescope.

The thesis is structured as follows. Chapter 1 contains a brief review of non-
thermal cosmic radiation. The emphasis is put on γ–rays, the science case for their
observations and means of their detection. Chapter 2 presents the contribution of
the author to the detector calibration relevant to the experimental technique of
imaging atmospheric Cherenkov telescopes. Chapter 3 contains author’s original
study of γ–ray emission from the parts of the sky surrounding the active galaxies
1ES 0229+200 and Centaurus A.

The work discussed in Chapter 2 was conducted within the CTA Consortium,
an international collaborative effort to construct a ground-based γ–ray observa-
tory of unprecedented sensitivity. As the CTA is not gathering data yet, the
author participates in the preparative work with a goal of developing reliable
approaches for the calibration of the future instrument. The author works on
the implementation of the method of the CTC which utilizes telescope data com-
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prising numbers of recorded air showers initiated by the background of charged
cosmic rays. The purpose of this method is the robust monitoring of the atmo-
sphere as a calorimeter in the detection technique and the relative calibration of
the telescope responses to Cherenkov light. An extension of this approach, origi-
nally applied in the H.E.S.S. experiment, is proposed with the aim to improve its
precision and extend its usage for complex arrays with diverse telescope designs.
The author conducted a Monte Carlo study of proton-initiated air showers and
investigated their ability to trigger Cherenkov telescopes in coincidence. The fea-
sibility of the method in the CTA was presented in a publication by the author
and his colleagues from the collaboration [120].

Chapter 3 delivers the author’s research of experimental data from γ–ray ob-
servations. The focus was on the publicly available data of the Fermi Large
Area Telescope which is sensitive to photons in a complementary energy range
to that of Cherenkov telescopes. A serendipitous discovery of a high energy sig-
nal from several distinct regions in the sky around the position of the galaxy
1ES 0229+200 is reported. Spectral and temporal analyses of the observed γ–
ray flux are performed. Possible associations of the newly recognized signal with
known astrophysical objects are investigated and implications for future observa-
tions are discussed. Additionally to this, γ–ray emission from the active galactic
nucleus Centaurus A is described as a part of a separate analysis.

Supplementary information is provided in Appendices A–D. Author’s con-
tributions to γ–ray astronomy are summarized in Appendix E. Some of these
contributions deal with the variability of cosmic γ–ray emitters. This topic is out
of the main scope of this thesis but it was nonetheless deemed as worth attention
and explored within a secondary study. Attachment 1 contains the reprint of the
author’s publication about the atmospheric and array calibration in the CTA.
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Chapter 1
Astroparticle physics at high energies

This chapter contains a short summary of particle physics in the astrophysical
settings at energies above several MeV. Various kinds of non-thermal radiation
produced in the Universe are described (Section 1.1). The main focus lies on
γ–rays of cosmic origin and the scientific motivation for their observations (Sec-
tion 1.1.1). Different ways of detection of cosmic γ–rays are discussed with re-
spect to the energies of photons (Sections 1.2 and 1.3). The emphasis is put on
the experiments of the Fermi Gamma Ray Space Telescope (Section 1.2.1) and
Cherenkov Telescope Array (Section 1.3.3), the experimental and simulated data
of which are analysed in the following chapters.

1.1 Non-thermal radiation from space
A bulk of the radiation in the Universe originates in non-thermal processes in
extreme astrophysical environments. These include, for example, regions sur-
rounding central black holes of active galaxies, the shock waves following explo-
sions or collisions of massive objects. Mechanisms taking place in these regions,
still largely unresolved to date, accelerate charged particles in a broad range of
energies ∼ 109 − 1020 eV. High energetic protons and heavier nuclei constitute
the majority (∼ 99%) of these charged particles which are collectively known as
cosmic rays (CRs) [77, 112]. Throughout this thesis, we always consider charged
particles when referring to CRs and specify their type wherever necessary.

The energy spectrum of CRs measured by different experiments is shown in
Fig. 1.1. Its shape is inconsistent with the conventional thermal production and
is almost universal over ten decades in energy. The differential energy spectrum
can be described by a simple power law

dN
dE = N0 ·

(
E

E0

)−Γ
, (1.1)

where dN/dE gives the flux of particles of energy E passing through a unit of
area and solid angle per second, N0 is the flux at the reference energy E0 and
Γ is the spectral index. Two main features are present in the CR spectrum
where the spectral index changes, so called ”knee” (Γ ≈ 2.7 → 3.1) and ”ankle”
(Γ ≈ 3.1 → 2.7) around 1015 and 1018 eV, respectively [77].
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Figure 1.1 Measured energy spectrum of cosmic rays. Taken from Ref.[1]

Further components of the non-thermal emission observable at Earth are due
to the interactions of charged cosmic particles (nuclei, electrons and positrons)
with the ambient medium, radiation or magnetic fields and subsequent interac-
tions of the secondary particles. Protons and nuclei produce charged and neutral
pions through hadronic interactions in the collisions with the interstellar medium
or in the interactions with photons. Decays of π± and π0 lead to the produc-
tion of neutrinos and γ–rays, respectively. Emission of photons proceeds also via
lepton channels, mainly through synchrotron radiation of e±, followed by energy
gain of photons through inverse Compton scattering on the parent population of
leptons [19].

Secondary particles carry indirect information about the populations of parent
particles and emission regions, inherent in their energy spectra and temporal
evolution of the flux. Detections of each of the non-thermal messengers have some
advantages but also pose different challenges. Detection of charged CRs provides
direct information on their properties but their trajectories get deflected in the
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magnetic fields on the way from astrophysical sources to Earth. Some information
about the direction of origin can be obtained only through detection of CRs of
ultra high energies (UHECRs) above ∼ 1018 eV using large area experiments
(O(103 km2)) [13, 74].

Neutrinos and γ–rays, on the other hand, are electrically neutral and are not
deflected in the magnetic fields. The detection of astrophysical neutrinos is chal-
lenging due to the small cross section of their weak interaction with matter and
also because of the background stemming from particles in air showers induced
by charged CRs [59].

Photons can be efficiently detected up to ∼ 1014 eV and provide an important
tool for non-thermal astronomy [19, 57]. However, the Universe is increasingly
opaque for photons at higher energies due to the attenuation on the extragalactic
background light and cosmic microwave background. Given the topic of this
thesis, we pay more attention to γ–ray astronomy in Section 1.1.1.

Improvement of the knowledge about non-thermal processes, places of origin of
high energy radiation and its propagation through space requires the detection of
all messengers over a wide range of wavelengths. In addition, various messengers
may be also products of processes beyond the Standard Model and their (non-)
detection provides limits on particle physics models. Finally, an emerging class
of messengers are also the gravitational waves which originate in the mergers
of massive objects [123], such as black holes and neutron stars, known also for
their production of non-thermal radiation. Simultaneous observations by different
types of experiments may provide important complementary information about
these events.

1.1.1 Gamma–ray astrophysics
Astrophysical γ–rays constitute photons with energies above several tens of MeV.
A conventional classification assumes the division into high energy (HE; 20 MeV ≲
E ≲ 100 GeV) and very high energy (VHE; 20 GeV ≲ E ≲ 100 TeV) γ–rays.
The detection of photons in these energy ranges is served by different kinds of
experiments and is described in Sections 1.2 and 1.3, respectively.

Similarly to charged CRs (see Fig. 1.1), the differential energy fluxes of γ–rays
from the astrophysical objects exponentially decrease with the energy. Photon
spectra exhibit a variety of shapes with different rates of decrease, depending on
the underlying emission mechanism and, related to that, the source class.

Fluxes of HE photons are typically higher than those in the VHE domain.
Thus, the detection of the latter is more challenging due to the requirement of
better sensitivity of instruments (see also Fig. 1.7). While the Fermi-LAT third
source catalog [15] contains 3033 γ–ray sources detected in the HE band, only
177 objects have been detected at energies above 1 TeV to date [129].

In addition to the individual objects, an important contribution to the ob-
served flux of photons comes from the diffuse γ–ray emission in the Galactic disc.
The leading mechanisms of photon production are the π0 decays after hadron
collisions (CR nuclei and interstellar gas), inverse Compton scattering (e± and
interstellar radiation fields) and bremsstrahlung (e± and interstellar gas) [16].
Figure 1.2 shows the all-sky map of counts detected by the Fermi-LAT above
360 MeV [16]. Along the Galactic plane, enhanced γ–ray intensity compared to

7



Figure 1.2 Map of counts detected by the Fermi-LAT after 4 years of data taking
above 360 MeV. The map is shown in the Galactic coordinates. Taken from [16].

the rest of the sky can be recognized and is attributed to the Galactic diffuse
emission (mostly at latitudes |b| < 6◦). While the diffuse emission dominates the
HE sky, individual sources contribute more to the detected flux at TeV energies
as their spectra are harder than that of the diffuse component.

A variety of astrophysical objects have been recognized as counterparts of de-
tected γ–ray emitters. However, roughly a third of the detected sources remain
unidentified [15, 129]. This is due to the instrumental limitations (resolution of
angular extent and temporal characteristics) and source confusion in the highly
populated regions in the Galactic plane. Strong foregrounds due to diffuse Galac-
tic emission also complicate identification of sources at low latitudes.

Unaffected by magnetic fields, photons trace their sources of origin directly.
Among the main goals of γ–ray observations are the indirect searches for sources
of CR nuclei which may contribute to the flux of observed energetic photons.

In HE and VHE domains, active galactic nuclei (AGN) dominate in the ob-
served extragalactic sky as well as in the whole sample of identified sources.
Acceleration of CR nuclei is believed to take place in AGN [49] but its indirect
confirmation with γ–rays requires a challenging discrimination from alternative
emission mechanisms through interactions of leptons.

Within our Galaxy, the most populous classes of identified γ–ray sources are
pulsars and pulsar wind nebulae which are thought to harbour mainly cosmic
electrons [57]. Excluding these sources, the largest group of detected Galactic
emitters are supernova remnants (SNRs). Shock acceleration in SNRs, potentially
accompanied by molecular clouds, is a possible means of production of CR nuclei
up to 1015 eV [24]. Similarly to other candidate sources of CRs, γ–rays from SNRs
may be also of leptonic origin. Complementary multi-wavelength observations are
necessary for resolving the photon production channels, and ultimately, the origin
of CR nuclei.
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Another topic of γ–ray observations is the nature of the dark matter which
is the prevailing form of mass in the Universe [102]. According to some models,
high energy photons can be produced in the annihilations or decays of dark mat-
ter particles [39, 55]. Dark matter searches with γ–ray instruments are focused
on regions with high expected content of dark matter or small intensities of γ–
ray background from conventional sources. These regions include, for example,
the Galactic centre and halo, dwarf spheroidal galaxies (dSphs) or galaxy clus-
ters. Upper limits derived from observations of dSphs by the Fermi-LAT have
excluded a number of possible weakly interacting massive particles as dark matter
candidates [25].

The propagation of γ–rays over cosmological distances may result in their in-
teractions with extragalactic background light and intergalactic magnetic fields.
These interactions leave imprints in the observed spectra of γ–rays which can pro-
vide constraints on the photon and magnetic fields in the intergalactic space [80,
127]. Furthermore, hypothesized oscillations of VHE photons to axion-like par-
ticles in the presence of magnetic fields may manifest themselves as apparent
increased transparency of Universe to these photons and modulations of γ–ray
energy spectra [14].

In addition, γ–rays provide a probe of the fundamental aspects of physics.
Violation of Lorentz invariance may be observed as energy dependence of arrival
times of photons emitted during events at well-known points in time [57]. These
include pulsed emission from neutron stars, advantageous for the timing analysis,
and AGN flares or gamma-ray bursts at cosmological distances for which the
effect is more pronounced. To this end, precise time measurements and multi-
wavelength observations are necessary. Observations by the current generation of
instruments have provided limits on violation of Lorentz invariance either beyond
or close to the Planck scale [8, 22, 26].

1.2 High energy γ–ray detection
The Earth’s atmosphere is opaque to photons with energies above several eV.
Direct observations of electromagnetic radiation from outer space at such energies
are possible only through balloon or satellite-borne experiments.

Soft X-rays (energies of less than few keV) can be efficiently focused using
a system of mirrors with a high sensitivity and angular resolution (few arcsec)
considering the small detection areas achievable in space experiments. Contrary
to that, HE γ–rays cannot be focused as they undergo pair production γ → e−+e+

in the presence of atomic nuclei. Current HE γ–ray experiments, AGILE [122] and
Fermi Gamma–ray Space Telescope [32], employ converters with short radiation
lengths and calorimeters for absorption of secondary particles and determination
of the energy of a primary photon. The effective detection areas are restricted to
the sizes of payloads that can be carried to the orbit (O(1 m2)).

Non-thermal γ–radiation is typically a secondary product of interactions of
charged cosmic particles with power-law energy spectra. The flux of observable
photons decreases exponentially with the energy of primary particles.1 Given the

1The rate of decrease and shape of the energy spectrum depend on the type of emitter and
the particular production mechanism.
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Figure 1.3 Structure of the Fermi-LAT.

effective areas of satellite experiments, the detection of γ–rays is possible up to
about 100 GeV.

Further details on the experimental technique in the HE domain are given
in Sections 1.2.1 and 1.2.2. The focus lies on the Fermi experiment and, in
particular, its Large Area Telescope since we used data from this instrument in
our analysis in Chapter 3.

1.2.1 Fermi Gamma–ray Space Telescope

Fermi Gamma–ray Space Telescope is a space-borne experiment aimed at the
detection of high energy γ–rays of astrophysical origin. The Fermi satellite is
equipped with two instruments with wide field of view (FoV), the Large Area
Telescope (LAT) and the Gamma-ray Burst Monitor (GBM). The LAT conducts
high-sensitivity γ–ray observations above 20 MeV. The GBM extends the mea-
surements into the lower energy range (∼ 0.01 − 25 MeV) in order to detect
gamma-ray bursts (GRBs) and provide alerts of such events for the LAT.

The Fermi spacecraft orbits the Earth at an altitude of about 565 km with a
period of 96.5 minutes. The orientation of the spacecraft is variable relative to the
sky so that the LAT always points away from the Earth (except for calibration
purposes). Most of the time, Fermi observes in the survey mode during which a
full scan of the sky is performed in about 3 hours. Alternatively, the spacecraft
can be re-pointed in order to perform in-depth observations of individual objects
or to monitor short-time transient phenomena (e.g. GRBs, AGN flares). The re-
pointing can be done autonomously after the GBM or the LAT issue such request
based on their recent detections.

The Fermi experiment improves considerably on the sensitivity, effective area,
angular and energy resolution compared to the previous γ–ray space detectors.
Given its large field of view and duty cycle, it has detected numerous kinds of
sources of cosmic γ-rays since the start of the observations on August 4th, 2008.

The data recorded by the LAT and the GBM are publicly available in the
database which is regularly updated. The analysis of the data is facilitated by
the Fermi Science Tools [2], also available to the scientific community.
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Table 1.1. Fermi-LAT characteristics.

Characteristic Value

Energy range ∼ 0.02 − 300 GeV
Energy resolution < 15% (E > 0.1 GeV)
Effective area > 8000 cm2

Field of View 2.4 sr
Background rejection < 10% contamination for high latitude samples (E > 0.1 GeV)
Dead time < 100 µs

1.2.2 Fermi Large Area Telescope
The Fermi-LAT is a pair conversion detector designed for detection of photons
with energies of above about 20 MeV [32]. The structure of the LAT is outlined
in Figure 1.3. Its three main parts are the tracker, the calorimeter and the anti-
coincidence detector (ACD).

The tracker is segmented into 16 modules, each with 18 tracker planes. The
uppermost 12 planes include tungsten converters with the thickness of 0.035 X0,
the lower 4 planes have 0.18 X0 thick converters and the lowermost 2 planes
do not include any tungsten plates. Photons impacting the LAT convert into
electron-positron pairs in one of these tungsten plates. Directions of photons
are reconstructed from the directions of secondary particles which are recorded
by the silicon-strip detectors assembled in two orthogonal layers in each tracker
plane. The front part of the tracker, comprising the upper planes with thinner
conversion plates, provides a good directional resolution but a small efficiency for
pair conversion at higher energies (> 10 GeV). The thicker conversion plates in
the back part of the tracker provide a better conversion efficiency but the angular
resolution is worse than in the front part due to the shorter track lengths and
increased scatterings of the electrons and positrons.

Energies of secondary electrons and positrons are measured in the calorimeter.
Similarly to the tracker, the calorimeter is composed out of 16 modules. A single
module consists of 96 CsI (Tl) crystals in eight orthogonal layers which are read
out by the PIN photo-diodes. The depth of the calorimeter is 8.6 X0.

The ACD consists of 89 plastic scintillator tiles read out by the photomultiplier
tubes. The purpose of the ACD is to veto charged CR particles penetrating the
LAT which are the predominant source of the background.2

Some of the characteristics of the LAT are given in Table 1.2.2. For a more
detailed description of the LAT performance see Refs.[3, 32]. Here, we pay partic-
ular attention to the point spread function (PSF) of the LAT since its knowledge
is important for the discussion of the analysis of the LAT data (see Section 3.2.2).
The angular resolution of the LAT is mainly determined by the multiple scatter-
ing of electrons and positrons in the tungsten conversion plates for energies of
primary photons < 10 GeV. At energies > 10 GeV, the spatial resolution of the
tracker dominates the angular resolution. Given the construction design of the
LAT, the angular resolution is worse for the back than for the front part of the

2Charged CRs hit the LAT approximately 102 − 105 times more frequently than γ–rays.
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Figure 1.4 Containment angles (68% and 95%) of the point spread function of
the Fermi-LAT. Taken from Ref.[3].

tracker because of the more frequent multiple scattering in the thicker conversion
foils.

For a given energy (E) and inclination angle (θ) of the primary photon, the
PSF of the LAT is described by the probability distribution function P (δv, E, θ),
where δv = |v̂′−v̂| is the angular deviation between the reconstructed (v̂′) and true
photon direction (v̂) [18, 32]. In order to account for the energy dependence of the
angular size of the PSF, the PSF is parametrized in terms of the scaled angular
deviation x = δv/SP (E). Here, SP (E) ∝

√
[c0 · (E/100 MeV)−β]2 + c2

1, c0 and
β are the normalization and energy scaling index for the multiple scattering,
respectively, and c1 is the uncertainty related to the resolution of the silicon strip
detectors. The PSF of the LAT (P (x, θ)) can be described by the combination
of King functions, see e.g. Ref.[18]. The PSF is computed from Monte Carlo
simulations for each combination of the instrument response function and the
part of the tracker in which the pair conversion occurred for the selected data.

In Figure 1.4, the radii (angles) for the 68% and 95% containment of events
are depicted as a function of energy. The containment angles are shown for the
cases when only photons converting in the front, back or both parts of the tracker
are considered in the analysis. The 95% containment radius is roughly 10◦ for
primary photons with energy of 100 MeV. The value of the containment radius at
the lowest considered energy is crucial in the analysis of the LAT data. A circular
region of a radius at least as large as the containment angle has to be selected
around the point source of interest in order to account properly for the accu-
racy of the direction reconstruction at all investigated energies (see Sections 3.1
and 3.2.2).
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1.3 Very high energy γ–ray detection

We discuss means of indirect observation of VHE γ-rays through detection of air
showers and Cherenkov light. A brief overview of these two concepts is given, for
further details see Appendices A and B, respectively. The emphasis is put on the
detection utilizing imaging atmospheric Cherenkov telescopes (IACTs), described
in Sections 1.3.1 and 1.3.2. In Section 1.3.3, we describe the Cherenkov Telescope
Array [17], a next-generation IACT observatory under construction.

The requirement of larger detection areas for VHE observations (see also
Section 1.2) implies the construction of ground-based experiments. These ex-
periments can observe γ–rays only indirectly through their interactions in the
atmosphere inducing electromagnetic air showers (see Appendix A.1).

The first interaction of a VHE cosmic particle in the air occurs at an altitude of
approximately 20 − 25 km above sea level [37]. Products of this interaction carry
enough energy to initiate new interactions and produce more secondary particles.
These can again interact so that the number of particles grows at each stage. An
air shower of particles develops until their energies decrease to the critical energy
below which the energy losses through ionization or decays dominate. The depth
of the maximum of an air shower, measured from the top of the atmosphere,
depends logarithmically on the primary energy (see Eqs.(A.1)). The number of
particles at the air shower maximum is proportional to the energy of a primary
particle (see Eq.(A.2)).

Cosmic electrons, positrons and photons initiate air showers which are medi-
ated only by the electromagnetic interaction (electron Bremsstrahlung and pho-
ton conversion γ → e−e+). CR protons, heavier nuclei and their corresponding
antiparticles interact strongly in the air and initiate showers of hadrons. Electro-
magnetic sub-showers also develop through decays π0 → γγ. In addition, muons
and neutrinos are produced in decays of charged pions (π±). Due to the greater
abundance of charged CRs compared to γ–rays, hadronic air showers are the main
source of background for VHE γ–ray experiments.

The air shower maximum occurs typically at altitudes of 8–12 km above sea
level for showers initiated by VHE particles [37]. In order to detect particles from
these air showers directly, ground-based γ–ray observatories have to be operated
at higher altitudes (> 4000 m a.s.l.), such as HAWC [12] and LHAASO [50],
for example. These observatories utilize water Cherenkov detectors, scintillation
detectors, resistive plate chambers or a combination of these approaches. Ex-
periments of this type benefit from a large coverage of the sky and an almost
unrestricted duty cycle, thanks to which they can achieve a good sensitivity to
γ–rays above several TeV.

The technique employing imaging atmospheric Cherenkov telescopes for the
VHE γ–ray detection (see Section 1.3.1) is complementary to the satellite and
ground-based particle detectors at the lower and higher end of the 10−2 −102 TeV
energy range, respectively. The current generation of IACT instruments com-
prises MAGIC [28] and VERITAS [130] in the Northern hemisphere and the
H.E.S.S. experiment [20] in the Southern hemisphere. IACTs do not detect par-
ticles from air showers directly, see Fig. 1.5. Telescopes register Cherenkov ra-
diation produced by those particles that are charged and satisfy the condition
β = v/c > n−1, where v is the velocity of a particle and n is the refraction in-
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Figure 1.5 Left: medium-size telescope design in the CTA experiment. Taken
from Ref.[4]. Right: illustration of the imaging atmospheric Cherenkov technique.
Adapted from Ref.[113].

dex of air. Cherenkov photons are emitted into a cone under an angle θC ≲ 1◦.
Neglecting multiple Coulomb scattering, Cherenkov light from a vertically devel-
oping electromagnetic air shower illuminates a circular area on the ground with
a diameter of ≈ 120 m. Effective areas of IACT experiments are on the order
of O(105 m2), and thus provide a good sensitivity for the detection of γ-rays
with energies above few tens of GeV. The detection of short (O(10 ns)) and faint
flashes of Cherenkov light limits the observations of IACTs to night-time3 and to
locations with excellent astronomical conditions.

The number of Cherenkov photons emitted within an electromagnetic air
shower is proportional to the energy of a primary cosmic particle, see Eq.(B.6).
From an experimental point of view, detection of all Cherenkov photons from an
air shower is difficult due to the attenuation of light in the air (see Section 2.1)
and also because of the necessity for large detector areas. The reconstruction of
the primary energy usually relies on the density of Cherenkov photons per unit
area at the observation level, or the intensity of the observed shower image in
Cherenkov light.

1.3.1 Imaging atmospheric Cherenkov telescopes
The purpose of an IACT is the detection of Cherenkov light from air showers
initiated by particles of astrophysical origin, with the emphasis put on VHE γ-
rays. The main parts of an IACT are the telescope structure and drive system, the

3Typically during moonless nights or only partial moonlight.
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optical system and the camera. The design of an IACT is illustrated in Fig. 1.5
on the example of the medium-size telescope in the Cherenkov Telescope Array
(see Section 1.3.3).

The structure of a telescope provides support and drive for the mirrors and
camera. IACTs are usually assembled with alt-azimuth mounts capable of re-
pointing at slew speeds of 1 − 5 deg · s−1.

Optical mirrors are used to reflect Cherenkov light from air showers onto the
camera of a telescope. A typical construction of a telescope, pioneered by the
current and previous IACT experiments, utilizes a single segmented mirror dish
of the Davies-Cotton or parabolic design with a diameter of 4 − 28 m. The
individual mirror facets are of spherical profile (size of O(103 cm2)) and are
equipped with actuators for positioning. The focal length of all facets is the same
in the Davies-Cotton design while it changes with the distance to the optical axis
in the parabolic layout.

Contrary to the parabolic design, the Davies-Cotton is not isochronous and
there is a delay in the arrival times of Cherenkov photons at the camera. This
effect becomes significant for telescope diameters > 15 m and the parabolic dish
layout is employed in such telescopes (e.g. MAGIC [28], H.E.S.S. II [34]) to
eliminate the effect of time dispersion.

Another design of the telescope optical system is the Schwarzschild-Couder
layout utilizing two mirror dishes [92]. This configuration mitigates the spherical
and coma aberrations experienced by the Davies-Cotton and parabolic designs.

A camera composed of an array of photo-detection sensors (photo-multiplier
tubes, silicon photo-multipliers) is mounted in the focal plane of a telescope.
The photo-detection elements convert the reflected Cherenkov photons into an
electronic signal. Depending on the realization of the telescope, the field of view
(FoV) of pixels (sensors) in the current and future systems is 0.07 − 0.24◦ and
the total FoV of the camera is 3 − 11◦.

In order to improve the light collection capacity, each pixel is equipped with a
hollow light concentrator with reflective inner surface. The walls of these concen-
trators are adjacent to minimize the voids between individual pixels. In addition,
the light guides reduce the amount of stray light coming from outside the reflector
at angles ϕ > arctan(D/2f), where D is the diameter of the mirror dish and f is
the focal length of a telescope.

1.3.2 Data analysis in IACT experiments
This section provides a simple overview of data analysis chain in IACT experi-
ments. Since the particular settings are specific to each experiment, we do not
discuss individual analysis steps exhaustively and refer to dedicated works for
more details.

The first level of trigger of Cherenkov telescope cameras usually requires that
a single pixel signal is above a predefined threshold value [58, 99]. Next, a group of
adjacent pixels is required to trigger within a coincidence time window. In arrays
of multiple telescopes, stereoscopic trigger is often applied so that the whole
system is read out only if a minimum number of telescope cameras (usually 2)
trigger in coincidence (∼ tens of ns). The analog-to-digital converted signal is
then sent to the data acquisition system.
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Figure 1.6 Hillas parameters for the description of air shower images. Taken
from Ref.[113].

The recorded images of air showers are cleaned to retain only those pixels that
were hit by Cherenkov photons and remove the pixels containing counts mostly
due to the night sky background (NSB). Commonly applied criteria require an
image core pixel to have a number of photo-electrons (p.e.) above a certain value
and to be adjacent to a pixel with a number of p.e. above some lower threshold
value [20, 28]. The reverse criterion selects the image boundary pixels.

The resultant images are roughly elliptical in shape (see Fig. 1.5) and are
described using a set of Hillas parameters [68] (see Fig. 1.6). These include the
size of an image in p.e., its width and length, distance between the image centre
of gravity (CoG) and the camera centre and the angle α between the image main
axis and the line joining the CoG and the source direction.

In case of a single telescope, the direction of a primary particle initiating
a cascade can be reconstructed using the method estimating the disp parame-
ter [75]. This parameter represents the distance in the camera plane between the
image CoG and the arrival direction along the main image axis. This distance is
calculated using the Hillas parameters (image size, width, length) from look-up
tables or parametrisations obtained from Monte Carlo (MC) simulations. There
is a degeneracy of possible directions as disp estimates the distance to the pre-
sumed source direction but does not constrain the direction along the image axis.
This degeneracy is removed by considering additional parameters based on the
asymmetry of the image (larger signal is typically accumulated at the head of the
shower image). Other means of single telescope directional reconstruction rely
on the usage of random forest algorithms trained using MC simulations of γ–ray
initiated air showers.

Stereoscopic reconstruction exploits the multitude of shower images obtained
from different telescopes. The images are superimposed in a single telescope plane
and the arrival direction of an air shower is obtained from the intersection of
main image axes [20]. Various algorithms may be used to determine the primary
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direction in case of more than two telescopes triggering to the same event, such
as averaging over intersection points or optimization of the shower image axes
to provide a best description of image geometry, for example [71]. In a similar
way, the shower impact point on the ground is determined by intersection in the
ground plane of main image axes from at least two telescopes.

The main source of background for IACTs are air showers induced by charged
CRs.4 The discrimination between γ and hadron events is based on different
morphologies of electromagnetic and hadronic air showers (see also Appendix A).
This is translated into different Hillas parameters (particularly width and length)
of a shower image depending on the type of a primary particle. A possible way of
γ-hadron separation is based on the scaled width and length parameters [20], i.e.
pS = (p− ⟨p⟩) /σp, where pS is the scaled parameter, p is the actual width/length
of an image, ⟨p⟩ is the expectation value of p obtained from MC look-up tables for
a given image amplitude, impact distance and zenith angle (see Fig. 2.2) and σp is
the standard deviation of the simulated distribution. The separation is then done
by applying selection cuts on scaled parameters which are optimized to achieve
the best γ-hadron ratio in the remaining data set. Other selection cuts restrain
the image size and the angular distance θ between the reconstructed shower and
telescope pointing directions. Alternative approaches to γ-hadron separation uti-
lize boosted decision trees trained with samples of MC simulated air showers
induced by γ–rays and hadrons, see e.g. Refs.[27, 97]. The training parame-
ters include, for example, scaled image width and length (different morphology
of showers), reconstructed depth of the shower maximum (different interaction
lengths of photons and hadrons) and ∆E/E calculated as an average spread be-
tween the reconstructed energies from individual telescopes (shape fluctuations
of a hadronic shower viewed from different directions). Further approaches to
γ-hadron separation can be found for example in Ref.[48].

IACTs cannot be calibrated in laboratory using sources of photons of known
energies. The reconstruction of the energy of a primary cosmic photon is done
using look-up tables [20, 28]. These tables are constructed from energies (EMC)
of MC simulated γ–ray events as a function of the shower image amplitude and
impact parameter (perpendicular distance between the shower axis and telescope
pointing direction). Separate look-up tables are produced for different bins in
the zenith angle and the correction proportional to cos(zenith) is applied due
to the image size dependence on the zenith angle (see also Section 2.3.6). The
reconstructed energy (Erec) is calculated as an average taken over all triggered
telescopes. The energy bias, ∆E = (Erec − EMC) /EMC, is around 15% in the
current IACT experiments [20, 28].

1.3.3 Cherenkov Telescope Array
The Cherenkov Telescope Array (CTA)5 is a ground-based VHE γ–ray observa-
tory currently in preparation [17]. The CTA will utilize tens of IACTs of different
specifications for the detection of photons of astrophysical origin in the energy
range 0.02−300 TeV. The increased number of telescopes compared to the current

4The trigger rate due to the hadronic CR background, isotropic in the VHE domain, is
∼ 103× higher than for γ–rays from individual emitters.

5http://www.cta-observatory.org
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Figure 1.7 Differential flux sensitivities of the current and future VHE γ-ray
experiments. Taken from Ref.[5].

and previous IACT experiments will allow to observe non-thermal γ–ray sources
with improved sensitivity, i.e. the minimum differential flux necessary for a sig-
nificant detection of a point-like source. Anticipated differential flux sensitivity
of the CTA is compared to the current VHE γ-ray instruments in Fig. 1.7 [5].
A detailed description of the CTA, its performance and aims are given in Ref.[17].

Three main classes of telescopes are expected to be deployed in the CTA with
the division based on the size of the mirror collection area. This area scales
inversely with the energy of γ–rays as the Cherenkov light yield from induced air
showers decreases with the primary energy (see Eq.(B.6)).

The core of the CTA energy range (∼ 0.08 − 50 TeV) will be covered by the
medium-size telescopes (MSTs) of the Davies-Cotton design (see Section 1.3.1)
which has been perfected in the current experiments (H.E.S.S.-I [20], VERI-
TAS [130]). The mirror dish diameters of the MSTs will be of the order of 12 m.
Some of the medium-size telescopes may be also manufactured in a novel imple-
mentation of the Schwarzschild-Couder Telescope (SCT [92]). The low energy
range of the CTA (≥ 0.02 TeV) will be monitored by large-size telescopes (LSTs)
of the parabolic design and diameter of 23 m. Photons with energies of approxi-
mately 1−300 TeV will be detected by an extensive array of small-size telescopes
(SSTs) of the mirror dish diameters of the order of 4 m. Three possibilities for
the SSTs exist, a single mirror telescope of Davies-Cotton design (SST-1M [106])
and two concepts utilizing a dual mirror design (ASTRI [78], GCT [111]).

The MST cameras will be assembled from photo-multiplier tubes in an ar-
chitecture with either an analogue trigger (NectarCAM [61]) or a fully digital
treatment of the signal (FlashCam [103]). This will be also the case for LSTs
which will utilize a similar approach to NectarCAM. SST-1M as well as all dual
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Figure 1.8 Proposed layouts of the CTA arrays in the Northern (CTA-N, left) and
Southern (CTA-S, right) hemispheres [45]. The positions of telescopes are shown
in the horizontal plane. Telescopes at the CTA-N site will be built at different
altitudes in the range 2157–2230 m due to the topography of the terrain.

mirror telescopes (SCT, ASTRI, GCT) will employ silicon photo-multipliers for
their cameras.

The CTA will be built at two locations, one in each hemisphere, in order to
provide observations of the whole celestial sphere. In Fig. 1.8, the proposed tele-
scope layouts for both CTA arrays are depicted [45]. The array in the Northern
hemisphere (CTA-N) will be on the site of the Roque de los Muchachos Obser-
vatory at La Palma, Spain. It is expected to consist of 4 LSTs and 15 MSTs and
its main focus will lie on the observations of extragalactic objects. The Southern
array of the CTA (CTA-S) will stand at the Paranal site of the European South-
ern Observatory in Chile. It is planned that the CTA-S will comprise 4 LSTs,
25 MSTs and 70 SSTs. CTA-S is designed to have better sensitivity and cover
a wider range of γ-ray energies in order to perform in-depth observations of the
Galactic plane and Galactic centre.

Thanks to its improved detection capabilities compared to the previous in-
struments, the CTA is expected to discover many new fainter objects in the VHE
regime and provide answers to some of the problems outlined in Section 1.1.1.
A detailed description of the CTA science case can be found in Ref.[44].
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Chapter 2
Calibration in the Cherenkov Telescope
Array

This chapter is focused on our method of calibration in the arrays of imaging
atmospheric Cherenkov telescopes (IACTs, see Section 1.3.1). In Sections 2.1
and 2.2, we discuss, respectively, various atmospheric and hardware phenomena
affecting IACTs and available calibration methods focused on these effects. In
Section 2.3, we present our extension to the method of the Cherenkov trans-
parency coefficient (CTC) developed for the purpose of the atmospheric monitor-
ing and array calibration in the CTA. The results of our analysis were published
in Ref.[120] which is reprinted in Attachment 1.

2.1 Impact of atmospheric conditions on IACTs
In this section, we summarize some of the atmospheric phenomena affecting the
development of air showers. We also discuss the impact of the atmosphere on the
emission and propagation of Cherenkov light produced in these showers.

The development of air showers is affected by the local molecular density
profile of the atmosphere [37, 91, 128]. Molecular density profile depends on
the geographic location and is also subject to seasonal variations. The depth
of a shower maximum (Xmax, see Eq.(A.1)) increases with decreasing density of
air [37]. Importantly for an experimental technique, a decrease in the density has
a similar effect on the depth of the shower maximum as an increase in the energy
of a primary particle.

Concerning the detection of Cherenkov light, photons emitted from an air
shower with a maximum closer to the observation level traverse a shorter path
to the ground. The radius of a Cherenkov cone (see Eq.(B.4)) is smaller and
the detector close to the shower impact point observes higher density of photons
compared to the case of higher air density (higher shower maximum).

Changes in the density profile reflect also in the emission of Cherenkov light
through the dependence of the Cherenkov angle (θC, see Eq.(B.3)) on the re-
fractive index. A decrease in the air density is equivalent to a decrease in the
refractive index and an increase in θC. Consequently, Cherenkov light is radiated
further away from the air shower axis and the density of photons close to the
impact point decreases.
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Further influence of atmospheric conditions is the extinction of Cherenkov
light. This can occur due to the molecular absorption (mostly ozone (O3) and
oxygen (O2)) or scattering on molecules (Rayleigh), aerosols (Mie) or clouds.
In the scattering processes, Cherenkov photons are not attenuated but they are
scattered out of the field of view of a detector. At a given site, molecular scattering
and absorption on O2 are approximately constant and can be well modelled [37].

Aerosols of natural and anthropogenic origin are usually located above the
ground in the lowest layer of the troposphere. The thickness of the aerosol layer is
1–2.5 km and varies typically between day and night. The type and concentration
of aerosols depend on local site conditions. The aerosol concentration may get
elevated on time scales of several minutes but aerosols can remain over the site
for long time periods. Attenuation due to elevated aerosol levels results in less
Cherenkov photons being detected from an air shower initiated by a γ-ray of a
given energy.

Other aerosols, e.g. volcanic dust, may be present even in the lower parts
of the stratosphere. At these altitudes (≳ 15 km), extinction due to aerosols
is of small concern for Cherenkov light from air showers but it may hamper
atmospheric calibration of a ground-based cosmic ray instrument that relies on
the measurement of extinction of starlight. Similarly, high-altitude clouds or
clouds thinner than the typical length of air showers (e.g. cirrus) have small or
partial influence on the IACT technique.

If not accounted for, some of the atmospheric effects may lead to the mis-
reconstruction of energies of primary cosmic γ-rays detected by IACT experi-
ments. The impact of short-term absorbers can be eliminated by selection cuts
on the data quality. Presence of these absorbers can be recognized as a contin-
uous decrease (e.g. haze) or fluctuations of the system trigger rate (small-scale
clouds) and the corresponding runs are discarded from further analysis. More
complex approaches are necessary to identify the influence of long-term absorbers
that are difficult to disentangle from changes in the instrumental performance
(aerosols) [62].

In the CTA, there is an effort to retain as much data as possible. In order to
mitigate the systematic uncertainty on the reconstructed energy scale, a detailed
calibration strategy evaluating the impact of different atmospheric conditions is
under development. The aerosol extinction profile will be extracted with indepen-
dent devices utilizing Lidars [124] and stellar photometry [52]. The monitoring of
the atmospheric conditions will be accomplished using the Sun/Moon photome-
ter [73] and all-sky-cameras [82].

In this context, we describe in Section 2.3 our method for the monitoring of
the atmospheric transmission of Cherenkov light from VHE air showers. This
method utilizes only telescope data and is also a part of the CTA atmospheric
calibration program.

2.2 Calibration of telescope responses
Optical throughput efficiency of a telescope is a measure of its ability to collect
and record Cherenkov photons. It is given by a combination of effects due to
various telescope components. The amount of Cherenkov light from an air shower
reaching mirrors of a telescope is reduced by shadowing of the camera and support

22



masts. The transmission of photons to the camera is further affected by the
reflectivity of mirrors and light guides. The quantum efficiency of photo-detection
sensors determines the number of recorded digital counts given the light yield
impacting the camera.

Good knowledge of the optical throughput efficiency of all telescopes is nec-
essary for a correct reconstruction of air shower parameters. In particular, the
reflectivity of optical components varies in time due to the dusting or mirror re-
furbishment, for example, and requires regular monitoring. In addition to the
absolute calibration of optical efficiencies, an overall coherent calibration of the
whole array of telescopes is required. This may pose a challenge in complex arrays
utilizing diverse telescope designs and technologies, such as in the CTA [79] (see
Section 1.3.3). To this end, the mutual inter-calibration of telescopes of a same
type and cross-calibration of different sub-arrays is envisaged.

A widely used method for the absolute calibration of the optical throughput
utilizes the ring or arc images detected from individual muons, see e.g. [60, 89].
The expected Cherenkov light yield from a single muon can be analytically deter-
mined from the geometrical properties of the recorded images and then compared
to the actually observed amplitude of the image. The muon image analysis is one
of the most precise methods and will be the baseline calibration approach in the
CTA [79].

Other methods utilizing telescope data for the array calibration in the CTA
are based on the telescope-wise comparison of reconstructed parameters which
should be the same for all telescopes. Observed asymmetries in these parameters
are then expected to come from the different optical throughput efficiencies of
telescopes. These reconstructed features can be, for example, the size of the
recorded image [70], the energy of a primary particle [90] or the atmospheric
transparency to Cherenkov light deduced from the detection rates of air showers
induced by CR nuclei [120]. The latter approach was developed as a part of
this thesis and is explained in detail in Section 2.3. It is also worth noting that
the calibration can be achieved at the array level using the reconstructed cosmic
electron spectrum [100]. Using this method, inconsistencies between the electron
spectrum reconstructed from CTA extragalactic observations and the spectrum
measured independently by another instrument can reveal possible problems in
the array calibration.

The calibration methods employing telescope data are complemented by the
external devices. These include well known artificial light sources illuminat-
ing the telescopes. In the CTA, the anticipated realizations include a portable
ground-based illuminator [110] and an airborne calibration platform able to cross-
calibrate multiple telescopes at a time [40]. The advantage of these approaches
is the possibility of multi-wavelength calibration through usage of different light
sources.

2.3 Atmospheric and array calibration in CTA
using air showers induced by charged CRs

In the following, we present our results from the feasibility study focused on the
application of the method of the Cherenkov transparency coefficient (CTC) for
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the atmospheric and array calibration in the CTA. In Section 2.3.2, we give an
overview of the original method of the CTC and discuss our modifications neces-
sary for its implementation in more complex arrays of IACTs than is the current
generation of experiments (e.g. H.E.S.S.). Our methodology, adopted also in
Ref.[120], is described in Sections 2.3.3 and 2.3.4. The CTC relies on the usage of
stereo trigger rates of Cherenkov telescopes with inherent dependencies on vari-
ous geometrical and observational conditions. These dependencies are thoroughly
discussed in Ref.[120] (included also in Attachment 1) where we presented our
preliminary study investigating the usage of the CTC at the Northern site of the
CTA (CTA-N). This study is briefly summarized in Section 2.3.5. As a part of
the follow-up analysis focused on the Southern CTA observatory (CTA-S), the
trigger rate dependencies are shortly explained also in Section 2.3.6 using the
simulations of the CTA small-size telescopes (SSTs). The performance of the
CTC method for the full array of telescopes at CTA-S is tested in Section 2.3.7
using MC simulations. The results of this analysis are discussed in Section 2.3.8.

The research presented in this section was conducted in the context of the
Central Calibration Facilities working group of the CTA Consortium. The results
of this research were presented by the author of this thesis and fellow collaborators
in dedicated contributions [114, 119, 120].

2.3.1 Current CTA activities

At the time of writing, the CTA is in the pre-construction phase and has not
yet commenced observations. Already at this stage of the project, preparatory
analyses are necessary for the evaluation of the performance of the future detector
and development of approaches for measurements and calibration. The CTA will
detect cosmic γ–rays with energies between few GeV to over 100 TeV. In addition,
the CTA will register charged cosmic rays which constitute the main part of
the background for IACTs (see also Section 1.3.2). Detection of VHE cosmic
photons and nuclei is based on observations of air showers, developed through
interactions of highly energetic particles in the atmosphere (Appendix A), and
Cherenkov radiation from these cascades (Appendix B). Advantageously for the
preliminary studies of the CTA, these phenomena can be reliably reproduced with
MC simulations in the explored energy range.

To this end, we participate in the CTA Consortium activities aimed at the
robust calibration of the detector, comprising the atmosphere (calorimeter, ab-
sorption medium for Cherenkov photons) and telescopes (collection, focusing and
detection of Cherenkov light). Although charged CRs are background for IACT
experiments, well-known properties of the CR flux at VHE energies can be uti-
lized for calibration purposes (Section 2.3.2). In particular, we study properties of
air showers initiated by charged CRs and their impact on the trigger of CTA tele-
scopes in various configurations. We examine the feasibility of using CR-initiated
air showers for the monitoring of the atmospheric transparency to Cherenkov
light and for the relative inter-calibration of CTA telescopes. For this purpose,
we performed a large number (O(1010)) of MC simulations of proton-induced air
showers under different conditions (Section 2.3.3).
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Figure 2.1 Phenomena affecting the detection of Cherenkov photons from an air
shower. A total of nγ of Cherenkov photons are produced within a shower. T de-
notes the atmospheric transmission of Cherenkov light, µ is the photon detection
efficiency of a telescope and g is the gain of camera photo-multipliers.

2.3.2 Cherenkov transparency coefficient
Background

The total number of Cherenkov photons radiated by charged particles in an air
shower initiated by VHE cosmic photon is proportional to the photon energy
(see Eq.(B.6)). The principle of reduction of this Cherenkov signal due to the
atmospheric attenuation and detector efficiency is depicted in Fig. 2.1.

Let nγ denote the number of Cherenkov photons emitted from an air shower
within a field of view of a telescope. The observable number of photons is de-
creased on the way to the telescope mainly due to the extinction on the ground
layer of aerosols (see Section 2.1). This attenuation is characterized by the aerosol
optical depth τ

τ(λ) =
∫ H

h
dz α(λ, z), (2.1)

where λ is the wavelength of Cherenkov light, α is the aerosol extinction coeffi-
cient, H is the emission altitude and h is the altitude of the observation level. The
integration in Eq.(2.1) is assumed over a vertical air column. The atmospheric
transparency to Cherenkov light T is defined as

T ∝ e−τ . (2.2)

At the telescope level, the number of photons transmitted to the camera is
given by the photon detection efficiency µ of a telescope (combination of reflectiv-
ities of mirrors and light guides, shadowing of telescope masts, quantum efficiency
of photo-multipliers). The signal in the camera is amplified according to the gain
g of photo-multipliers. The number of registered photoelectrons, determining the
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size of an air shower image, is then given by a composition of the atmospheric
and detector effects:

npe = nγ · T · µ · g (2.3)

Trigger energy threshold (Eth) is the minimum energy of a primary particle
detectable by IACTs. It is given by the minimum detectable image size, and thus
is assumed to be inversely proportional to the number of photoelectrons and the
atmospheric transparency:

Eth ∝ n−1
pe ∝ T−1. (2.4)

The rate of detected events (trigger rate) is given by the integral over the energy
above the trigger energy threshold:

R(> Eth) =
∫ ∞

Eth
dE J(E)Aeff(E), (2.5)

where J(E) is the differential flux of observed cosmic particles and Aeff is the
effective detection area of the instrument (see Eq.(2.11) in Section 2.3.4).

In a general case, a power law dependence of the flux can be considered (see
also Eq.(1.1)), i.e. J(E) ∝ E−Γ, where Γ is the spectral index. It follows then
from Eq.(2.5) for the trigger rate that R(> Eth) ∝ E−γ

th , where γ = Γ−1+∆ with
∆ accounting for the energy dependence of the effective area. In the following, we
assume that this dependence can be neglected and set ∆ = 0. We further assume
the number of triggered events to be dominated by air showers induced by charged
CRs with the flux J(E) = 9.6 × 10−3(E/TeV)−2.7 m−2 s−1 TeV−1 sr−1 [107]. The
trigger rate is then considered to depend on the energy threshold as R ∝ E−1.7

th ,
and consequently T ∝ R

1
1.7 .

Utilizing this result and Eq.(2.3), one can obtain an estimate of the atmo-
spheric transparency to Cherenkov light (T̂ ), and by inference, the aerosol opti-
cal depth below the production height of air showers. This estimate was defined
as the Cherenkov transparency coefficient (CTC) in the phase I of the H.E.S.S.
experiment [62]:

T̂ = 1
N · kN

N∑
i=1

R
1

1.7
i

µi · gi

, (2.6)

where Ri is the trigger rate of the ith telescope in the array of N active telescopes,
µi is the photon detection efficiency recovered from analysis of Cherenkov images
produced by muons, gi is the average pixel gain of the camera and kN is the
correction accounting for the dependence of the trigger rate on the multiplicity
of telescopes N . The CTC defined in this way is calculated offline and provides
a measure of the data quality.

Gradual changes in the instrumental state may affect trigger rates in a similar
way as long-term atmospheric absorbers. The CTC is made hardware indepen-
dent by accounting for these variations in the product µi · gi which is a measure
of the optical throughput of a telescope (see Eq.(2.3) and Fig. 2.1).

In addition to air showers initiated by CR nuclei and photons, many trigger
events of a single telescope are due to accidental triggers, night sky background
and individual muons. A more stable quantity is the system trigger rate which
mitigates these random fluctuations by counting only events that triggered at
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least two telescopes in coincidence (stereoscopic regime). In Eq.(2.6), Ri stands
for the rate of all system events triggering ith telescope together with at least
one other active telescope in the array.

Definition of the extended CTC method

While successfully implemented in H.E.S.S., the application of the CTC as defined
in Eq.(2.6) is not straightforward in more complex arrays. The H.E.S.S. phase I
consists of four telescopes of a same type in a square layout. On the other
hand, possibly non-symmetrical arrays of tens of telescopes of different types are
expected in the next generation experiments, such as the CTA (see Section 1.3.3).
In the following points, we identify issues inherent to the application of Eq.(2.6)
in the CTA and propose modifications to the method with the aim of improving
its precision:

• Telescope layout. Telescope trigger rates as used in Eq.(2.6) depend on
the total number of active telescopes and their relative positions in the ar-
ray. A telescope with more neighbours at closer distances is more likely to
trigger in coincidence than one with fewer telescopes in its vicinity. The
dependence on the layout of active telescopes can be ameliorated by cal-
culating a correction factor for each configuration (kN in Eq.(2.6), where
N = 3, 4). However, this approach is not feasible in the CTA due to the
large number of different combinations of active telescopes that might arise
due to the maintenance or concurrent observations of different targets by
smaller groups of telescopes, for example.

Instead of per-telescope trigger rates without any requirement on the other
instruments in coincidence (except for the stereoscopic condition), we define
pairwise trigger rates Rij using all events that triggered the ith and jth
telescope simultaneously. This way, the layout of telescopes included in
the CTC calculation is always fixed to a line and is given only by the
distance between telescopes. The dependence of the pairwise trigger rate
on the inter-telescope distance can be straightforwardly parametrised. Any
possible triggers to the same event by telescopes other than i and j do not
affect the trigger rate Rij.

• Observational configuration. Parameters related to the pointing direction
of telescopes and local site conditions also affect stereo trigger rates. If
neglected, these effects contribute to the systematic uncertainty of the CTC.
We found effective corrections for these effects and included them in our
Monte Carlo estimates of pairwise trigger rates (R̂ij(O)) as functions of
observational configuration O, see Section 2.3.7 and Attachment 1.

• Hardware dependence. In Eq.(2.6), the trigger rate of the ith telescope
is corrected for the state of its hardware. However, optical efficiencies of
telescopes in coincidence labelled as j ̸= i may be smaller than the one of
telescope i, thus also affecting the stereo trigger rate Ri. In our implemen-
tation of the CTC, we account for the influence of the hardware of both
telescopes on the pairwise trigger rate.
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We define the pairwise estimate of the atmospheric transparency to Cherenkov
light as

T̂ij(τ) = 1
K

⎛⎝Rij(τ,O, εi, εj)
εi · εj · R̂0

ij(O)

⎞⎠ 1
γ

, (2.7)

where Rij is the pairwise trigger rate of telescopes identified as i and j, τ is
the aerosol optical depth (see Eq.(2.1)), εi is the optical efficiency of the ith
telescope, R̂ij(O) is the estimate of the trigger rate for observation conditions O
obtained from MC simulations for the case εi = εj = 1 , K is the normalization
for the reference atmospheric conditions and γ = 1.7 when the trigger rates are
dominated by CR-induced air showers. The Cherenkov transparency coefficient
is calculated as an average over P available pairwise transparency estimates in
the array of N telescopes:

T̂ = 1
P

N∑
i=1
i<j

T̂ij = 1
P · K

N∑
i=1
i<j

⎛⎝ Rij

εi · εj · R̂0
ij

⎞⎠ 1
γ

. (2.8)

In Eqs.(2.7) and (2.8), εi ∈ [0, 1] stands for the fraction of the nominal optical
throughput of a telescope. This prescription is valid if the average pixel gain is
known and fixed when estimating the throughput with gain dependency, as is the
case of muon analysis [60, 89], for example.

The inherent dependence of the CTC on the optical throughput can be ex-
ploited for the relative inter-calibration of optical efficiencies of telescopes of a
same type. This approach is useful when the telescope optical efficiencies are
not known or need to be cross-checked. The inter-calibration is performed by
comparison of pairwise transparency estimates T̂ij = T̂ 0

ij/ (εi · εj)1/1.7 (see also
Eq.(2.7)), where T̂ 0

ij is estimated assuming εi = εj = 1. An important assump-
tion is the constant atmospheric transparency (T ) across the telescope array, i.e.
T̂ij = T ; ∀i, j. Optical efficiencies of telescopes (ε) are considered free parameters
and obtained through minimisation of the objective function (see also [90])

F (ε, T ) =
N∑

i=1
i<j

(
T̂ 0

ij − (εi · εj)
1
γ · T

)2

σ2
ij

, (2.9)

where σij are the uncertainties of estimates T̂ 0
ij and the sum is taken over chosen

telescope pairs in a group ofN telescopes. More details on the outlined calibration
procedures can be found in Ref.[120].

2.3.3 Monte Carlo simulations
In this section, we give a summary of Monte Carlo (MC) simulations which we
carried out for our study due to two reasons. One is that the CTA experimental
data were not yet available at the time of this analysis. The other reason is
that the CTC utilizes stereo trigger rates dominated by charged CR-initiated air
showers (see Section 2.3.2) with complex dependencies which cannot be studied
separately in real-world conditions.
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Figure 2.2 Definitions used in this study. The zenith angle (θ) of the air shower
is measured between the momentum vector of the incident CR particle and the
vertical axis. The azimuth angle (ϕ) is defined between the magnetic North
and the horizontal projection of the shower direction. The angle β is defined
between the horizontal projection of the shower direction and the line joining a
pair of telescopes (T1, T2), separated by a distance d. Orthogonal to the shower
direction (S⃗) is the shower plane. Projections from the ground plane into the
shower plane are indexed with SP. The angle α is defined between the component
of the magnetic field perpendicular to the shower direction (B⃗⊥) and the shower-
plane projection of the line joining the telescopes. Taken from Ref.[120].

Simulations of air showers were performed using the CORSIKA software [65].
Cherenkov telescopes were simulated with sim telarray [38]. The configuration
files for telescopes, atmospheric profiles and site characteristics were provided
from the CTA simulation production (prod-3 and prod-4) [81]. CORSIKA was
used with the QGSJET-II and UrQMD models of hadronic interactions at high
and low energies, repectively, and with the EGS4 model of electromagnetic inter-
actions.

Considering that ∼ 90% of charged CRs in the VHE regime are protons, we
set protons as primary particles in all our simulations. The energies of protons
were taken randomly from the range 0.004−100 TeV, relevant to the sensitivities
of the CTA telescopes.

The computational time increases with the energy of a primary particle. In
order to limit this time, the differential energy spectrum of primary protons was
assumed as dN/dE ∝ E−2.0. The spectral index −2.0 is a compromise between
the number of air showers simulated at high energies and the total CPU time,
which is roughly the same per decade in energy.

Cherenkov radiation by charged particles was considered within a wavelength
range 240 − 700 nm. The production of Cherenkov photons in CORSIKA is
tracked in steps within which the number of photons is less than the size of a
bunch specified by the user [65]. All photons in this step are treated in a single
bunch which is propagated along a line under the Cherenkov emission angle (see
Eq.(B.3)). We set the size of a Cherenkov bunch to be 5 photons.

The direction of a primary proton was defined by the zenith (θ) and azimuth
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(ϕ) angles, see Fig. 2.2. In each investigated configuration, a fixed direction (ϕ, θ)
was assumed. We accounted also for the diffuse character of CR protons and the
viewing cone of Cherenkov telescopes. To this end, we used the CORSIKA option
for a random selection of a primary particle direction from a cone with a given
apex angle around the coordinates (ϕ, θ). A viewing cone with an opening angle
of 10◦ was used in all our simulations.

Three settings for the magnetic field were assumed. Since we were interested
in separating the effect of the magnetic field from the geometrical dependencies
of stereo trigger rates, we set the size of the magnetic field vector to a small
value (O(10−3µT )) in the particular trigger rate studies (Section 2.3.6). A non-
zero value was chosen because the CORSIKA coordinate system uses magnetic
North as a reference (x) direction. The analysis focused on the impact of the
geomagnetic field as well as the tests of the CTC method (Ref.[120] and Sec-
tion 2.3.7) were carried out using the values corresponding to the geomagnetic
field vector at CTA-N and CTA-S sites, i.e. B⃗N = [30.5,−3.0, 23.8] µT and
B⃗S = [20.9,−1.2,−9.1] µT,1 respectively.

At the CORSIKA input, molecular density profile for the model of the at-
mosphere can be specified by providing a table produced by the MODTRAN
program [36]. In this thesis and Ref.[120], we used two template profiles created
to match the conditions at the CTA sites [91]. Other settings were not used
because we have shown in a dedicated study that the CTC (see Eq.(2.8)) is not
sensitive to the seasonal variations of the local density profile [119].

The observation level was set to 2150 m, corresponding to the CTA sites (see
Section 1.3.3). Simulation of a telescope is incorporated in CORSIKA by setting
a telescope sphere, defined by its radius, position in the x−y plane and elevation
with respect to the observation level. Telescope to be simulated should be fully
contained within this sphere. Cherenkov photon bunches are recorded if they cross
the telescope sphere. The output of this simulation can be then piped to a tele-
scope simulation software. For this purpose, we used sim telarray which reads
Cherenkov photon bunches, simulates their transmission through the telescope
optical system and detection in a camera consisting of photo-multipliers [38].

The software accounts for various phenomena causing loss of photons, e.g.
atmospheric extinction, shadowing by the telescope structure, reflectivity of mir-
rors and light guides and quantum efficiency of photo-sensors. In the particular
studies of pairwise trigger rates (Section 2.3.6), we used one reference profile for
atmospheric transmission and set the mirror reflectivities of all telescopes to their
nominal values, i.e. ε = 1. Other settings for the transmission as well as degraded
reflectivities were assumed for the test of the CTC method (Section 2.3.7).

The number of air showers in a single simulation run was set to O(105). For a
given observation configuration, the number of simulation runs was of the order of
O(102). CORSIKA allows for multiple reuse of Cherenkov light from showers to
reduce the computational time and storage. Cherenkov light from an air shower is
randomly repositioned within user-specified intervals in x and y directions at the
observation level. In our simulations, we reused each shower 20 times within an
area chosen correspondingly to the layout of telescopes simulated in the particular
run. Thus, the total number of air showers per each particular configuration was
of the order of O(108).

1https://ngdc.noaa.gov/geomag-web/#igrfwmm (2017)
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2.3.4 Methodology
In this section, we describe the methodology of our analysis aimed at the appli-
cation of the CTC in the CTA.

The output from sim telarray [38] includes the summary of CORSIKA input
options [65] (see Section 2.3.3), positions of telescopes and air shower cores in the
x− y plane and information about triggers issued by individual telescopes under
the stereoscopic requirement. For every chosen pair of telescopes, we construct
two matrices of two axes each. One matrix cell corresponds to a bin in the
energy (E) of a primary proton and the distance (r) of an air shower axis to
the centroid of a telescope pair (impact parameter). We adopt equally spaced
linear and logarithmic binning in the impact parameter and energy, respectively.
Each bin of the matrix is filled with the number of air showers with energies and
impact parameters falling within that particular bin. One matrix is constructed
from the whole MC set of air showers, thus giving the bin-wise numbers of MC
events, NMC(r, E). The other matrix is populated with numbers of air showers
that triggered the investigated pair of telescopes, i.e. Ntrig(r, E).

We calculate the efficiency of stereo trigger for proton-initiated air showers as

P (r, E) = Ntrig(r, E)
NMC(r, E) . (2.10)

In Figure 2.3, the trigger efficiency is shown for a pair of SSTs observing in stereo
mode as a function of energy and impact parameter of an air shower. In the shown
example, a pair of telescopes was simulated at a distance of 100 m. Air showers
were simulated under the zenith angle θ = 0◦ and were induced by protons with
energies in the range 0.1 − 600 TeV.

The effective detection area of Cherenkov telescopes is given as

Aeff(E) =
∫

dΩ
∫ ∞

0
dr r · P (r, E), (2.11)

where Ω is the solid angle over which air showers are observed. We calculate the
effective area in our discrete case as

Aeff(E) = 2π(1 − cosϑ)
K∑

i=1
π ·
(
r2

i − r2
i−1

)
· Pi(r, E), (2.12)

where ri − ri−1 = const; ∀i is the size of a single annulus bin in the impact
parameter, Pi is the trigger efficiency for events with the impact parameter ri−1 <
r < ri, r0 = 0 m, K is the number of bins, rK is given by the maximum spread
of Cherenkov events specified in the CORSIKA input and ϑ = 10◦ is the angle of
the viewing cone (see Section 2.3.3).

Assuming the differential flux of CR nuclei [107] and utilizing Eq.(2.5), we
calculate the expected trigger rate for proton-initiated air showers as [46]

Rp = 0.096 ·
L∑

j=1
[Aeff(E)]j · (Ej − Ej−1) ·

[
Ej + Ej−1

2

]−2.7
, (2.13)

where log10 (Ej/Ej−1) = const; ∀j is the size of a single bin in energy, [Aeff ]j is
the effective area at energies Ej−1 < E < Ej, L is the number of bins, E0 and
EL are the limits of the energy range of primary protons in CORSIKA.
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Figure 2.3 Trigger efficiency of a pair of SSTs registering proton-initiated air
showers in coincidence. The efficiency is shown as a function of the impact pa-
rameter of an air shower axis with respect to the telescope pair (horizontal axis)
and the energy of a primary particle (vertical). The value of the trigger efficiency
is depicted by the color scale. The zenith angle of simulated air showers was
θ = 0◦ and the inter-telescope distance was 100 m.

The trigger rate for charged CRs is determined by scaling Rp:

RCR ≈ ξ ·Rp, (2.14)

where ξ = 1.4 is a factor obtained from simulations which accounts for the trigger
efficiency of heavier nuclei and their energy spectra [47]. Assuming constant and
isotropic flux of charged CRs in the VHE regime, trigger rates of Cherenkov tele-
scopes are stable unless a change in the observation configuration or atmospheric
conditions occurs.

We are interested in the dependence of the stereo trigger rate on the atmo-
spheric transparency to Cherenkov light, in order to estimate the latter. How-
ever, other influences may also modulate the trigger rate, and thus the CTC
(see Eq.(2.8)), if not taken into account properly. We investigate dependencies of
trigger rates calculated according to Eq.(2.14) on the following (see also Fig. 2.2):

• inter-telescope distance (d)

• zenith angle (θ)
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• angle between the inter-telescope line and the air shower direction (β)

• geomagnetic field (B⃗)

• telescope optical efficiency (ε).

Parameters in the first four bullets are varied in the CORSIKA input; optical
efficiencies of telescopes are set in sim telarray by decreasing the nominal mirror
reflectivity. The trigger efficiency, and thus the trigger rate, is different for each
class of CTA telescopes. Therefore, we carry out separate analyses of pairwise
trigger rates for LSTs, MSTs and SSTs. The results of the stereo trigger rate
analysis are shown for the case of the SSTs in Section 2.3.6. Studies of the LST
and MST trigger rates were performed within the CTA-N study and are presented
in Ref.[120].

The atmospheric transmission (T (λ)) is a function of wavelength of incident
light (λ) through the dependence on the aerosol optical depth (see Eqs.(2.1) and
(2.7)). It is set in sim telarray by providing a table of aerosol optical depth
in the wavelength range 200 − 1000 nm as a function of altitude. Such tables
are created by the MODTRAN software for the given aerosol extinction [36].
We used the template tables provided in the CTA package of sim telarray. In
the analysis of stereo trigger rates (Section 2.3.6), we used a single transmission
profile which does not include any aerosol attenuation. Other profiles were used
only for the test of the method in Section 2.3.7.

It is important to note that the CTC defined in Eq.(2.8) is an integral measure
of the atmospheric transparency to photons of all wavelengths observable by
Cherenkov telescopes. The wavelength window of an IACT is determined by the
reflectivity of its optical elements (ρ(λ)) and quantum efficiency of its camera
photo-multipliers (Q(λ)). Fig. 2.4 shows the nominal reflectivity and quantum
efficiency of a MST telescope used as an input in our MC simulations.

The total transmission of Cherenkov photons at a given wavelength is

ψ(λ) = T (λ) · ρ(λ) ·Q(λ), (2.15)

see also Fig. 2.4 for MSTs in an example case of atmospheric transmission. The
information about wavelength of incident Cherenkov photons is not preserved in
the trigger rates of IACTs. Therefore, we adopt the following convention in order
to compare the atmospheric transparency estimate (T̂ in Eq.(2.8)) with the input
transparency in MC simulations (T (λ)). For each profile of aerosol optical depth,
we calculate the reference MC transparency TMC as the median value of the total
transmission in Eq.(2.15). The MC transparency is normalised so that TMC = 1
for the profile without any aerosol attenuation. In the example in Fig. 2.4, the
wavelength corresponding to TMC is highlighted by the purple dashed line.

It is also worth noting that the CTC measures the atmospheric transparency
up to the emission height of Cherenkov light from air showers. To account for
this, the atmospheric transparency T (λ) is determined using aerosol optical depth
for a vertical air column from the observation level set in CORSIKA simulations
up to the altitude of 12 km. The wavelength dependence of the atmospheric
transparency is shown in Fig. 2.4 for the example of tropospheric extinction.
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Figure 2.4 Efficiency of the photon detection by a MST as a function of the
photon wavelength. The total transmission (black line) is given by the product
of the atmospheric transmission, reflectivity of telescope mirrors and quantum
efficiency of photo-multipliers. Purple dashed line shows the wavelength of the
median value of the total transmission.

2.3.5 Commentary: CTC feasibility study at CTA-N [120]
This section provides a summary of our study presented in Ref.[120] and reprinted
in Attachment 1 to this thesis.

The motivation for the publication was the investigation of feasibility of us-
ing data obtained by CTA telescopes during regular data taking for calibration
purposes. In particular, we explore the method of the CTC which uses rates of
registered air showers initiated by charged CRs. We discuss problems related to
the usage of the original CTC concept [62] in the CTA and propose an extension
of the method, also described in Section 2.3.2. The study is focused on the CTA-N
observatory and shows the application of the CTC for the MSTs and LSTs.

We describe twofold usage of the CTC, atmospheric monitoring and array
calibration. Monitoring of the atmospheric transparency to Cherenkov light is
achieved by calculating the coefficient defined in Eq.(2.8). This requires the
knowledge of optical throughput efficiencies (ε) of individual telescopes which
have to be obtained through an independent calibration method (e.g. [60, 89]).

The purpose of the array calibration is to provide estimates of the telescope
optical efficiencies. To this end, the relationship between the CTC and the optical
throughput of telescopes may be utilized to achieve a relative inter-calibration of
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telescopes of a same type. Assuming a homogeneous atmospheric transparency
across the telescope array, telescope optical efficiencies can be relatively estimated
by minimisation of the function given in Eq.(2.9).

Our extended method of the CTC relies on the usage of pairwise telescope
trigger rates. These rates are influenced by various effects related to the geometry
of the observational configuration, geomagnetic field and telescope hardware, for
example. We study in detail pairwise trigger rate dependencies using MC simu-
lations prepared for this purpose (see Sections 2.3.3 and 2.3.4). We carry out MC
simulations in the context of the CTA-N array and present the results in detail
for MSTs. For a nominal atmospheric profile, a parametrisation of the pairwise
trigger rate is found as a function of the geometrical dependencies (R̂ij(d, θ, β),
where i, j are unique identifiers of telescopes). The contribution of the Earth’s
magnetic field to the systematic uncertainties on R̂ij is quantified. A linear re-
lationship between the trigger rate of two telescopes and the product of their
optical efficiencies is recognized, i.e. Rij ∝ εi · εj. By accounting for these effects,
the CTC is ensured to be independent of hardware and observational conditions.

With the CTA getting into the construction phase, the experimental data
are not yet available. We test the CTC method using our MC simulations of
the whole CTA-N array assuming four different concentrations of aerosols in the
model of the atmosphere. Furthermore, we assign random optical efficiencies to
the telescopes. Various pointing directions of telescopes are also assumed in the
investigated examples.

The CTCs calculated according to Eq.(2.8) correctly reproduce the atmo-
spheric transparencies assumed in our simulations within 4% accuracy. This is
an improved result compared to the original method of the CTC with the pre-
cision shown to be 9% [62]. The relative inter-calibration of telescope optical
throughput efficiencies is achieved with a resolution of 4 − 7%, depending on the
telescope class. This precision is comparable with other methods included in the
CTA array calibration strategy [79]. However, our approach does not provide ab-
solute calibration of telescope efficiencies. All results will be cross-checked with
real data after the CTA commences operation.

The extended method of the CTC is concluded to be a robust and feasible
means of the atmospheric and array calibration in the CTA. The advantages of
the CTC are:

• usage of telescope data

• no dedicated instruments are necessary

• concurrent with scientific observations

• no interference with regular data acquisition

• estimate of the atmospheric transparency in the field of view of telescopes

• estimate in the wavelength range relevant to Cherenkov radiation
Although other approaches may prove to be more precise, the CTC will provide an
important cross-check and backup for these methods. Further work is anticipated,
including the test of the CTC method using CTA-S simulations, investigation of
the impact of different night sky background levels and implementation of the
CTC under variable trigger thresholds of LST cameras.
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Figure 2.5 Pairwise trigger rate as a function of the zenith angle θ of proton-
initiated air showers. The azimuth angle in all simulations was ϕ = 0◦ and the
line joining a pair of telescopes was perpendicular to the air shower direction,
i.e. β = 90◦ (see Fig. 2.2). Contours denote the statistical uncertainties. Dashed
lines are the results of the fit described in Appendix C.

2.3.6 Stereo trigger rate dependencies

We present the results from our analysis of stereo trigger rates of the SSTs in the
CTA. This analysis is a part of the feasibility study for the implementation of
the CTC method at CTA-S and is a follow-up on the CTA-N study [120]. As the
analysis is conducted in a same way as presented in Ref.[120], we show here only
the main results and refer to Section 4 of the paper for details on the discussion
of individual effects.

The one-mirror implementation of the telescopes (SST-1M) was examined. We
have no preference for this particular design and chose it only for the illustration
of the performance of the CTC in the general SST set-up. Note, however, that
the final design of the SST sub-array at CTA-S is yet to be determined, and thus
the CTC feasibility study may be later adapted to a different type of telescopes.

Zenith angle

Fig. 2.5 illustrates the dependence of the trigger rate of two SSTs in coincidence
on the zenith angle (θ) of the pointing direction (incoming air shower direction,
see Fig. 2.2). The trigger rates are shown for different separations of telescopes
(d) and are normalized as R(θ = 0◦) = 1.
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Figure 2.6 Pairwise trigger rate as a function of the inter-telescope distance in the
horizontal plane (d). Colours denote different zenith angles (θ) of observations.
For further details see caption in Fig. 2.5.

Inter-telescope distance

Pairwise trigger rate is a decreasing function of the inter-telescope distance, see
Fig. 2.6. At small separations of telescopes (d < 200 m), the trigger rate is higher
for smaller zenith angles, see also Fig. 2.5. For increasing inter-telescope distance,
the effect is reversed and observations under larger zenith angles result in higher
stereo trigger rates.

Telescope alignment

Area on the ground illuminated by Cherenkov light from an air shower with
θ > 0◦ is elongated in the direction of the air shower axis. The probability of the
stereo trigger is higher in a configuration when the line joining a telescope pair
is parallel with the air shower direction than in the perpendicular case. This is
illustrated in the top panel in Fig. 2.7 for the dependence of the pairwise trigger
rate on the inter-telescope distance in the horizontal plane(d). The rate is shown
for two values of zenith angle and two angles between the inter-telescope line
and air shower direction (β, see Fig. 2.2). No significant difference between the
telescope pair orientations with β = 0◦ (circles) and 90◦ (triangles) is seen for
θ = 0◦ (blue) when the illuminated area is expected to be symmetrical. For
θ = 60◦ (red), trigger rates with β = 0◦ can be several times larger compared to
β = 90◦, especially for large d.

We adopt the following projection of the inter-telescope distance from the
horizontal plane (d) into the plane perpendicular to the air shower direction (dSP,
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Figure 2.7 Pairwise trigger rate as a function of the inter-telescope distance in the
horizontal plane (d, top) and in the shower plane orthogonal to the air shower di-
rection (dSP, bottom). Colours denote different zenith angles. Markers represent
different angles between the inter-telescope line and the horizontal projection of
the air shower direction (β).

see Fig. 2.2):
dSP(θ, β) = d ·

√
1 − sin2 θ · cos2 β. (2.16)

The projection into the shower plane removes the dependency of the trigger rates
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on the angle β as shown in the bottom panel in Fig. 2.7. In this plot, the trigger
rates from the top panel are represented as a function of dSP. For θ = 0◦, dSP = d
and the dependence is the same as in the top panel of the figure. For θ = 60◦

and a given value of dSP, the trigger rates are consistent for different values of β.
We performed a fit of the MC data in order to describe the dependencies

observed in Figs. 2.5–2.7. The fit functions and their parameters obtained for the
SSTs are given in Appendix C and represented by the dashed lines in Fig. 2.5.
Utilizing the fit results, we are able to construct estimates of the trigger rates
(R̂0

ij(θ, dSP)) of a pair of telescopes i, j for any pointing direction (ϕ, θ), inter-
telescope distance (d) and orientation of telescopes with respect to the air shower
direction (β). These trigger rate estimates R̂0

ij are valid when the impact of the
geomagnetic field is small (|B⃗| ≈ 0) and the telescope optical efficiencies equal
their nominal values, i.e. εi = εj = 1.

Geomagnetic field

Results presented in this section so far were obtained with the magnetic field
intensity set to a negligible value in MC simulations. In order to study the impact
of the geomagnetic field on the stereo trigger rates, we performed simulations with
the magnetic field vector (B⃗S) corresponding to the CTA-S site (see Section 2.3.3).
We assume that the influence on the IACT technique depends on the size of the
component of the magnetic field vector perpendicular to the air shower direction
(B⊥ = |B⃗⊥|).2 This component determines the size of the Lorentz force exerted
on charged particles moving in the magnetic field. The vector B⃗⊥ = B⃗⊥(ϕ, θ)
is given by Eqs.(D.1). The size of the perpendicular component relevant to the
CTA-S location is depicted relative to the total magnitude of the magnetic field
vector (B⊥/BS) in Fig. D.1 for different air shower directions (ϕ, θ). Furthermore,
we consider that the orientation of B⃗⊥ with respect to the line joining a pair of
telescopes also plays a role since the deflection of particles in a shower results in a
different distribution of Cherenkov light on the ground. To this end, we introduce
the angle α between B⃗⊥ and the inter-telescope line projected into the shower
plane (see Fig. 2.2).

We studied the influence of the magnetic field in configurations with θ =
60◦, ϕ = 177◦ and 73◦. The air shower directions were chosen such that the
most extreme values of B⊥/BS possible at CTA-S could be studied (0.1 and 1.0,
respectively) while restricting ourselves to θ ≤ 60◦, typical for IACT observations.
In each configuration, telescope pairs were positioned so that α = 0◦ or 90◦. We
were interested in the comparison of the stereo trigger rates ascertained for B ̸= 0
with the trigger rate estimates obtained from our fits of geometrical dependencies
for B ≈ 0 (Appendix C), i.e. Rij/R̂

0
ij. The dependence of Rij/R̂

0
ij on the inter-

telescope distance in the shower plane (dSP) is shown in Fig. 2.8 for different values
of B⊥/BS (colours) and α (panels). Statistical uncertainties are not shown in the
figure for the sake of better readability but they cannot be neglected (≈ 20%).
For a detailed discussion of the trigger rate uncertainties and the interpretation
of results see Sections 4.3 and 6 in Ref.[120].

We observe that R̂0
ij overestimates the trigger rate for B⊥ = 1.0 (red) while

2It is assumed that the momenta of most particles in an air shower are roughly parallel with
the shower axis.
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Figure 2.8 Ratio R/R̂0 is shown for different relative sizes (colours) of the geo-
magnetic field component (B⊥/BS) perpendicular to the air shower direction
(ϕ, θ). The line between telescope pairs was either parallel (α = 0◦, top panel)
or perpendicular (α = 90◦, bottom) to B⃗⊥ (see also Fig. 2.2). Dashed lines
denote 5% difference between the MC pairwise trigger rate (R) and the trigger
rate estimate for the same geometrical configuration (R̂0, see Appendix C).
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the discrepancy is within only 5% (see the dashed lines in Fig. 2.8) for B⊥ = 0.1
(blue). Higher trigger rate occurs when the deflection of particles3 proceeds pre-
dominantly in the direction of the inter-telescope line, i.e. α = 90◦ (bottom panel).
In this case, the trigger rate even increases with dSP whereas it decreases with the
distance for α = 0◦ (particles deflected orthogonally to the inter-telescope line;
top panel). We assume that this effect is similar to the one observed for inclined
air showers and the angle β (top panel in Fig. 2.7).

The results shown in Fig. 2.8 are considered as an estimate of systematic
uncertainties which arise in the CTC calculation when the influence of the geo-
magnetic field is neglected. It is also worth noting, that the total size of the
geomagnetic field vector at the CTA-S is BS = 0.6BN, where BN is the size at
the CTA-N location. Thus, we expect that the discrepancy between R and R̂0 is
smaller at the southern location than in the north for the same value of B⊥ and
inter-telescope distance, compare Fig. 2.8 and Fig. 6 in Ref.[120].4 More details
on the analysis of the geomagnetic field influence in the CTA-N setting can be
found in Section 4.3 in Ref.[120].

Telescope hardware

As discussed in Section 2.3.2, we consider the dependence of the pairwise trig-
ger rate on the optical efficiencies (ε) of both telescopes. Based on our results
obtained for MSTs and LSTs, we assume that the trigger rate of a pair of SSTs
labelled as i, j can be approximated as Rij(εi, εj) ∝ εi · εj · R̂0

ij(εi = εj = 1),
where R̂0

ij is the trigger rate estimate considering nominal optical efficiencies of
telescopes. See Section 4.4 in Ref.[120] for more details.

2.3.7 Application of the CTC at CTA-S
We test the performance of our extended method of the CTC (see Section 2.3.2)
using MC simulations of the full CTA-S array (see Fig. 1.8). We examine the
precision of the method for the atmospheric monitoring and inter-calibration of
optical throughput efficiencies of Cherenkov telescopes.

Test of the method is shown in an example with the observation direction
given by θ = 60◦ and ϕ = 180◦. The perpendicular component of the geomag-
netic field corresponding to this direction is B⊥/BS = 0.1. We used four different
profiles of aerosol optical depth which are listed in Table 2.1 together with cor-
responding values of the reference atmospheric transparency TMC as described in
Section 2.3.4.

Telescopes were assigned random optical efficiencies drawn from the normal
distribution N (0.7, 0.1). MC trigger rates were determined for chosen 178 pairs
of telescopes of a same type with an inter-telescope distance d < 300 m. These
trigger rates were used instead of experimental data which were not yet available.

Trigger rate estimates R̂0
ij(θ, dSP) were calculated for each of the telescope

pairs of a same type (i, j) according to the procedure outlined in Section 2.3.6.
LST and MST trigger rate estimates were calculated using the fit values taken

3Orthogonal to the air shower direction (ϕ, θ) and B⊥.
4Note, however, that the figures were compiled for different types of telescopes (SST and

MST).
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Table 2.1 MODTRAN [36] profiles of the atmospheric extinction due to aerosols
used in MC simulations and corresponding reference atmospheric transparency
(see Section 2.3.4 for details).

Aerosol extinction TMC

None 1.00
Navy maritime 0.91
Desert 0.88
Tropospheric 0.82

from our study focused on the CTA-N [120]. SST estimates were obtained utiliz-
ing the results of Section 2.3.6 and Appendix C.

For the calculation of the CTC, we assumed the optical efficiencies (ε) that
were used as input for MC simulations. Note that in case of CTA experimental
data these efficiencies will be estimated by some independent absolute calibration
method, such as the analysis of muon rings [60, 89], for example. The CTC was
determined from Eq.(2.8) using the aforementioned MC optical efficiencies and
trigger rate estimates R̂0

ij. The sum in Eq.(2.8) was taken over all considered
telescope pairs. The obtained atmospheric transparency estimates (T̂ ) are com-
pared in Fig. 2.9 with the reference MC transparencies (TMC). The accuracy of
the CTC in the studied example is approximately 2%.

When the optical efficiencies are not known or need to be cross-checked, inter-
calibration of telescope optical throughput can be performed utilizing Eq.(2.9).
To this end, we first assumed the optical efficiencies at their nominal values,
i.e. εi = 1,∀i. Pairwise transparency estimates T̂ 0

ij were then calculated (see Sec-
tion 2.3.2). The sum in Eq.(2.9) was minimised by varying εi for each telescope
class separately. We did not consider any particular value of the atmospheric
transparency (T ) but assumed it to be constant across the telescope array. Be-
cause the value of T is not known, the absolute scale of εi is not fixed. Therefore,
efficiency of one arbitrarily chosen telescope was not varied during the minimi-
sation and is denoted as a reference efficiency εR. The estimates of the optical
efficiencies were then recovered relative to the reference one, i.e. ε̂i/εR. These
estimates are compared with the efficiencies assumed in MC simulations (εi/εR)
in Fig. 2.10. The resolution of the optical efficiency estimates is around 6% for
LSTs, 4% for MSTs and 13% for SSTs.

2.3.8 Discussion
We remark that the LST and MST stereo trigger rates obtained within our CTA-S
study (Section 2.3.7) differ from the trigger rates from the earlier CTA-N analy-
sis [120]. The plausible explanation for this discrepancy are the different versions
of sim telarray used for the simulations of telescopes. The CTA-N analysis
used the configuration files for telescope hardware (e.g. optics, electronics, struc-
ture) as of December 2016. Since then, the performance of telescopes has been
described more precisely thanks to the studies with already assembled telescope
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Figure 2.9 The CTC estimates (T̂ ) compared to the reference atmospheric trans-
parency assumed in MC simulations (TMC, see also Table 2.1). The estimates
were obtained according to Eq.(2.8) for the simulations of the CTA-S array. The
observation configuration was given by θ = 60◦, ϕ = 180◦ and B⊥/BS = 0.1.
Below are shown the percentage residuals. Dashed lines illustrate the perfect
agreement.

prototypes. The updated telescope characteristics were included in the newer
version of the program used for the CTA-S study (October 2018). In order to
calculate the pairwise trigger rate estimates (R̂0) for LSTs and MSTs simulated
using the newer software (Section 2.3.7), we multiplied the estimates obtained
within our CTA-N study (see Appendix A in Ref.[120]) by constant factors. In
a first order approximation, these constants account for the difference between
the trigger rates recovered using different versions of the software. The final
implementation of the CTC will require the update of the pairwise trigger rate
estimates for each telescope class using MC simulations with the most up-to-date
specifications of telescopes.

The resolution of the CTC (2%) is in agreement with our previous results
for the CTA-N array. It is worth noting that this result was obtained in an
observational configuration with the smallest possible impact of the geomagnetic
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Figure 2.10 The estimates of the telescope optical efficiencies relative to the effi-
ciency of the reference telescope (ε̂i/εR) compared to the values set in MC simula-
tions (εi/εR). The reconstructed efficiencies are the result of the inter-calibration
of the simulated CTA-S array according to Eq.(2.9). Colours stand for different
telescope classes at CTA-S.

field. It can be expected that the precision worsens for B⊥/BS > 0.1. In addition,
the optical efficiencies used for the calculation of the CTC were assumed to be
perfectly known. In a real scenario, these efficiencies will be determined by some
other calibration method with a finite accuracy (e.g. [60, 89]). The performance
of the method of the CTC will be cross-checked with real data after the first
telescopes will be deployed at the CTA sites.

The resolutions of the LST (6%) and MST (4%) optical efficiency estimates are
consistent with those obtained in the study focused on the CTA-N site [120]. The
optical efficiencies of SSTs are reconstructed with an accuracy of 13%, with some
outliers being inconsistent with the MC efficiencies by almost 30%. We believe
that a possible reason behind the worse resolution of the SST estimates are the
larger statistical uncertainties of the MC stereo trigger rates for this telescope
class. The energy threshold of SSTs for the detection of charged CRs is higher
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(few hundred GeV) than for the larger types of telescopes. Consequently, the
stereo trigger rates of SSTs are ∼ 10× lower than the MST rates. In addition, we
calculate the trigger rates from a MC sample in which the number of simulated
air showers is set to decrease exponentially with energy because of computational
limitations (see Section 2.3.3). The number of recorded showers is further reduced
due to the degraded telescope optical efficiencies. Finally, binning of the data (see
Section 2.3.4) leads to small numbers (O(100)) of events in some bins of energy
and impact parameter. Trigger rates measured during CTA observations will not
suffer from these inaccuracies as the statistical uncertainties in observation runs
of > 10 min in duration will be roughly 1% for a trigger rate of 10 Hz.

Results shown in Section 2.3.7 are preliminary and the investigation of other
possible influences on the CTC and the optical efficiency estimates is ongoing.
Also, the MC data set is being increased in order to reduce the uncertainties
on the stereo trigger rates. For additional details on the discussion of obtained
results and future steps see Section 5 in Ref.[120].
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Chapter 3
High energy γ–ray sources observed by
Fermi–LAT

In this chapter, we report on the finding of new sources of high energy γ-rays as
a result of our analysis of more than 7 years of data obtained by the Fermi Large
Area Telescope (LAT, see Section 1.2.2). The presented analysis is a continuation
of our preliminary study introduced in Ref.[117]. We recognize areas with excesses
of registered events with respect to the expectation based on the third Fermi–
LAT catalog (3FGL) of γ–ray sources. The spectral and temporal properties of
γ–ray emission from the active galactic nucleus (AGN) 1ES 0229+200 and the
newly recognized objects in its neighbourhood are documented. A part of an
independent analysis, the properties of the emission from the AGN Centaurus A
are also documented.

The structure of the chapter is as follows. The standard analysis chain of the
Fermi-LAT data is described in Section 3.1. Section 3.2 deals with our analysis of
the γ–ray emission in a region around 1ES 0229+200. In Section 3.2.1, we discuss
the background of this analysis. Section 3.2.2 contains the details of the extracted
data set, the initial data handling and general remarks on the further analysis.
The analysis of spectral and temporal characteristics of studied sources and its
results are presented. The discussion of the results and the overview of possible
counterparts of the observed γ–ray signal are given in Sections 3.2.3 and 3.2.4.
The chapter is concluded with Section 3.3 which provides a concise summary
of our analysis of the γ–ray emission observed from the direction of the AGN
Centaurus A. This analysis was a part of a multi-messenger study focused on the
evolution of the number of CR events detected by the Pierre Auger Observatory
from the vicinity of this source [96].

3.1 Analysis chain for point sources

This section provides a brief overview of the steps necessary for the point source
analysis of the Fermi-LAT data using the Fermi Science Tools [2]. These steps, in
the order in which they have to be executed, are discussed in Sections 3.1.1-3.1.5.
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3.1.1 Data selection

The Fermi-LAT data files consist of event lists in the .fits format, containing
information about the direction, energy and time of arrival of incoming photons,
for example. A set of suitable filters is applied to the data according to the
analysis to be performed (e.g. point source, burst and transient, galactic diffuse,
extra-galactic diffuse analysis). The preliminary selection is done when extracting
the data from the public database by choosing the object of study or celestial
coordinates, radius of the region around the particular position, time and energy
ranges.

A subset of the extracted data set can be also obtained for the same keywords
using the gtselect tool of the Fermi Science Tools [2], thus defining the region of
interest (ROI) to be analysed. In addition to that, this tool provides filters for the
maximum zenith angle, event class and type and instrument response function
(IRF). The cut on the zenith angle, measured between the reconstructed event
direction and the normal to the LAT upper surface, is applied in order to eliminate
the background of atmospheric photons produced in the Earth’s limb (at 113◦ of
zenith angle). The event class filter selects events according to the probability
of being photons. The choice of the event type specifies the events based on the
section of the LAT tracker in which the conversion to the electron-positron pair
occurred (front, back, front+back; see Section 1.2.2).

A spacecraft file describing the detailed configuration of the LAT in the se-
lected time range can be obtained together with the event lists during the pre-
selection from the database. Utilizing the information from the spacecraft file,
a filter for the good time intervals is applied using the gtmktime tool. These
intervals comprise times with good quality of data when the data acquisition was
not corrupted (e.g. due to the fly-by over the South Atlantic Anomaly) and the
LAT was in the nominal science configuration.

Recommended selection cuts for each type of analysis are given in Ref.[6].

3.1.2 Data binning

In the case of large data volumes (e.g. several years of observations), the like-
lihood analysis (Section 3.1.5) dealing with each event individually may not be
feasible due to the computational limitations. Binning of the data facilitates the
computation by using a 3-dimensional counts map created by the gtbin tool from
the output of the data selection. In this map, so-called counts cube, the recorded
counts are divided into bins of two spatial coordinates and energy. The choice of
binning is crucial in particular for energy, as larger bins do not account accurately
for the changes in the effective area of the instrument whereas very small bins
increase the computational demands considerably. A usual choice in the point
source analysis are about 10 logarithmically spaced bins per decade in energy and
∼ 0.2◦ bins in the celestial coordinates. The spatial extent of the counts cube can
be at most as large as the square inscribed in the circular ROI extracted during
the data selection step. Therefore, a care must be taken during the pre-selection
in order to choose a sufficiently large ROI that can account for the LAT PSF (see
Section 1.2.2) even after the reduction in the binning step.
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3.1.3 Exposure calculation
A construction of the exposure map for a given ROI is necessary for the calculation
of the expected numbers of counts from individual sources. The exposure is
determined by the integral over the entire ROI of the IRF which is a function
of the energy, time and incidence angle. The latter dependence requires the
computation of the time (livetime) that LAT spent observing a particular point
in the sky at a given zenith angle. This is achieved by the gtltcube tool which
calculates the set of livetimes (livetime cube) over the whole sky based only on
the log of LAT orientations from the spacecraft file. Using the livetime cube,
gtexpcube2 (gtexpmap for the unbinned analysis) computes an exposure map
for a given IRF and ROI. Due to the PSF of the LAT at energies below several
hundred MeV, sources outside the studied ROI may contribute to the counts
detected inside this region. Thus, the exposure map has to be calculated for a
region extended by ∼ 20◦ compared to the ROI.

3.1.4 Source model selection
The γ–ray emission detected within the ROI is described by the source model,
representing the best estimate of the positions and spectral characteristics of
individual sources and diffuse emission. The source model in the XML format is
an input for the likelihood analysis (see Section 3.1.5) and has to be initiated
according to the analyst’s assumptions. A typical choice of the input model
utilizes the spatial and spectral descriptions of all emission components in the
ROI which have been identified in the catalogs compiled by the Fermi team
based on the all-sky analysis (e.g. the 3FGL catalog [15]). Sources outside the
ROI may also influence the observed emission due to the PSF of the instrument.
The source model has to account for this effect and should contain also catalog
sources up to ∼ 10◦ outside the ROI (for an analysis lower energy bound of
100 MeV, see Fig. 1.4). Additional sources may be also included if they are
expected to contribute to the recorded photon counts.

Entries in the source model can be one of the following:

• Point source. Each entry consists of a spatial and a spectral part. The spa-
tial part specifies the coordinates of a point source. The energy spectrum
of the emitter is described by the keyword type (e.g. PowerLaw, Broken-
PowerLaw, LogParabola) and the parameters corresponding to the given
spectral shape. An example entry for a point source is given below:

<source name="3FGL J0232.8+2016" type="PointSource">
<spatialModel type="SkyDirFunction">

<parameter free="0" max="90.0" min="-90.0" name="DEC"
scale="1.0" value="20.2709999084"/>

<parameter free="0" max="360.0" min="-360.0" name="RA"
scale="1.0" value="38.2187004089"/>

</spatialModel>
<spectrum type="PowerLaw">

<parameter free="1" max="5.0" min="0.0" name="Index"
scale="-1.0" value="2.02539229393"/>
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<parameter free="0" max="3457.76318359" min="
3457.76318359" name="Scale" scale="1.0" value="
3457.76318359"/>

<parameter free="1" max="100.0" min="0.01" name="
Prefactor" scale="1e-13" value="0.367854110074"/>

</spectrum>
</source>

• Extended source. Spatial characteristics of sources with angular extension
significantly greater than the resolution of the LAT are described by spatial
templates mapping the γ–ray emission over an extended area. The inte-
gration of expected counts is performed differently than for point sources
specified by a single celestial position. The spectral part of the extended
source entry is defined in a same way as for point sources.

• Background diffuse emission. The majority of counts recorded by the LAT
are due to the diffuse γ–ray background of the Milky Way galaxy (Galactic
emission). The Fermi collaboration models the intensity of this emission as
a linear combination of the templates for the hydrogen (atomic, molecular
and ionized) gas column density, inverse Compton intensity and intensity
of the emission from the large scale structures (Loop I, Fermi bubbles) [16].
In addition, the isotropic emission from unresolved extragalactic sources,
maps of the solar, lunar and Earth’s limb emission are taken into account.
In every point source analysis, the map for the Galactic diffuse emission has
to be included in the source model since the total number of counts above
50 MeV due to it is roughly 5 times higher than the contribution from point
sources.

Another significant contribution to the diffuse background seen by the LAT
is the isotropic emission due to extragalactic diffuse γ–rays and unresolved
emission. The spectral template for the isotropic γ–ray intensity is obtained
from the all-sky fit of the emission at |b| > 30◦ after subtraction of point
source contributions. The model of the isotropic diffuse emission, similarly
as for the Galactic emission, is provided by the Fermi team and has to be
included in the source model in a typical point source analysis.

All parameters in the source model can be either freed or frozen in the like-
lihood analysis by setting the value of the free keyword. Since the variation of
all parameters in the model is computationally very intense, only few of them are
optimized. The spatial components are usually presumed to be well constrained
and are fixed1. In a typical scenario, the spectral parameters are optimized only
for the source of interest and objects close to it, i.e. within few degrees from the
centre of the ROI, and for strong or presumably flaring emitters. The parame-
ters of sources further away are kept fixed because their possible variations are
assumed to have a little effect on the counts recorded from the direction of the
source of interest.

1The coordinates of the γ–ray source can be optimized using the gtfindsrc tool.
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3.1.5 Likelihood analysis

The significance of the input source model given the observed data is evaluated
by the gtlike tool. It constructs the likelihood function (L) in the form

L(θ|n) =
∏

i

Pνi|θ(ni) =
∏

i

e−νi
νni

i

ni!
= e−N

∏
i

νni
i

ni!
, (3.1)

where θ is the vector of parameters in the source model, n is the set of recorded
numbers of counts ni in individual bins, Pνi|θ(ni) is the Poisson probability of
observing ni counts in the ith bin provided an expected number of events is νi

given the parameter set θ, N = ∑
i νi is the total number of counts expected in

the ROI based on the input model and the product runs over all bins specified
in the data binning step (Section 3.1.2). The value of the likelihood function
is recalculated for each trial set of parameters (θ) obtained by varying the free
parameters within the ranges specified in the input model. The parameter set
which maximizes the value of the likelihood function is considered to be the best
representation of the source characteristics underlying the data observed in the
ROI in the studied parameter space. Note, that the likelihood function in Eq.(3.1)
is the basis of the binned likelihood analysis, suitable for large data sets. In the
case of a small number of detected events, a more precise unbinned likelihood
analysis may be used. The bin size is then infinitesimally small, ni = 0 or 1
and Eq.(3.1) can be rewritten as L = e−N ∏

j νj, where j runs over the registered
counts.

The significance of a signal above background is assessed by calculating the
test statistic (TS), equivalent to the maximum likelihood ratio [88]

TS = 2 ln L
L0
. (3.2)

Here, L denotes the maximized likelihood function given the observed data de-
scribed by the model which includes the contribution of the source of interest
described by m free parameters. L0 refers to the null hypothesis of no source
being present at the investigated position.

According to the Wilks’ theorem [131], provided the null hypothesis holds, the
test statistic asymptotically follows a χ2 distribution with m degrees of freedom,
TS ∼ χ2(m). The probability of obtaining a statistic equal to or greater than
a value TS, the p–value, is given by p = 1 − Fχ2(TS,m), where Fχ2(TS,m) is
the cumulative distribution function of the χ2(m) statistic. The significance with
which the null hypothesis can be rejected is obtained as S = F−1

N (1−p), where FN
is the cumulative distribution function of a variable drawn from a standard normal
distribution (N (0, 1)). If m = 1, TS is assumed to follow asymptotically N (0, 1).
The value of test statistic at which the null hypothesis can be rejected at a level of
significance equivalent to 5σ is TS ≈ 30 for emitters with flux spectra described
by two free parameters (e.g. power-law spectra) or, respectively, TS ≈ 33 for
those exhibiting curved spectra defined by three parameters (e.g. log-parabolic
spectra).
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3.2 High energy γ–ray sources in the vicinity of
1ES 0229+200

3.2.1 Motivation
The 3FGL catalog, compiled from 4 years of Fermi-LAT data, contains the char-
acteristics of γ–ray emission detected from more than 3000 sources out of which
about one third are unidentified [15]. Considerable numbers of fainter objects are
further being detected as exposure improves over time.

The high energy γ-radiation from the AGN 1ES 0229+200 has been analysed
in several studies [15, 41, 127] but the results were not found to be in full accor-
dance. It is also worth noticing that although the blazars are known for their
variability, the γ–ray flux from 1ES 0229+200 detected by Fermi-LAT has not
exhibited signs of temporal changes for a long time, despite that the variability
was found at energies above 300 GeV [29]. However, it has been reported that
the MeV–GeV flux from the blazar changes on the monthly time scale at a high
level of significance [42].

Focusing on the improved description of the high energy γ–ray emission from
1ES 0229+200, we conducted a study of the area surrounding this AGN using the
Fermi-LAT data from over 6 years of observations [117]. In this initial analysis,
we recognized five new sources of high energy photons. None of these objects
could be associated with any source listed in the 3FGL catalog. After our initial
report in Ref.[117], LAT data reprocessed using a new algorithm (Pass 8) was
released, improving the effective area, reconstruction of events, their energies etc.

In this thesis, we use the newer data from a wider energy range in order
to elaborate on our previous results. We pay attention to the properties of
1ES 0229+200, our initial source of interest. Apart from that, we also aim to
give a more detailed study of the three most significantly detected sources which
may be linked to the known AGN.

3.2.2 Data analysis
We focused on the characteristics of 1ES 0229+200 and on the newly found γ–ray
sources [117] in a square sky region (8◦ × 8◦) around it. In the current analysis,
the results from our previous study are employed as initial values for spatial and
spectral parameters of examined sources. Throughout the text, we will use the
designations S1–S4 when referring to the candidate γ–ray emitters.

We used the Pass 8 data gathered by Fermi-LAT between August 4th, 2008
and January 4th, 2016, available in the public database.2 The data were extracted
up to the distance of 35◦ from the position of 1ES 0229+200 at RA = 38.20◦,
Dec = 20.29◦. The studied energy range of events was set from 60 MeV to
500 GeV. Version v10r0p5 of Fermi Science Tools [2] was used to analyse the
data. Parts of the analysis were carried out using the fermiPy set of Python
modules.3

Smaller regions of interest (ROIs) were selected from the full dataset in order
to analyse each of the studied sources separately and to account properly for the

2http://fermi.gsfc.nasa.gov/cgi-bin/ssc/LAT/LATDataQuery.cgi (18.1.2016)
3http://fermipy.readthedocs.org/en/latest/ (17.11.2015)
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Figure 3.1 Maps of test statistic values. Left: the map is centred at the position
of 1ES 0229+200 (white cross), the emission of which was accounted for. Sources
S1–S4 (white circles) were not included in the background model. Right: the
centre of the map is at the position of S1, included in the model of the γ–ray
emission in the region. The colorbars depict the range of test statistic values.

contributions of nearby emitters. Binned likelihood analysis was performed for
square regions, each with a side of 40◦ and with the source under investigation
situated in the centre of the corresponding square. In all cases, we applied the rec-
ommended SOURCE and DATA QUAL>0 && LAT CONFIG==1 filters, the zenith angle
cut of 90◦ and we used instrument response functions P8R2 SOURCE V6 [6].

Spectral analysis

The binned likelihood analysis was done assuming a unique model of γ–ray emis-
sion for every ROI (see Section 3.1.4). Each model was composed of the descrip-
tions of all sources from the 3FGL catalog [15] and the templates for the Galactic
(gll iem v06) and isotropic (iso P8R2 SOURCE V6 v064) diffuse emission. The
models of spectral and spatial properties of the new objects S1–S4 were also in-
cluded. In each case, we assumed point source character and power law energy
dependence of the flux in the form given by Eq.(1.1).

The energy ranges of the spectral fits were 80 MeV–300 GeV and due to the
chosen low energy bound the correction for energy dispersion was enabled. In
each ROI, spectral parameters of sources within 5◦ from the centre of the region
were left free to vary during the maximum likelihood optimization procedure.
Additionally, normalizations of differential fluxes of all emitters up to 10◦ were
freed. Varying the set of free parameters, we found the maximum likelihood
estimates (MLE) of the model parameters for each investigated source.

The values of test statistic for the detection of studied sources are summarized
in Table 3.1. The presence of new potential sources in the area of sky around
1ES 0229+200 is visualized in the left plot in Fig. 3.1. In this figure, a map of
test statistic values for detection of a putative source is shown. The map was
constructed assuming that the γ–ray emission in the area is described by the
model that does not incorporate the contribution of the sources S1–S4. In order

4http://fermi.gsfc.nasa.gov/ssc/data/access/lat/BackgroundModels.html
(28.9.2016)
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to improve the localization of the sources, we used the gtfindsrc tool to optimize
their spatial parameters. The obtained coordinates of the new γ–ray sources are
listed in Table 3.1.

The data in the vicinity of the S1 source suggests a possibility of another
γ–ray emitter being present around RA = 37.5◦, Dec = 17.0◦ (Fig. 3.1). We
investigated this option by construction of another test statistic map centred at
the position of S1 assuming that sources S1–S4 contribute to the emission in the
examined ROI. The map in the right plot in Fig. 3.1 shows that a significant
residual signal remains even after accounting for the S1 activity. The position
of this signal, which will henceforth be referred to as S5, was optimized and
the presumed source was included in the model of γ–ray emission in the studied
area. The outcomes of spectral fits for 1ES 0229+200 and S1–S5 are depicted in
Fig. 3.2.

Among the studied objects, the largest test statistic for detection is recorded
for S1, see Fig. 3.1. The value TS ≈ 190 is more than twice as large as test
statistics determined for other studied sources, see Table 3.1. Inspired by the
results of our previous analysis [117], we inspected the possibility of a change
of spectral index around about 150 MeV. The verification of the broken power
law spectral shape is difficult since there is not enough experimental information
below the suspected break. Similarly, at the energies above few GeV only upper
limits on the differential flux are available. Due to the lack of more conclusive data
at other energies we are mainly restricted to the description of the spectrum in
the range 0.08–1 GeV. In our judgement, this part exhibits curvature reminiscent
of a log-parabola. Therefore, we re-analysed the data assuming log-parabolic
energy dependence of the flux of S1

dN
dE = N0

(
E

E0

)−α−β log E
E0
, (3.3)

where α stands for the spectral index (compare with Eq.(1.1)) and β describes
the curvature. The test statistic for the likelihood-ratio test of a curved spectrum
against the hypothesis of a simple power law is [93]

TSlog = 2 ln Llog

LPL
= 50.9, (3.4)

equivalent to the significance of 7.0σ. The spectral energy distribution of S1
described by Eq.(3.3) is visualized in the upper right panel in Fig. 3.2.

Temporal evolution

In order to study the time variability of the observed γ–ray flux from the examined
sources, we constructed the lightcurves for the integral flux above 100 MeV. Our
results are visualized in Fig. 3.3. The numbers of bins for the lightcurves were
chosen according to the integer division TS/9 with TS being the test statistic for
the source detection (see Table 3.1). During the optimization routine, spectral
shapes of all sources in the input model were kept fixed to the values ascertained
from the analysis over the full time range. Only the normalizations of sources
within 10◦ from the centre of the ROI were varied. Upper limits for the fluxes at
a 95% confidence level were calculated in the time bins where TS < 9.
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Figure 3.2 Spectral energy distributions of six analysed γ–ray sources. The points
with errorbars give the differential flux determined in individual energy bins. Ar-
rows denote flux upper limits at a 95% confidence level. The solid line represents
the energy dependence of the photon flux inferred from the likelihood analysis in
the 0.08–300 GeV energy range. The contours indicate 68% confidence intervals
for the flux determined while fitting the flux-energy dependence (see Eqs.(1.1))
and (3.3)).
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Figure 3.3 Lightcurves for the integral flux above 100 MeV are shown for six
studied γ–ray objects. Upper limits at a 95% confidence level are denoted by
arrows. The dashed lines indicate values of the integral flux as determined from
the whole investigated time range.

The test for potential variability of sources was performed by calculating the
variability index [93]. The null hypothesis of a constant flux Fconst, given by the
MLE from the overall analysis, was tested against alternatives of variable flux Fi
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determined individually for each time bin i. The resulting test statistic is given
by the sum of logarithms of maximum likelihood ratios over the entire time range

TSvar = 2
∑

i

[log Li(Fi) − log Li(Fconst)] . (3.5)

Based on the values of TSvar, in Table 3.1 we report the p-values of observing
equivalent or more extreme values of test statistic under the null hypothesis of a
steady flux on the examined time scales. Our results point to significant variabil-
ity of the S1 flux (Pconst ≈ 10−11). There are also hints for the temporal changes
in the measured flux from S3. No similar indications are obtained for the other
sources.

3.2.3 Discussion
1ES 0229+200

The properties of high energy γ–ray emission from 1ES 0229+200 obtained from
this analysis in the energy band 0.08–300 GeV are in agreement with those re-
ported in the 3FGL catalog [15] as well as in Ref.[117]. Compared to these results,
our current analysis (Γ = 1.88 ± 0.13, Table 3.1) suggests harder character of the
flux, consistently with the findings of Ref.[41]. No significant hint of time vari-
ability of integral flux above 100 MeV was recognized on the analysed time scale,
see Fig. 3.3 and Table 3.1.

We examined the eventuality of a break being present in the observed spec-
trum of 1ES 0229+200. The fit with a broken power law function suggests a
break around roughly 8 GeV above which the spectral index is in good agreement
with that found in the first claimed detection of 1ES 0229+200 in the 1–300 GeV
energy range (Γ = 1.36 ± 0.25, [127]). Thus, the differential flux may be steep-
ening at lower energies although the hints for that are not yet conclusive and the
description by a simple power law is still more favoured. However, in case that
the observed data were truly a consequence of a softening in the energy spec-
trum, then the transition between low- and high-frequency peaks in the overall
SED would be smoother than predicted by some previous modellings which would
require revision, see e.g. [41].

S1 source

We found the spectrum of S1 to be curved at a high level of confidence, see Fig. 3.2
and Eq.(3.4)). We also note that the experimental points do not restrict consid-
erably the possible values of the flux at the lowest studied energies and above
several GeV. Given these data and the different models of curved spectra, we
judge that the observed spectrum in the energy range 0.08–1 GeV is best fit by
a log-parabola.

The log-parabolic representation of spectral shape applied for S1 is common
within various classes of non-thermal γ–ray emitters, most notably the blazars [84,
85]. The 3FGL source catalog [15] contains 395 sources with log-parabolic γ–
ray spectra. A subset of 29 sources is described by such values of α and β
(see Eq.(3.3))) that are both within the parameter space determined during the
analysis of S1. Out of these, three objects are designated as potential supernova
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remnants or pulsar wind nebulae, one is a nova and two are active galaxies (a
blazar and an AGN of an uncertain type). The nature of the remaining sources
is unresolved. All of these objects are located closer to the galactic plane than
S1 (|b| < 25◦). However, the presence of at least two extragalactic sources in this
sample suggests that the obtained spectral parameters are well-founded and not
just a plausible mathematical interpretation of the spectrum of S1.

The peculiar nature of S1 manifests itself also in the time variability of its γ–
ray flux found at a high level of significance. As can be seen in Fig. 3.3, the source
activity increased almost threefold during 18 months of Fermi-LAT observations
compared to the level ascertained from the full time range. Correspondingly, our
analysis yields the probability of flux being constant Pconst ≈ 10−11. We note that
the temporal variability is another frequently found feature of AGN.

Concerning the angular positions of objects, the closest source to S1 listed in
the 13th catalog of quasars and active galactic nuclei is the quasar TEX 0222+185
at z = 2.69 [125]. Its optically determined position is 14′ away from the γ–ray
location of S1, i.e. outside the 68% uncertainty radius obtained from gtfindsrc
(see Table 3.1). TEX 0222+185 is a well known radio source, see for example
[35, 43, 51, 63]. This AGN was also detected in the infrared (IR) regime by WISE
[109] and from optical to X-ray wavelengths by all instruments on the board of the
Swift satellite [54, 33] as well as by XMM-Newton [104]. TEX 0222+185 was also
included in the CGRaBS survey of candidate γ–ray emitters [64] and the detection
of the source in the 0.1–300 GeV band has been recently reported by [98].

It also needs to be mentioned, that other four possibly non-thermal sources
of unknown type have been detected at various wavelengths within 15′ from S1.
The closest are an X-ray [69] and a radio source [51, 43] at the angular distances
of 3.2′ and 5.8′ from S1, respectively.

S2 source

The only source from the catalog of AGNs [125] consistent with the position of the
S2 source found in our analysis is the blazar RXS J02165+2314 at z = 0.288 [86].
The celestial position of RXS J02165+2314 determined from optical observations
with the uncertainty less than 1′′ is offset from the angular position of the γ–ray
source S2 by about 1′, which is well within the 68% uncertainty radius. Radio
source NVSS J021631+231504 offset by about 19′′ from the position of the blazar
was detected at 1.4 GHz in the NVSS catalog [43]. Counterparts of the blazar in
the near-infrared (2MASS) and X-ray bands (ROSAT) were reported in [83] and
[108], respectively. One X-ray point source detected by Swift-XRT [54], 1SXPS
J021631.8+231449, is consistent within its 90% position uncertainty of 3.6′′ with
the celestial coordinates of S2 and RXS J02165+2314. All these associations
suggest that RXS J02165+2314 is active over a wide energy range from radio to
X-rays.

The plausible interpretation that the Fermi-LAT source recognized within our
analysis is a counterpart of this blazar is also backed by the recent detection of
the blazar in the 3–500 GeV energy range [31]. We also note that there is a
considerable chance of detection of RXS J02165+2314 in the VHE regime (>
100 GeV) as well. This is due to the fact that it exhibits a hard flux spectrum
very similar to the one of 1ES 0229+200 (cf. Table 3.1), which has already been
observed by contemporary instruments [21, 29]. The VERITAS collaboration
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has so far reported only upper limits on the γ–ray flux from the direction of
RXS J02165+2314 [30].

We finally notice that although the variability of the γ–ray flux is common
within blazars, we cannot reject the hypothesis of a steady flux from S2 at a
satisfactory level of significance. This applies only to the studied time scale of 9
months. However, variability on shorter time scales cannot be excluded.

S3 source

S3 exhibits a simple power law spectrum without any obvious cut-off at higher
energies. Its differential γ–ray flux is a rather steeply decreasing function of
energy with the highest energy photon possessing the energy of roughly 38 GeV.
However, a sign of spectral hardening might be emerging based on the data
above 10 GeV (Fig. 3.2). The possibility of the high-energy peak in the SED of
the source would make it an interesting target for the Cherenkov telescopes.

An evidence for the time variability of the integral flux on the time scale of
18 months is tentatively established. We note that the conclusion of variability
(Pconst ≈ 3.2 × 10−3) is based mainly on the observation of low photon flux
estimated within upper limits in the first and last bin of the lightcurve, see the
second panel in the right column in Fig. 3.3.

The angular position of this Fermi-LAT source does not comply with any
object from the catalog of AGNs [125] within the positional 68% confidence radius.
The source with the smallest angular separation with respect to S3 is the blazar
TEX 0239+175 (z = 0.551) separated by 11’. It is a well established flat spectrum
radio source, see for example the surveys [51, 43, 63]. An infrared counterpart
has also been detected by the WISE experiment [109]. No X-ray source has been
found in the inspected area around TEX 0239+175 and S3.

A considerable number of sources is detected in radio-IR bands in the neigh-
bourhood of S3. However, we note that TEX 0239+175 seems to be the only ob-
ject within 15′ from S3 that is identified as a member of a class of sources known
to produce non-thermal emission. It is also worth noting that TEX 0239+175 was
included in the CGRaBS survey of potentially γ–ray active AGNs [64]. We thus
point out that the proximity of S3 and TEX 0239+175 together with the nature
of the blazar offer at least an attractive option for a possible counterpart of the
Fermi-LAT signal.

S4 and S5 sources

The energy dependence of the γ–ray flux linked to the faint signals S4 and S5
can be described by a simple power law (Fig. 3.2). None of these signals is
significantly variable on the studied time scales of several years (Fig. 3.3). Due
to the absence of any distinctive features in their γ–ray activity and the lack of
known possible non–thermal counterparts nearby, the objects S4 and S5 cannot
be clearly identified. The sources in their closest celestial vicinity comprise an
X–ray source 1RXS J024800.1+223136 (1.8’ from S4 [126]), an infrared source
IRAS 02288+1642 (5.5’ from S5 [67]) and several optically observed galaxies of
uncertain type [101].
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3.2.4 Summary
Our primary intention to study the blazar 1ES 0229+200 revealed un-cataloged
sources in its surroundings. We notice that these may have considerable influence
on the observed emission from the direction of 1ES 0229+200 if not properly ac-
counted for. As noted in Section 3.2.3, there are several independent studies on
the HE emission from the blazar which do not fully agree on the basic spectral
characteristics. To our knowledge, none of these works counted with the con-
tamination of the signal from 1ES 0229+200 due to S1, most prominent at low
energies. Various studies have been conducted relying on the observed HE emis-
sion from the blazar, regarding the extragalactic magnetic field and background
light [127] or hadronic components in the observed SEDs [41], for example. How-
ever, the mis-reconstruction of energy spectra can have a profound effect on the
results of these studies. We provide the most detailed description of the emission
region so far, for which we pushed down the lower energy limit for the analysis
below 100 MeV (which is computationally demanding). The presented results
raise the issue of a possible change in the spectral index around 8 GeV for this
high-frequency-peaked blazar which may imply the review of some of the SED
modellings, for example. Such analyses were out of the scope of our work but
we believe that the reported findings may be useful for future multi-wavelength
studies focused on this source and the surrounding region.

Our discoveries of signals S1 and S2, presented already in Ref.[117], have been
verified by two independent studies published shortly after our analysis [31, 98].
In these works, targeted searches for γ–ray emission from TEX 0222+185 and
RXS J02165+2314 were carried out. Recognized signals, positionally coincident
with S1 and S2, were identified with these blazars, in agreement with our discus-
sion in Section 3.2.3. A distinctive feature of the S1 signal, ”moderate brighten-
ing” of its flux at the beginning of 2013 (MJD ∼ 56300) was reported on monthly
time scale [98], in accordance with our Fig. 3.3 and Table 1.2.2. No further analy-
ses known to us have been reported regarding the signals S1–S5. The discoveries
of S3 and S4 remain the only references to the excess HE γ–ray signal from these
regions to date.

The detailed descriptions of characteristics of S1–S5 provide an input to fu-
ture population studies of HE γ–ray sources, in particular blazars (S1, S2, S3).
It is also worth noting that our analysis reveals promising candidates for CTA
observations in the complementary VHE range, RXS J02165+2314 (S2) and
TEX 0239+175 (S3). Expectation of a source detection in the VHE regime based
on the HE flux observed by the Fermi-LAT provides a valuable piece of infor-
mation for scheduling of IACT observations. Important conclusions about the
properties of emitters can be then drawn even from a possible non-detection at
specific wavelengths.

3.3 High energy γ–rays from Centaurus A
We present the results of our analysis of high energy γ–ray emission observed
by the Fermi-LAT from the direction of the Centaurus A (Cen A) from August
4, 2008 to July 15, 2016. The energy spectrum of Cen A and the variability of
its integral photon flux are investigated. This study was carried out in support
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Figure 3.4 Spectral energy distribution of γ–rays from the direction of Cen A.

of the work examining the properties of the signal recorded by the Pierre Auger
Observatory around the position of Cen A [96].

Cen A is the closest AGN to Earth (RA = 201.37◦,Dec = −43.02◦) at a
distance of ≈ 4 Mpc (redshift z ≈ 0.001). This galaxy features two giant radio
lobes extending from the central black hole in opposite directions with an angular
size of roughly 10◦. In addition to the central AGN region, γ–ray production takes
place also in these lobes [9, 10]. In our work shown here, the extended diffuse
component observed from Cen A lobes was taken into account in the source
model (see also Section 3.1.4) by including the template of this emission provided
within the Fermi Science Tools [2]. Apart from that, the analysis was performed
similarly as described in Section 3.2 and we report only its results for the sake of
brevity.

Cen A is detected at energies above 60 MeV at a high level of significance
with TS > 8 × 103. Fig. 3.4 shows the spectral energy distribution of the γ–ray
emission from Cen A. The source exhibits hardening of the differential energy
spectrum at energies above several GeV. We tested the hypothesis of a broken
power law shape of the observed spectrum. The MLEs are Ebreak = 3.1±0.2 GeV
for the energy of the spectral break, Γ1 = 2.64 ± 0.02 and Γ2 = 2.33 ± 0.08
for the spectral index below and above the break energy, respectively. Although
the two-component structure of the SED was recognized also in Ref.[105], the
outcome of this analysis > 100 MeV (Ebreak = 4.00 ± 0.09 GeV, Γ1 = 2.74 ± 0.03,
Γ2 = 2.09 ± 0.2) differs from our results. We remark that our data set comprised
events from almost twice as large time range and also events with lower energies.
It is also worth noting that the VHE γ–ray flux from Cen A detected by the
H.E.S.S. experiment [23] is consistent with the hardening of the Fermi-LAT energy
spectrum. The extrapolated energy spectrum above 100 GeV can be connected
to the H.E.S.S. data points more smoothly for Γ2 = 2.33 recovered within our
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Figure 3.5 Lightcurves for the integral γ–ray flux registered from Cen A below
(top) and above (bottom) the spectral break energy of 3.1 GeV (see Fig. 3.4).
The dashed lines indicate values of integral flux in the given energy range as
determined from the whole investigated time range.

analysis than for the harder index obtained in Ref.[105].
In Fig. 3.5, the lightcurves for the HE γ–ray emission from Cen A are depicted.

Based on the results of the spectral fit in Fig. 3.4, we analysed the variability of
the integral flux in the energy ranges 100 MeV < E < 3.1 GeV (top panel) and
E > 3.1 GeV (bottom panel) on the time scale of 180 days. The evidence for
the variability in neither of the energy bands is conclusive, with the probabilities
for the constant flux (see the dashed lines in Fig. 3.5) being Pconst ≈ 10−2. We
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note, however, that the γ–ray flux above the break energy seems to be gradually
increasing during the last ∼ 2 years of the analysed data set.

It can be argued that the harder component of the Cen A HE spectrum with
presumably different temporal evolution than the low-energy component may be
attributed to a different population of parent particles producing γ–rays [56].
While the SED from radio wavelengths up to the break energy of γ–rays can
be described by a self-synchrotron Compton emission due to a population of
electrons, it is difficult to include the high energy photons within this scheme. If
the high energy γ–ray component may be linked to the p − γ interactions [56],
possible changes in the γ–ray activity suggest that the variability of the flux
of ultra-high-energetic cosmic rays should be taken into consideration in future
studies [96].
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Conclusions

This thesis presented a novel approach for the calibration in the future CTA ex-
periment. Also shown were the results from the analysis of data from observations
of cosmic γ–ray emitters gathered by the Fermi-LAT detector.

We demonstrated a viable way of calibration in arrays of imaging atmospheric
Cherenkov telescopes. The goals of the proposed procedure are the monitoring
of the atmosphere as an inherent part of the detector and the calibration of tele-
scope responses. Building upon the approach of the Cherenkov transparency
coefficient (CTC), the method utilizes only experimental information obtained
by telescopes during normal data acquisition. The coefficient is calculated using
rates of air showers initiated by charged cosmic rays which are detected during
telescope coincidence measurements. We studied in detail the telescope trigger
rates of simulated proton-induced air showers in different settings. We proposed
modifications of the CTC necessary for its implementation in more complex ar-
rays of telescopes than the current experiments. In particular, we were concerned
with the application in the prepared CTA observatory. Within our Monte Carlo
study focused on the Northern CTA site, the resolution of the scheme was demon-
strated to be 4% and 4 − 7% for the estimate of the atmospheric transparency to
Cherenkov light and the relative inter-calibration of telescope optical efficiencies,
respectively. A similar precision was achieved in the preliminary feasibility study
for the application of the CTC for the larger CTA array at the Southern location.

Using the data gathered over 7 years by the Fermi-LAT, we analysed in detail
γ–ray emission in the sky region around the active galaxy 1ES 0229+200. The
spectral and temporal characteristics of the observed emission were obtained with
improved precision in the 0.08–300 GeV energy range. A tentative evidence for a
change of the spectral index around roughly 8 GeV in the differential energy spec-
trum of 1ES 0229+200 was found. We reported on a discovery of new sources of
high energy signal. The quasar TEX 0222+185, which is likely to be active in the
γ–ray domain, was recognized as a possible counterpart of the most prominent sig-
nal S1. We also found a compelling evidence for the association of other possible
sources of high energy photons with the BL Lac objects RXS J02165+2314 and
TEX 0239+175, considered to be candidates for γ–ray emitters. Judging from
the characteristics of these two signals, we note the potential of the CTA to ob-
serve these objects in the very-high-energetic domain. We also documented the
properties of γ–ray emission from the active galactic nucleus Centaurus A within
an independent study conducted in the context of the Pierre Auger Observatory.
Previous modellings of the spectral energy distribution of this source were revised
and an indication for the time variability of the photon flux was obtained.
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Appendix A
Air showers

A.1 Electromagnetic showers
In the VHE regime, cosmic γ-rays are energetic enough to interact via the pair
production in the air. Similarly, the energies of secondary e− and e+ from the
conversion of a VHE γ-ray are well above the critical energy and these particles
interact predominantly by emission of bremsstrahlung photons. These photons
still posses enough energy for the production of highly relativistic e−e+ pairs
which further radiate new photons. Through repetition of these two processes,
a cascade of particles (γ, e−, e+) develops in the direction of the primary cosmic
photon. When the energies of e− and e+ decrease below the critical energy
(in the air, Ee

c = 87.92 and 85.97 MeV for e− and e+, respectively [7]), energy
losses through ionization dominate the radiation losses and the production of new
particles is suppressed. The maximum number of particles happens at this stage
of the air shower development, the shower maximum.

The radiation length (X0) is a characteristic scale for the high energy electro-
magnetic interactions. Specifically, energy of e− emitting bremsstrahlung photons
over a distance X in a material is E(X) = E

−X/X0
0 , where E0 is the energy of the

primary e−. Also, 9X0/7 is the mean free path for a high energy photon convert-
ing into an e−e+ pair. The radiation length in the air is X0 = 36.62 g cm−2 [7].

Heitler model [66] provides an approximative description of an electromagnetic
shower shown simplified in Fig. A.1. The model assumes that the pair produc-
tion and bremsstrahlung occur after a parent particle travels in the medium a
path X = X0 ln 2. The shower development is considered to stop at the shower
maximum when the energies of particles are equal to the critical energy Ee

c . It
follows for the total depth and number of particles at the shower maximum:

Xmax = X0 ln
(
E0

Ee
c

)
(A.1)

Nmax = E0

Ee
c
. (A.2)

In the VHE range, Xmax ≈ 170−600 g cm−2, equivalent to altitudes of 8−12 km
above sea level. The rate of increase of Xmax with E0, the elongation rate, is
85 g cm−2 per decade in energy [87].
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Figure A.1 Sketch of an electromagnetic cascade initiated by a photon. Solid
lines denote electrons and positrons, wavy lines represent photons. Dashed lines
illustrate integer multiples (i) of the radiation length X0 in the medium. N is the
number of particles and E is the energy of each particle after the ith branching.

The Heitler model does not account for the loss of particles due to their
ranging out. Also, it predicts the radiation of a single bremsstrahlung photon by
an electron after a splitting path while in reality multiple photons are emitted.
These simplifications result in an overestimation of the number of particles as
well as the ratio of e−e+ to γ. The model predicts the total number of e− and
e+ to be Ne ≈ 2

3Nmax. In reality, this number is lower and Eq.(A.2) needs to be
modified by a constant factor, i.e. Ne = E0/gE

e
c , where g ≈ 13 is a correction

obtained from the results of simulations and accelerator experiments [72].
While providing a simple approximation, the Heitler model correctly predicts

the energy dependence of the features of electromagnetic cascades, see Eqs.(A.1)
and (A.2). The depth of the shower maximum is given by a logarithm of the
energy of the primary particle. The total number of particles at the shower
maximum increases linearly with E0. These features are in accordance with the
simulation and experimental results [87].

The lateral development of an electromagnetic cascade is determined mainly
by the multiple Coulomb scattering. Charged particles are deflected away from
the shower axis given by the direction of the momentum of the primary particle.
A characteristic scale of the lateral shower size is the Molière radius [121]

RM = X0
Es

Ee
c
, (A.3)

where Es = mec
2
√

4π/α, α ≈ 1/137 is the fine structure constant and mec
2 =

511 keV is the electron rest mass. The Molière radius is the radius of a cylinder
within which 90% of the total energy of the shower is deposited. In dry air at
the sea level, the radius is RM = 8.83 g cm−2, equivalent to roughly 74 m.
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A.2 Hadronic showers
A characteristic length scale for inelastic interactions of hadrons is the interaction
length λI = A/ (σinel · ρ ·NA), where σinel is the inelastic cross-section for an
interaction of a hadron with nucleus of A nucleons, ρ is the density of the material
and NA is the Avogadro’s number. The nuclear and pion interaction lengths in
the air are λI = 90.1 and 122.0 g cm−2, respectively [7].

Multiple new particles are produced after the initial interaction of a high en-
ergy hadron with a nucleus. All of the secondary particles are hadrons which can
further undergo strong inelastic interactions, and thus, feed the hadronic com-
ponent of the cascade. The development of the hadronic shower continues until
the energies of hadrons decrease to the energy threshold for the pion production.
The energy losses below this threshold are dominated by the ionization.

Other components of hadronic showers are due to decays of some of the
secondary hadrons. Neutral pions (π0) with a mean lifetime of τπ0 = 8.52 ×
10−17 s [121] decay predominantly into pairs of photons before the inelastic in-
teractions take place. These photons can initiate electromagnetic sub-showers
as described in Section A.1. Charged pions (π±) interact with nuclei and pro-
duce new generations of hadrons until their energies are reduced to the critical
energy Eπ

c . Below this point, the mean path travelled by π± before the decay is
shorter than λI. The production of new hadrons stops and π± decay primarily
into muons (µ±) and (anti-)neutrinos.

Hadrons are assumed to interact strongly after traversing a path X = λI ln 2.
After the interaction of a primary charged CR, N± charged and N±/2 neutral
pions are produced. The number of charged particles (N±) increases slowly as a
function of the energy of a primary particle [87].

The number of branchings after which the energies of pions decrease to the
critical energy Eπ

c is

nc = ln (E0/E
π
c )(

3
2N±

) , (A.4)

where E0 is the energy of a primary hadron initiating the cascade. Roughly a
third of all pions produced at each stage of the shower development are π0. A
major part of E0 is transferred through decays of these π0 to the electromagnetic
component. The total energy of this component is

EEM ≈ E0 ·
[
1 −

(2
3

)nc]
. (A.5)

For a primary CR proton with an energy of E0 = 100 TeV, the EM fraction is
72% [87].

The depth of the maximum of a hadronic shower is roughly

Xmax ≈ 0.2 lnE0(GeV) + 0.7. (A.6)

The hadronic shower elongation rate of 58 g cm−2 per decade in energy is smaller
than for electromagnetic showers.

The lateral profile of a hadronic air shower is broader compared to the elec-
tromagnetic one induced by a particle of a same energy. This is because hadrons
produced in strong interactions may carry considerable transverse momentum
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(⟨pT⟩ ∼ 350 MeV/c) and get further away from the air shower axis than in the
case of deflection solely due to the Coulomb scattering. The 95% containment
radius for the deposition of the total energy of a hadronic shower is R95 ≈ λI .
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Appendix B
Cherenkov radiation

This appendix deals with the mechanism of Cherenkov radiation from air showers.
Charged particle moving through a dielectric medium with a refractive index

n radiates photons (Cherenkov radiation) if its velocity v is greater than the phase
velocity of light in the medium, v > c/n, equivalent to β > n−1. The threshold
energy for Cherenkov emission is

Eth = γmc2 = mc2
√

1 − β2 = mc2√
1 − n−2(h)

, (B.1)

where γ is the Lorentz factor, m is the rest mass of a particle and the refractive
index n(h) is assumed to depend on the altitude h in the case of emission in the
atmosphere. The height dependence of the refractive index is described as

n = 1 + ξ0e
− h

h0 , (B.2)

where ξ0 = 3 × 10−4 and h0 = 7.5 km. The threshold energy for Cherenkov
radiation by an electron at the sea level is roughly 21 MeV and 41 MeV at an
altitude of 10 km, i.e. less than the critical energy of electrons (see Section A.1).
Thus, all electrons produced up to the air shower maximum emit Cherenkov light.

Cherenkov photons are emitted into a cone at an angle θC:

θC = arccos
(

1
βn(h)

)
. (B.3)

For altitudes h > 10 km, θC < 1. Cherenkov light emitted by a vertically moving
particle at an altitude h illuminates on the ground a ring of a radius

rC = (h− ho) tan θC ≈ (h− ho) θC, (B.4)

where ho is the altitude of the observation level. For an altitude difference
of 10 km, rC ≈ 120 m.

The number of Cherenkov photons emitted per unit of length (x) in a wave-
length interval [λ1, λ2] is given by the Frank-Tamm formula:

dNγ

dx = 2πα sin2 θC

∫ λ2

λ1
dλ 1
λ2 . (B.5)
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Considering Cherenkov radiation in the ultraviolet region, the total number
of photons emitted within an air shower is roughly

Nγ ∝ 103 × E0

Ee
c
, (B.6)

where E0 is the energy of a primary cosmic photon and Ee
c is the critical energy

of electrons.
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Appendix C
Fit of the geometrical dependencies

The dependence of the stereo trigger rate R of two telescopes of a same type on
the zenith angle (in the range θ ∈ [0◦, 60◦]) can be approximately described by a
function

R̂(θ, x) = p0 ·
[
p1 · exp

(
−(θ − p2)2

p3

)
+ cos θ

]
, (C.1)

where x = dSP is the inter-telescope distance in the shower plane (see Figure 2.2).
For the case of the CTA small-size telescopes, the unknown parameters pi(x), i =
0, 1, 2, 3 can be estimated by

p0 = A · [exp (−B · x) + C · exp (−D · x)] , (C.2)
p1 = A · exp

(
B · xC

)
, (C.3)

p2 = A · x+B, (C.4)
p3 = A · x+B. (C.5)

The fit parameters A,B,C,D are summarized in Table C.1.

Table C.1 Fit parameters.

p0 p1 p2 p3

A (8.6 ± 0.06) × 102 (1.8 ± 0.3) × 10−1 (7.0 ± 0.2) × 10−2 (1.4 ± 0.08)
B (8.7 ± 1.1) × 10−3 (1.7 ± 0.2) × 102 29.5 ± 0.5 159 ± 7
C (−3.3 ± 0.9) × 10−2 (−2.8 ± 0.4) × 10−1 - -
D (1.3 ± 0.2) × 102 - - -
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Appendix D
Earth’s magnetic field

Let B⃗ = [Bx, By, Bz] denote the vector of the Earth’s magnetic field and the air
shower direction be given by azimuth and zenith angles (ϕ, θ). The component
of the magnetic field perpendicular to the shower direction, B⃗⊥ = [B1, B2, B3], is
given by:

B1 = Bx −
[
Bx sin2 θ cos2 ϕ+By sin2 θ sinϕ cosϕ+Bz sin θ cos θ cosϕ

]
B2 = By −

[
Bx sin2 θ sinϕ cosϕ+By sin2 θ sin2 ϕ+Bz sin θ cos θ sinϕ

]
B3 = Bz −

[
Bx sin θ cos θ cosϕ+By sin θ cos θ sinϕ+Bz cos2 θ

]
(D.1)

In Fig. D.1, B⊥ = |B⃗⊥| is shown as a fraction of the total size of the Earth’s
magnetic field vector (BS) at the location of the CTA-S (Paranal, Chile). The
same information for the CTA-N site (La Palma, Spain) can be found in Fig. 5
in Ref.[120] (see also Attachment 1). It is also worth noting that BS = 0.6BN.

Figure D.1 Fraction of the total size of the geomagnetic field vector at the CTA-S
site (BS) corresponding to the component (B⊥) perpendicular to the air shower
direction (ϕ, θ).
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Appendix E
Author’s contributions

Below is given a list of contributions in the field of γ–ray astronomy presented by
the author of this thesis and his colleagues. Some of these contributions contain
our preliminary studies regarding the calibration in the CTA (7, 8, 9, 10) and
the analysis of the Fermi-LAT data (6) which are discussed and expanded in
Chapters 2 and 3, respectively.

Our further activities are not discussed in the main text of this thesis but were
also conducted during the course of the doctoral study as a supporting work of
interest (1, 2, 3, 4, 5). To this end, a method suitable for studies of variabilities of
astrophysical γ–ray emitters was explored. The method utilizes only the numbers
of detected source and background events (on– and off–source counts), irrespec-
tive of the particular realization of the experiment. Source intensity is analysed as
an excess of recorded on–source counts with respect to the number of background
events. Based on the approach of Li&Ma [76], we derived modified significance
formulas for the test of the null hypothesis of an emitter of a predefined intensity
in the on–source region. Confidence intervals for the source intensity were also
constructed. The method was applied to the publicly available data from obser-
vations of several VHE γ–ray sources by current IACT experiments. Inferences
about temporal variabilities of investigated objects were drawn.

For a sake of brevity, the contributions are not discussed in detail and short
annotations are provided instead.

1. Testing time variability of γ–ray flux [94]
D. Nosek, S. Stefanik, J. Nosková
International Cosmic Ray Conference, Rio de Janeiro, Brazil (2013)

A method for testing temporal variability of activities of astrophysical γ–ray
sources was presented. The approach was demonstrated using the publicly
available data from observations of the AGN PKS 2155–304. Changes of
the source intensity were recognized on the time scales of months and days.

2. Variability of VHE γ–ray sources [116]
S. Stefanik, D. Nosek
Cosmic Ray Origin–beyond the standard models, San Vito di Cadore, Italy
(2014)
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Using our on–off test for changes in the source activities, we investigated the
time variabilities of BL Lac objects PKS 2005–489 and 1ES 0229+200. We
rejected the hypothesis of a steady source flux for both examined objects
at a level of significance above 3σ.

3. Time variability of the γ–ray binary HESS J0632+057 [115]
S. Stefanik, D. Nosek
Week of Doctoral Studies, MFF UK, Prague, Czech Republic (2014)
The asymptotic on–off test was used to analyse the modulation in the VHE
γ–ray activity of the binary system HESS J0632+057. The confidence in-
tervals for the source intensity provided tentative evidence for the increase
of the γ–ray flux from the system during the periods of enhanced X–ray
emission.

4. Variability of VHE gamma-ray emission from the binary PSR B1259-63/LS
2883 [118]
S. Stefanik, D. Nosek
Searching for the Sources of Galactic Cosmic Rays (SuGAR), Geneva, Swi-
tzerland (2015)
We investigated temporal changes in the intensity of the γ–ray signal de-
tected from the binary system PSR B1259–63/LS 2883. The modified on–off
method was utilized, yielding evidence for an increased activity of the emit-
ter at a high level of significance. Analysis of confidence intervals for the
system γ–ray intensity revealed enhancement of the emission around the
periastron passages of the pulsar orbiting the star.

5. Significance for signal changes in gamma-ray astronomy [95]
D. Nosek, S. Stefanik, J. Nosková
International Cosmic Ray Conference, The Hague, The Netherlands (2015)
We described in detail asymptotic formulas for the test of an assumption of a
given source intensity in a chosen region. The usage of the method is demon-
strated on the examples of three AGN (1ES 0229+200, 1ES 1959+650,
PG 1553+113). For all examined sources, fluctuations of the recorded pho-
ton counts with respect to the predefined source intensities were recognized
in several measurements at high levels of significance.

6. Unexpected gamma-ray signal in the vicinity of 1ES 0229+200 [117]
S. Stefanik, D. Nosek
International Cosmic Ray Conference, The Hague, The Netherlands (2015)
We presented a preliminary analysis of our serendipitous discovery of ex-
cess signal in the Fermi-LAT data around the position of the BL Lac object
1ES 0229+200. The observed signal had not been previously reported in any
of the Fermi-LAT catalogs. We focused on the spectral and temporal prop-
erties of the γ–ray flux observed from the directions of 1ES 0229+200 and
the region of the most significant excess of the unexpected signal. Four
fainter objects were also found in the investigated area of sky and possible
counterparts were recognized for two of them. A more detailed study based
on these preliminary results is presented in Chapter 3.
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7. Atmospheric calibration of the Cherenkov Telescope Array [53]
J. Ebr, T. Bulik, L. Font, M. Gaug, P. Janecek, J. Jurysek, D. Mandat, S.
Stefanik, L. Valore, G. Vasileiadis for the CTA Consortium
International Cosmic Ray Conference, Busan, Korea (2017)
The contribution provides a summary of atmospheric calibration activi-
ties in the Cherenkov Telescope Array (CTA). Atmospheric phenomena af-
fecting observations by imaging atmospheric Cherenkov telescopes are dis-
cussed. Instruments and methods for the characterization of the aerosol
extinction profile and monitoring of immediate atmospheric conditions are
presented.

8. Atmospheric monitoring and array calibration in CTA using the Cherenkov
Transparency Coefficient [114]
S. Stefanik, R. de los Reyes, D. Nosek for the CTA Consortium
International Cosmic Ray Conference, Busan, Korea (2017)
We presented a preliminary study aimed at the atmospheric and array cali-
bration in the CTA using rates of detected air showers initiated by charged
cosmic rays. We discussed challenges related to the usage of the trigger rates
for calibration purposes in complex arrays of telescopes. Corrections for
some of the instrumental and observational effects influencing the telescope
trigger rates were found. An extension of the method of the Cherenkov
transparency coefficient was described and its application demonstrated us-
ing Monte Carlo simulations of air showers and the CTA observatory.

9. Atmospheric monitoring using the Cherenkov Transparency Coefficient for
the Cherenkov Telescope Array [119]
S. Stefanik, D. Nosek for the CTA Consortium
Atmospheric Monitoring for High Energy Astroparticle Detectors (Atmo-
HEAD), Anacaptri, Italy (2018)
We discussed the feasibility of our extended method of the CTC for the
atmospheric monitoring using CTA data. Within a Monte Carlo study,
we examined the sensitivity of the CTC for changes in the aerosol optical
depth and molecular density profiles of the atmosphere. The coefficient was
found to be a robust estimate of the aerosol extinction of Cherenkov light
below the production height of air showers initiated by charged cosmic rays.
Seasonal variations of density profiles were not found to have a significant
impact on the CTC.

10. Atmospheric monitoring and inter-calibration of the telescope optical throu-
ghput efficiencies using the trigger rates of the Cherenkov Telescope Ar-
ray [120]
S. Stefanik, D. Nosek, R. de los Reyes, M. Gaug, P. Travnicek
Astroparticle physics 109C (2019) 12
In this paper, the preliminary analyses from contributions 7 and 8 were
expanded. A short commentary is given in Section 2.3.5 and the full paper
is reprinted in Attachment 1.
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