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Abstract

My doctoral thesis is focused on the exciting field of gamma-ray astrophysics, which deals with the
study of the highest-energy part of the electromagnetic spectrum. Ground-based observations via
Cherenkov telescopes are the primary tool used for investigation in this area. My research endeavors
to contribute to this field in two ways. Firstly, I have made a number of contributions to the standard
analysis chain of LST-1 data. The new analysis methods that I developed involve low-level calibration
techniques such as raw signal correction to reduce noise and time calibration to improve time resolution.
I have also developed special cleaning methods that account for noise from calibration runs to improve
the accuracy of my analysis further. Secondly, I have undertaken a detailed study of FSRQs (Flat
Spectrum Radio Quasars) using MAGIC telescopes.

The thesis is divided into the following chapters:

Chapter 1 presents a short introduction to gamma-ray astronomy and observation techniques. It
also describes physics processes such as particle and photon interaction with matter and describes the
formation of Extensive Air Showers in the Earth atmosphere.

Chapter 2 In this chapter, I present an introduction to active galaxies, focusing on blazars,
especially on FSRQ. I will cover the current standard model of such objects and highlight the open
questions. For instance, I will explore the uncertainty of the emission region’s location and how I can
derive physical parameters from observations to describe the source.

Chapter 3 Presents the Cherenkov technique and current Cherenkov telescopes, focusing on the
MAGIC and LST-1 experiments I am involved in. I also describe the analysis methods and the
corresponding software packages used for the analysis of the data from different Cherenkov telescopes,
from analyzing raw signals to deriving physical results. Additionally, I provide a detailed description
of the low-level calibration process I have been working on for LST-1.

Chapter 4 In this chapter I describe my analysis of LST-1 data obtained from the direction of the
BL Lac source for the BL Lac source, detailing each step of the data processing in the LST-1 pipeline.
I use this source as an example to check the performance of the LST-1 telescope analysis with how the
performance is dependent on the used Monte Carlo simulations.

Chapter 5 The chapter describes VHE gamma-ray observations, data analysis, and findings from
studies of nine FSRQs observed by the MAGIC telescopes and Fermi-LAT from 2008 to 2020. It
includes details about the study that led to establishing upper limits on their gamma-ray emission and
constructing a theoretical broadband emission model that incorporates the MAGIC upper limits and
Fermi-LAT data. It also discusses my enhancements to the agnpy software to allow me to perform a
more reliable emission modeling, including a more realistic BLR model.

Chapter 6 This chapter summarizes my thesis and includes a discussion of the future of gamma-ray
astronomy and my future plans.
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CHAPTER 0. ABSTRACT

Abstrakt

Moja praca doktorska skupia sie na dziedzinie astrofizyki gamma bardzo wysokich energii, ktora
zajmuje sie badaniem najbardziej energetycznej cze$ci widma elektromagnetycznego. Podstawowym
narzedziem uzywanym w tych badaniach sg teleskopy czerenkowskie, ktora pozwalaja na naziemne
obserwacje.

Moj wktad do dziedziny astronomii gamma, ktéry opisuje w tej pracy jest dwojaki:

Po pierwsze, rozwijalem standardowa biblioteke analizy danych LST-1. Opracowatem nowe metody
analizy, ktore obejmuja techniki kalibracji niskiego poziomu, takie jak korekcja surowego sygnatu z sys-
temu odczytu danych, aby zmniejszy¢ szumy sygnatu, oraz kalibracje czasowa, aby poprawi¢ rozdziel-
czo$¢ czasowa. Opracowalem réwniez specjalne metody czyszczenia obrazéow, ktore uwzgledniaja tto
nocnego nieba, wyznaczone na podstawie procesu kalibracji, aby obnizy¢ prog energetyczny na poziomie
analizy LST-1. Po drugie, przeprowadzilem szczegotowe badanie emisji z 9 kwazaréw o plaskim widmie
radiowym (ang. FSRQ — Flat Spectrum Radio Quasars) za pomoca teleskopow MAGIC.

Praca jest podzielona na nastepujace rozdzialy:

Rozdzial 1 przedstawiam w nim krotkie wprowadzenie do astronomii gamma oraz technik ob-
serwacyjnych. Opisuje takze procesy fizyczne, takie jak interakcja czastek natadowanych i fotonow z
materia, oraz formowanie sie wielkich pekow atmosferycznych.

Rozdzial 2 zawiera wprowadzenie do aktywnych jader galaktyk, skupiajac sie na blazarach, a w
szczeg6lnosci na ich podtypie FSRQ. Omawiam aktualny stan wiedzy na temat tych obiektow, zwraca-
jac uwage na wciaz otwarte pytania, takie jak lokalizacja regionu emisji, oraz metody wyznaczania
parametréw fizycznych na podstawie obserwacji.

Rozdzial 3 Prezentuje technike detekcji promieniowania gamma oraz obecne teleskopy Czerenkowa,
koncentrujac sie na eksperymentach MAGIC i LST-1, w ktorych uczestnicze. Opisuje rowniez metody
analizy i odpowiadajace im biblioteki uzywane do analizy danych w astronomii gamma. Przedstawiam
typowa analize danych, poczawszy od surowego elektronicznego sygnatu , az do fizycznych wynikdéw
w postaci widmowego rozkladu energii. Dodatkowo szczegdélowo opisuje proces kalibracji niskiego
poziomu, nad ktérym pracowalem dla LST-1.

Rozdzial 4 W tym rozdziale opisuje moja analize danych z LST-1, wykonang dla zrédta BL Lac,
szczegblowo opisujac wysokopoziomowe etapy przetwarzania danych w LST-1. Uzywam tego Zrodla
jako przyktadu, aby zbadaé¢ wydajnos¢ analizy teleskopu LST-1 oraz to, jak wydajnosé ta zalezy od
uzytych symulacji Monte Carlo.

Rozdzial 5 Rozdzial ten opisuje obserwacje, analize danych oraz wyniki dziewieciu FSRQ ob-
serwowanych przez teleskopy MAGIC i Fermi-LAT od 2008 do 2020 roku. Zawiera szczegdly na
temat badan, ktore doprowadzily do wyznaczenia gérnych ograniczer na emisje gamma . Nastepnie
prezentuje prezentuje konstrukcje modelu emisji szerokopasmowej, ktéry poréwnuje z gornymi limitami
uzyskanymi z teleskopu MAGIC i danymi Fermi-LAT. W tym rozdziale oméwione sa rowniez moje
ulepszenia biblioteki agnpy, aby umozliwi¢ mi przeprowadzenie bardziej wiarygodnego modelowania
emisji, w tym uzycie bardziej realistycznego modelu BLR (Broad Line Region — region szerokich linii).

Rozdzial 6 Ten rozdzial podsumowuje moja prace doktorska i zawiera krétka dyskusje na temat
przysztosci astronomii gamma oraz moich przysztych planow.
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Chapter 1

High-energy astrophysics

1.1 Cosmic and gamma rays

The Earth is perpetually exposed to a bombardment of cosmic and gamma rays, spanning a vast
spectrum of energies. Victor Hess discovered cosmic rays in 1912, and since then, cosmic rays have
been explored using balloons, spaces, and ground-based and underground methods. This exploration
has given rise to distinct branches, such as cosmic-ray astrophysics (centering on charged particles),
Gamma-ray astrophysics and neutrino astrophysics [1].

Gaining knowledge about the production and transport of cosmic rays through the interstellar
medium is a crucial issue that greatly affects our understanding of the structure and characteristics
of the universe. Recent advancements in gamma-ray astronomy [2] and neutrino astronomy [3, 4, 5]
have provided means to investigate various aspects of cosmic rays. The search for gamma rays or
neutrinos primarily aims to identify cosmic ray sources and investigate the phenomena involved in
their acceleration. This is because neutral particles like gamma rays and neutrinos are not affected by
Galactic or extragalactic magnetic fields, which allows their directions to point to their production sites.
Analyzing these particles’ directions, flux, energy spectra, and variability can refine theoretical models
about their sources and interactions during their journey to Earth. Because weak interactions have
extremely small cross-sections, neutrinos can easily escape from compact sources, allowing researchers
to obtain information about the interior or surrounding regions of supernovae, active galaxies, and
other cosmic systems [6]. Although it is challenging to distinguish neutrino-induced muons from those
produced by primary cosmic rays in the atmosphere, the issue is the extremely low cross-section,
limiting the number of cases we observe. While the IceCube neutrino observatory has demonstrated
that the neutrino energy spectrum must include components from cosmic sources [7], and there have
been several 3-4 o indications of possible sources and connections between flares and neutrinos [3, 8|,
to date, there has not been a definitive discovery of a neutrino source. Contrary to neutrinos, high
energy photons have a limited cosmic horizon up to which can be observed as it is shown on Fig. 1.1
due to yy absorption via eTe™ pair production.
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Figure 1.1: The redshift horizon, which varies with the energy of cosmic radiation as measured on
Earth, provides insight into the maximum distance from which different types of cosmic radiation can
reach us. Source: [6]

1.2 Gamma-ray astronomy

Gamma-ray astrophysics studies astronomical objects and phenomena that emit gamma rays, the
most energetic form of electromagnetic radiation. This field of astronomy allows us to observe the most
extreme environments in the universe, such as supernovae, vicinity regions of black holes, neutron stars,
gamma-ray bursts, and active galactic nuclei [9]. Gamma-ray observations are made using satellites
and ground-based detectors.

There are several distinct energy bands in gamma-ray astronomy. Fach is typically studied with
specific types of instruments [10]. The low-energy (LE) band, ranging from 100 keV to 30 MeV, is
primarily studied by Compton telescopes (see Section 1.6.1), typically deployed on balloons or satellites.
The high-energy (HE) band, spanning 30 MeV to 100 GeV, is typically observed using pair-creation
instruments aboard satellites. Due to decreased flux with energy, observations at higher energies are
generally conducted from the ground with large instruments. Within the very-high-energy (VHE)
range of 100 GeV to 30 TeV, the detectors commonly used are atmospheric Cherenkov detectors.
Water Cherenkov detectors are often employed for ultra-high-energy (UHE) observations between 30
TeV and 30 PeV. Finally, ground-based telescopes typically use the atmospheric fluorescence technique
for the highest energy observations in the extreme-high-energy (EHE) range above 30 PeV. Notably,
the sensitive range of different types of instruments often partially overlaps, allowing cross-calibration
and studies of the same objects with ground-based and space-borne instruments.

Very high-energy (VHE) gamma-ray astronomy focuses on observing and analyzing the sources
of these gamma rays. The observation of TeV gamma rays from numerous sources has provided
compelling evidence for the presence of efficient acceleration mechanisms of charged cosmic particles
[6]. Detecting VHE and UHE gamma rays for these sources gives us insights into how particles are
accelerated to these extreme energies. Non-thermal spectra (meaning their emission does not align and
is typically much broader than that of a blackbody at a given temperature) are commonly observed
in these gamma-ray sources. Understanding such acceleration mechanisms is the primary driver of
high-energy gamma-ray astronomy. Detecting TeV sources can improve our models of acceleration and
radiation processes in extreme conditions [6].



1.3. FROM FUNDAMENTAL PHYSICS TO ASTROPARTICLE PHYSICS
AND BACK

1.3 From fundamental physics to astroparticle physics and back

From the 1950s to the 1990s, the majority of advancements in fundamental physics were driven by
particle accelerators [11]. Despite this, major experiments investigating cosmic rays operated and
contributed to their understanding. In astroparticle physics, cosmic rays have become increasingly
significant over the past few decades. Numerous extensive projects are currently underway, each with
various objectives, such as exploring the universe for dark matter and studying properties of the sources
in the Galactic and Extragalactic Sky. Space-based gamma-ray telescopes, such as the Fermi Large
Area Telescope (Fermi-LAT) [12] and AGILE (Astrorivelatore Gamma a Immagini LEggero) [13] have
delivered groundbreaking findings. Eight decades after Rossi [14] and Auger’s [15] discovery of air
showers, the investigation of ultra-high-energy cosmic-ray showers is yielding essential information
about the spectrum and origins of cosmic rays. The main focus of this research is to investigate the
region surrounding the GZK cutoff [16], which is a theoretical boundary on the energy of cosmic rays
originating from faraway sources. This limit predicts a distinct termination point in the spectrum
of ultra-high-energy cosmic rays due to their interaction with the Cosmic Microwave Background
radiation. The largest currently operating detector, the Pierre Auger Observatory [17], spans an area
of approximately 3,000 square kilometers and is located in Argentina.

TeV instruments have uncovered potential associations between photon and cosmic ray accelerators
within the Galaxy [18]. On the other hand, one of the most exciting capabilities of these instruments is
their ability to examine the propagation of highly energetic photons over vast cosmological distances.
By doing so, they can search for possible effects of Lorentz invariance violations at extreme energies and
photon interactions with the quantum vacuum [19]. The development of a new detector, Cherenkov
Telescope Array (CTA), is currently underway, and it is expected to surpass the capabilities of current
detectors by at least an order of magnitude [20] [21].

1.4 Acceleration of charged particle

Cosmic rays, originating from various astrophysical sources, can be accelerated in areas with turbulent
magnetic fields. Static magnetic fields are ineffective for particle acceleration. In contrast, fluctuating
magnetic fields can create changing electric fields, which, through multiple cycles, can effectively
accelerate particles [11].

I will first describe the Fermi mechanism in a unified and simplified manner, applicable to both first-
and second-order versions. To achieve this, I introduce the average energy post-collision as £ = SEy,
where FEj is the pre-collision energy. After n collisions, the particle count is N = Ny P"™ with energy
levels E = Epf™. Consequently, the energy distribution is expressed as [22]:

N(E)dE = const. x E~"* %5 dE (1.1)

This formulation, demonstrating the anticipated power-law behavior, allows the parameters P,
which denotes the likelihood of a particle staying within the acceleration zone post-collision, and S to
be aligned with those identified in the Fermi second-order mechanism and adapted for the first-order
mechanism.

1.4.1 Second-order Fermi acceleration

The initial formulation of the Fermi acceleration concept, subsequently known as second-order accel-
eration, was introduced by Enrico Fermi in 1949 [23]. This model accounts for the acceleration of
relativistic particles through their interactions with interstellar clouds. These clouds, behaving akin
to magnetic mirrors, randomly move and cause the particles to be reflected, as depicted in Fig. 1.2.
Following [23, 24], it can be demonstrated that the mean energy increment per collision is given by

(F)=3¢) (12

where v and c¢ represent the velocity of the cloud and the particle, respectively. The mean energy
increment is directly proportional to (%)2, indicating the process is termed as second-order acceleration
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CHAPTER 1. HIGH-ENERGY ASTROPHYSICS

due to the power of the exponent. Calculating the mean interval between collisions allows for the
derivation of an energy gain rate from the preceding equation:

dE 4 (2
= =3 (CL> E=aE (1.3)

Here, L denotes the average free path between clouds along the magnetic field lines. By resolving a
steady-state diffusion-loss equation and incorporating this energy gain rate, along with assuming 7esc
as the typical duration for a particle to stay within the acceleration zone, the energy spectrum N(E)
can be obtained:

N(E)dE = const x E'" & dE (1.4)

It’s worth noting that while the second-order acceleration mechanism can generate a power-law
spectrum, this approach has some limitations. One of the biggest challenges is the slow rate of energy
gain due to the low density of observed clouds in a typical astrophysical scenario.

1.4.2 First-order Fermi acceleration

The scenario of the first-order acceleration mechanism is to achieve an energy increase proportional
to (v/c), enhancing efficiency, particularly for higher v values. Such conditions arise during collisions
with intense shock waves, for instance, those emanating from supernova blasts or active galactic nuclei,
which can attain supersonic speeds (a thousandfold the velocity of an interstellar cloud).

Due to turbulence behind the shock and irregularities ahead of it, the particle velocity distribution
appears isotropic in reference frames where the interstellar gas remains stationary on both shock sides.
This symmetry ensures that, in the first-order (Fermi I) acceleration mechanism, particles experience
"head-on" collisions on both sides of the shock, leading to a consistent energy gain, although not
necessarily the same for every encounter, as depicted in Fig.1.2. In contrast, the second-order (Fermi
IT) acceleration involves a mix of head-on and catch-up collisions, resulting in variable outcomes where
particles can either gain or lose energy depending on the nature of each collision.

During such crossings, particles are energized. It has been demonstrated [24] that the mean energy

gain increment per round trip is
AFE 4 /v
(F)=30) (15)

Another crucial factor is the escape probability Pes. (akin to 1 — P) from the shock. Kinetic theory
yields

10 19

Incorporating these parameters into Equation 1.5, we obtain

N(E)dE = const. x E~?dE (1.7)

Although the observed cosmic ray spectral index of approximately 2.7-2.8 [25] has not yet been
fully matched by the first-order mechanism predictions, this approach remains highly promising as
the most effective and likely scenario for cosmic ray acceleration. This discrepancy can typically be
explained by the fact that sources emit cosmic rays into the galaxy with a harder spectrum (e.g., around
-2). However, propagation and escape effects modify this spectrum; lower energy particles are more
significantly influenced and trapped by magnetic fields, leading to a steeper observed spectrum, while
higher energy particles, being less affected, can escape the galaxy more easily. This process results in
the observed steepening of the spectrum. Unlike the second-order mechanism, this model presumes a
spectral exponent of -2, under specific conditions: the shock must be strong but non-relativistic. The
presented description of the Fermi process is based on [22].

4



1.5. CHARGED PARTICLES INTERACTION WITH MATTER

—- —-
v v
following head-on
collision collision downstream — upstream downstream « upstream

Figure 1.2: On the left is demonstrated the Second-order Fermi acceleration process; on the right is
the First-order Fermi acceleration process. Source: [22].

1.4.3 Magnetic reconection

In plasma environments, magnetic reconnection is a crucial physical process. This process entails a
transformation in the topology of magnetic field lines and their reconfiguration. As a result, the stored
energy of the magnetic field is released and converted into the kinetic and thermal energy of the plasma
particles [26]. The energy E stored in a magnetic field B is given by:

P- L / B*dv
210

where pg denotes the permeability of free space, and the integral is taken over the volume V of the
plasma where the magnetic field is present.

The importance of magnetic reconnection is amplified in the domain of high-energy astrophysics
and gamma-ray astronomy. This mechanism was proposed to explain multiple many high-energy phe-
nomena, including the powerful flares observed in blazars and gamma-ray bursts. When the magnetic
field lines break apart and reconnect, magnetic energy is efficiently transformed into particle energy,
creating non-thermal particles. Magnetic reconnection is considered crucial in forming relativistic jets
observed in active galactic nuclei (AGNs) [27]. These jets, significant sources of gamma-ray emission,
might be powered by the conversion of magnetic energy harnessed from the supermassive black holes
situated at the centers of these galaxies.

1.5 Charged particles interaction with matter

In this section, I briefly describe the interactions of charged particles, in particular electrons, with
matter and radiation fields, as this is the basis of physical processes that occur both in the Earth’s
atmosphere, forming particle cascades, and in cosmic sources.

Charged particles primarily interact with atoms through a variety of electromagnetic processes.
These interactions can result in the expulsion of electrons (ionization), the elevation of electrons in
atoms to higher energy states (excitation), or the emission of photons (bremsstrahlung, Cherenkov
radiation, and transition radiation). In some cases, high-energy particles may also directly interact
with atomic nuclei.

The radiation processes described here and cited formulas are based on [11].

1.5.1 Ionization Energy Loss

This is one of the most common processes in which a charged particle losses energy. As the particle
travels through a homogeneous material with density p with speed v, the average specific energy loss
(calculated per unit length) due to ionization and excitation is defined by the Bethe approximation.
This formula maintains an accuracy of a few percent within the range of 0.1 < v < 1000 (where
B = wv/e, ¢ is the speed of light, and v is Lorentz factor) for materials with intermediate atomic
numbers (Z) and mass number (A):



CHAPTER 1. HIGH-ENERGY ASTROPHYSICS
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where the material density is denoted by p. The particle’s charge, represented by z,, is measured
in units of electron charge. A constant value of 0.307 MeV c¢m?/g is denoted by D. The energy
corresponding to the electron mass, around 0.511 MeV, is represented by m.c?. The mean excitation
energy in the material can be approximated as I ~ 16eV x Z°? for Z > 1. Lastly, a correction term
() becomes significant at high energies, accounting for the reduction in energy loss due to the density
effect. As the incident particle’s velocity increases, the medium becomes polarized, and its atoms can
no longer be considered isolated.
In a first approximation, the energy loss due to ionization has the following characteristics:

e It is independent of the particle’s mass;

e For high-energy particles it is typically small (about 2 MeV/cm in water) and can be roughly
assumed to be proportional to the material’s density;

e It is proportional to 1/3% for By < 3, representing the minimum of ionization (referred to as a
minimum ionizing particle);

e Essentially constant for 5 > 0.96, with a logarithmic increase after the minimum;

e Proportional to Z/A, where Z/A is approximately equal to 0.5 for most elements except hydrogen
and the heaviest nuclei.

In practice, the mean energy loss rate of most of relativistic particles, such as cosmic-ray muons, are
close to the minimum. These particles can be considered as minimum ionizing particles within a factor

of less than two. The energy loss from a minimum ionizing particle can be effectively approximated
by:

1dE Z
-——=-35(—|M 2 1.
> dz 3.5 (A) eVem? /g (1.9)

1.5.2 Cherenkov Radiation

Cherenkov radiation occurs when a charged particle travels through a medium faster than light’s speed
in that medium. Although the total energy loss from this process is minimal, Cherenkov radiation
is notable for its application in detectors. The threshold velocity for this phenomenon is given as
B = 1/n, where n is the refractive index of the medium. The light is emitted in a coherent cone at an
angle as follows:

1
6. = arccos Y (1.10)

from the direction of the emitting particle.
The number of photons generated per unit path length and per unit energy interval for the photons
by a particle with charge z,e at the maximum (limiting) angle can be expressed as:

N  az
TN hicp sin? 6, ~ 370sin”f.eV tem ! (1.11)

The refractive index n typically depends on the photon energy E. Cherenkov radiation becomes
relevant when n > 1 and the medium is transparent, which typically occurs in proximity to the
visible light spectrum. The total energy radiated is small, roughly 10™* times the energy lost by
ionization. In the visible range (300-700 nm), the total number of emitted photons is about 40/m in
air and approximately 500/cm in water. Due to the dependence on ), it is important that Cherenkov
detectors are sensitive close to the ultraviolet region.
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1.5.3 Bremsstrahlung

According to classical electromagnetism, when a charged particle undergoes acceleration, it emits
electromagnetic waves. The intensity of this radiation from a dipole is directly proportional to the
square of the acceleration. This phenomenon also occurs in quantum physics and manifests as the
emission of photons when particles are deflected by an electric field and is referred to as bremsstrahlung
or breaking radiation. All the formulas in this section refer to bremsstrahlung in the electric field
of atoms of the medium. In simple terms, the energy emitted, much like in the classical scenario, is
inversely proportional to the particle’s mass squared. Compared to the ionization energy loss mentioned
in Equation 1.8, radiation effects become significant when 3+ is around or above 1000. This indicates
an extremely high energy level for protons (approximately 1 TeV) and around 100 GeV for muons (as
shown in Fig. 1.3). Bremsstrahlung is particularly noteworthy in the case of electrons and positrons.
The Bethe approximation becomes less accurate for these particles at relatively lower energies. For
a high-energy electron, the average fractional energy loss due to radiation is approximately constant,

irrespective of the electron’s energy, and can be expressed as follows:
1dE 1
— ~ 1.12
E dz Xo (1.12)

X is referred to as the radiation length, a property unique to each material. For air, the approximate
value of X is around 36.7 gem ™2 assuming standard temperature and pressure conditions [28].
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Figure 1.3: Energy loss per gramatllljre, represented as f%, for positive muons moving through copper,

is depicted as a function of 3y = . Source: [29]

The bremsstrahlung spectrum is characterized by a significant amount of soft bremsstrahlung at
lower energies, but it extends to energies comparable to the primary particle’s energy. At lower
energies, the spectrum is dominated by soft bremsstrahlung. This part of the spectrum arises when the
deceleration of the electron is relatively mild, resulting in the emission of lower-energy photons. These
photons are typically in the X-ray range and result from the electron losing only a small fraction of its
kinetic energy. As we move to higher energies, the spectrum of bremsstrahlung radiation stretches to
include much higher energy levels, potentially reaching energies comparable to those of the initial high-
energy particle. In this high-energy regime, the bremsstrahlung process can produce VHE photons.
This occurs when the electron decelerates significantly, losing much of its kinetic energy in a single
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interaction. The energy of these photons can be quite substantial, sometimes approaching the initial
energy of the electron.

Bremsstrahlung radiation is crucial in extensive atmospheric showers (EAS), which occur when
high-energy cosmic rays interact with Earth’s atmosphere; EAS will be described in more detail in
1.8.2.

1.6 Photon interactions

This section explains Compton Scattering and Pair Production, which are essential interactions be-
tween photons and matter. These processes are integral to understanding various physical phenomena.

1.6.1 Compton Scattering

Compton scattering involves a collision between a photon and an electron. Assuming the initial
electron is free and stationary, let E represent the energy of the primary photon (which corresponds to
a wavelength ). After the collision, the photon is scattered at an angle 6, emerging with diminished
energy E' and a corresponding wavelength \’. The electron then gains energy equal to the difference
E — E’. The conservation of energy and momentum laws lead to the relation known as the Compton
formula:

E
14+ (E/mec?)(1 — cosf)’
where 0 is the scattering angle of the emitted photon; A. = h/m.c = 2.4 pm is the Compton wavelength
of the electron, where m, is the electron rest mass.

When the target electron is not stationary, the scattered photon’s energy can exceed that of the
incoming one. This scenario is referred to as inverse Compton, which is highly significant in the
emission of high-energy photons by astrophysical sources. Essentially, inverse Compton enables the
"acceleration" of photons.

The concept of cross-section is fundamental to particle physics, as it helps to quantify the likelihood
of a particle interaction such as scattering or absorption. The total cross-section, denoted by the symbol
o, is given by the following relation:

N —=A=X(l —cosb) — E' = (1.13)

1
g = ——

n-\
In this formula:

e ) represents the mean free path between collisions (the average distance a particle travels before
colliding with another particle), measured in meters.

e n denotes the number density of target particles, expressed in units of particles per cubic meter
(m™=?).

This expression describes how the effective cross-section for a two-particle collision, with units in square
meters (m?), inversely depends on the product of the particle’s mean free path and the number density
of the target particles. The resulting value of ¢ provides a measure of the probability of a particle
interaction occurring. Another important concept in cross-section calculations is the differential cross-
section, which can be denoted, e.g., as j—g. This function takes into account variables such as scattering
angle or energy and provides a description of the probability of scattering in a specific direction. It
is a critical tool in understanding the microscopic details of particle interactions and is often used
in theoretical models that are then compared against experimental data to validate or refine these
models.

Klein and Nishina computed the differential cross-section for Compton scattering [30]. In the
Thomson limit, where the photon energy (measured in the electron rest frame) is much less than the
electron’s rest mass energy mec?, the electrons are scattered non-relativistically, and the Thomson
cross-section accurately represents the total cross-section:

8 2\ 1 87‘(’7’3
-2 = 2 1.14
T =3 (47750 ) m2ct 3 (1.14)
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where 7. = (e?/4meg)/(mec?) ~ 0.003pm represents the classical electron radius, e is the electron
charge, ¢¢ is the vacuum permittivity, and c is the speed of light. When the photon energy is signifi-
cantly greater than m.c?, it falls into the Klein-Nishina regime, where the total cross-section declines
quickly as the energy increases.

30'T In2
~ E 1.15
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1.6.2 Pair Production

Pair production is the predominant interaction process of photons with matter if their energies exceed
a few tenths of MeV. In the vicinity of a nucleus, a high-energy photon can be converted into an
electron and position. For a single photon, this process is kinematically prohibited unless an external
field, no matter how small, is present. Energy conservation leads to the following relationship between
the energy E of the primary photon and the total energies U and U’ of the electron and positron:
E=U+U"

For energies between 100 MeV and 1 TeV, the fraction of energy u = U/E, taken by the secondary
electron/positron, is approximately uniformly distributed between 0 and 1. As the energy increases
beyond 1 PeV, this distribution becomes more peaked around the extremes. The cross-section rapidly
increases from the kinematical threshold of approximately 1 MeV, reaching its asymptotic value around

100 MeV:
7 1

o~ =
9 ’I’LaXO
Here, n, denotes the density of atomic nuclei per unit volume, which determines the interaction length
as A = 9/7X,. The emission angle for the particles in the pair is generally around m.c?/E.

(1.16)

1.7 Production of high-energy photons

1.7.1 Leptonic process

High-energy photons may arise from the interactions of high-energy charged particles (such as electrons,
protons, and ions accelerated by shock waves from gravitational collapses) with nuclear targets like
molecular clouds or radiation fields (such as magnetic or photon fields). Another possibility is the
generation of high-energy photons through the decay of massive particles [11].

Various leptonic processes can create high energy photons: bremsstrahlung (described in section
1.5.3), synchrotron, and inverse Compton scattering. Let’s consider a population of relativistic elec-
trons in a magnetic field. They will produce synchrotron radiation. On their way out of the emission
region, they will constitute a radiation field of soft photons. These synchrotron photons will have
some probability of interacting again with the same populations of electrons by the Inverse Compton
process. In a specific model called Synchrotron Self-Compton (SSC), electrons first make synchrotron
radiation, then scatter towards higher energies. In this section, I will describe these processes in more
detail, based on [11]

Synchrotron Emission: Magnetic fields in astrophysical environments considerably influence the
dynamics of charged particles through the Lorentz force. Synchrotron photons are produced when
relativistic electrons are accelerated due to giration in the magnetic field. The power associated with
this emission, considering isotropic electron and magnetic field orientations, can be described by the
rate of change of electron energy as:

dE 4 ,B?

= __= _ 1.17
at — 377 g (1.17)
This formula applies under the assumption that the directions of the magnetic field and the electrons
are random. where % is the rate of change of energy, o is the Thomson cross-section, c¢ is the speed

of light, v is the Lorentz factor of the relativistic electrons, and B is the magnetic field strength. Given
that the particle’s acceleration is minimal in its rest frame, we can apply the nonrelativistic formula
for the radiation rate.
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Inverse Compton (IC) [31] scattering occurs when low-energy photons interact with high-energy
electrons, as opposed to interactions with stationary electrons. This interaction results in an increase in
the photon’s energy, hence the term inverse. This mechanism, which effectively boosts photon energy,
is particularly significant in regions with a high density of soft (low-energy) photons and energetic
electrons.

Let’s consider a population of relativistic electrons following a power law distribution with a dif-
ferential spectral index g and a soft photon population following a blackbody distribution at a tem-
perature T. We can determine the mean photon energies and energy distributions. This computation
can be performed separately for electron energies within both the Thomson regime and the relativistic
Klein-Nishina regime [11]:

(Ey) ~ %’yf (n) for ven < mec? (Thomson limit) (1.18)
(Ey) ~ % (E.) for v.n >> m.c? (Klein-Nishina limit) (1.19)
;UL\;’ x E;% for 4.1 << mec? (Thomson limit) (1.20)
'y
% x E;@)In(E,) for yen >> mec® (Klein-Nishina limit) (1.21)
v

The energy of the scattered photon is represented by E.,, while E, is the energy of the originating
electron, and 7 is the energy of the seed photon. A handy approximation that connects the energy of
the electron and the energy of the Compton-scattered photon in the Thomson regime can be expressed

as follows: )
N E. n
By %65 (TeV> (meV) (122)

The Compton component commonly reaches energies in the GeV-TeV range in astrophysical sources.

A key feature of the SSC model is the established correlation between the product of synchrotron
radiation and Inverse Compton scattering during a flare [32]. It would be challenging to integrate
into the theory an "orphan flare," a flare in the Inverse Compton region unaccompanied by a flare
in the synchrotron region. While the majority of flaring events are observed nearly simultaneously in
TeV gamma-ray and X-ray fluxes, certain AGNs like 1ES 1959+650 have exhibited VHE gamma-ray
flares without corresponding X-ray flares [33]. Flares that are observable in VHE gamma rays but
lack significant activity in X-rays present a serious challenge to the standard SSC model despite the
model’s overall success in explaining the spectral energy distribution of blazars.

To model emission observed from Galactic and extra-galactic gamma-ray sources, we often use the
one-zone model, which assumes that non-thermal radiation is produced in a single, homogeneous, and
commonly spherical region in the jet. Certain parameters are necessary to characterize the emission
region fully. These include the strength of the comoving magnetic field, the Doppler factor, and the
comoving radius of the region [6]. Additionally, it is important to characterize the electron energy
distribution; phenomenological functions are often used for it, assuming an equilibrium state.

The SSC mechanism [34, 35] is a basic purely leptonic process frequently observed in astrophysical
entities that enable photon acceleration. In this method, ultrarelativistic electrons accelerated within
a magnetic field, such as those found in AGN, generate synchrotron photons. Given the strength of the
fields involved, these photons typically possess an energy spectrum that peaks in the infrared/X-ray
range. These photons subsequently interact with their parent electron population through Compton
scattering. Considering the ultrarelativistic nature of the electrons (with a Lorentz factor v, ~ 10%~°
or even higher) [11], this interaction significantly enhances the energy of the upscattered photon.

1.7.2 Hadronic models

Alternative and supplementary models of VHE emission include multiple mechanisms: involves pho-
tons generated by cascades initiated by primary protons or nuclei accelerated within the system.
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Additionally, proton synchrotron models suggest that VHE gamma rays can directly emanate from
the synchrotron radiation of protons without the necessity for a cascade process. The key issue is
that even while synchrotron radiation is less efficient in the case of protons, they are affected by much
lesser energy losses than electrons and, hence, can be accelerated to extremely large energies. The
accelerated hadrons collide with a target composed of nucleons (like a molecular cloud) or a radiation
field in a process known as hadronic pion photoproduction. In both scenarios, according to the physics
of hadronic cascades, the energy of the initial protons is needed to be one to two orders of magnitude
higher than that of the gamma rays. This is because the predominant mechanism for photon produc-
tion is the decay of the secondary 7° mesons into 47 pairs at the termination of the hadronic cascade.
Therefore, gamma-ray studies can contribute to a better understanding of the production of charged
cosmic rays [36].

The energy of photons originating from the decay of 7° is generally greater than that of photons
produced by synchrotron radiation of electrons. In the rest of the frame of the neutral pion, the energy
of both photons is about 70 MeV, and they have opposite momenta. When considering the energy
boost from the movement of the 7°, and the angle of the emitted photons, the likelihood of emitting
a photon with energy F., remains constant across the range of kinematically permissible energies.

Considering an energy spectrum of the accelerated protons at the source, which typically decreases
as E~P (where p is approximately 2), the decay spectrum viewed from a lab frame drops sharply below
roughly 100-200 MeV due to the Lorentz boost, and its energy dependence mimics that of the parent
protons at energies above 1 GeV. A distinctive peak corresponding to pion decay, which rises up to
70 MeV and then declines (potentially extending to GeV energies due to the Lorentz boost), is a clear
identifier for gamma rays of hadronic origin.

1.8 Observation technique

The flux of gamma rays is very low, typically below a per mile of the one from the background of
cosmic rays detected in a 1-degree angle around the direction of the source. Furthermore, the flux
rapidly decreases as energy increases.

The emission spectra from cosmic sources in the high-energy range are generally steeply declining.
They are typically modeled with a power-law differential spectrum, expressed as:

dN —y

77 & ETY, (1.23)
where index «y often lies between 2 and 3. This indicates that photons of higher energy are less common,
necessitating larger area detectors for their detection.

Small detectors onboard satellites typically allow observations of gamma rays with energies up to
tens of GeV. To study the low flux at the highest energies, ground-based telescopes must be built to have
big collection areas|6]. Ground-based detectors cannot directly observe gamma — rays as the Earth’s
atmosphere is opaque, with a total thickness of about 28 radiation lengths at sea level. The cosmic
ray flux mainly consists of protons and heavier nuclei. Considering these restrictions, an observer on
Earth must employ alternative methods to address the challenge of detecting gamma rays. There are
two possible approaches to studying the cosmos in the gamma energy range: satellite experiments and
ground-based telescopes. Below, I present a brief description of these two approaches.

1.8.1 GeV satellite

Using detectors mounted on satellites is a straightforward solution to circumvent the atmospheric
limitations for detecting gamma rays. Satellites operate continuously and typically have a wide field of
view, enabling extensive monitoring of cosmic phenomena. Satellite-based detectors typically include
multiple converter layers where high-energy photons produce electron-positron pairs interlaced with
a position detector. This tracking detector traces the path of the resulting particles to reconstruct
the direction of the incident photon. Additionally, a total absorption calorimeter is used to estimate
the photon’s energy. A common approach to mitigate the effect of cosmic ray background is using a
charged particle veto counter, which effectively filters out charged cosmic rays. Before being deployed
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on satellites, detectors undergo calibration using accelerators, ensuring they have minimal systematic
errors in energy determination. A major limitation of this technique is that the size of detectors is
restricted by the weight limit that can be placed on satellites, which limits their collection area and
also the performance at the highest energies, which might not be fully contained in the calorimeter.
Given Fermi-LAT [12] collection area of approximately 1m?, when observing the spectrum of the Crab
Nebula, it captures one photon with an energy of about 100 GeV every two days, assuming constant
observation in that direction; This frequency diminishes further due to the necessity of sky scanning.
As a result, the collection area is not large enough to detect significant fluxes at high energies, which
limits the maximum detectable energy to a level where the collection area is sufficient for statistical
significance [6].

1.8.2 Ground-based detection

In the range of VHE gamma-ray observations, the low fluxes and steep spectral slopes of typical sources
necessitate the use of very large detectors. This, in turn, requires that observations be carried out
from the Earth’s surface. As a result, ground-based telescopes employing the atmospheric Cherenkov
technique have become the most successful tools for VHE gamma-ray astronomy in the last two decades.
Ground-based detection of VHE photons is an indirect method where the nature, direction, and energy
of the primary particle must be inferred from the observable properties of the secondary particles. This
is done either through the use of shower arrays, which measure the properties of the secondary particles,
or through the observation of the Cherenkov flash produced by the secondary particles in Cherenkov
telescopes. The Earth’s atmosphere is opaque to VHE photons, and only the secondary effects of
atmospheric absorption can be observed.

The formation of Extensive Air Shower (EAS)

A gamma-ray is transformed into a pair of electron-positron particles after the initial interaction with
a nucleus. Each particle in this pair subsequently generates photons via the bremsstrahlung process.
This chain reaction is represented schematically in the top panel of Fig. 1.4. Notably, a similar, though
more intricate, process occurs with protons and hadrons in general. The cosmic-ray particle showers
are depicted in the bottom of Fig. 1.4. EAS are cascades of secondary particles that develop as the
primary cosmic rays, mainly protons and atomic nuclei, collide with atmospheric nuclei and generate
a multitude of secondary particles, such as electrons, positrons, and various mesons. In an EAS,
bremsstrahlung radiation occurs when secondary electrons and positrons are decelerated or deflected
by the electric field of the atmospheric nuclei. As they lose kinetic energy, these charged particles emit
photons as bremsstrahlung radiation. These emitted photons can then interact with the surrounding
matter, producing more electrons and positrons, emitting additional bremsstrahlung radiation. This
process leads to a self-sustaining (until stopped by ionization energy losses), the amplifying cascade of
particles and radiation that constitutes the EAS. This description of EAS is based on the review [10].

Heitler proposed in 1944 a valuable toy model for understanding the formation of electromagnetic
showers [37]. With the simplifications that (1) the interaction cross-section does not depend on the
energy or type of the particle, and (2) the impact of ionization and excitation are ignored, considering
only brehmsstrahlung, we can write the following equation:

E(X) = Ege™ /%, (1.24)

In this equation, Ey represents the energy of the primary particle initiating the shower, while £
stands for its residual energy. The variable X denotes the total atmospheric depth traveled by the
particle, expressed in g/cm?. It is computed as the product of the atmospheric density p (which changes
with altitude) and the path traveled in centimeters. For Earth’s atmosphere, we approximate Xy ~ 37
g/cm?. According to this model, the average length of each step in the cascade is d = logs - Xg. The
shower reaches a peak at a certain point, and then ionization losses of electrons become comparable
to their bremsstrahlung energy losses. This peak is reached when the particles cascade down to an
average energy known as the critical energy (E. ~ 86 MeV).
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Figure 1.4: This schematic illustration shows the stages of development of an air shower initiated by
a gamma photon or hadron. The cascade starts with the interaction of the primary particle with the
atmosphere, leading to the production of secondary particles. As they travel through the air, these
particles continue to interact and produce more secondary particles, resulting in a cascade of particles
that eventually reach the ground. Credit:K. Bernlohr
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The number of particles reaches N = 2" at step n. This count peaks at Npqz = 2F ~ Ey/E.. This
quantity is often designated as the size of the shower.

Owing to their relativistic energies, all particles involved in an air shower are notably directed
within a narrow cone along the path of incidence. Multiple scattering primarily accounts for the
lateral expansion of the shower [38], with a secondary contribution from the Earth’s magnetic field’s
deflection. It is also crucial to consider that electrons and positrons can initiate electromagnetic showers
exhibiting similar characteristics to those started by gamma rays. As such, these particles form an
irreducible background for ground-based gamma-ray detection systems when no anticoincidence system
can be used against the primary charged particles.

In the mid-1940s, Rossi and Greisen suggested refined analytical models describing these showers’
development [14]. These models were conceived within the so-called "B approximation," which focuses
on pair production and energy loss via Bremsstrahlung, neglecting other processes.

The analytical solution for N., which represents the total number of electrons and positrons above
the critical energy, is expressed as:

Ne(t, Ey) = _ost et (1=1.5Ins) (1.25)
In(Ey/E.)

In this equation, ¢ stands for the atmospheric depth, while s represents the age parameter, indicating
the shower’s stage of development. This parameter ranges from 0 at the initial interaction point to 1 at
the shower’s peak and eventually reaches 2 when the shower fades away. The pattern of N, changing
with ¢ is often referred to as the shower’s longitudinal development.

Detecting a gamma-ray shower directly requires a shower size of at least 100, which makes the
energy threshold of an EAS detector heavily dependent on the altitude of the observatory, which is
also known as a surface detector. Ideally, a ground array detector should be positioned at an altitude
of 4 to 5 km to achieve maximum efficiency at an energy of a few TeV [39]. With standard analysis
techniques, the energy threshold of an EAS detector is around 1 TeV, which is the threshold of the
current generation of EAS detectors such as HAWC [40]. However, an alternative approach called the
Imaging Atmospheric Cherenkov Technique (IACT) has been developed to achieve a lower threshold,
which is the main topic of my thesis.

This description of EAS is based on the review [10].
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Chapter 2

Astrophysics of blazars

2.1 Active Galactic Nuclei

Active Galactic Nuclei (AGN) are among the most luminous objects in the universe. In the unified
scheme present in [41], AGN is a system consisting of a supermassive (Myj, ~ 10571°M, ) black hole in
the center, surrounded by an accretion disk. The central black hole is growing by being intensively fed
with accreting material. The gravitational energy released from such matter falling into a black hole
can eventually be converted into radiation and the kinetic energy of the outflow. These outflows can
manifest as narrow, well-collimated plasma jets, moving at nearly light speed and bearing a significant
amount of the energy originally released during the accretion process. This energy is finally emitted as
radiation that we can detect across a broad spectrum of photon energies, spanning from radio waves to
gamma rays [42]. A strong relation exists between the broadband spectral energy distribution (SED)
of blazars and the properties of their central engine, such as the mass of the black hole (M) and the
luminosity of the accretion disk (Lgisr) [43, 44].

To explain the observational features of AGN objects, their standard model involves a few compo-
nents commonly present in them (however, in not all the source sub-classes, they are equally impor-
tant), which are also shown in Fig. 2.1 [45], including:

e milli-pc accretion flow dominated by rotation, commonly known as an accretion disk. The disk
can be optically thick and either geometrically thin (called a thin accretion disk [46]) or thick
(referred to as a slim or thick accretion disk [47]).

e Broad Line Region (BLR) - dense gas clouds, largely devoid of dust, orbiting at velocities close
to Keplerian motion at a luminosity-dependent distance of 0.01-1 pc from the BH.

e Dust Torus — A dusty, axisymmetric structure, typically believed to be present in the equatorial
region of the AGN with size dependent on luminosity, typically between 0.1 and 10 pc. The
dusty torus can obscure the central engine depending on the observation angle.

e Narrow Line Region (NLR) — Lower density ionized gas, which extends from just outside the
torus to distances of hundreds or thousands of parsecs in the direction of the opening in the
torus (ionization cones). This gas has lower velocities than the broad line region and typically
contains dust, except for a small region close to the AGN known as the coronal line region.

e A pair of radio jets originating from the center. They are the emission place of broadband,
non-thermal radiation that can extend up to gamma-ray energies.

2.1.1 SED

AGN emits electromagnetic radiation across a wide range of photon energies, from radio waves and
microwaves through infrared, visible light, and X-ray to gamma rays. Gamma rays are detected as
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Figure 2.1: The unified model of AGNs. In the image, different components of AGN are present.
Source: [48].

individual photons at the highest energies, and their energy can be estimated. Representing the energy
emitted by a source across the electromagnetic spectrum in a unified way is important. This is where
multiwavelength astrophysics comes in, which involves gathering and interpreting astronomical data
collected by various instruments and detectors across different frequencies. The spectral flux density
F(v), typically expressed in units erg cm~2 s~! Hz !, is a quantity that describes the amount of energy
transferred by electromagnetic radiation through a real or virtual surface, per unit surface area, and
at a given frequency v. The frequency v corresponds to the energy of the radiation, once multiplied by
the Planck constant h [28]. However, it is important to distinguish between F'(v) and the SED, which
is defined as vF(v) and typically expressed in units of erg cm=2 s~!. This formulation allows for a
representation where the amount of energy is distributed not within a linear but within a logarithmic
interval of energy, highlighting the distribution’s characteristics across different energy scales.

SEDs have been the primary tool for studying AGN since the early stages of their research. Cur-
rently, a vast collection of SEDs is publicly available in the Space Science Data Center (SSDC?! ).

The radiation from AGN is usually attributed to a combination of:

e Thermal radiation ranges mainly in the IR - UV. This process occurs when falling matter is
strongly heated in the inner parts of an accretion disk close to the central black hole. It is also
assumed that the DT exhibits a rough thermal spectrum.

e Non-thermal radiation spans 20 orders of magnitude of the electromagnetic spectrum, from
the radio to gamma-rays. The radiation is produced by high-energy particles accelerated in the
magnetic field of a jet of material ejected from the nucleus at relativistic velocity.

The example SED is shown in Fig. 2.2.

2.1.2 Relativistically beamed AGN objects - blazars

Blazars are AGN characterized by their relativistic jets pointing nearly toward the observer [50]. Due to
this small viewing angle, all emission from a region moving with Lorentz factor I' = (1— ﬂ%)_l/ 2 where
Brc is the jet speed, along the jet, at angle 6,5 with respect to observer line of sight, will be Doppler
boosted in frequency by a factor § = ([l — fr cosfops]) ™! and in bolometric luminosity by a factor

lhttps://tools.ssdc.asi.it/
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Figure 2.2: This is an example of the SED for 3C 279 recorded in January of 2009. The data was
collected using MAGIC (between January 21st and 31st, with deabsorbed red arrows and observed
cyan arrows), Fermi-LAT (averaged over the same period, represented by red pentagons), XRT and
UVOT (represented by red squares collected on February 1st, 2009), and KVA (represented by a red
filled circle collected on January 25th, 2009). The SED model assumes that the emission region is
within the BLR. The black dashed line represents blackbody radiation from the IR torus, with red
indicating its color. Source: [49].
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5% with respect to quantities measured in the co-moving frame of the emission zone. Any variability
time scale measured in the co-moving frame will appear to the external observer to be reduced by a
factor ! [51]. These phenomena cause blazars to be the most luminous gamma-ray AGN observed
in the extragalactic sky, showing variations, in some cases, occurring in time intervals as short as a
few minutes [52, 53]. Historically, the categorization of beamed AGN relies on the broad emission lines
present in their optical spectra. Blazars that exhibit strong and broad emission lines (with a rest-frame
equivalent width (EW) > 5 A) are classified as Flat Spectrum Radio Quasars (FSRQs). The optical
spectra of FSRQs indicate the presence of broad emission lines, which suggests that fast-moving gas
clouds are located near the central engine (within 0.1 to 1 parsec). In contrast, the spectra of BL
Lacs exhibit either weak or no emission lines. Broad emission lines identifiable in the spectra of AGN
are created in BLR, which is considered photoionized by thermal radiation from the accretion disc
[54]. On the other hand, the category of BL Lacertae or BL Lac sources includes objects with quasi-
featureless spectra (EW < 5 A) [55]. It has been theorized that the absence of broad emission lines in
the optical spectra of BL Lac sources may be attributed to Doppler boosting, which could overpower
any spectral lines. However, absorption features from the host galaxy are observed in many nearby BL
Lac sources with redshifts less than 1, indicating that the emission lines are intrinsically weak despite
the presence of Doppler boosting [56]. To further complicate the matter, broad emission lines have
been observed in several BL Lac objects’ low jet activity states (see, e.g., [50]). Conversely, in the
case of FSRQ B1420 [57], an increase in jet activity was associated with a decrease in emission line
strength, with the EW dropping below 5 A) during high activity states. Thus, a classification scheme
for blazars based solely on the EW of their spectra is not sufficient to describe the physical differences
in different types of blazars [43]. The SEDs of both subclasses of blazars exhibit two main peaks, with
the first peak typically attributed to synchrotron emission. The inverse Compton scattering process
(see Section 1.7.1) typically explains the SED’s higher energy peak. Seed photons utilized for inverse
Compton scattering originate from synchrotron emission (Synchrotron Self Compton, SSC, model)
[35] or can arise from the dense radiation field generated by the direct and reprocessed accretion disk
emission [58, 59] or molecular torus [60]. Alternative mechanisms for producing the second peak,
based on hadronic processes, have also been proposed [61, 62|, and have gained in popularity since
the putative coincidence of neutrino with TXS 05064056 [63]. In general, it is preferred to use SSC
models for BL Lac objects, while external Compton (EC) models are favored for FSRQs [27].

Blazars could also be divided into low-, intermediate-, and high-synchrotron-peaked sources (LSP,
ISP, and HSP, respectively) based on the peak frequency of the synchrotron component in their SEDs.
LSP have peak frequency [Hz| log;o(vpeqr) < 14, ISP have 14 < log;,(vpeqr) < 15 while HSP have
log;o(Vpear) > 15 [64]. This is a more physical distinction between different blazar classes. However, a
number of sources have shown transitions between different classifications during their states of high
activity (see, e.g., [65]). For FSRQs, the synchrotron peak in the SED is commonly observed in the
infrared regime, which classifies them as LSPs. On the other hand, for BL Lacs, the location of the
synchrotron peak can vary between infrared and hard X-rays, classifying them as LSPs, ISPs, or HSPs
[27].

FSRQ

As FSRQ objects are the main topics of my doctoral thesis, I will describe them here in more detail.
I will focus on the description of FSRQs in the HE and VHE energy ranges, which were investigated
thoroughly in the last decade by the Fermi-LAT telescope and Cherenkov telescopes.

The study of FSRQs in the VHE range is essential for understanding the extreme physical processes
occurring in these objects. The VHE gamma rays produced in FSRQs result from the interaction
between the relativistic jets and the surrounding environment or the internal processes within the jets
themselves. Detecting VHE gamma rays from FSRQs is challenging for various reasons, including
that their gamma-ray emission is often significantly absorbed by interactions with the EBL during its
travel toward Earth. This absorption effect is stronger at higher energies and larger distances, making
detecting VHE gamma rays from more distant FSRQs challenging.

A groundbreaking discovery in the study of FSRQs was the first-ever detection of an FSRQ in
the VHE range. This milestone was achieved by the MAGIC telescope during a flare in early 2006,
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observing 3C 279 [66], a well-studied at lower energies FSRQ located at a significant redshift of z =
0.536 [67]. Before this breakthrough, observing such distant sources in the VHE range was considered
unattainable due to the steep energy spectrum and the strong gamma-ray attenuation by the EBL
photon field. This pioneering discovery has far-reaching implications for our understanding of the
EBL and VHE gamma-ray emission mechanisms, which will be further explored and discussed in the
context of FSRQs throughout my thesis.

FSRQs are highly variable (see, e.g., [68]). The VHE gamma-ray flux has been observed to fluctuate
even by two orders of magnitude [69]. Due to this, the most successful approach for studying the FSRQs
in the VHE gamma rays is to follow up alerts of enhanced activity at lower energies. Observations of
FSRQs in the VHE band may hint at their nature and radiation processes.

The current list TeVCat (last access: March 13, 2024) of detected blazars at VHE consists of ~ 70
BL Lac and only 10 FSRQ. The distinction between FSRQ and BL Lac could be unclear, as discussed
at the beginning of this section. The list of FSRQ objects detected in the VHE energy band is as
follows: 3C 279 [66], PKS 1510-089 [70], 4C +21.35 [71], S3 0218435 [72], PKS 1441+25 [73], PKS
07364017 [74], TON 0599 [75], B2 1420+32 [57] and the most recent PKS 0346-27 [76] and OP 313
[77].

Observations of FSRQs in the VHE band may hint at its nature and radiation processes. PKS
1510-089 is unique as it has been detected in a low state by MAGIC [78] and H.E.S.S. [79], indicating
different emission conditions. B0218+357 is noted for being the only gravitationally lensed FSRQ seen
in the VHE band, offering insights into gravitational effects on VHE emissions.

The first catalog reporting upper limits (U.L.) from FSRQs in the TeV energy range was carried
out by the Whipple group [80]. The catalog of U.L. for AGNs, including FSRQs sources, was also
published by the H.E.S.S [81, 82]. Nowadays, the VERITAS collaboration performs a systematic and
unbiased search for the TeV emission from a set of FSRQs [83]. Despite the studies mentioned above,
there is still a need of systematic FSRQ investigations in VHE.

Observations of FSRQs in the VHE band may hint at its nature and radiation processes. The
longstanding question pertains to the location of the gamma-ray emitting region within FSRQs. Recent
evidence suggests that this region is likely located beyond the BLR, at least during the epoch of VHE
gamma-ray emission. FSRQs experience variability in VHE gamma-rays with timescales of tens of
minutes (see [71, 84]). It has been long argued that such variability would more naturally occur
closer to the black hole however, as it has become evident that jets have substructures and that the
emission region does not have to fill the full jet diameter (see, e.g., [27] for a recent review), this line of
argumentation has become less popular. Nevertheless, the understanding of VHE emission of FSRQs
still needs to be completed.

Broad Line Region (BLR) in FSRQs

In this section of the Ph.D. thesis, I discuss the apparent lack of interaction between BLR photons
and jet electrons in jets of FSRQs, which challenges the external Compton (EC) mechanism on UV
photons from the BLR.

The External Compton (EC) mechanism has been widely used to model the SED of gamma-ray
detected FSRQs [85, 86]. According to this mechanism, the interaction of jet electrons in FSRQs with
BLR photons is involved in the EC scattering process. However, the expected in this case strong cut-off
in the gamma-ray spectrum is not solely due to EC itself. While EC can result in a spectral break
associated with the Klein-Nishina effect, the ultimate high-energy cut-off is attributed to the absorption
of gamma-ray photons through pair production in the same BLR radiation field, not directly by the
EC process, which is primarily influenced by the maximal energy of electrons. Recent studies have
found no evidence for this expected BLR cut-off in gamma-ray spectra, even in sources with large disk
luminosities and BLR sizes [87]. When the emission region is located within the BLR, a sharp break
in the gamma-ray spectrum is foreseen to occur due to the strong attenuation of the HE and VHE
photons through their interaction with the optical and infrared photons. The optical depth for the
interaction of HE photons could be very large, preventing their escape from the zone [88]. Therefore,
if we can attribute the cause of the break/cut-off to the absorption, we can constrain the location of
the gamma-ray emitting zone [89)].
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To keep a low optical depth within the BLR and handle the lack of interaction between BLR
photons and jet electrons, two alternatives have been proposed: increasing the size of the BLR (if we
assume that the radius from reverberation mapping is underestimated) or shifting the gamma-gamma
threshold to higher energies [90]. However, neither scenario maintains the EC mechanism as a viable
option for gamma-ray emission in FSRQs. Increasing the size of the BLR would lower the energy
density for the BLR photons, rendering them negligible compared to other available energy densities.
Shifting the gamma-gamma threshold to higher energies would require a specific geometry that would
place the emitting region outside the BLR radius, making the EC mechanism unlikely. The lack of
absorption of BLR photons by jet electrons in FSRQs suggests that the EC process is less efficient,
as previously mentioned, rather than implying that BLR photons do not suppress VHE gamma rays.
However, this result still indicates that most FSRQs can be emitters of VHE gamma rays under the
right conditions and could be in the reach of Cherenkov telescopes [87]. Notably, such emission might
not be detectable due to strong EBL absorption of farther FSRQ objects.

The lack of interaction between jet electrons and BLR photons in FSRQs suggests that the BLR
acts as a proxy for accretion properties but does not directly affect jet emission through cooling [87].

2.1.3 Gamma ray properties of AGN objects

Observations in the gamma-ray spectrum allow for the study of the most energetic charged particles
in AGNs, shedding light on high-energy processes in these astronomical objects. In the GeV range,
sky-scanning satellites provide invaluable information, enhancing our understanding of the universe’s
extreme phenomena such as AGN. The Fermi Large Area Telescope (LAT) collaboration has released
several catalogs containing lists of sources detected by the LAT, which have been progressively updated
with accumulated data sets and improved analysis procedures. Among these are both general and class-
specific catalogs. The 4th Fermi Large Area Telescope catalog (4FGL) of gamma-ray sources is based
on data collected by the LAT during its first eight years of operation, covering an energy range from 50
MeV to 1 TeV [91]. In 4FGL, The AGN category is the largest source population in 4FGL, consisting
of 3137 blazars, 42 radio galaxies, and 28 other AGNs. Among the blazar sample are 694 FSRQs, 1131
BLLs, and 1312 Blazar candidates of uncertain type. The 4FGL-DR3, spanning 12 years of data [92]
containing over 6500 gamma-ray sources. More than 3000 of the identified or associated sources are
blazars, with over 2/3 of the sources having counterparts at other wavelengths [93].

The Fermi-LAT gamma-ray satellite has significantly contributed to blazar studies by detecting
over 1500 blazars in the gamma-ray band alone. This remarkable accomplishment was emphasized
in the 3LAC study [94]. In the 4FGL catalog, three function forms are commonly used to fit the
spectra of the sources: Power—law, Log—parabola, and Cutoff. The Cutoff form (a power—law with a
super—exponential cutoff) is used in the 4FGL to fit the spectra of only one blazar 3C 454.3 [91].

The most common function used is Ferm: catalog is the Power-Law function with index ~:

dN EN”
N =N (E) (2.1)

and the log—parabola function:
AN B\ —etBn(E/Eo)
— =Ny | = (2.2)
dE Ey

where % is the differential flux as function of energy E. Ny, «, and (8 are the flux at the normalization

energy Fjy, the spectral index, and the curvature parameter of the spectrum at FE.

PLSuperExpCutOff model is defined as:

O = NoB M exp(~(B)") (23)

On average, sources that exhibit high gamma-ray luminosity, primarily FSRQs, are observed to
have softer spectra compared to those with lower gamma-ray luminosity, primarily BL: Lacs. However,
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a few exceptions exist, such as high-synchrotron-peaked FSRQs and high-luminosity high-synchrotron-
peaked BL Lacs. Another notable finding is a strong anti-correlation between the synchrotron peak
position (Vpeqr) and the spectral index (I') observed for both FSRQs and BL Lacs [95].

In figure 2.3, I present the dependence of the power-law spectrum index from the 4FGL-DR3
catalog on the acceleration disk luminosity L, with a division into BL Lac and FSRQ objects. Most
of the sources in the figure are FSRQs since L was taken from a study on blazars, which includes
broad emission-line systems and blazars whose optical spectra lack emission lines but are dominated
by absorption features [43].
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Figure 2.3: This diagram illustrates the power-law spectrum index from the 4FGL-DR3 catalog as a
function of the acceleration disk luminosity for Fermi blazars studied in the The Central Engines of
Fermi Blazars paper [43]. The sources being studied in the chapter 5 have been marked.

Multiwavelength observations and variability of blazars

Coordinated multiwavelength observations have played a critical role in advancing our understanding of
blazars, which are known for their brightness and variability across a broad spectrum of electromagnetic
radiation, from radio waves to high-energy gamma-rays, including the VHE range. The multiwave-
length approach to observational studies was not widely available until the 1990s. Previously, gamma-
ray observations were notably conducted by COMPTEL and EGRET, both instruments aboard the
Compton Gamma-ray Observatory (CGRO) [96], complemented by studies from X-ray satellites [97].
The 1990s marked a period of advancement in blazar research, propelled by the operational capabilities
of CGRO alongside the Rossi X-ray Timing Explorer These advancements enabled the organization of
the first coordinated observational campaigns, which incorporated X-ray and gamma-ray observations
alongside data collected from other wavelengths such as radio, near-IR, and optical. These campaigns
were typically designed to ensure quasi-simultaneous measurements across the various electromagnetic
spectra. Multiwavelength campaigns focused on blazars were usually conducted over several weeks to
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months. Through these efforts, researchers gathered valuable data revealing that in numerous sources,
the gamma-ray band played a dominant role in the total energy studied via SED observed from blazars.
In other words, these observations revealed that many sources were strongly Compton-dominated [98].
Due to the limited sensitivity of the EGRET instrument, observational campaigns targeting blazars
were restricted to a select group of the brightest sources, amounting to only 66 blazars identified within
the EGRET catalog [99]. Furthermore, in only a few cases it was possible to study the variability of
the gamma-ray band in connection with variability in other electromagnetic spectra due to the instru-
ment’s limitations. The advent of the Fermi-LAT gamma-ray satellite has significantly transformed
blazar studies. The Fermi-LAT gamma-ray satellite has significantly contributed to blazar studies by
detecting thousands of blazars (see Section 2.1.3).

When ground-based Cherenkov telescopes were developed, the high-energy window was expanded
to include the VHE domain (see [100] for a review). The discovery of the first VHE gamma-ray emitting
blazar, Mrk 421 [101], dates back to 1991. Since then, significant progress has been made in obtaining
multiwavelength observations, resulting in a wealth of data for blazar studies. By 2000, only six blazars
emitting VHE gamma rays had been detected. In the last two decades third-generation ground-based
Cherenkov telescopes (H.E.S.S. [102], MAGIC [103], VERITAS [104]), have had a transformative
impact on our understanding of the gamma-ray universe, revolutionizing our view and knowledge
of this field. Quasi-simultaneous and well-sampled data sets are now available for many sources,
including VHE gamma-ray data. With the current generation of Imaging Air Cherenkov Telescopes
(TACTs), such as H.E.S.S., MAGIC, and VERITAS, the number of VHE gamma-ray emitting blazars
has increased to ~ 90 (TeVCat?) [105].

Blazars are known for their significant variability across the entire electromagnetic spectrum, ex-
hibiting changes on time scales ranging from years to minutes [28]. However, the lack of consistent
correlation in the variability patterns between different wavelength bands presents a significant chal-
lenge in comprehending the optical through gamma-ray emission. Additionally, the very short time
scales of variability pose significant difficulties for our understanding of blazars [51]. In recent years,
the fast variability of blazars in VHE gamma rays has attracted increasing attention. This phenomenon
was initially observed in the brightest VHE blazars, including Mrk 421 [106], PKS 2155-304 [52], Mrk
501 [53], as well as in different types of sources such as the FSRQ PKS 1222+21 [71], the BL Lac source
[107], which can be classified as borderline ISP/LSP, and the radio galaxy IC 310 [108]. The observed
variability time scales in VHE gamma-rays are on the order of minutes, representing the shortest vari-
ability time scales detected from blazars. Such fast variability has been detected from only one blazar,
3C 279 [109], in the Fermi-LAT band due to its much smaller collecting area compared to IACTs [27].

Absorption in the Extragalactic Background Light

Detection of very distant blazars emitting gamma rays with a large redshift is challenging due to
absorption. In this subsection, I will describe how the Universe is opaque to gamma rays when
the energy-dependent mean free path of the photon is comparable to or smaller than the source
distance. The dominant process for absorption on the way to the observer of VHE photons with energy
FE produced by astrophysical sources is the pair production on low-energy extragalactic background
photons of energy € in the energy range from Cosmic Microwave Background (CMB) to the near-
ultraviolet (UV) wavelengths. This process can be described by the following equation:

YE+7 —ete” (2.4)

This UV /optical/infrared background radiation is known as extragalactic background light (EBL).
The EBL is the sum of light emitted by stars, galaxies, and AGN over the entire history of the
Universe. Most EBL is due to direct starlight or subdominant contributions from AGN in the UV,
optical, and near-infrared. From mid-infrared to submillimeter wavelengths, EBL consists of re-emitted
light from dust particles, including continuous thermal radiation and line emission from particles The
current photon background consists of light emitted at all epochs, modified by the redshift due to the
expansion of the Universe. Therefore, in principle, the EBL contains information about the evolution
of galaxies’ baryonic matters and the Universe’s structure [110].

2http://tevcat.uchicago.edu/
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EBL Absorption for Different Models at z=1
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Figure 2.4: The vy absorption for a source at redshift z=1 following the EBL models of Franceschini
[111] [112], Finke [113], Dominguez [114], Saldana-Lopez [115].

Measuring EBL directly is problematic due to contamination from close objects and galactic light.
Because of various modeling approaches and uncertainties in the underlying model parameters, the
intensity and shape of the EBL spectrum are still disputed. Many EBL models have been developed:
Franceschini [111] [112], Finke [113], Dominguez [114], Saldana-Lopez [115]. Fig. 2.4 created with
gammapy v1.1 shows absorption for the four mentioned models.

Optical depth and spectrum attenuation

Optical depth (7) quantifies the attenuation of radiation as it travels through a medium, taking into
account the absorption and scattering of photons. In VHE gamma-ray astronomy, optical depth
is particularly useful for describing the absorption of gamma-ray flux due to interactions with the
Extragalactic Background Light (EBL). The optical depth dimensionless quantity 7., (E, z) can be
calculated for a photon with the observed energy E that is emitted from a source at redshift z using
the EBL energy density from a particular model. This calculation allows us to estimate the flux of a
gamma ray with energy E, which is absorbed during its journey from the source at the redshift z to
the observer. The attenuation coeflicient for the radiation flux is typically taken into account while
expressing the flux of a gamma ray:

I(E, z) = Io(E)e~ ™ (E:?) (2.5)

where I is the flux at the source (corrected for cosmological effects).

The energy dependence of 7, results in significant modifications to the observed spectrum of
the source with respect to the spectrum at the source due to the exponential dependence in 2.5.
With increasing energy (up to PeV range), 7, also increases, causing the observed flux to be more
attenuated at higher energies. This reduces the effective mean free path of photons propagating in
the Universe, A, (F). Fig. 2.5 illustrates how photons’ mean free path (in Mpc) varies depending on
the photon energy in the local universe. At energies around 100 TeV, Galactic sources of photons
begin to be attenuated by the presence of background photons. Similarly, photons from the nearby
Universe (within a few tens of Mpc) are also affected, with attenuation occurring above around 10
TeV due to the presence of the CMB, becoming important around 100 TeV. Observationally speaking,
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the absorption of gamma rays poses a challenge to the field of gamma-ray astronomy. However, the
detection of absorption features in the spectra of GeV-TeV gamma-rays offers a unique opportunity to
obtain valuable information about the poorly understood EBL [116], and with it on the star formation
history. To accomplish this, precise measurements of the gamma-ray flux from various extragalactic
objects located at different redshifts are required, along with a good understanding of the intrinsic
gamma-ray spectra at the sources, i.e., the quantity Iy in 2.5 [28].
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Figure 2.5: The mean free path of photons (in Mpc) as a function of photon energy, considering the
contributions of scattering on background photons from the IR, CMB, and radio separately. The
Galactic center’s positions and the closest AGN are also shown in the figure. Source [28]

To compute the optical depth 7(F,z) as a function of observed energy E and redshift z, one
must account for the energy scaling with redshift as (1 + z). The optical depth is then calculated by
convolving the photon number density of the background photon field with the cross-section between
the incident gamma-ray and the background target photons and integrating the result over distance
(redshift), scattering angle, and energy of the redshifted background photon:

T(E,2) = /OZ dz’/ooo dE’/_1 dcosOn(E', 2 Yo(E,E',0)(1+ 2')3/H(¥) (2.6)

where: n(E’,z') is the photon number density of the background photon field, o(F, E’,6) is the
cross-section between the incident gamma-ray and the background target photons, 6 is the scattering
angle, H(z') is the Hubble parameter at redshift z’, FE’ is the energy of the (redshifted) background
photon, 2’ is an integration variable for the redshift. The integrals account for the distance (redshift),
energy and scattering angle of the redshifted background photon.

Location of blazar emission zone and the source of the seed photons for high-energy
emission

The longstanding question pertains to the location of the gamma-ray emission region within FSRQs.
This issue is closely related to the source of seed photons for inverse Compton scattering since their
distance from the central engine influences their availability, as shown in Fig, 2.6. In FSRQs, the central

24



2.1. ACTIVE GALACTIC NUCLEI

engine is expected to be surrounded by BLR clouds that re-scatter emissions from the accretion disk.
Beyond this, a dusty torus envelops the BLR.
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Figure 2.6: The energy density of the photon field for PKS 1510-089 as it relates to distance from
the central engine. The blue lines represent the BLR, while the red lines represent an infrared torus.
The green line shows the 73; GHz (optical depth at 37 GHz, which was calculated using the magnetic
field derived for case a model; as outlined in [117]), and the yellow zone indicates where the jet is
transparent at 37 GHz. The dashed lines denote the assumed size of the BLR (blue) and dust torus
(orange). The thick red and cyan vertical lines indicate the areas that were selected for SED modeling
in [117]. Source:[117].

Recent evidence suggests that the emission region is likely located beyond the BLR, at least during
the epoch of VHE gamma-ray emission. Such evidence stems both from the absence of absorption in
the Fermi-LAT observations of FSRQs - where 2/3 of the selected FSRQs in one study (refer to [87])
displayed no signs of absorption within the >100 GeV range - as well as from the detection of VHE
gamma-ray emissions from FSRQs. FSRQs experience variability in VHE gamma rays with timescales
of tens of minutes; see [71, 84]. It has been long argued that such variability would more naturally occur
closer to the black hole. Additionally, if the emission region is significantly smaller than previously
thought, it implies that only a fraction of the jet’s energy can be utilized for the observed emissions.
Causality arguments in these cases indicate the presence of extremely compact emission regions, which
can arise from magnetic reconnection events, recollimation shocks, or magnetoluminescence [118, 119].
As mentioned earlier, blazars display variability over a range of timescales, from as brief as the signal-
to-noise ratio allows to as extended as the observational period. In the case of FSRQs, flux doubling
times as brief as a few minutes have been detected at gamma-ray energies by ground-based Cherenkov
telescopes and the Fermi-LAT. For FSRQs, the detection of gamma rays above 10 GeV suggests that
these compact energy dissipation sites are situated at least hundreds of Schwarzschild radii away
from the central supermassive black hole. If not, the gamma-ray emission would experience significant
attenuation due to pair production on UV and optical photons emitted by the accretion disk and broad
emission line clouds and subsequently scattered by the intercloud medium. Satisfying these constraints
poses a challenge for conventional emission models, necessitating considering extreme relativistic bulk
motion within the plasma [120, 121, 122].

VHE gamma rays are a powerful tool for determining the location of the emission region. For them
to be produced, there must be a dense field of target photons forced during a low activity state [78§].
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In all instances, detecting VHE gamma rays, even at low levels, places the emission region outside
the BLR. Fast variability has also been observed in FSRQs, with variability timescales of about 10-20
minutes [71], but the photon field cannot be too dense, or the gamma rays would be absorbed. If the
blazar zone is situated within the BLR, VHE gamma rays would be absorbed [123, 124]. Despite this,
several FSRQs have been detected emitting VHE gamma rays, starting with 3C 279. Most detections
occurred during flares in other bands, but PKS 1510-089 was also detected in the VHE gamma-ray
band during a low state [125]. This suggests that the emission region must be both small and located
outside the BLR, providing direct observational evidence for the presence of substructures within the
jet. Consequently, small emission regions can dominate the entire emission under certain conditions,
and a small emission region does not necessarily mean that it must be near the central engine. A
further argument to support the positioning of the blazar zone near the central engine is the observed
rapid, sub-hour variability in gamma-rays (see, e.g. [126, 127]). For instance, in 3C 279, the variability
time scale was as short as five minutes [122] in the GeV energy band, for PKS 1510-089 time scale was
20 minutes [125] in the VHE energy band. This rapid variability, as mentioned before, necessitates
the emission region to be small, suggesting its nearness to the black hole. However, this inference is
contingent on the assumption that the emission region occupies the entire diameter of the jet.

On the other hand, observational data from the Fermi-LAT telescope has supported the idea
that gamma-ray emission zones in blazars are located quite far from the black hole [128, 129]. This
conclusion is based on the combination of Very Long Baseline Interferometry (VLBI) observations and
Fermi-LAT gamma-ray light curves, which revealed that gamma-ray flare timings align closely with
activity seen in the 43 GHz VLBI core, suggesting that they occur in the same spatial region. This
aligns with earlier findings from the EGRET era [130, 131], where timings of bright gamma-ray flares
were compared with radio band flares. Given that the 43 GHz VLBI core is located significantly beyond
the BLR radius, for instance, the BLR radius in PKS 1510-089 is around 0.1 pc while the 43 GHz
VLBI core is situated at 6.4 pc [132], it seems likely that the BLR is not the source of seed photons
for Compton scattering. This idea is further substantiated by the lack of observed BLR absorption
in the broad sample of Fermi-LAT FSRQs [87]. However, some observations suggest this might be an
oversimplified conclusion. For example, [133] observed a significant variation in the MgII emission line
flux coincident with a superluminal jet component passing through the radio core in 3C 454.3. Other
sources have observed similar behavior, too [134]. In addition to Very Long Baseline Interferometry
(VLBI) and VHE gamma-ray observations, the location of the emission region within the jet can also
be inferred using correlated variability. For instance, it’s common to observe a correlation between the
GeV gamma-ray and optical bands in FSRQs (see, [135]), although simultaneous flares in X-rays and
gamma-rays are less frequently observed. However, it’s important to note that observing simultaneous
flares in two bands does not necessarily determine the exact location of the emission region. Instead,
it merely indicates that at least a part of the emissions in these bands originate from the same region.

Assuming that the primary blazar zone in FSRQs is indeed situated near the 43 GHz VLBI core
- a region located several parsecs from the central black hole, it is plausible that the dusty torus
could supply the seed photons for Compton scattering [136]. However, this becomes complex when
we consider sources like PKS 1510-089. In this case, the radius of the dusty torus is estimated to be
around 3.2 parsecs [137], while the 43 GHz VLBA core is located at a distance of 6.4 parsecs. On the
contrary, the SED of PKS 1510-089 - from near-infrared (IR) to VHE gamma-rays - is well described
by an external Compton model where the dusty torus is considered as the primary source of seed
photons [138, 139]. This presents a complex scenario for understanding the exact role of the dusty
torus.

Suppose the main blazar zone occasionally situates itself beyond the BLR and the dusty torus. In
that case, the seed photons required for Compton scattering might likely originate from a slower outer
layer, or sheath, surrounding the jet, as suggested by [140]. Additionally, observed from the reference
frame of the faster inner jet, this slower outer layer would appear to be moving toward the inner jet.
Thus, its radiation would be enhanced by a similar Doppler effect that amplifies the resultant radiation
we observe. Some observational evidence suggests that such a structure might exist in FSRQs [141,
142, 143]. For instance, [132] modeled such a scenario for PKS 1510-089 and found it provided a
comparably good description of the observed SED. However, this model required the magnetic field
strength in the emission region to be extremely low. A more detailed blob-sheath model was presented

26



2.2. MODELING

by [142], where a localized enhancement within the jet sheath (a shocked segment/ring) provides seed
photons for Compton scattering.

As previously discussed, BL Lacs with low and intermediate synchrotron peaks share some at-
tributes with FSRQs and HSPs. Their SEDs do not exhibit substantial Compton dominance as seen
in FSRQs; instead, their two SED peaks are similar to HSPs. Some LSP sources display faint emission
lines, signifying the presence of a BLR, a feature absent in HSP sources. For instance, faint broad
emission lines have been detected in BL Lac itself [144, 145]. Moreover, many LSP /ISP sources show
standing shock features within the jets. There is growing observational evidence that, in some in-
stances, the gamma-ray emission region lies tens of parsecs away from the central engine [146, 147].
Under such circumstances, the only available seed photons would be either the synchrotron photons
themselves or those emanating from a surrounding jet sheath. In HSP sources and those teetering
between ISP /HSP categorizations, pinpointing the emission regions poses a significant challenge. Typ-
ically, jets observed in radio with Very Long Baseline Interferometry (VLBI) in these sources exhibit
subluminal motion [148]|, and no distinct components seem to emerge from the VLBI core. Con-
versely, these sources frequently emit bright VHE gamma rays, and the observed flux and variability
necessitate high Doppler factors, suggesting that the VHE gamma-ray emission region is not the one
we observe with VLBI. As a result, we have limited constraints for its location. We do know that
VHE gamma-ray emission occurs concurrently with the X-ray emission, as most sources demonstrate
correlations between X-rays and VHE gamma-rays with minor or no time lag (see, [149, 150]). The
optical emission originates from the combined VHE gamma-ray/X-ray region and partially from the
VLBI core [151]. The emission region in AGN jets is traditionally assumed to be closer to the black
hole than the VLBI core because SED modeling usually requires higher Doppler factors than those
seen in radio observations. This suggests that the jet decelerates as it moves from near the black hole
This interpretation aligns with findings such as those reported by [152]. Another possibility involves
a spine-sheath structure [140], wherein the spine emits the VHE gamma rays and X-rays, while the
sheath is observable in the radio band.

In summary, the last decade has greatly expanded our understanding of the location of the blazar
zone, establishing the existence of multiple zones. In FSRQs and LSP /ISP sources, the principal site
often aligns closely with the 43 GHz VLBI core. However, this paradigm is challenged by observations
of gamma-ray flares that occur independently of activity in the 43 GHz VLBI core (see, e.g. [153]),
suggesting a more complex relationship between the emission regions. This discrepancy underscores
the difficulties in universally positioning the emission region far from the black hole, also in the context
of models used further in this thesis, where the emission region from FSRQ is located closer to the
black hole. For HSP sources, the spatial relationship between the two (or possibly more) emission
components, as observed in variability and SEDs, remains a subject of ongoing investigation.

2.2 Modeling

The aim of modeling the spectrum is to unveil the physical processes responsible for producing observed
radiation. This approach allows for investigating various scenarios occurring at the source and testing
which model is accurate. Moreover, it enables the imposition of certain constraints on the physical
parameters describing the source.

In many cases, blazar emission is explained by a one-zone leptonic model by a relativistic electron
population that is accelerated and radiates inside a spherical region [154]. This approach has been
applied widely in modeling the blazar SED [155, 156]. In this approach, the low-frequency part
is related to synchrotron radiation, while the higher energy part is connected to inverse Compton
scattering. As models diverge from the one-zone approach, the number of free parameters needed to
replicate the observed SED escalates. Hence, it becomes even more vital for these models to constrain
some of the parameters directly from observational data. This section is based on a review paper [27].
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2.2.1 Key blazar emission region parameters
Emission region

The emission region, for simplicity, is commonly conceptualized as a spherical blob populated with
electrons whose energy distribution follows a smoothed broken power law in the simplest blazar emis-
sion model. This model describes the equilibrium spectrum, which emerges due to a combination of
acceleration and energy losses. Consequently, there is a 'cooling break’ in the spectrum, distinguishing
between energies that cool at faster and slower rates:

ni—no

N(v)=EKy™ <1 + ;3) s Ymin <Y < Ymaz- (2.7)
The distribution has a normalization K, slopes n; and ns below and above the break (), and
parameters such as magnetic field B, size R, and Doppler factor §. If an external photon field is
present, its luminosity also enters the calculation. There is some parameter degeneracy, as both a larger
emission region and an increasing K result in higher luminosities for both SED peaks. The parameter
degeneracy is present, as enlarging the emission region without altering the total normalization keeps
the synchrotron photon emission unchanged, albeit with a reduced density, leading to a decrease in
SSC efficiency. Conversely, an increase in K linearly boosts the synchrotron peak, while the SSC IC
peak scales quadratically with K. Constraining these parameters from observations is essential, [157]
described how ~;,, B, and § can be solved from the frequencies and luminosities of the synchrotron and
Compton peaks.

Variability time scale

The variability time scale of a source, t,q,, constrains the size of the emitting region, R < ctyq-0(2z +
1)1, where § is the Doppler factor. The observed variability time scale is often the shortest in the
gamma-ray band and longer at lower energies. To simplify SED modeling, the shortest time scale is
usually used. VLBI observations can estimate the size of the radio-emitting region, which can then be
used as the size of a larger emission region in two-zone SED models.

Doppler factors

Doppler factors, 4, can be calculated using radio observations [158, 159]. By comparing the observed
brightness temperature (T3 obs) to the intrinsic brightness temperature (T int), often assumed to be
the equipartition temperature To, ~ 101! K [160], the Doppler factor can be estimated.

Studies focusing on FSRQs and radio-selected BL Lacs (mostly LSPs) found average Doppler factors
of 14.6 for FSRQs and 6.3 for BL Lac objects [159]. Another study with a larger sample of sources
observed by the Owens Valley Radio Observatory 40-m Telescope at 15 GHz found a median Doppler
factor of approximately 11 for blazars [161]. However, tension exists between the observed Doppler
factors and those used in SED modeling, particularly in the case of fast VHE gamma-ray flares. This
discrepancy, known as the Doppler factor crisis, is especially prominent for HSP sources. SEDs cannot
be modeled with Doppler factors as low as those derived from radio observations. Several solutions have
been suggested, such as non-steady magnetized flows [162], decelerating jets [152], and spine-sheath
models [140].

The fast flares imply Doppler factors greater than 50 (§ > 50) because otherwise (at the assumption
of the emission region filling the whole jet cross-section), the emission region would not be optically
thin to y—- absorption. For example, in the case of PKS 12224216, fast variability requires § = 75—80
[121, 163], while VLBI observations suggest 6 ~ 10 for the jet [164]. The selection of appropriate values
of § is crucial due to the strong dependence of spectrum on J; even a small change significantly impacts
the resulting spectrum.

Magnetic field strength

The magnetic field strength B in blazar jets can be estimated using various methods, such as VLBI core
shift measurements, which assume the equipartition of energy between particles and magnetic fields.
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In a study [165], the median magnetic field strength for a sample of 18 BL Lac objects was found to be
0.4703G, and for a sample of 84 FSRQs, 0.9707G. These estimates were derived for a distance of 1 pc
from the central black hole. However, the equipartition assumption has been questioned, particularly
for BL Lac objects. Another more robust method to derive magnetic field strength directly from VLBI
observations, without assuming equipartition, is possible by measuring individual components’ spectra,
size, and Doppler factors. This approach was used by [166] in their study of 3C 273, which resulted
in an estimated magnetic field strength in the core of about 1 G. Nevertheless, performing such direct
measurements can be challenging, and they have not yet been carried out for other blazars.

Low-energy cutoff

The low-energy cutoff of the electron spectrum, denoted as 7, can be constrained through circular
polarization observations. If the circular polarization results from Faraday conversion, the amount of
circular polarization can be used to estimate v, [167]. Modeling the full-polarization spectrum of
3C 279 allowed [168] to constrain the low-energy cutoff to 5 < ymin < 35. Values typically used in
SED modeling range from 1 to 10° [120], a much wider range than derived from observations. High
Ymin values (~ 10* — 10°) were initially suggested in [169] to explain the hard SSC spectra of extreme
BL Lacs. Later, these values were used in an HBL source along with a soft spectral index above 7,
(n2) to reproduce the narrow synchrotron peak and large separation between the two SED peaks [170].
A high vnin (102 —10%) value has been supported by simulations of particle acceleration in relativistic
shocks [171, 172]. However, due to the typically low fraction of circular polarization, it’s challenging
to study the circular polarization spectrum, hence observed constraints have not been widely used in
SED modeling. Notably, the quiescent-jet model by [173] is an exception, suggesting the importance
of accounting for the full jet emission in modeling attempts.

Energy density of the seed photon fields Ug;r and Upp

FSRQs are unique among blazars in that they display strong emission lines in their observed spectra.
These lines include Lya, C IV, Mg II, Hy, HB, Her, C III, Fe II, and Fe III. Although not all of these
lines are observed in every case, their typical line ratios are well-constrained, making it possible to
calculate the BLR luminosity (Lprr) from a few observed lines [174, 175]. Quasars usually have Lprr
values of 1043746 erg/s, while BL Lacs have values of 1041545 erg/s [174].

The luminosity and size of the BLR and DT must be known to determine the energy density of
seed photon fields. The size of the BLR is typically estimated by scaling from the disk luminosity [176],
which is generally estimated from UV data [177]. In contrast, the luminosity of the DT is challenging
to determine directly due to the dominance of the non-thermal component in the IR, SEDs of blazars.
However, the presence of a hot dust component has been inferred in quasars such as 3C273 [178, 179],
PKS1222+216, and CTA 102 [180].

The size of the DT can be constrained from theoretical considerations of the dust sublimation
radius [181] and from reverberation measurements [182, 183]. These findings indicate that the inner
radius of the dust-emitting regions of AGN is two to three times smaller than the theoretical value.
The size of the dusty torus is typically estimated to be 1 — 5 pc and scales with disk luminosity.

2.2.2 Modeling emission from AGN with agnpy

agnpy is an open-source Python package to model the jetted AGN’s radiative processes [184]. The
package is built entirely in the numpy, scipy, and astropy ecosystem, making it compatible with
other data-analysis tools like gammapy. The package aims to extend the effort of modeling and inter-
preting the emission of extragalactic sources to a broader audience of astrophysicists. The software is
developed to be accessible to the community, making reproducing or verifying results easier. This is
particularly important as the next generation of gamma-ray instruments, CTAQO, will provide valuable
VHE gamma-ray information to broadband SEDs of various objects.

Rather than solving the differential equation regulating the development of the electron energy dis-
tribution (EED), agnpy assigns its maximum and break Lorentz factors using a simple parametrization
of the acceleration, escape, and radiation processes. Throughout all the physical processes described
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in the package, the angle of the jet axis to the observer line of sight, 0, is always considered among
the model parameters, such that the use of agnpy is not restricted to the blazar case (6; — 0) but can
also be extended to radio galaxies.

The agnpy allows the modeling of thermal and non-thermal radiation emission from various com-
ponents of AGN. The agnpy.emission_regions module describes the emission regions responsible
for non-thermal radiative processes. These regions contain the EED expressed as the distribution
of Lorentz factors, -, of the electron-positron pairs accelerated in the source. Recently, the proton
synchrotron process has been added [185]. The agnpy.targets module describes line and thermal
emitters that provide the photon fields targeted for inverse Compton scattering or vy absorption.
Various sources, including the AGN line, thermal emitters, or CMB, can produce these photon fields.

Non-thermal processes responsible for the broad-band emission observed in active galactic nu-
clei are described by synchrotron radiation and inverse Compton scattering mechanisms. The mod-
ule agnpy.synchrotron computes synchrotron spectra (with the possibility of correcting it for the
synchrotron-self-absorption), following [186]. The electron distribution is assumed to be immersed
in a large-scale random magnetic field. The module agnpy.compton is used to calculate the inverse
Compton (IC) scattering of photons. It considers two scenarios:

1. Synchrotron Self-Compton (SSC): IC scattering of synchrotron photons produced by the
same accelerated electrons. The SSC spectra are computed based on [186], and the target
synchrotron radiation is assumed to be uniform in the blob, following [187].

2. External Compton (EC): IC scattering of soft photon fields produced by an accretion disk,
broad line region, dust torus, external to the jet, or by the Cosmic Microwave Background
(CMB). The EC spectra are computed according to [188] and [189].

The full Compton cross-section, including the Klein-Nishina regime, is considered in both cases.
The electron distribution is transformed to a frame comoving with the target photon field (in the case
of EC) and then convolved with the energy distribution of the latter and the Compton cross-section.
The head-on approximation is used, as in [58] and [190].

Using agnpy, it is possible to calculate the absorption caused by 77 pair production on the soft
photon fields of various AGN components. This facilitates the evaluation of the model’s internal con-
sistency, explicitly examining whether the radiation field used for obtaining inverse Compton emission
could absorb this emission. Additionally, agnpy offers the ability to calculate the absorption due to
the EBL, which is particularly useful for studying distant sources. By incorporating these features,
agnpy provides a comprehensive suite of tools for investigating AGN and the radiation they emit.

The interrelationships between agnpy modules and the computations they perform are presented
in Fig. 2.7, providing a comprehensive overview of the underlying processes involved.

Computing the SED for a radiative process and fitting

To provide the integration of agnpy with other high-level data-analysis packages, agnpy has imple-
mented, for each radiative process, a function that computes the SED. This function depends on the
frequency and all the model parameters simultaneously (i.e., vF,(v;0), where 6 is a vector of the
model parameters that one aims to determine through some statistical procedure. Any fitting routine
can easily wrap such functions, allowing the user to create an optimal fit model from any arbitrary
combination of emission regions and radiative processes. Once the model is defined, users can choose
which parameters have to be fixed and which ones are left free, depending on the completeness of their
data set and information already available on the source. As an example, agnpy incorporates sherpa
[191] and gammapy (see section 3.4.4) wrappers to fit broad-band emission from AGN. These wrappers
take into account various radiative processes to form a model object, which can be utilized by the
fitting routine of both packages 3.

Shttps://agnpy.readthedocs.io/en/latest/fit.html
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Figure 2.7: Components of agnpy and their functionalities. emission_regions describes the volume
responsible for generating non-thermal emissions, including the (EED) and in the absorption module,
to evaluate 7y absorption effects on synchrotron photons. This module serves as the foundation for
various classes that simulate radiative processes and calculate their SEDs, such as synchrotron and
compton. Additionally, targets comprise thermal and line emitters, which play a crucial role in
external Compton modules and vy absorption calculations within absorption. The class targets
also enables the calculation of the targets’ thermal SEDs and their energy densities (). Furthermore,
the emission region is utilized in the self-consistent modeling class constraints. Source: [184]
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Absorption

Two types of high-energy photon absorption can occur: internal and external. Firstly, photons can be
absorbed via 7y pair production by the same soft photon fields that constitute the target for Compton
scattering. Secondly, photons may be absorbed by the EBL on their path to Earth (see Section 2.1.3).
To estimate the optical depth, 7., due to the former absorption mechanism, agnpy takes into account
the soft photon fields of synchrotron radiation, the BLR and the DT, as well as a monochromatic point
source behind the jet (this is mainly for test). As a result of photon absorption, the flux is attenuated
by a factor exp(—7y,)-

Absorption calculation on line and thermal emitters

The ~+ absorption for a photon field with specific energy density wu(e, i, ¢;1) is given by [188]:

Ty (v / di /%d(b/ dp 1—0051/)/ de 6”’dyl)aw(s), (2.8)

Mec?
Where:

e u(e, pu, @;1) is the energy density of the target photon field with ¢ dimensionless energy, (i, ¢)
angles, [ distance of the photon;

e costy = pps + /1 — p2y/1 — p2cosg is the cosine of the angle between the hitting and the
absorbing photon;

e 0.,(s) is the pair-production cross section, with s = €;e (1 — cos®)) /2 and €; = hv / (mc?) the
dimensionless energy of the hitting photon.

While it’s possible to consider arbitrary viewing angles in the calculation of optical depths using
agnpy, it’s worth noting that the notation used in the code is optimized for the case where photons
travel parallel to the jet axis (us — 1), as presented in [189]. This simplifies the integration by
decoupling the cross-section and the (1 — cost)) term from the integral in ¢. However, it’s important
to remember that the optical depths obtained using this method are valid for any jetted AGN.

A strong absorption in the radiation field can lead to a cutoff in the gamma-ray spectrum. The
cutoff energy of the gamma rays depends on the distance r from the emission region to the black hole
and the density of surrounding photons. agnpy computes gamma absorption in the electron-positron
pair production process across multiple photon fields, including the external (CMB, EBL) and internal::

e PointSourceBehindJet models a monochromatic point source behind a jet, mainly to confirm
that energy densities and external Compton SEDs of more complex scenarios reduce to this
simplified case at large distances, following research from [192] and [190].

e SSDisk represents a Shakura-Sunyaev type accretion disk, which is geometrically thin and op-
tically thick [46].

e SphericalShellBLR models the BLR as an infinitesimally thin spherical shell, based on [189].
e RingDustTorus depicts the dust torus as an infinitesimally thin ring, also based on [189].

Fig. 2.8 displays the example energy densities (as a function of the distance from the black hole) of
several photons computed using agnpy.

BLR multi-layer model

In modeling, the BLR is frequently simplified to be characterized by a single dominant emission line,
specifically Lya. This approach is valid for inner regions of the BLR. However, this assumption falters
at the BLR’s outer edges, where the physical separation of emission lines is the most important, altering
the overall emission characteristics [189]. If the emission region lies outside the BLR, the difference in
absorption between the single-line and 26-line models, as demonstrated in Fig. 2.9, becomes significant.
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Figure 2.8: The example energy densities of different photon fields, computed with agnpy as a function
of their distance from the central black hole, are presented. This includes the energy density of the
accretion disk, depicted with a red solid line, the BLR in blue, the DT in yellow, and the CMB, shown
with a black solid line. Additionally, for comparative purposes, the energy density of synchrotron
radiation is shown with a green dotted line, and that of the magnetic field is shown with a green
dashed line. The specific parameters used for these calculations are listed in Table B.1 (parameters
for BT and BLR) and B.2 (parameters for blob and EED) in [184]. A BLR emitting the Lya line has
been considered in this context. Source: [184]
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This has important implications for modeling the emission from FSRQs, which is the focus of my thesis
research. As shown in Fig. 2.10, it is crucial to consider this to model the emission accurately. The
absorption is similar when we are deep in the BLR, but as we move towards the edge, we start to see
differences, especially at the low-energy part. If the emission region is beyond the BLR, we observe a
big difference in 7.
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Figure 2.9: Optical depth 7., as a function of energy produced by the BLR calculated for » = 0.75- R,
based on the data for CTA 102 study further in the thesis (see chapter 5). The plot shows the
contribution from the 26 individual lines; the strongest line, L, is represented by a solid black line.
The sum of 7, of all the lines is shown as a solid green line.
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Figure 2.10: The change of the optical depth 7., with energy for different distances between the
emission region and the black hole. The distances are normalized to the radius of the Rz, line from
the BLR. The dash-dotted line represents the optical depth calculated for a single line, while the solid
line shows the result for a model consisting of 26 lines. As an example, this is shown for the CTA 102
study further in the thesis (see chapter 5).
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Chapter 3

Imaging Atmospheric Cherenkov
Technique

3.1 Cherenkov radiation and technique

The Earth’s atmosphere, being opaque to gamma-ray photons, blocks their direct observation by
ground-based telescopes. Atmospheric Cherenkov gamma-ray telescopes are designed to overcome this
limitation by detecting Cherenkov radiation from air showers, which can be used in identifying the
nature (gamma-ray or cosmic ray), arrival direction, and energy of the incoming particle. History of
the last 35 years of development of the Chrenkov telescope can be found in [100].

This indirect detection method is pivotal for studying VHE radiation. A primary gamma-ray
photon, upon interacting with an atmospheric nucleus, creates an electron-positron pair (ete™) (see
Section 1.6.2), which then emits additional gamma rays through Bremsstrahlung (see Section 1.5.3).
When gamma rays with energy of the order of TeV hit the earth’s atmosphere, it triggers an elec-
tromagnetic cascade and an EAS characterized by thousands of relativistic particles. These particles,
when moving faster than the local speed of light in the atmosphere (v > ¢/, where ng;, is the
refractive index), emit Cherenkov light. This light, which lasts for mere nanoseconds, has a distinctive
UV-optical spectrum. Several factors, including the Night Sky Background (NSB), lunar illumination,
and the Earth’s magnetic [193] field—which can alter the paths of lower-energy particles—significantly
influence the detection of the Cherenkov light.

Cherenkov light is emitted during the entire shower development, with peak emission coinciding
roughly with the maximum particle count within the cascade. This typically occurs at an altitude of
approximately 10 km for primary gamma-ray energies ranging from 100 GeV to 1 TeV [194]. Each
particle generates Cherenkov light at a fixed angle 6, to the direction of motion, given by equation 1.10.
At sea level, the Cherenkov angle is approximately 1.3 degrees. The particles in the electromagnetic
cascade also experience multiple Coulomb scattering, which slightly disperses their trajectories and
contributes to the shower’s lateral spread. Consequently, this creates a pool of Cherenkov light on the
ground, where the photon density is about 100 photons per square meter for a 500 GeV gamma-ray
primary as is shown in Fig. 3.1. The radial spread of this pool peaks around 130 meters, as shown in
Fig. 3.1. This peak arises from a focusing effect caused by the varying Cherenkov emission angle at
different atmospheric depths. The yield of Cherenkov photons scales with ‘Z—IX ~ /\—12, where A represents
the wavelength. Consequently, the spectrum is primarily characterized by blue/UV emissions, peaking
near 340 nm. Emissions of shorter wavelengths are diminished by atmospheric absorption, especially by
ozone, and only reach the ground if generated deep within the atmosphere, as with penetrating muons.
The Cherenkov light from each air shower manifests in a short pulse lasting just a few nanoseconds.
Though the time-averaged photon yield from all air showers is only 10~#th of the ambient NSB [194],
the illumination from a single shower can momentarily outshine the luminosity of the night’s brightest
celestial objects.

The Imaging Atmospheric Cherenkov Telescope (IACT) represents a sophisticated approach for
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Figure 3.1: Monte Carlo modeling illustrating the distribution of Cherenkov photons on the ground
due to gamma-ray-triggered air showers. The left graph depicts the density of Cherenkov photons
relative to the radial distance from the shower’s core across various primary energies. The right panel
visualizes the number of photons per two-dimensional bin on the ground for an air shower initiated by
a 300 GeV primary energy. Image attributed to G. Maier, source: [194, 195].

capturing VHE gamma rays. By recording the Cherenkov light from TeV particle cascades, IACTs
provide invaluable insights into cosmic events. An optimally positioned telescope within this light pool
can effectively capture the emitted Cherenkov light. As a result, even though the physical dimensions
of current-generation TACT telescopes cover only a few hundred square meters, they can achieve an
effective collection area for TeV gamma rays on the order of 100,000 m?.

The TACT system is composed of five main components that work together to detect Cherenkov
photons and convert them into an image of the particle cascade. These components include the
mirror dish, the camera, the trigger, the drive, and the data acquisition system. The mirror dish
collects the Cherenkov photons, and its size determines the energy threshold for the IACT’s detection
capabilities. By compiling these elements, the IACT can determine features of the particle cascade.
The relationship between the zenith distance angle (ZD), effective area, and the energy threshold
Ep,, is characterized by the distribution and density of photons in the light pool produced. At low
ZD values, the light pool’s size shrinks, but the photon density increases for a given energy, thereby
reducing the E-threshold. Conversely, when the ZD is high, the light pool expands due to the greater
distance of the shower, causing a reduction in photon density for a specific energy. This results in
a larger effective area at higher energies, particularly when observed with a single IACT or a small-
sized array. Observations conducted at low ZD offer benefits for detecting low-energy photons due to
the reduced absorption of the Cherenkov light with smaller atmospheric column density. As the ZD
increases, the cascade initiated by the primary particle cascade occurs at higher altitudes, leading to
more significant absorption of Cherenkov light and diminishing the detectability of such events.

One of the most important features of IACT (compared to the first generation of non-imaging
Cherenkov telescopes) is the ability to construct images of EAS with telescopes’ cameras. The light
gathered by the telescope is focused on an optical plane composed of the order of 1000 photosensors
(most commonly photomultipliers, PMT). The images of the shower captured by the camera allow
one to construct the two-dimensional angular distribution of the observed light. Such images can be
parametrized as ellipses, which facilitate the reconstruction of the properties of the primary particle
[196], which will be described in more detail in 3.3.2. Due to the changing atmospheric refractive index
with the height a.s.l., the long axis of the ellipse follows the longitudinal evolution of the shower and,
the short axis is related to the latitudinal distribution [39].

Gamma-ray discrimination from isotropic cosmic ray background and event reconstruction is even
more challenging than their detection by a telescope. The most successful approach used by most of
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Figure 3.2: The stereoscopic imaging method. When a gamma ray initiates an electromagnetic cascade
within the Earth’s atmosphere, it produces Cherenkov radiation that forms a light pool on the ground.
Telescopes positioned within this light pool capture an image of the shower, enabling the determination
of the incoming primary photon’s direction of arrival by crossing the main axes of all the images (see
the inset panel). Source: [194]

the major facilities in operation today is the stereoscopic imaging technique; the main idea is to take
two (or more) pictures of the same shower in Cherenkov light. Combining images of the same event
seen by multiple nearby telescopes makes it possible to reconstruct the three-dimensional geometry of
the event [197]. Additionally, a stereoscopic trigger is an efficient way of removing a background of
single muon events both at hardware level [104] and during the analysis [198]. The principle of this is
illustrated in Fig. 3.2

Since the first gamma-ray source detection of the Crab Nebula reported by the Whipple telescope
in 1989 [199], IACTs have become by far the most successful instruments in ground-based gamma-
ray astronomy'. The three major, currently operating stereoscopic IACT systems are H.E.S.S [200],
MAGIC [103], and VERITAS [104]. The current generation of IACT arrays are characterized by an
energy threshold of ~ 25 to 100 GeV, a point-source integral flux sensitivity of 0.5 to 1.0% of the Crab
Nebula flux in 50 hours (which is more than 100 times more sensitive than Fermi-LAT in 1 year at
energies above 200 GeV), an angular resolution of less than 0.1 degrees, and an energy resolution of
approximately 15% [201].

The description of Cherenkov methods for gamma-ray detection is presented in this chapter follow-
ing mostly review articles: [194] and [201].

3.2 Cherenkov telescopes
In this part of the paper, I briefly describe the TACT experiments. I focus on MAGIC and LST-1

instruments since I participate in the collaborations that exploit them, and I report results from these
telescopes in the next chapters of this thesis.

n recent years, ground arrays such as HAWC or LHAASO have also begun detecting numerous sources, primarily
galactic, in the energy range of tens of TeV [39].
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The MAGIC telescopes [103], together with H.E.S.S. [200] and VERITAS [104], form the third
generation of Cherenkov telescopes. This generation of instruments was the driving force in advancing
Cherenkov astronomy at the beginning of the millennium, evolving from a developing field with only
a dozen discovered sources to approximately 300 known sources to date [105]. LST-1 [202] represents
the first instrument of the next generation of Cherenkov telescopes,

3.2.1 H.E.S.S

The High Energy Stereoscopic System (H.E.S.S.) has been operational since 2003 and is located in
Namibia. The first phase of H.E.S.S. includes four telescopes, each with a 12m diameter reflector
based on the Davies-Cotton design. These telescopes, standing at an altitude of 1800 meters, have
been instrumental in advancing gamma-ray astronomy, particularly with their capability to detect
gamma-ray fluxes as low as 1% of the Crab Nebula within 25 hours of observation[203]. The most
essential aspect of the H.E.S.S. telescope is its location in the Southern Hemisphere. This provides an
excellent view of our galaxy and, with its larger field of view, enables efficient sky scanning. H.E.S.S.
has significantly contributed to the field by conducting the first detailed TeV gamma-ray survey of the
Milky Way, discovering over a hundred different cosmic sources [204], measuring the energy spectrum of
cosmic electrons beyond 600 GeV[205] and measuring the gamma-ray spectrum of the core of Centaurus
A [206]. In its second phase from 2012, H.E.S.S. expanded its array with a 28m diameter telescope,
the largest atmospheric Cherenkov telescope worldwide, enhancing the detection capabilities into the
sub-20 GeV range.

3.2.2 VERITAS

The Very Energetic Radiation Imaging Telescope Array System (VERITAS), located at the Fred
Lawrence Whipple Observatory in Arizona, consists of four 12m diameter telescopes designed for
gamma-ray detection from 100 GeV to tens of TeV [207]. These telescopes feature alt-azimuth position-
ing, Davies-Cotton optics with 350 hexagonal mirrors, and high-precision pointing accuracy (£0.01°).
The focal plane hosts a camera with 499 PMTs, achieving a field of view of 3.5°. VERITAS uses a three-
level trigger system for enhanced background event filtering, achieving an angular resolution of 0.08°
at 1 TeV. Notably, VERITAS has identified the starburst galaxy M82 and several active galactic nuclei
as VHE gamma-ray emitters, showcasing its significant contributions to gamma-ray astronomy|[208,
209, 210, 211].

3.2.3 MAGIC

MAGIC is a stereoscopic system with two 17 m diameter IACTs located at Observatorio del Roque de
los Muchachos (ORM) on the Canary Island of La Palma [103]. The two telescopes were constructed in
2003 and 2009, respectively, with different cameras, triggers, and readout systems. In 2011-2012, the
MAGIC collaboration undertook a major upgrade to make the stereoscopic system uniform, improving
its overall performance and easing its maintenance [103].

The telescopes are designed to detect Cherenkov light from air showers initiated by gamma rays in
the energy regime from around 50 GeV at low zenith angles [212] to more than 50 TeV. Due to such
low energy threshold, they are well-suited for studies of high-redshift blazars.

The data can be taken with a standard trigger and with a special low-energy analog trigger called
SUM-Trigger II (SUMT), designed to improve the performance of the telescopes in the sub-100 GeV
energy range [213]. SUMT in a stereoscopic system allows the combination of the low energy trigger
threshold with excellent background rejection. Usage of SUMT results in about twice the larger number
of background counts (and thus also the volume of data). It also requires special analysis procedures
to fully exploit its gain in the effective area. Therefore, it is used only with selected low-energy sources,
particularly those located at high redshift values.

MAGIC telescopes, during 20 years of their operations, were used to discover the VHE gamma-
ray emission of 52 out of 275 currently known sources (http://tevcat.uchicago.edu/, [105]). For
example, in the last few years, the data obtained with the MAGIC telescopes have been used to report
for the first time VHE gamma-ray emission from a GRB 190114C [9], showing the most significant
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Figure 3.3: LST-1 during sunset.

case of association of gamma-ray emission with a neutrino [3], prove the hadronic emission of the
gamma-ray emission in the nova RS Oph [214].

3.2.4 Cherenkov Telescope Array Observatory (CTAO) and LST-1

The Cherenkov Telescope Array Observatory (CTAO) is the next-generation ground-based observatory
for VHE gamma-ray astronomy [215], designed to observe gamma rays within the 20 GeV - 300 TeV
energy range. The LSTs are dedicated to observing the lowest part of the CTA energy range. Currently
under construction, CTAO aims to surpass the sensitivity of existing imaging atmospheric Cherenkov
telescopes by a factor of five to ten. CTA will consist of two separate arrays of IACTs of various sizes
located at two sites: the ORM in La Palma, Canary Islands, in the Northern Hemisphere, and the
Atacama Desert in Chile, in the Southern Hemisphere.

The largest telescopes within the CTA are the Large-Sized Telescopes [216], four of which will be
part of the CTA-North array [217]. These LSTs will be equipped with 23-meter diameter mirror dishes,
enabling them to detect faint Cherenkov flashes from air showers initiated by gamma rays down to
approximately 20 GeV. The lightweight structure of the LSTs are designed for rapid slewing, making
follow-up observations of transient events more accessible. LST-1, the prototype of the LST, was
inaugurated at the ORM in October 2018 and has been taking sky data since November 2019 [218].

3.3 Observation and data analysis
The analysis of TeV data from TACT instruments can be divided into the following steps:

e low-level analysis: deals with calibration - reconstructed signal intensity and its timing of signals
seen in individual photomultipliers.
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e medium-level analysis: Determination of basic parameters of a single event detected by telescopes
such as event type (gamma-ray or hadronic events), its energy, and arrival direction.

e high-level analysis: the individual events parameters are used to derive physical information
about the source, such as the energy spectrum, morphology of the emission, or time variability.

The raw signal collected by Cherenkov telescopes consists of a digital record of the signal waveform
in each camera photomultiplier. The first step in data processing is signal correction, the most basic
being subtracting the pedestal value (the baseline signal value when the camera is closed) or more
advanced correction depending on the readout system. A typical image produced by an EAS also
includes electronic noise and NSB noise. Therefore, the next step is identifying those pixels in the
camera that contain a significant (w.r.t. NSB) signal from the atmospheric shower. This is done
by selecting pixels with signals above a set of thresholds and conditions. The cleaned image is then
parameterized using the so-called Hillas parameters, which will be described in detail in the section
3.3.2.

3.3.1 Image cleaning

TACT images from particle showers always contain the background noise induced by photons of the
night sky. An image-cleaning procedure is needed to reduce the participation of those noise photons
in further analysis steps [219]. Only a tiny fraction of pixels carry the information from a gamma-
ray shower. To achieve a low energy threshold and good low-energy performance, it is essential to
determine which parts of an image are dominated by the signal from a cosmic shower rather than by
noise. The brightest pixels in the image (above a given threshold) establish the core of the image. An
additional condition is used to accept lower brightness pixels if they are neighboring one of the core
pixels [220]; the remaining pixels are removed. Exploiting the signal timing significantly improves the
reconstruction of low-energy showers [221] as it allows a decrease of the charge threshold with the same
rate of surviving empty events.

The two most common types of image cleaning are tailcuts cleaning and SUM cleaning [222].

Tailcuts Cleaning, also known as Two-level Cleaning, is used for image cleaning when processing
data in TACTs. It involves the following steps:

1. Core Pixels Selection: Initially, pixels with signals surpassing a higher threshold are selected.
These pixels are considered the core of the shower image, indicating the strongest signal areas.

2. Neighbor Pixels Addition: Subsequently, pixels adjacent to the core pixels that exhibit signals
above a lower threshold are incorporated into the image. This process is iteratively repeated,
allowing the addition of neighbors of newly included pixels, provided they exceed the lower
threshold.

3. Isolation Removal: Pixels not connected to the core region, such as isolated pixels or groups
of pixels only above the lower threshold but not adjacent to any core pixel, are eliminated from
the image.

This method effectively reduces noise by retaining only the relevant portions of the shower image,
thereby enhancing the signal-to-noise ratio and improving the accuracy of shower reconstruction. The
cleaning can be significantly enhanced if, in addition to the charge information also, the timing of the
reconstructed signals in individual pixels is used [221].

SUM Cleaning is a technique that emphasizes the total signal within a group of neighboring pixels,
applying a collective threshold rather than individual thresholds for each pixel. The method comprises
the following steps:

1. Signal Summation: For each pixel, the sum of its signal and its immediate neighbors’ signals
is calculated. In order to avoid the sum being dominated by a single pixel with high charge (that
could appear, e.g., due to afterpulsing), an additional clipping of the signals to a maximum value
before the summation can be applied.
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2. Threshold Application: A threshold is then applied to these sums. Pixels for which the
summed signal exceeds this threshold are retained in the cleaned image.

3. Noise Reduction: This method effectively reduces noise by considering the sum of signals.
It leverages that signals from Cherenkov showers are typically localized and exhibit correlated
signals among adjacent pixels, distinguishing genuine shower signals from uncorrelated noise.

SUM Cleaning is particularly beneficial in scenarios with low signal-to-noise ratios, aiding in the
preservation of weak shower images that might otherwise be lost by applying only individual pixel
thresholds.

3.3.2 Hillas parametrization

Michael Hillas suggested the use of image parametrization based on their first and second moments,
the approach that became known as the Hillas parameters to reduce the background [196] - a key
milestone in the history of IACT [6]. One idea was to define parameters to quantify the observation
that gamma-ray showers are more compact, concentrated, and aligned toward the source. This can be
seen in Fig.3.4, which shows the Cherenkov footprint of a shower induced by gamma rays on the focal
plane of a Cherenkov telescope. Certain inputs must be considered when analyzing an image from a
Cherenkov telescope. These inputs include a list of cleaned pixels, the signal strength in each pixel, and
the pulse time associated with each pixel. Parameterizing the image in this way simplifies the analysis
and interpretation of the collected data, resulting in two sets of parameters: image quality parameters
and Hillas parameters. Image quality parameters, including the number of islands and leakage, assess
the overall health and integrity of the captured image. On the other hand, significant leakage suggests
signal loss outside the intended region, which would likely worsen the reconstruction of the event. Hillas
parameters describe the geometric characteristics of the signal distribution within the image, including
width and length, typically extracted by fitting an ellipse to the signal region. These parameters are
essential for distinguishing different types of events and characterizing their properties. Additional
Hillas parameters include concentration and asymmetry, as well as source-dependent parameters such
as Dist and ALPHA. Time parameters like time gradient and time RMS, as well as stereo parameters,
notably the height of the shower maximum and impact point, are also commonly used in the analysis.
The Hillas ellipse is defined by several parameters, including the

e size (also referred to as intensity), which represents the total signal in all the pixels associated
to the image.

e centroid is the coordinate of the center of gravity, represented by the x and y coordinates.

e The main axis is determined by the angle §, which minimizes the signal-weighted sum of squared
pixel distances and corresponds to the direction of the largest eigenvalue of the 2nd moment
matrix diagonalization.

e The length represents the signal standard deviation (o) along the main axis, calculated as the
square root of the second central moment.

e The width represents the signal o perpendicular to the main axis, calculated as the square root
of the second central moment in that direction.

Several image quality parameters are also used to analyze Cherenkov telescope images. The number
of islands represents the number of separate groups of pixels. A high number of islands might indicate
the presence of noise or artifacts and is also typical of hadronic showers with multiple electromagnetic
and muonic components. This parameter can also be used to characterize the quality of the cleaning
process. Leakage is the fraction of signal in the last pixel ring of the camera and can characterize how
the image leaks outside of the camera.

When performing single telescope analysis, several source-dependent parameters are commonly
used, including:

e ALPHA: Angle between the main axis and the centroid-source line.
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Figure 3.4: Quantifying an Air Shower Image Using Hillas Parameters. Source: [223].

e DIST': Distance between the centroid and source position.

e MISS: Distance between the main axis and the source position.

Gamma-ray astronomy uses Hillas parameters because they provide a robust and efficient method for
discriminating between gamma-ray and cosmic-ray events, essential for reducing background noise and
improving the sensitivity of ground-based gamma-ray observatories.

3.3.3 Random Forest

The Random Forest (RF) method can be used for energy estimation, reconstruction of arrival direction,
as well as gamma-hadron separation. The RF method is a machine-learning algorithm that employs
multiple decision trees to form a collective decision-making model (see, e.g., [224] for the application
of RF in MAGIC). Other Cherenkov telescopes, including LST-1, also use the RF algorithm [202].
For each event observed by the telescope, data are characterized by a vector of parameters, including
the well-known Hillas parameters. Additionally, observation-related parameters (e.g., zenith distance
angle) are taken into account.

For the gamma-hadron separation, the two corresponding training samples are treated as a single
labeled set, where each event is assigned a label, referred to as "hadronness’, indicating whether it
belongs to the gamma class (hadronness = 0) or to the hadron class (hadronness = 1) 2. Using these
labeled samples, RF builds a binary decision tree that subdivides the parameter space, initially splitting
it into two based on one of the parameters and then continuing this splitting process recursively.
This approach helps efficiently classify the events by traversing down the decision trees based on the
measured parameters of each event. The classification is average over multiple trees (of the order of
100) assigning hadroness value in between 0-1 for each event.

Apart from classification, the RF regressor allows the estimation of continuous quantities, such as
the particles’ energy, from the measured image parameters.

2Hadroness is used for the MAGIC analysis, while CTA is using gammaness = 1-hadroness
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3.3.4 Identification of the gamma photons

Even for strong gamma-ray sources, cosmic ray showers are several orders of magnitude more nu-
merous; even for a bright source, the factor can be as large as (10%). Therefore, in IACT, effective
separation of showers caused by cosmic radiation and those produced by gamma photons from the
studied cosmic source is necessary. Images caused by gamma photons are typically narrower and
shorter than cosmic ray images with a similar Cherenkov intensity and impact parameter. In the case
of a single telescope, a simple selection of images with a small width and length forms the basis for
distinguishing between different types of cosmic events. [225]. When multiple telescopes observe the
same shower, the efficiency of this approach significantly increases. In this scenario, the location of
the shower core, and consequently the impact distance from each telescope, can be determined with
an accuracy of approximately 10 meters [194].

When the core location has been identified, the observed image width can be compared to the pre-
dicted width or length, referred to as widthys¢ or lengthy;¢ for images exhibiting identical Cherenkov
intensity and impact parameter values. This comparison and the associated variability, o, emanate
from detailed Monte Carlo simulations designed to investigate both the dynamics of the air shower
and the telescope’s detection capabilities. These predicted responses are systematically organized in
look-up tables. Separate tables are constructed to reflect different observational scenarios, including
variations in zenith angle and night sky luminosity. Additionally, these tables require updates whenever
there is a change in the fundamental performance metrics of the telescope (such as changes in optical
reflectivity or the point spread function) due to time-related degradation or maintenance activities.

Determining the arrival direction of the shower primary serves two main purposes: it allows for
differentiation between gamma-ray photons originating from the source and the isotropic charged cos-
mic ray background; also, it aids in our understanding and representation of the gamma-ray emission.
Pinpointing the direction of the gamma-ray emission is often important for identifying gamma-ray
sources.

Within the telescope’s field of view, the primary axes of the image ellipses converge at a point
indicative of the primary particle’s arrival direction, as shown in Fig. 3.2. This observation aids in
estimating the arrival direction, typically using a weighting scheme that prioritizes the axes of the
most luminous images [197]. The angular resolution achieved by this method varies based on energy.
Typically 68% of the gamma rays from a point source are pinpointed to within ~ 0.1° of the source’s
location at energies near 1 TeV. However, fluctuations in the shower’s development and a low number
of Cherenkov photon data can diminish the resolution at lower energies.

3.3.5 Residual background estimation

After determining the arrival directions, any location within the field of view can be examined for
potential gamma-ray emissions. This is done by choosing events that reside within a predetermined
radius surrounding the test location. However, this task is made more intricate due to gamma-ray
emissions from various points overlapping with mislabeled cosmic ray events in the background. To
gauge the excess of gamma rays and determine the statistical significance of this excess, an independent
assessment of the remaining background at each point becomes necessary. The background rate is
determined by observing parts of the sky where minimal or no gamma-ray emission is present. This
OFF-source areas can be identified in several manners: by dedicated studies of neighboring fields of
view or, more frequently, by choosing zones within the same field of view positioned away from the test
spot. Especially in the latter scenario, it’s necessary to consider the differential detection efficiency
across the field of view.

In the standard observations of IACT, the so-called wobble-mode is used [226]. In this method,
telescopes are intentionally pointed slightly away from the source position, allowing for simultaneous
observations of the source (the so-called ON) and background control (the so-called OFF) regions (see
Fig. 3.5). This allows for the control of systematics associated with background determination and a
more effective use of observation time. The choice of this offset is optimized based on two effects: a too-
small offset may result in overlap between the ON and OFF regions, degrading background estimation;
a too-large offset may significantly affect the source detection efficiency due to worse collection area at
higher offsets from the camera center.
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Figure 3.5: An illustrative representation of wobble mode observation: the telescope is pointed with
a slight offset from the source and the background region, enabling simultaneous estimation of the
background region—either singular (on the left) or multiple (on the right)—during ON-source obser-
vations. Image adapted with authorization from Dr. Ruben Lopez Coto’s dissertation.

Multiple OFF regions can be selected depending on the source region’s extension. The opposite
position relative to the camera center is chosen for a single OFF position. Multiple OFF positions
help in more precise (in terms of statistical uncertainty) background estimation. These positions are
selected symmetrically around the source position to minimize inhomogeneity in the camera’s field of
view.

With the background established, it becomes possible to evaluate the gamma-ray excess at any
given location and determine its significance. To estimate signals - the excess gamma-ray events
from the assumed source and to calculate their significance, the squared angular distance between the
nominal source position in the camera and the reconstructed source position is used. This quantity,
referred to as 62, is then plotted. The background is estimated by plotting the #? distribution in the
OFF-regions, as illustrated in Fig. 3.6. The number of excess events is calculated after appropriate
normalization in the region where no signal or excess is expected. The difference between the number
of ON events and the number of OFF events determines this. The significance of the excess is typically
calculated using the Li and Ma method Eq. 17 of [227].

3.3.6 Gamma-Ray photons: Energy, Flux, and Spectrum

The estimation of the energy of an incoming gamma-ray is based on the principle that the number of
particles in the shower, and hence the Cherenkov photon yield, correlates directly with the primary
energy. By assessing the intensity of the Cherenkov emission and taking into account the distance to the
shower, one can derive an approximation of the gamma-ray energy [228]. The accuracy of this energy
estimate is significantly enhanced with the use of multiple telescopes. They offer several observations
of the shower’s light output, along with a more precise determination of the shower’s core location
[229]. The energy estimation can be done using reference tables that indicate the expected gamma-
ray energy based on impact parameters and Cherenkov intensity or RF method (described above).
These tables are generated from Monte Carlo simulations, taking into account both the evolution of
the shower and the telescope’s responsiveness. Multiple tables are produced to account for varied
observing conditions, such as zenith angle, background night-sky luminosity, and source offset within
the field of view. Energy estimation, as well as gamma-hadron separation, can also be done with the
random forest method

To convert the observed energy distribution of gamma rays from a source into a flux estimate or
energy spectrum, one must evaluate the effective area of the detector. For TACTs, the effective area
is defined by the extent of the Cherenkov light pool. This effective area typically exceeds 10° m?
at energies sufficiently higher than the telescope threshold energy. At lower energies, the trigger
efficiency, and consequently the effective area, declines. To determine the energy-dependent effective
area, one simulates gamma-ray showers spanning a full range of impact parameters, aligning with an
energy distribution reminiscent of a typical source (for instance, a power law having an index of -2.0).
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Figure 3.6: A characteristic # distribution oriented towards the Crab Nebula is presented, illustrating
signal events (in black) and background events (in grey) exceeding an estimated energy of 300 GeV.
The vertical dashed line indicates the #? cut employed to assess the significance of the signal. This
figure has been taken from [198].

The ratio of the count of triggered events to the simulated events, when multiplied by the area over
which these events were generated, yields the (trigger level) effective area. A multitude of operating
conditions, such as zenith angle and sky brightness, influences the effective area. Additionally, analysis
parameters, including gamma-ray selection criteria and the specific analysis technique, further lower
the effective collection area compared to the one evaluated at the trigger level.

An upper limit to the excess events can be set in scenarios without clear detection. An upper limit
denotes the maximum value for gamma-ray flux allowed at a given confidence level consistent with the
observed event statistics in the ON and OFF regions. It can be interpreted as the particular source is
highly unlikely to produce gamma rays beyond this computed limit; otherwise, our equipment would
have registered it. Such limits are customarily noted with a 95% C.L. (Confidence Level), suggesting
that, hypothetically, in 95 out of 100 instances, the gamma-ray emission from the source would remain
beneath this demarcated limit. To translate the excess (or the upper limit) into a measurement of the
photon flux originating from the source (expressed in photons cm=2 s~! or photons cm~2 GeV 1), the
energy-dependent effective area and energy migration matrix are required.

The energy distribution of reconstructed gamma-ray events from a source can be normalized by
the energy-dependent effective area, allowing us to deduce the true energy spectrum of the source.
Gamma-ray source spectra are smooth continua, typically well-fit by straight or curved power laws or
by a power-law with an exponential cutoff. The spectra can be most straightforwardly parameterized
by fitting a chosen function to the gamma-ray flux points. A more sophisticated approach is to perform
a maximum-likelihood estimation of the spectral parameters, incorporating both the effective area and
the energy-resolution function of the detector [230].

The ability of VHE gamma-ray tools to detect signals is measured by the lowest level of gamma
rays they can pick up from an assumed origin, achieving a 5 o level of statistical significance over
an observation period of 50 hours. Fig. 3.7 illustrates the energy-dependent sensitivity differences
(expressed in energy bins) between the "Alpha Configuration" of CTA arrays and the existing IACT
generation. In addition, this figure includes sensitivity comparisons with orbital detectors (e.g., Fermi-
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Figure 3.7: Differential flux sensitivity for various VHE gamma-ray instruments (see the legend in the
plot). Source CTAO webpage.

LAT) and terrestrial particle shower array systems (e.g., HAWC) over various durations. Generally,
detectors in space suffer from reduced efficiency in collecting gamma rays due to their smaller size,
necessitating extended periods of data accumulation to observe a significant quantity of high-energy
photons. Consequently, this results in diminished detection capabilities of orbital instruments for
energies exceeding several GeV [201]. The performance of IACTs in terms of sensitivity begins to decline
at energies approximately in the range of tens of GeV, a deterioration attributed to the inefficiency of
gamma-hadron separation at these energy levels. A similar decline is observed at energies surpassing
a few tens of TeV, where the sensitivity is constrained by the statistical number of photons emanating
from the source.

3.4 Software for IACT data analysis

Data processing from raw waveforms (signal) in DAQ to physical results in the form of SED and LC,
taking into account Monte Carlo simulations, requires specialized libraries.

3.4.1 ctapipe

The ctapipe is an open-source python framework for the processing of gamma-ray observatory data
[231]. Designed to facilitate raw data calibration, image extraction, parametrization, and event re-
construction, it serves as a core package in the data processing pipeline for gamma-ray observatories.
The software’s primary objective is to transform pre-calibrated raw data into science-ready datasets,
analyzing the intricate patterns of Cherenkov light emissions. A distinguishing feature of ctapipe
is its integration of machine learning techniques, which play a pivotal role in event reconstruction,
particularly in estimating the energy and type of primary particles. The framework uses a systematic
approach, breaking down the analysis into sequential steps, from image extraction to the detailed recon-
struction of primary particle properties. Its adaptability is showcased through a flexible configuration
system, allowing for tailored analyses based on specific requirements.
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Figure 3.8: The analysis workflow for LST-1 data using lstchain involves processing the raw inputs
through various stages to ultimately compile a list of gamma-ray candidates. Subsequent data analysis
can be conducted using the existing suite of high-level gamma-ray analysis tools. Source: [232]

3.4.2 Istchain

The 1stchain [232] is the dedicated pipeline software designed for data reconstruction from the LSTs.
Drawing heavily from ctapipe, this software serves as a crucial foundation for devising low-level data
processing techniques for the CTA. A visual representation of 1stchain workflow is shown in Fig. 3.8.
It commences with raw data (R0), progresses to pulse integration (after the low-level calibration),
and subsequently calibrates these pulses into observed photoelectrons. A subsequent image-cleaning
step filters out pixels, selecting those affected primarily by the shower rather than the ambient night
skylight. The software then computes various image parameters, notably capturing moments up to the
3rd order related to the light distribution, resulting in the Data Level 1 (DL1). Employing Random
Forest models—trained on Monte Carlo simulations—the software estimates primary energy, deter-
mines arrival direction, and discerns between gamma-ray candidates and hadron-produced images.
When these models are used to process data, the aforementioned image parameters are merged with
the reconstructed energy, directions, and gamma-ray likelihood, leading to Data Level 2 (DL2). Con-
cluding the pipeline, an event selection phase filters for gamma-ray candidates, resulting in Data Level
3 (DL3).

The 1stosa library [233], dedicated to automating the data processing sequence for LST-1 via the
lstchain, significantly streamlines the on-site data reduction process. This automation allows the
analysis to start with DL1 files.

3.4.3 MAGIC Analysis and Reconstruction Software (MARS)

The MAGIC Analysis and Reconstruction Software (MARS) [234] is a comprehensive software package
developed by the MAGIC collaboration for analyzing and reconstructing data from the MAGIC tele-
scopes. The software is developed in C++ and based on the ROOT framework?, designed to process
the data collected by the MAGIC telescopes. MARS includes algorithms for the reconstruction of

3https://root.cern/
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shower images from raw telescope data, event stereoscopic reconstruction, background estimation, and
extraction of physical information(light curve, SED, sky-maps).

The analysis process in MARS is carried out in several steps. First, the raw data is converted into
ROOT format, and the signals from each pixel are calibrated. This involves correcting for baseline
offsets and applying flat fielding and absolute calibration to convert the signal into photo-electrons
(p-e.). Next, relevant pixels in the images are identified (image cleaning). The images are then
parameterized using Hillas parameters to describe their orientation, shape, and timing properties.
The stereoscopic shower reconstruction combines data from both telescopes to estimate the height of
the shower maximum, impact parameters, and arrival directions of the primary particle. Background
discrimination is used to distinguish between gamma-ray-induced showers and background cosmic-ray
showers based on the Hillas, timing, and stereoscopic parameters using the RF method. The energy
can also be estimated using the RF regressor or with look-up tables. The estimation of the shower
direction is improved using a revised disp-method, which calculates the distance between the image
center of gravity and the actual shower direction. Gamma-ray sources are identified by comparing the
count of gamma-ray events to the estimated background. Finally, MARS estimates the differential
energy spectrum of detected gamma rays and constructs light curves to study their temporal behavior.
It also generates two-dimensional maps of the sky, indicating the arrival directions of gamma-ray events
after processing and background subtraction.

3.4.4 Gammapy

Gammapy is an open-source Python package designed to analyze astronomical gamma-ray data [235].
It provides a method for processing and modeling data from various gamma-ray instruments, such as
Cherenkov telescopes or Fermi-LAT space telescope. Built on the modern Python scientific ecosystem,
it complies with established data conventions in high-energy astrophysics. Key features of gammapy
include data reduction starting from event lists and instrument response functions, binning these data
in energy and sky coordinates, and implementing several background estimation techniques to address
residual hadronic background in gamma-ray instruments. After binning, it allows for estimating the
flux and morphology of one or more gamma-ray sources using Poisson maximum likelihood fitting
with various spectral, temporal, and spatial models. It also supports estimating flux points, likelihood
profiles, and light curves.

Gamma-Astro-Data-Formats (GADF) is an initiative in gamma-ray astronomy aimed at standard-
izing the data format across various gamma-ray telescopes and instruments [236] [237]. After calibrat-
ing the data, gamma-ray data analysis software reconstructs shower events and separates gamma rays
from cosmic rays. This results in lists of gamma-ray-like events, which, after considering instrument-
specific response functions (IRFs), makes the derivation of scientific outcomes like spectra, sky maps,
and light curves possible. Once the data is reduced to event lists with reconstructed properties of the
primary particle, it achieves independence from the specific data reduction process and the detection
technique employed. This level of universality facilitates the representation of high-level data from
diverse telescopes, including IACTs, within a unified data model. The GADF initiative enforces a pro-
totype specification for producing files in the Flexible Image Transport System (FITS) format [238],
encapsulating gamma-ray-like events and associated IRFs. Python has gained immense popularity
in scientific programming and data sciences in recent years. Its simple syntax, ability to integrate
different programming languages, and a rich ecosystem of packages have particularly influenced com-
putational astronomy. Projects like astropy and gammapy have emerged, with gammapy being a key
tool in gamma-ray data analysis. Gammapy aligns with the GADF initiative, enabling various gamma-
ray instruments to export data into a standard format for combined analysis. The public availability
of GADF specifications and the gammapy package has led to the release of limited gamma-ray data sets
by several collaborations, like H.E.S.S., MAGIC, HAWC, FACT, VERITAS, and Fermi-LAT. These
releases facilitate validating and testing analysis tools like gammapy, marking a significant stride in
collaborative and standardized gamma-ray data analysis. Such initiatives as GADF, complemented by
software like gammapy, demonstrate the evolving landscape of gamma-ray astronomy, where data shar-
ing, standardization, and collaborative tool development are increasingly central to advancing scientific
discovery.

a0



3.4. SOFTWARE FOR IACT DATA ANALYSIS

High-level gamma-rays data analysis with gammapy

The process of analyzing data in gamma-ray astronomy involves two stages. The first one, sometimes
called low-level analysis, deals with the data processing from detector measurement, calibration, event
reconstruction, and selection to yield a list of reconstructed gamma-ray event candidates, as described
in the previous chapter. The next stage, high-level analysis, involves extracting physical quantities
related to gamma-ray sources and producing high-level science products such as spectra and light
curves. The core of the analysis consists of predicting the result of an observation by modeling the
flux distribution of an astrophysical object and passing it through an instrument model.

The high-level analysis begins with DL3 files, where gamma-rays are expressed in the form of lists
containing events and their corresponding IRFs, which are required to characterize how the instrument
responds to gamma-ray of different energies. The DL3 data is usually structured into individual
observations, each considered as a stable data acquisition period. In the case of IACTs, which are the
focus of the GADF data model and gammapy software, these periods typically last between 15 to 30
minutes, and an LST-1 run takes a maximum of 20 minutes. Within DL3, the event list is a simple
table where each row represents an individual event, and columns contain the measured properties
of these events, such as reconstructed incident direction and energy, arrival time, and reconstruction
quality. Once the DL3 data is collected, high-level analysis processes it further into DL5/6 to derive
physically relevant quantities such as fluxes, spectra, and light curves of sources. The initial phase
of high-level gamma-ray data analysis involves choosing and extracting a specific set of observations,
a process guided by their metadata. This metadata encompasses details like the direction of the
telescope pointing and the observation time. After the initial selection, the analysis process moves
to data reduction. In this stage, events from observations and responses from the instrument are
integrated into or mapped onto a standardized physical coordinate system, which is outlined by a
specific map geometry. This geometry usually includes a spectral aspect characterized by an energy
axis with defined bins and spatial elements. These spatial dimensions are responsible for translating
celestial coordinates into a pixelized image space through a spherical projection or for defining a
singular region in the sky. In the form of maps, the counts data and the processed IRFs are compiled
into datasets, constituting the DL4.

The usual approach involves modeling the datasets through binned Poisson maximum likelihood
fitting. By assuming that each bin follows Poisson statistics, the log-likelihood for an observation is
calculated using the Cash statistics [239]

K

C=2 z Npred,i — Nobs,i In Nprea i (3.1)
i=0

The expected number of events in the observation is determined by applying a source model through
the IRF in a process known as forward folding:

NPred(paE;é) dp dE :Edisp ® [PSF ® (Aeff : tobs : (I)(é)>}
+ Bkg(pa E) : tObS

(3.2)

This formula integrates the IRF elements previously discussed and an analytical model of the assumed
source emission. The model depicts the radiation intensity from gamma-ray sources, which varies
according to the true energy Fiye.
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3.5 Monte Carlo simulation

The development of an atmospheric shower and the emission and propagation of Cherenkov light are
usually simulated using CORSIKA [240, 241]. The atmosphere plays a pivotal role in the detection
processes of TACT, yet its exhaustive characterization under controlled conditions remains inaccessi-
ble. Moreover, the evolution of atmospheric showers also presents significant challenges in accurately
describing them through analytical models. In addition to these, issues related to signal reconstruc-
tion in individual pixels further complicate the scenario, making Monte Carlo simulations the most
straightforward approach for evaluating the response of the telescope from cascades initiated by cosmic
events with known attributes of primary particles. The telescope simulation contains the reflection of
Cherenkov light on the mirror dish, transmission through the camera entrance window, and detection
on the focal plane, which is equipped with light concentrators and photo-multiplier tubes (PMTs).

TACT image analysis is used to reconstruct the properties of the primary shower, such as particle
type, energy, and direction. This analysis heavily depends on detailed MC simulations of the shower
development and the telescope. The simulation enables training event reconstruction algorithms using
events with known primary attributes, which are then applied to real data. An independent MC test
sample is also used to derive Instrument Response Functions (IRFs). The simulation also factors in the
laboratory-measured performance of telescope components, often including their dependence on photon
wavelength and incident direction. Furthermore, the camera trigger system, electronic signal processing
chain, and analog signal digitization are simulated to create digital waveforms, mirroring those in real
LST-1 data post-correction for data acquisition electronics’ low-level features. Although this method
allows for applying the same analysis pipeline to both simulated and observed data, it is important to
remember that Monte Carlo simulations do not replicate all the details of real data. Furthermore, the
calibration process differs in 1stchain pipeline: real data use the excess noise factor method, while
simulated data employ a simplified approach based on assumed pulse parameters. However, in MARS
(software used by the MAGIC telescopes), the excess noise factor method is utilized for both Monte
Carlo simulations and real data [242].

3.5.1 Gamma-Ray and protons generation for LST-1

MC simulation data are organized into distinct sets: for the lstchain, simulations of two primary
particle types, gamma rays, and protons, are used to train the event reconstruction algorithms of the
LST-1 telescope. In contrast, simulations cover various zenith angles for all azimuths for the MAGIC
analysis, reflecting a different approach to data handling and analysis.

To evaluate the telescope’s response, while simulations include both gamma rays and protons, the
IRFs are derived solely from the gamma-ray simulations. Gamma rays, the sample used for the training,
were simulated by LST-1 collaboration with a differential energy spectrum adhering to dN/dE o E~2.
For vertical incidence showers, LST-1, an energy spectrum ranging from 5 GeV to 50 TeV, was used.
The gamma rays’ directions were isotropically distributed around the telescope’s pointing, limited to
an offset angle of 2.5°. In the test samples, the gamma rays were generated with a fixed angular offset
of 0.4 deg from the telescope pointing direction, following simulation parameter settings that indirectly
influenced the maximum impact distance, effectively capping it at 700 m for vertical incidence [202].
This approach was not only efficient but also ensured that the fraction of events not reproduced in the
simulations remained negligible.

The LST-1 generated protons alongside gamma rays for the training sample. The energy spectrum
for vertical incidence was restricted between 10 GeV and 100 TeV, considering that protons exhibit a
lower Cherenkov light yield than gamma rays of the same energy. For vertical showers, the maximum
impact parameter is 1500 m. The telescope pointing had an isotropic spread of directions within an
8° radius, also for vertical observations. LST-1’s simulations of gamma rays and protons spanned
a diverse range of telescope-pointing directions, extending to an approximate zenith distance of 70°.
However, it is important to note that this range varies depending on the specific declination line, and
for some lines, zenith distances greater than 70° were also simulated.

LST-1 used a methodology of pointings that were aligned with declination lines. These pointings
were specifically designed to follow the trajectory in horizontal (Alt-Az) coordinates and trace all
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sources at a specific declination, as observed from the LST-1 site. The primary objective behind this
grid design was to train the algorithms efficiently, ensuring that they encompass all directions along
the selected declination line. On the other hand, the test MC was structured in a grid combining
zenith and azimuth values. For an individual IACT, the performance is predominantly influenced by
the air mass and the orthogonal component of the geomagnetic field to the shower axis. This grid is
used for LST-1 in calculating the IRFs for each node, subsequently interpolating them to derive the
IRFs for any arbitrary telescope orientation.

3.5.2 Instrument Response Functions (IRFs)

IRF is a function describing how a telescope responds to the signal it collects [231]. In practice, IRFs
are used to characterize and model the performance and behavior of instruments. The instrument’s
response to the gamma-ray signal is needed for Cherenkov telescopes to estimate the spectrum of a
source emitting gamma rays. The description of a gamma-ray telescope’s instrumental response is
dependent on various factors, such as the instrument itself, the specific analysis being conducted, and
the surrounding environmental conditions. An integral equation is typically used to transform the true
properties of the gamma rays into observable quantities [231]:

R(pa E|ptrue7 Etrue) = Aeff (ptrue7 Etrue)
X PSF(p|ptrue; Etrue) (33)
X Edisp(E|ptrllea Etrue)

where the components are defined as:

o Ao (Piruc, Firue), the effective collection area of the detector, is computed as the product of the
detector’s collection area and its detection efficiency at the true energy FEi,ue and position pirye.

e PSF(p|ptruc, Firue), the point spread function, provides the probability density of measuring a
direction p given the true direction pt,ye and true energy Fi,u. For gamma-ray instruments, the
radial symmetry of the PSF is a common assumption, which means that the probability density
PSF(Ap|ptrue, Etrue) depends only on the angular separation Ap = pyrue — -

¢ Egisp(E|Ptrue, Etrue), the energy dispersion, denotes the probability of reconstructing the photon
at energy F when the true energy is FEj... and the position is pyue. gamma-ray instruments
often consider Egisp (14|Ptrue; Etrue), representing the probability density of event migration, where

H= Etrue

Additionally, the instrumental background, resulting from hadronic events misclassified as gamma-
ray events, forms a uniform background against gamma-ray events. For instruments like Fermi-LAT,
this residual hadronic background is negligible (less than 1%) due to the veto layer and is often
overlooked. However, for IACTs and WCDs, this background can represent a significant portion
(over 95%) of the events, requiring careful consideration in analyses. Gammapy typically relies on the
background models supplied with the DL3 data, which generally only depend on the reconstructed
event position and energy, Bkg(p, E). Nevertheless, it is important to note that all IRFs can be
influenced by the geometric parameters of the detector, such as the event’s location in the Field of
View (FoV) or the elevation angle of the incoming event direction. As such, IRFs might also be
parameterized as functions of these detector-specific coordinates.

The LST-1 pipeline utilizes the pyirf [243] Python library for generating IRFs.

3.6 LST-1 low-level data analysis

The following section describes how the first stages of the analysis are applied to real cosmic data from
the LST-1 telescope. As part of my doctoral thesis, I focused on developing methods for processing
raw data, especially low-level calibration.

After the Data acquisition (DAQ) registers a signal from the cosmic shower, the data analysis
pipeline of LST-1 1stchain takes in pre-calibrated raw data as time series data (waveform) for each
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pixel for every event. It performs low-level calibration, such as baseline correction, delta time correc-
tion, and time arrival correction. Then, image extraction, cleaning, and parametrization are conducted.

3.6.1 Low-level waveform calibration

The LST-1 uses the Dragon readout system, developed at the Institute of Cosmic Ray Research (ICRR)
of the University of Tokyo, which utilizes the Domino Ring Sampler version 4 (DRS4) chip [244, 245].
The LST-1’s extensive mirror area captures NSB photons at rates up to several hundred megahertz
(MHz) per pixel [216]. The Dragon system effectively samples incoming signals at around 1 gigahertz
(GHz) [216], significantly enhancing the signal-to-noise ratio. The high sampling rate and sophisticated
analysis methods are crucial in reducing the impact of noise from night sky background (NSB) and
electronics, thereby improving the quality of data gathered by the telescope.

The LST-1 camera is composed of 265 modules, each containing 7 photomultiplier tubes (PMTs),
resulting in a total of 1855 pixels. Each module contains 8 DRS4 chips for the signal reading, seven
photomultipliers, a preamplifier, and a power supply. Signal readout from each pixel uses four channels
of the DRS4 chip to provide the readout depth of 4 us. For each pixel, the signal from the preamplifier
is split into high-gain (HG), low-gain (LG), and a trigger line, with each both HG and LG signals.
Upon triggering, an external analog-to-digital converter (ADC) digitizes the signal waveform (both
HG and LG) [246]. Following an event trigger, only a fraction of the capacitors is read out, with each
capacitor corresponding to 1 ns, typically saving 40-time slices (and excluding the first three and the
last one capacitor because they are noisier due to the internal construction of the chip).

The LST-1’s readout data system, based on the DRS4 chip, requires a series of software corrections
to maintain low electronic noise. I developed these corrections at the beginning of my involvement with
LST-1 in 2019. Over time, the data acquisition and analysis chain evolved, and the corrections are
now integrated into the Data Acquisition (DAQ) system, occurring in real-time during data collection.
During my doctoral research, I played a significant role in assessing the effectiveness of this online
implementation. Additionally, I was responsible for integrating the time arrival correction for pulses
into the 1st-chain.

Baseline correction

Each capacitor in each DRS4 channel has its baseline value. This means that for the whole camera,
1855 x 2 x 4096 = 1.5 x 107 pedestal values are required. The differences in the mean value of the
baseline value caused by the physical nature of the storage capacitor are much bigger than the standard
deviation of the baseline of the individual capacitors. Therefore, they need to be taken into account
to avoid a significant increase in the noise of the readout. Due to the internal construction of the
DRSA4 chip, there is a relatively big step in the baseline at capacitor 512 (in the middle of the readout
DRS4 ring). The average pedestal value of each capacitor is used to correct the offset of individual
capacitors. An example baseline of capacitors and waveform before and after applied correction is
shown in Figure 3.9. These values are obtained from a dedicated pedestal run conducted every night,
which is crucial for calibrating data collected during that night.

Each capacitor must be calibrated to achieve low electronic noise of the readout. The pedestal
values are sensitive to the temperature of the readout. A dedicated pedestal run is taken to find
individual capacitor pedestal values. For each capacitor, an average from all the values of the events
that cover it is calculated. This mean baseline value can then be subtracted from the signal in a given
capacitor. This correction is now performed online during the data acquisition process.

At correction

The pedestal value additionally depends on the last time this particular capacitor was read. Even after
baseline correction, the signal in the waveform is not fully stable for randomly arriving triggers. Since
each event is triggered at a different location in the DRS4 ring and only selected parts of the capacitor
are read out, it can happen that the slice of the capacitor of the timely readout part has been read out
later than the others. When it happens, the signal jump appears in the waveform shown in Fig. 3.10.
The dependence of the pedestal shift as a function of the last reading time can be fit with power law;
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Figure 3.9: Top: Pedestal values of individual capacitors, with error bars calculated as standard
deviation, for a single DRS4 channel (out of 4) for a particular pixel. Bottom: The electronic signal
in the form of a waveform. The blue dashed line represents the raw signal from DAQ, while the solid
orange line represents the signal after pedestal subtraction.
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it depends only mildly on the capacitor/pixel, and there is additional dependence on the temperature.
A power-law dependence is used for the correction as shown in Fig. 3.11. The pedestal subtraction
takes the difference in the current and the last time reading of this capacitor and subtracts the value
given by the power-law function. If the time difference is large, > 10ms, no correction is performed;
the curve is very flat in this range, and the correction would be overestimated.

Non gaussian noise correction

In the signal readout, a signal spike (shown in the bottom signal waveform in the 3.10) is also associated
with the DRS4 chip construction, which can be predicted and interpolated, or a predefined value of a

typical spike can be subtracted. This correction is important because such spikes can mimic the signal
from low-energy gamma rays.
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Figure 3.10: The left panel shows the distribution of electronic noise before and after applying signal
corrections. The histogram shows the signal distribution after applying each correction. The right panel
displays a few signal waveforms containing an example signal before and after correction. The top and
middle waveform examples show baseline jumps due to time dependencies of read-out capacitors. The

spikes in the waveform examples are predictable signal jumps due to the internal construction of the
DRS4 chip.

Residual electronic noise

A reduction in signal noise is observed after applying the standard corrections on the signal performed
during LST-1 operation. Initially, the standard deviation of the raw signal across all camera pixels
is 42.1 ADC. This value decreases to 8.4 ADC following baseline subtraction. Subsequently, the AT
correction further reduces to 6.1 ADC. The removal of the non-Gaussian component brings it down to
5.9 ADC. The results that were obtained are consistent with those observed during daily calibration
runs [216]. The histogram in Fig. 3.10 depicts the resulting distribution.

3.6.2 Flat-Field calibration

Flat-fielding is a calibration process in Cherenkov telescopes that ensures a uniform and constant
response from each PMT. This process is vital for defining a uniform background. Without such
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Figure 3.11: A 2D histogram depicting the relationship between signal intensity and the time lapse to
the previous reading of this capacitor overlaid with a power-law curve representing the time corrections
curve. The bottom part of the image shows the 2D histogram after these corrections have been applied.
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relative calibration, the images would be less consistent and could be mistaken for hadrons. LST-1
cameras require consistent calibration over a broad dynamic range, accommodating up to 10* photo-
electrons (p.e.) for each PMT [247].

The initial stage of the flat-fielding process involves exposing the entire detection surface of the
camera to short pulses of uniformly distributed light source, which has been designed specifically for
calibration purposes. Following this, each pixel’s response to the uniform light is precisely measured
for large (of the order of thousands) events. While it would be ideal for all sensors to produce identical
outputs, variations are commonly observed in practice.

After measuring each pixel’s response, calibration values are calculated to quantify how much each
pixel’s response deviates from the expected average. These values are use for adjusting the output from
each pixel during telescope operation, which ensures that the data accurately represents the actual
distribution of Cherenkov radiation across the field of view, without any bias.

The LST-1 camera calibration device, CaliBox, is equipped with a 355 nm UV pulsed laser and
two filter wheels to guarantee adequate photon dynamic range for each PMT. The CaliBox produces
light pulses that are 400 ps wide, with an adjustable rate between 1 Hz and 2000 Hz. A range of filters
covers the dynamic range from 10 to 10 p.e. per PMT. The system also includes a trigger mechanism
to coordinate with the camera at each laser shot [247].

3.6.3 Time calibration - correction of signal time sampling

Due to slightly uneven sampling of the DRS4, an additional time shift of typically 1 ns up to 4 ns
occurs depending on the position in the DRS4 ring. Calibration pulses are used to calibrate differences
in arrival time. Specific calibration measurements are carried out by introducing pulses from a laser to
achieve time calibration. The average arrival time of the pulse is calculated as a function of the pulse
position in the domino ring, which varies for different channels in the DRS4 chip. To obtain correction
functions (coeflicients) for each channel, a Fourier series expansion is utilized

N . .

. 7 - (FC mod 1024 1- (FC mod 1024

y(FC) = By + E (Ai sin < ( 1024 )) + B cos < ( 1024 )>) (3.4)
i=1

where A; and B; are coefficients of the function’s Fourier series expansion; N is the number of har-
monics, and F'C is the first capacitor position in the readout ring.

As seen in the figure 3.12, the curves for the pulse arrival time dependency on the position of the
first capacitor in the DRS4 ring are unique for each pixel and vary depending on the DRS4 chip.
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Figure 3.12: The relationship between the average pulse arrival time and its position in the DRS4 ring
across 1024 capacitors, with a function curve fitted using a Fourier series expansion incorporating 16
harmonics for three different pixels.

Given that a single pixel in the Dragon signal readout system is processed by four channels from
the same DRS4 chip, all channels exhibit identical delay curves. This consistency allows for the
implementation of corrections based on the absolute position, calculated as modulo 1024 with respect
to the first capacitor’s read position in the DRS4 ring. To further enhance statistical accuracy, data
from eight capacitors are aggregated, treating them as a single point in the analysis. This approach
not only streamlines the correction process but also significantly improves the precision of statistical
measurements.

Accurately determining the temporal evolution of the shower development is vital for analyzing
the signal from the cosmic shower. Time calibration plays a significant role in determining the signal’s
arrival time, one of the key parameters used in the image-cleaning process. Furthermore, calculating
the gradient of the pulse arrival time along the main line of the image helps determine the direction
of the incoming primary particle and distinguish gamma photons from the background [221].

As part of my doctoral research, I implemented the functionality for calculating calibration coeffi-
cients and saving them in a binary file in the cta-Istchain code. Additionally, I wrote code that applies
this correction in the LST-1 pipeline during data processing.

Pulse arrival time correction

In the readout system of LST-1, three types of time corrections can be distinguished:

e pixel time subtracted mean arrival time (from numerous events) in a given pixel. This achieves
a time-flat fielding of different pixels of the camera.

e curve time involving subtracting the time from the given delay curve for a given pixel from the
determined pulse arrival time. This improves the time resolution at the level of a single pixel.
This is used in processing data.

e trigger jitter subtracted the mean arrival time in each pixel based on the mean pulse time from
a given event.

Pixel time and curve time correction are used to process LST-1 data. In the DRS4 system, every pixel
has a unique average pulse arrival time that is further influenced by its position within the ring. To
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address this, I incorporate a delay curve in my calibration process to account for the positional effect.
Having determined the delay curves based on the position of the first read capacitor, I apply curve
correction to improve the temporal resolution of the pulse arrival time. To adjust for the mean arrival
time of numerous events in a specific pixel, I subtract the mean arrival time base of many events for
each pulse. Correcting both of these effects during calibration is crucial to ensure that all pixels have
the same arrival time. Additionally, the trigger itself experiences a delay, resulting in a consistent
shift forward or backward for all the pixels during readout. To address this, I subtract each pixel’s
mean time of particular events. This correction is not used in the data as the global time shifts do not
influence shower image analysis but are utilized to verify the performance of the arrival time resolution
after all the corrections.

Figure 3.13 displays a pulse arrival time histogram for two pixels, both before and after corrections.
Figure 3.14 contains the same information for all pixels. These plots demonstrate that the time and
curve correction of pixel time significantly improves time resolution, reducing the standard deviation
from 1.78 ns to 0.91 ns. With additional jitter correction, the readout system’s time resolution is
approximately 0.4 ns.
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Figure 3.13: Histogram of arrival time for two pixels before correction and after correction, o specifies
the standard deviation of the distribution.
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Figure 3.14: Histogram of arrival time for all camera pixels after different time correction stages.

3.6.4 Pixel-wise charge integration and image cleaning

The conversion from a charge in each waveform to its equivalent in units of a single photoelectron
signal occurs using factors derived from calibration runs, utilizing the F-factor (also referred to as
the excess noise factor) method [216]. In addition to the integrated charge, a signal arrival time for
each pixel is computed using a basic charge-weighted average of the sample times, adding an essential
temporal dimension to the data analysis. The signal processing in the form of waveforms involves an
integration step, executed within a specific 8-sample window (equivalent to approximately eight ns),
using the LocalPeakWindowSum algorithm from ctapipe. This window is dynamically selected based
on the sample (8,4,) With the peak value in the calibrated waveform, ranging from [$pmaz - 3, Smaz +
4] [202].

After the preliminary calibration of the raw signal and converting ADC counts into photoelectron
and charge integration, the subsequent phase involves image cleaning. This step is important as the
majority of pixel signals are dominated by noise from the NSB, while only a limited subset of pixels
contain signals pertinent to atmospheric showers. The cleaning process uses both the signal intensity
and temporal information from each pixel to effectively distinguish and isolate relevant shower signals
from the prevalent background noise. The image-cleaning process involves two approaches: one based
solely on the signal strength and another that also incorporates the timing of the signals.

The function tailcuts_clean? is used to clean an image using a two-threshold tail-cuts procedure.
The tailcuts_clean function is governed by several parameters. This method selects pixels based on
picture core and boundary thresholds determined by the sky background (e.g., for moon time observa-
tions, higher thresholds are used). Essentially, pixels are retained if they meet two criteria: their signal
exceeds the picture and boundary threshold, and they satisfy the specific time condition related to the
neighboring pixels. The picture_thresh parameter sets the threshold above which all pixels are auto-
matically retained. The boundary_thresh parameter determines which neighboring pixels are retained

4nttps://ctapipe.readthedocs.io/en/latest/api/ctapipe.image.cleaning.tailcuts_clean.html#ctapipe.
image.cleaning.tailcuts_clean
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based on their proximity to those above the picture threshold. The keep_isolated_pixels parameter
dictates whether pixels above the picture threshold should always be included (True) or only if they
have neighboring pixels in the picture or boundary (False). Lastly, min_number_picture_neighbors
is an integer that specifies the minimum number of picture neighbors a pixel must have to be retained,
though this is only relevant if keep_isolated_pixels is set to False.

The function apply_time_delta_cleaning ° is also vital in refining image processing by focusing
on the temporal aspect of pixel data. It operates on a pre-selected group of pixels, identifying those
with fewer than a specified number of neighbors with arrival times within a certain timeframe. This
function enhances the cleaning process by considering both the pixel arrival times and their spatial
relationships. The time_limit parameter defines the allowable time window within which the arrival
times of neighboring pixels must fall. This parameter helps identify selected pixels that have fewer than
N neighbors arriving within this specified timeframe. This time delta cleaning is typically employed
after the initial tailcuts cleaning. It provides an additional layer of refinement by considering the
temporal relationships between pixels, further enhancing the quality of the image analysis.

Image cleaning and parametrization in LST-1

Pedestal cleaning is a process that enhances the cleaning efficiency by incorporating an additional
condition that allows for dynamic computation of the threshold for each pixel. I have implemented
and optimized this process within 1lstchain, and it is now an integral part of the standard analysis
pipeline.. The process works as follows:

1. The picture threshold is dynamically adjusted to reduce noise in pixels with elevated background
noise levels. This is achieved by substituting the default value with a pixel-dependent new
threshold calculated as

(Qped) +2.5-0Q,.45 (3.5)

provided this value surpasses the standard threshold of 8 p.e. Here, < Qpeq > and o, , represent
the mean and standard deviation of the reconstructed charge for the specific pixel, determined
using interleaved pedestal events.

2. The next processing steps follow the standard tailcuts_clean method.

The final selection of pixels for inclusion in the image is made by applying additional criteria: a
pixel must have at least two neighbors (from the initially pre-selected pixel set) whose signal arrival
time differs by no more than two nanoseconds from its own.

I developed this new technique to enhance the image-cleaning process for the LST-1. To make use
of the pedestal cleaning methods, it is necessary to have estimates of the threshold for each pixel. The
interleaved pedestal events are events that contain only noise from the sky and electronics, which are
collected at a frequency of 50 Hz. I calculate the pedestal value in each pixel from calibration events
by:

Retrieve the pedestal’s mean value and standard deviation for the DL1 file.

e Check if there is a problem with the standard deviation values for pedestal events using moni-
toring data from data taking. If so, it uses the standard deviation values from the calibration
run.

Calculates the cleaning threshold based on the mean pedestal value and standard deviation.

Searches for unusable pixels, likely due to dead pixels caused by stars in interleaved pedestal
events; such pixels are removed from the analysis.

In Fig. 3.15, I show a map of the distribution of the threshold values for cleaning, calculated based
on the average charge and standard deviation of the signal from the interleaved pedestal events. As
the signal distribution map of the camera shows, images during observations of Galactic sources are
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Figure 3.15: Example map of the distribution of the threshold values for cleaning. This image shows
data for the Galactic (Crab Nebula, top image) and Extragalactic source (BL Lac, down image). In
the field of view of the Crab, a strong star is a source of high noise. On the left side is the derived
threshold value for each pixel in the camera. On the right side is a binary map showing which pixels
have a higher value than the standard picture threshold cleaning value. Only for these pixels will the
higher cleaning threshold be used.
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more noisy compared to those of Extragalactic sources. This is expected both due to a higher level of
diffuse NSB as well as the presence of individual bright stars.

A practical method for evaluating the performance of the image-cleaning algorithm is to analyze
the probability of a pedestal event successfully passing through the procedure, which means it has at
least three surviving pixels. This same probability can be used to identify any spurious noise events
that survive the cleaning process and potentially interfere with the reconstruction of the shower image.
By implementing the above conditions, it is possible to achieve a fraction of cleaning-surviving pedestal
events that are less than O(1073), specifically in dark conditions using LST-1.

In Figure 3.17, I present several cosmic images processed using standard and pedestal cleaning.
This comparison illustrates the significance of pedestal cleaning in effectively removing unwanted noise
from the images, thereby demonstrating its importance in data analysis.

Assuming you have n images and the probability of each image surviving is p, the number of images
that will survive follows a binomial distribution with parameters n and p.

The mean (expected value) of the number of images that will survive is:

n=mnp
The standard deviation for the binomial distribution is:
o= +/np(l —p)

The measurement error for the number of survived images is typically expressed in terms of the
standard error, leading to the final expression for the percentage of surviving cases being p £ o .

To evaluate the effectiveness of image cleaning methods and determine the optimal parameters, I
examine how many images containing only night sky noise and electronic noise were not completely
cleaned. T aim to minimize this number, indicating effective noise reduction. However, overly aggressive
cleaning could result in the removal of pixels from cosmic ray hits, which is undesirable. Balancing
these two aspects is crucial for optimizing image-cleaning processes in LST-1 data analysis.

The plots in Fig. 3.16 display multiple curves, illustrating various aspects of pedestal event clean-
ing. These include the dependency of cleaning effectiveness on the chosen parameters, the utilization of
temporal information, and comparisons between Galactic and Extragalactic sources. The parameters
tested were picture thresholds of 6 and 8 and boundary thresholds of 3 and 4. I also implemented
extra conditions for the picture threshold to eliminate the noisiest pixels. The incorporation of tem-
poral information is shown to significantly improve the cleaning process efficiency. Additionally, the
comparison demonstrates that Extragalactic sources, which exhibit significantly lower noise, allow for
the use of less aggressive cleaning settings. For example, cleaning with a picture threshold of 8 and a
boundary threshold of 4 proves similarly effective to a 6-3 setting with an additional sigma condition,
particularly for these lower-noise sources.

I examined what pedestal cleaning approaches have an impact on image parameters. To illustrate
the resulting variations, I presented various images processed with the standard tailcuts cleaning
method and modified by information from pedestal events. In some instances, using the pedestal
cleaning method leads to more effective noise removal, resulting in more accurate image parameter
values, as demonstrated in Fig. 3.17.

Image cleaning in LST-1 summary

The standard cleaning settings currently utilized in LST-1 involve pedestal cleaning with a picture
threshold of 8 and boundary of 4, along with a sigma value of 2.5 [218]. Additionally, delta time
cleaning is used with a time limit of 2 seconds. According to a study conducted in this chapter on
Galactic sources, the percentage of survived pedestal images from interleave calibration is less than
1%, while for Extragalactic sources, it is less than 0.1%. Therefore not only the fraction of noise-only
events is very low, but also the shower images will very rarely be burdened by artificial islands.

Shttps://ctapipe.readthedocs.io/en/latest/api/ctapipe.image.cleaning.apply_time_delta_cleaning.html#
ctapipe.image.cleaning.apply_time_delta_cleaning
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Figure 3.16: Efficiency of cleaning with various parameters for Galactic and Extragalactic sources with
and without temporal cleaning (delta time = 2 ns).
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Figure 3.17: A series of images from real LST-1 data showing cosmic showers images and images after
applying various cleaning methods. The first image on the left shows the original signal from the
camera before any cleaning is used. The central image in each row illustrates the data after applying
a standard procedure called tailcuts with delta time cleaning with threshold 2ns. After applying a
special technique called pedestal cleaning, the picture on the right represents the result, which allows
for more efficient noise removal.
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Chapter 4

BL Lac analysis

In this chapter, I present my analysis of the LST-1 observations of the BL Lac source. By applying
the data analysis pipeline explained in the previous chapter to real data, I illustrate the application of
the LST-1 pipeline to scientific observations of a flaring source. In this chapter, I focus on the analysis
steps applied to the DL2 (data level 2) data within the LST-1 pipeline framework, detailed previously,
leading to the derivation of physical results such as the Spectral Energy Distribution (SED) and light
curve. I gained expertise in handling the LST pipeline during my seven-month research stay at the
Institut de Fisica d’Altes Energies in Barcelona. I focused on the issue of using a limited library of MC
simulations for source analysis. As part of this task, I attempted to address this problem by comparing
the results obtained from different MC samples available for analysis. I demonstrate this using the BL
Lac source as an example to check the performance of the LST-1 telescope in flux reconstruction with
various MC simulations.

4.1 Source

BL Lacertae (BL Lac), a blazar located at redshift 0.069 [248], is located according to Interna-
tional Celestial Reference System (ICRS) coordinates (epoch J2000) 22:02:43.29 in right ascension
and +42:16:39.98 in declination, as observed in the optical observations. Typically classified as LBL
(see [249]) but occasionally referred to as IBL (refer to [250]), is notable for its flux variability across
different energy bands, as detailed in [251]. The entire class of BL Lac objects is named after it,
although subsequent studies have shown a state in which it had emission lines that did not qualify it
as a BL Lac-type object [50].

BL Lac detection in the VHE gamma-ray band has occurred exclusively during its flaring states
until now. BL Lac was first claimed in the VHE gamma-ray band (over 1 TeV) in 1998 by Crimean
Observatory [252]. Concurrently, HEGRA also observed the source during the same period and estab-
lished upper limits on the emissions, which were not consistent with the findings from the Crimean
Observatory [253]. The first unequivocal detection was later accomplished by MAGIC in 2005 [254].
Since then, MAGIC and VERITAS have detected multiple instances of the BL Lac flare, each display-
ing a range of flux levels. BL Lac has shown considerable activity in the gamma-ray band since 2019,
with MAGIC detecting numerous VHE gamma-ray flares during this period [255, 256, 257|. The light
curve from Fermi-LAT for BL Lac is shobardzo wysokich energiiwn in Fig 4.1. BL Lac was detected
at the VHE energy range not only during flare events but also during lower states of emission [254].

BL Lac exhibited a period of enhanced activity from August 2020 to November 2022, with a peak
in July-August 2021. During this time, BL. Lac reached historic brightness maxima in various energy
ranges, which were observed by several observatories, including the Crimean Astrophysical Observatory
[258], the Ferson telescope [259], the MAGIC telescopes [257] and Kanata telescope [260]. LST-1
observatories also detected this increased activity. On July 11, 2021 (MJD 59406), LST-1 observed
a differential flux of (1.3 & 0.2) x 1072 em™2 s=! TeV~!, corresponding to 25% of the Crab Nebula
flux, at 100 GeV with 8 sigma significance [261]. In 2021, LST-1 observed a BL Lac outburst [262],
detecting high-energy gamma-ray emissions consistently across the campaign. Particularly on August
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9, the observations yielded a significant detection at 43.40, showcasing notable intra-night variability
with peak flux levels between 3 and 4 Crab Units. On August 2, 2021 (MJD 59428.9), MAGIC detected
a flux corresponding to about 1.3 C.U. at E>100 GeV, roughly an order of magnitude higher than
typical non-flaring flux values [263].

58000 58400 58800 59200 59600 60000
Time [mjd]

Figure 4.1: Fermi-LAT light curve for energy 0.1-100 GeV with the green line indicating the August
8, 2021 data used for my analysis. Source: [264].

4.1.1 Monte Carlo for analysis

As discussed in the previous chapter, MC simulations play a crucial role in IACT data analysis. For
the analysis of a very strong flare, such as the one from BL Lac, one expects small statistical errors.
Therefore the analysis is more prone to systematic effects. I aim to study the relationship between
the analysis outputs, namely 62, SED, LC, and the set of IRFs employed. I have generated two sets
of IRFs for this goal, each processed with a separate training output based on different MC samples.
These IRFs have to be applied to corresponding DL2 data files (of BL Lac observations) and processed
with the same training outputs. In summary, I am checking how the selection of a specific declination
line of generated MC simulations for training purposes affects the analysis results.

The MC training is conducted by simulating pointings along lines of declination, meaning it tracks
the path in horizontal coordinates (Altitude-Azimuth) that all objects at a specific declination take,
as seen from the LST-1 location. In LST-1, MC simulations involve fifteen distinct declination lines,
ranging from -29 degrees to +67 degrees, distributed in steps determined by the cosine of the minimum
zenith angle (cos(Z Dpin)), where Z Dy, represents the zenith angle at culmination. Fig. 4.2 displays
the telescope’s pointing at the sky in azimuth and zenith coordinates with marked declination lines for
which LST-1 has MC simulation data available. For my work, I have conducted data analysis for two
MC lines that are the closest to the BL Lac nominal declination and compared the results I obtained.
The declination line of 48.22° is closer to BL Lac (5.9 degrees vs. 7.5 degrees) than 34.76°. However,
it does not cover the entire range of zenith angles. This analysis is aimed to provide valuable insights
into how the analysis chain functions in LST-1, as it investigates whether using different MC data sets
leads to significant differences in the analysis and would contribute to the systematic errors associated
with the current data analysis scheme in LST-1.
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Figure 4.2: This plot presents the pointing of the telescope sky in Azimuth and Zenith coordinates
with marked declination lines. The closest nodes to the BL Lac path, corresponding to declinations
34.76° and 48.22°, are visible. Credit: Dr. Seiya Nozaki.

4.1.2 LST-1 observations and data processing

The observations of BL Lac by the LST-1, detailed in this chapter, were conducted during the moonless
night of August 8th to 9th, 2021. These observations were restricted to periods when the source was
less than 50 degrees from the zenith.

I selected the data from the night of August 8/9 because the weather conditions were good, and
the source exhibited the highest activity observed by LST-1 during this period. The total duration
of the observations was 1.83 hours after data selection, with each observation run lasting 20 minutes.
To ensure data quality, I selected only those datasets where the camera-averaged rate of pixel pulses
with a charge above 50 photoelectrons (p.e.) met quality criteria: Specifically, the datasets with a
camera-averaged rate of pixel pulses exceeding 30 p.e. more than 4.5 s~! and runs where the rate of
shower images with an intensity between 80 and 120 photoelectrons (p.e.) exceeded 800 Hz. These
thresholds, aimed primarily at outlier removal, were calculated based on run-averaged values, although
the exact cut-off points are somewhat arbitrary, as detailed in [202]. This rate indicates the atmospheric
conditions during the observation, serving as a reliable metric for assessing the quality of the data
collected. For the event selection process, I select gamma-ray candidates by using energy-dependent
gammaness and angular cuts that preserve a certain percentage of the point-like MC gamma-ray events
in each reconstructed energy bin. The corresponding efficiency was set 80% for the gamma/hadron
separation cut. Additionally, we set the maximum values to 0.95 for the gammaness cut and 0.2
degrees for the 6 cut. I processed the data from DL1 to DL2 using the 1stchain developer version
(corresponding to 1stchain version v0.9.7). I used a development version of the software because, at
the time, the latest stable version that was available was outdated and unable to perform the required
task for my work on BL Lac analysis. So, instead of using the stable version, I opted to work with
the development version that had the necessary features and capabilities to meet my needs. Then,
I performed a high-level analysis of DL3, DL4, and DL5 (including spectra and light curve) using
gammapy v.0.19 [265]. This analysis was carried out on the LST-1 computing cluster, which was chosen
due to its direct access to the necessary datasets and its substantial computational power and RAM
availability, facilitating a more efficient processing environment.

Comparison of background and signal rates

To assess the influence of the selected MC along a specific declination line, I conduct a comparative
analysis of the significance of detection, the number of gamma photons within the ON and OFF regions,
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and the corresponding rates of gamma rays and background radiation. The resulting plots are shown
in the fig. 4.3

To begin the analysis, I compare the angular distribution of the events for BL Lac. Fig. 4.3 displays
the 2 parameter distributions, which measure the squared angular distance between the reconstructed
event directions and the source. For the background, the distribution is approximately uniform, while
the signal should reveal itself as a peak at low values of §. The parameter is divided into six energy
ranges. Upon analyzing the plots, it is evident that there are significant differences in the number
of ON and OFF events for the energy range of 0.01-0.03 TeV. Specifically, the data processing with
declination line 48.22° shows around 20% more events than the other data processing method for the
same energy range. Moreover, the significance of the results obtained from this processing method
remained higher by 1.3 o'. More events were also observed for data processing with declination line
48.22° for the energy range of 0.03-0.3 TeV. In addition, a slightly higher significance was noticed
for the data processing with declination line 34.76° in the energy range of 0.1-0.3 TeV. However, for
energies above 0.3 TeV, the results in the theta plots were similar. These observations indicate that
processing data for the declination of BL Lac using MC samples for declination line 48.22° is potentially
slightly more sensitive for lower VHE energies (10 to 300 GeV), though the overall differences are not
significant. However, it’s important to note that the lowest energy ranges may exhibit an energy bias
effect, which can vary depending on the training applied. In the figure labeled as Fig. 4.4 and 4.5, 1
have included a comparison of the significance (o) and the rate of gamma and background events per
minute in 5 estimated energy ranges (ranging from 0.01 to 10 TeV). From the analysis of these plots,
we can observe that the significance in the energy range of 10 to 100 GeV is slightly higher for the
analysis with declination line 48.22°. On the other hand, for the energy range of 100 to 300 GeV, the
significance is higher for the analysis with declination 34.76°. The results for the other energy ranges
are quite similar. Additionally, the rate of gamma and background events is slightly higher in each
energy range for the analysis based on MC with declination line 48.22°.

Light curve and SED comparison

Studying SED and light curves during a strong flare is important to search for analysis-related system-
atic errors. I used gammapy v0.19 for this part of the data analysis for BL Lac as described in section
3.4.4. 1 used gammapy.modeling for parametric models and the related fitting functionalities. Addi-
tionally, I utilized gammapy .estimators to compute light curves and differential flux points expressed
in the form of SED.

After conducting an analysis, I found significant differences in the energy range below 50 GeV in
the case of SED. In the analysis using MC simulations based on the declination line of 48.22°, the
data points were higher compared to others within the same energy range. However, this discrepancy
was reduced for energy levels above 100 GeV, where the SED point near 50 GeV was observed to
be three times higher than SED points for analysis with a declination line of 34.76°. This finding
should be considered in light of the LST-1 performance paper [218|, which indicates that at these
lower energies, significant systematic errors related to background estimation can occur. These errors
could potentially impact the comparison between the two analyses presented here, particularly in the
context of systematic differences at lower energies.

I determined that a logarithmic function accurately describes the spectrum in the him/VHE range.
This model is called the LogParabolaSpectralModel and can be expressed as:

(4.1)

FE) = Fyx (£ —a=Blogio ()
= X _—
(B) = Fo o
The data was fitted to this model, and the result of the fit is presented in Table 4.1. The Log-
ParabolaSpectralModel is characterized by amplitude, reference energy, o, and § parameters. These

L1f no signal is present, the significance is estimated with an accuracy of approximately £ 1 o. In contrast, for a very
strong signal, it can be determined numerically that the statistical accuracy improves to about £+ 0.5 o. Since the two
analyses compared are not independent, the observed difference of 1.3 sigma is of the same order as these accuracies.
Therefore, although a certain effect is observed, it is not pronounced, which is advantageous as it indicates that the
effects of different Monte Carlo simulations are moderate.
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Figure 4.3: The 62 plots for observations of BL Lac on August 8, 2021, across six different energy
ranges. The results were obtained through data processing using MC simulation produced along two
declination lines, 34.76° (top six panels) and 48.22° (bottom six panels).
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Figure 4.4: The bar plots show the DL3 parameters for observations of BL. Lac on August 8, 2021.
The significance across five energy ranges with ratio is compared. The results were obtained through
data processing using MC simulation produced along two declination lines, 34.76° and 48.22°.
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Figure 4.5: The bar plots show the DL3 parameters for observations of BL Lac on August 8, 2021.
The comparison includes the rate of gamma and background events across five energy ranges. The
results were obtained through data processing using MC simulation produced along two declination
lines, 34.76° and 48.22°.

parameters were estimated for both observations and are summarized in Table 4.1. Fig. 4.6 displays
data points with a fitted spectrum for two different analyses, each with a different declination line.
The upper limit point at around 30 GeV in the analysis with declination line 34.76° is notably lower
than the corresponding point with a different declination line. Additionally, the flux point with energy
around 50 GeV is slightly lower in the analysis with declination line 34.76° than in the study with dec-
lination line 48.22°. These discrepancies lead to a more curved fit function for the data obtained with
the declination line 34.76°. There are also differences in normalization and the spectral index. While
these differences are not large, they still exceed the stated statistical uncertainties. The normalization
for dec 34.76° was (8.99 & 0.30) -1072 cm~2s~! TeV ™! compared to (7.9940.27) -10~% cm =25~ TeV !
for dec 48.22°. The spectral index was also 2.79+0.04 for dec 34.76° and 2.96+0.03 for dec 48.22°. The
observed discrepancies could be attributed to the systematic errors in the lower part of the HE/VHE
SED, as highlighted in [202], which says that below 100 GeV, the energy of mono analysis worsens
fast.

Fig. 4.7 displays the light curve data, which shows a consistent trend. It was observed that the flux
was consistently lower for 48.22° than for 34.76°. This trend was consistent throughout the observation
period, which also aligns with the fact that in Table4.1, there is a 10% difference in normalization
between these two analyses.

Parameter dec 34.76° dec 48.22°
Amplitude (102 cm 2571 TeV~") | 8.99+0.30 | 7.99+0.27
Reference Energy (TeV) 0.13 (frozen) | 0.13 (frozen)
@ 2.79+0.04 2.96 £ 0.03
Ié; 0.31 +0.04 0.19+0.03

Table 4.1: Parameters from fitting procedures.
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SED Comparison
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Figure 4.6: Comparison of SED and LC for two data sets obtained using different declination lines in
MC simulation. To provide context, the Crab Nebula spectrum is also displayed following [266].
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Figure 4.7: Light curve for two analyses with different MC simulations shown for SED (for £ > 100
GeV and E < 10 TeV). The Crab Nebula integral flux [266] is also displayed to provide context.

4.1.3 Summary

In the analysis of BL Lac objects, the study revealed that using different MC simulations along specific
declination lines affects the detection of gamma rays, particularly in lower energy ranges. Specifically,
data processed with declination line 48.22° showed about 20% more events (on and background) than
based on the MC sample with dec 34.76° in the 0.01-0.03 TeV range. The significance was slightly
higher for declination line 48.22° in the 10 to 100 GeV range, while for 100 to 300 GeV, it was higher
for declination line 34.76°. Additionally, the gamma and background events rate was marginally higher
across all energy ranges for analysis based on MC with declination line 48.22°. However, the results
converged for energies above 0.3 TeV, suggesting that the influence of selecting a specific declination
line in MC simulations is more significant at lower energy ranges. This observation should again be
contextualized with respect to typical systematic uncertainties. At the lowest energies, variations in
background estimation remain the most critical factor and also affect the presented here comparison
as both analyses are based on different training and hence are burdened by partially independent
backgrounds. Unfortunately, for higher energies, the LST-1 performance paper [202] does not provide
systematic uncertainty values.
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Chapter 5

Constraints on VHE gamma-ray
emission of FSRQs with the MAGIC
telescopes

This chapter describes studies of nine FSRQs observed by the MAGIC telescopes and Fermi-LAT
between 2008 and 2020. The findings presented in this chapter are based on the publication entitled
Constraints on VHE gamma-ray emission of Flat Spectrum Radio Quasars with the MAGIC telescopes
about to submitted to MNRAS [267], which I had the privilege to prepare as the corresponding
author in the MAGIC collaboration. I present the VHE gamma-ray observations, data analysis, and
results of: TXS 0025+197, B2 0234+28, AO 0235+16, 4C 55.17, OP 313, CTA 102, B2 2234+28 A,
TXS 2241+406, 3C 454.3. The data used in this study were gathered by the MAGIC telescopes together
with the optical data from the Kungliga Vetenskapsakademien (KVA) along with X-ray and UV data
from Swift-XRT and Swift-UVOT, respectively. The paper also had dedicated Fermi-LAT analysis
contemporaneous to the MAGIC observations and averaged over 12 years of Fermi-LAT operations.
No statistically significant (> 5 o) signal was found for any of the studied sources. Thus, I present
a MAGIC catalog of upper limits (U.L.) on these sources’ gamma-ray emission. Next, I construct
a theoretical model using the Fermi-LAT data and the MAGIC U.L. exploiting the absorption in
BLR and, finally, derive a broadband emission model based on the EC scenario. I also present the
improvements necessary in agnpy to enable emissions modeling considering the BLR.

5.1 Instruments, observation and data analysis

5.1.1 Fermi-LAT telescope

The Fermi Gamma-ray Space Telescope is a space-based observatory designed to study the Universe in
gamma-ray energies. The Fermi Gamma-ray Space Telescope, also known as Fermi, was sent into space
on June 11th, 2008, from the Cape Canaveral Kennedy Space Center in Florida. It began conducting
scientific experiments in August of that same year, and to this day, after more than a decade of
observations, it remains active in a low-Earth orbit. The satellite’s current altitude is approximately
565 kilometers, with an inclination of 25.6 degrees relative to the Equator. It orbits the Earth with a
period of about 90 minutes [93].

The Fermi telescope has on-board two instruments: Gamma-ray Burst Monitor (GBM) dedicated
to detecting transient events in energy range ~ 8 keV to 40 MeV and the Large Area Telescope (LAT)
[12] designed to monitor high-energy gamma-ray sources in the energy range from 20 MeV to 300 GeV
in an all-sky survey. The Fermi-LAT measures high-energy gamma-ray photons energy, arrival time,
and direction. It comprises a high-resolution converter tracker (for measurement of the direction of the
incident gamma rays), a CsI(T1) crystal calorimeter (for energy measurement), and an anti-coincidence
detector to efficiently identify and veto the background of charged particles. Incident gamma photons,
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interacting with the converter tracker, produce electron-position pairs. The silicon strip detector then
tracks the path of these charged particles through the detector. A CsI(T1) crystal calorimeter measures
the energy deposition of the electromagnetic cascade. The anti-coincidence detector is the outermost
detector, surrounding the tracker, and rejects charged-particle background, such as the cosmic-ray
background.

Fermi-LAT data analysis

Dedicated analysis [268] of Fermi-LAT data spanning 12 years, from August 4, 2008, to August 4,
2020, for FSRQ paper was performed by Giacomo Principe.

The analysis adopted rigorous criteria to mitigate the impact of background noise and ensure
the precision of photon event selection, particularly emphasizing the exclusion of events with large
uncertainties in their arrival directions. For this analysis, PSR3 SOURCE class events [269] were
selected within the energy range of 100 MeV to 1 TeV. The analysis considered a 15° radius region of
interest (ROI) centered on each FSRQ, utilizing the Fermipy software [270] for data analysis, which
included tasks such as model optimization, source localization, and the examination of the spectrum
and variability of gamma-ray emissions. A similar analysis technique has also been applied in [268].

To study the gamma-ray emission variability of each FSRQ, the Fermi-LAT data were divided into
two-month time intervals. In the light curve analysis, the photon index was fixed to the value obtained
for 12 years, and only the normalization was left free to vary. The 95% upper limit was reported
in each time interval with Test Statistics (TS) [271] < 10. In addition to the study of the whole 12
years of Fermi-LAT data, a cumulative analysis was performed to counteract the source variability
and provide contemporaneous measurement to the one obtained with the MAGIC telescopes. Select
dedicated periods based on MAGIC observations. In this procedure, all the individual days were
stacked together as a single time window. The previously described analysis procedure was then used
to investigate the LAT emission in the selected periods.

5.1.2 Swift

The Neil Gehrels Swift Observatory [272] is a satellite launched in 2004 by the National Aeronautics
and Space Administration. It is equipped with three telescopes, namely the Ultraviolet and Optical
Telescope UVOT [273] is capable of performing optical and ultraviolet photometry, the Burst Alert
Telescope BAT [274] is dedicated to detecting gamma-ray bursts and provide fast alerts to other, due to
multiple instruments and rapid alert response, the Swift observatory is ideal for gathering simultaneous
data in MWL campaigns. The board allows us to monitor the gamma-ray bursts and their afterglow
phase and, eventually, to collect data in optical, UV, and X-rays from any source. Furthermore, due to
multiple instruments and rapid alert response, the Swift observatory is ideal for gathering simultaneous
data in MWL campaigns.

The spectral analysis was performed simultaneously with the MAGIC observations and derived the
long-term LCs for two sources, CTA 102 and B2 2234+28A. This analysis was done for the FSRQ
paper by N. Zywucka. Both sources were monitored in U (345 nm), B (439 nm), and V (544 nm)
optical bands, UVW2 (188 nm), UVM2 (217 nm), and UVW1 (251 nm) UV regime, as well as in X-ray
energies between 0.2 and 10 keV. The comprehensive analysis was performed in the ISIS environment
with HEASOFT [275] version 6.30.

The Swift-UVOT instrumental magnitudes were calculated within a circular region centered at
the source coordinates with a radius of 5”, using the UVOTSOURCE task. An annulus region centered
at the same coordinates with the radii of (26”and 40”) were used for the background determination.
The choice was made to prevent signal contamination from other sources in the closest vicinity of
the studied blazars. The fluxes are derived taking into account the Galactic extinction Ay, correction
based on the hydrogen absorption column density Ny in the direction of the object and using the color

excess E(B-V), calculated as E(B — V) = Ny /(1.79 - 1021 Ay) [276].
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5.1.3 KVA

The data used in this chapter are also reported in [267] and were obtained through observations in the
optical spectrum using a 35 cm Celestron telescope, which was coupled with the KVA telescope as part
of the Tuorla Blazar Monitoring Program [277]. The program was initiated in 2002, primarily focusing
on TeV candidate BL Lac objects identified in [278], but the monitoring sample has since expanded
over the years. Observations were typically conducted twice per week, with the Cousins R-filter being
used?.

Data analysis was done by the Tuorla group using a semi-automatic differential photometry pipeline
developed specifically for this study [249]. For AO 02354164, the comparison and control star magni-
tudes were sourced from [279]. The comparison stars were calibrated for other sources using observa-
tions of sources with known comparison star magnitudes from the same night.

Given the high redshift and bright optical nucleus of the sources, the contribution of the host galaxy
to the optical flux was found to be negligible and, therefore, not corrected. Magnitudes were corrected
for galactic extinction using the galactic extinction model of [280].

5.2 Source sample

The MAGIC Collaboration’s interest in observing FSRQs stems from the theoretical challenges posed
by their emissions. Despite the high redshift and absorption in the BLR, these objects exhibit VHE
emission, which has been observed from 10 such objects (see Section 2.1.2). This emission is often
highly variable, suggesting that the area is small and close to a black hole, i.e., in BLR. However,
the problem of where the emission region is located remains one of the main issues when considering
FSRQs (see Section 2.1.3). My research is devoted to analyzing the observations made using the
MAGIC telescopes that have yet to result in any significant detection. Through my work, I aim to
determine whether absorption in EBL from FSRQ objects can explain the lack of detection or if there
is a need to explain observed U.L. with an additional absorption in BLR.

Between 2008 and 2020, MAGIC attempted to observe specific FSRQs when the high activity
of the sources triggered MAGIC observations on multiple occasions. Most of these sources have been
observed by MAGIC as a target of opportunity (ToO): OP 313, AO 0235-+16, 3C 454.3, TXS 0025+197,
B2 2234+28A, B2 0234+28 following alerts by the MWL partners, mainly Fermi-LAT. Moreover,
4C+55.17 and TXS 22414406 were observed within the deep-exposure monitoring program based
on their average GeV emission in the preceding years. The sources included in my study are listed
in Table 5.1 and Table 5.2. Table 5.1 contains information about the studied sources based on the
information in the 4FGL catalog [91], namely their positions, variability index, the integrated flux
from the catalog, as well as the values obtained from the dedicated analysis for the periods when the
MAGIC telescopes observed the sources. Table 5.2 provides Information about the data collected from
those sources by the MAGIC telescopes, such as observation time (exposure), zenith angle at which
the source was observed, date of observations in MJD, the excess signal calculated using the [227]
formula, and integral U.L..

The MAGIC data selection was based on the atmospheric transmission measured mainly with Light
Detection and Ranging (LIDAR) system [281, 282] and rates of background events. The data were
analyzed using the MAGIC Analysis Reconstruction Software (MARS) framework [234, 212].

In agreement with the preferred spectral model reported in the 4FGL catalog, most of the sources
(except for 3C 454.3) studied in this paper are well described with the log parabola (LP) spectral
model ‘fl—g x E-otBIn(E/E) i the GeV range, the fit parameters are reported in Table 5.3 and model
are taken from Source Model Definitions for gtlike 2. For 3C 454.3, the spectrum is fitted with the
PLSuperExpCutOff model (see Section 2.1.3).

All sources are classified as FSRQs in the Fermi-LAT 10-year Source Catalog (4FGL-DR2), as well
as in the latest 4FGL-DR4 (which is based on 14 years of LAT data), except for AO 0235+16 (4FGL
J0238.6+1637) which is classified as BL Lac in both data releases(see details below).

IR-band points on the light curve were measured by KVA
2https://fermi.gsfc.nasa.gov/ssc/data/analysis/scitools/source_models.html
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These sources were continuously observed by Fermi-LAT (see 12 years LCs at Fig. 5.10) and KVA
from 2008 to 2020. I investigated the MWL behavior of these nine FSRQs contemporaneously with
the MAGIC observations. The integrated flux ranging from 0.1 to 1000 GeV from the Fermi-LAT
telescope over 12 years of observations of each of the sources (denoted as $HE,12) is presented in the
fifth column in Table 5.1, and the last column, the integral flux during MAGIC observations. The
state of the source is determined by dividing the flux during MAGIC observations by the flux over the
first 12 years of Fermi-LAT operations.

CTA 102 (2=1.037, [283]) is one of the most studied FSRQs in the MWL context, but still poorly
investigated in the VHE band. High activity in gamma rays was detected for the first time by the Ener-
getic Gamma Ray Experiment Telescope (EGRET) on board the Compton Gamma-Ray Observatory
([284]). CTA 102 is one of the brightest FSRQs observed by Fermi-LAT. Strong gamma-ray outbursts
have been observed from CTA 102 several times [285]. From late 2016 to early 2017, CTA 102 exhibited
a hugely bright 4-month-long outburst, with the fluxes in all bands steadily increasing during the early
stage of the high state. As a result, CTA 102 became one of the brightest gamma-ray sources in the sky
at that moment [286, 287, 288, 289]. The MAGIC telescopes followed up CTA 102 during the very high
state at the end of 2016 (flux from Fermi-LAT was 20 — 30 times stronger than the average $HE’12)
and also during increasing activity in HE range at the end of 2017 (flux from Fermi-LAT was 10 times
stronger than 5HE’12) for a total of ~ 3.5 hours. The optical, UV, and X-ray LCs, demonstrating the
source’s heightened activity during the period of observation by the MAGIC telescopes, are displayed
in Fig.5.1. Tt also includes the LCs from MAGIC and Fermi-LAT.

3C 454.3 (2=0.859, [290]) is another well studied, highly variable FSRQ. The source was first
detected in the GeV range by EGRET [291]. 3C 454.3 reached a high flux phase in 2000 and was
extremely active in 2005 when it peaked at one of the highest optical brightness recorded from an
AGN [292, 293]. Fermi-LAT has reported strong and variable gamma-ray emission from this FSRQ
in 2008 [293]. In 2010, during the unusual bright gamma-ray flare, Fermi-LAT measured flux at FE >
100 MeV to be (66 + 2) - 1075 photons ecm~2 s~!. This emission was three times higher than its
previous maximum flux recorded in December 2009 [294]. At that time, 3C 454.3 was one of the
brightest gamma-ray sources in the sky. The MAGIC-I telescope observed the source for the first time
during the high states of July/August and November/December 2007. The observation was carried
out in mono mode. No significant emission was found, and the flux U.L. was derived [295]. The
obtained data were consistent with the model based on the IC scattering of the ambient photons from
BLR by relativistic electrons, which predicted a sharp cut-off above 20-30 GeV due to the absorption
of gamma-rays internally and the reduced effectiveness of the IC emission [296]. Observations were
carried out at different times when the state of the source varied considerably. In November 2010,
observations occurred when the source was most potent, and the flux was 20 times greater than aHE,lQ'
In September, October, and November 2013, the source had an average flux comparable to or smaller
than ¢yp 5. By June and July 2014, the flux had risen to be 2 to 4 times higher than ¢yp .
Furthermore, by August 2015, high emission levels were reemerging. However, MAGIC observations
resulted in no significant detection.

These observations, triggered by alerts from multi-wavelength partners such as KVA and Fermi-
LAT, marking the time of the MAGIC observations, are depicted in Fig. 5.2. Following data selection,
the total effective time of these observations amounted to 32 hours.

OP 313 (z = 0.99, [297]): In 2014, this blazar exhibited an upsurge in its activity in the GeV
energy range, which led to its inclusion in the LAT Monitored Sources catalog [298]. From 2019
onwards, an increase in the source’s activity was observed once again, evident in both the optical [299]
and the gamma-ray bands [300]. MWL LCs, focusing on the time of the MAGIC observations, are
shown in Fig. 5.3. During these periods of high activity, the MAGIC telescopes gathered 12.3 hours of
high-quality data. Specifically, in 2014, the flux was documented as 11 times higher than the reference
flux, $HE)12. In 2019, the flux increased to 5 and 10 times that of aHE,lg. Despite these high activity
periods, no detections were made by the MAGIC telescopes.

In December 2023, LST-1 detected high-energy gamma-ray emissions from OP 313 exhibiting a
significant flux level of over 5 o, corresponding to 15% of the Crab Nebula’s flux above 100 GeV [77].

TXS 00254197 (z = 1.552, [301]) is the FSRQ with the highest redshift among the analyzed
sources. The Fermi-LAT has observed an increased gamma-ray flux on 14 August 2019. Preliminary
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Figure 5.1: Light curve of CTA 102. The green vertical areas indicate the days during which MAGIC
observations were carried out. For Fermi-LAT light curve, only points that met two criteria: a
minimum TS value of 9 and a signal-to-noise ratio greater than 2 were selected. The KVA telescope
measured R-band points.

analysis indicates that the source reached a peak daily flux (E > 100 MeV) of (1.0 4 0.2) x 10~°
photons em~2 s71 [302]. MAGIC observed TXS 0025+197 in September and November-December
2019, during an increased activity observed by Fermi-LAT in the gamma-ray band (with a flux 50 —
60 times higher than 5HE,12) and collected 5 hours of good quality data. Fermi-LAT LC, focusing the
time of the MAGIC observation is shown in Fig 5.4. Unfortunately, simultaneous optical KVA data
were not available.

B2 2234+428A (z = 0.790, [303]): The Guillermo Haro Observatory recorded notable activity
from the source during the past decade [304]. Especially they detected a considerable increase in the
source’s luminosity in the near-infrared (NIR) band. On November 26, 2010, the luminosity of the
source in the NIR band increased approximately by a factor of 11 on a day timescale [304]. Later
2016, the same observation revealed a sixfold increase [305]. MAGIC observed B2 2234+28A during
its increased activity in the optical and GeV energy bands observed by KVA and Fermi-LAT (flux ~
1.3 — 2 times higher than ¢yy 15), respectively, in September 2018 and June/July 2019 and collected
6.7 hours of good-quality data. Fig. 5.5 illustrates the UVOT and XRT light curves, demonstrating
that the source was undergoing a phase of amplified activity during the period of MAGIC observation.

B2 0234428 (z = 1.206, [303]): In October 2018, the Special Astrophysical Observatory of the
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Figure 5.3: Light curve of OP 313.

Russian Academy of Sciences (SAO RAS) reported a new active phase of the source, which increased
its flux in the R band by a magnitude of 3 with respect to its quiet state [306]. The Guillermo Haro
Observatory observed a flare in NIR on 5 January 2019. They reported that the source had increased
its flux by 50% [307]. The increase in the flux level happened on a day-timescale. MAGIC observed
the source in 2018 and 2019 during its increased activity in the optical band. The source reached the
highest flux in October 2018, which was 6-10 times higher than the average flux 5HE’12. KVA and
Fermi-LAT LCs are shown in Fig. 5.6, covering the time of MAGIC observation. MAGIC telescopes
followed this source at that time and collected 25.6 h of data.

AO 0235+16 (z = 0.94, [308]): The classification of AO 0235+16 is not certain [279]. It was
one of the first objects classified as a BL Lac object [309] and is still often classified as such. However,
it has some characteristics of FSRQs, namely, strong emission lines have been detected in the spectra
of A0 0235416 during faint optical states [310, 311]. The source is also strongly Compton-dominated
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Figure 5.4: Light curve of TXS 0025+197.

during the flares, indicating that external seed photons must exist for the Compton scattering [312].
At the end of 2014 and the beginning of 2015, the source showed unusually powerful optical and radio
flares [313, 314]. AO 0235+16 showed increased activity in the optical band at the end of 2015 and
the beginning of 2016, triggering the MAGIC observations (see LC in Fig. 5.7). MAGIC collected a
total of 6.1 hours of good-quality data from the direction of this source.

4C 55.17 (z = 0.902, [301]) is a bright Fermi-LAT FSRQ, which made the source a promising
VHE emission candidate, due to high brightness and lack of strong variability (a low variability index
is reported in all data releases of the 4FGL catalogs). MAGIC monitored this source in the VHE band
(during the low state, flux below average aHE,m) from November 2010 to January 2011 for 28 hours
of good-quality data. No significant VHE gamma-ray signal above 100 GeV was detected. Integral
and differential U.L. of gamma-ray flux were derived [315]. The VERITAS telescope also observed
the source for 45 hours between May 2010 and March 2012. These observations showed no significant
VHE gamma-ray signal as well [316]. The source state was stable between 2008 and 2020, as shown in
Fig. 5.8). To carry out the analysis for this work, I combined archival old ~30 h data from [315] with
the ~50 h MAGIC observations taken after 2011.

TXS 2241-+406 (z = 1.171, [303]): While being a promising candidate to emit VHE gamma rays,
it also showed exceptional variability in the past time. For the first time in February 2015, Fermi-LAT
observed a gamma-ray outburst from this source on a daily timescale [317]. TXS 22414406 was also
monitored with KVA, showing optical variability spanning over 2.5 mag. As can be seen in the MWL
LC (Fig. 5.9 and Fig. 5.10), the number of flares has drastically increased since 2015 compared to the
previous six years of Fermi-LAT observations, encouraging monitoring with the MAGIC telescopes.
In August 2017, MAGIC followed this source for the first time and subsequently conducted a 27-hour
observational campaign from July to December 2019. Unfortunately, during this period, the activity
of the source was low, and it was either not detected by Fermi-LAT or the flux was below the average
Fermi-LAT flux $HE,12-

5.3 Gamma-ray emission

I modeled the SED by employing data from Fermi-LAT telescope observations and accounting for
redshift-dependent absorption by the EBL. Subsequently, I calculated the differential U.L. using data
from the MAGIC telescopes, providing insights into the emission properties and the possible additional
absorption in the radiation field surrounding BLR. The U.L. were calculated using the method pre-
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Table 5.1: GeV emission properties of the FSRQ sample, obtained from 4GFL catalog [91], as well as
integral flux measured by Fermi-LAT,®.,,; - integral flux for observation in time period contempora-
neous to MAGIC observation (0.1-1000 GeV).

Name R.A.  Decl. Integral flux (0.1-1000 GeV) Variability index Deont
[°] [°] 1078 em=2 57! 1078 em=2 57!
TXS 0025+197 7.12 20.03 1.2 £0.2 28 63.4 £ 7.8
J0028.4+2001
B2 0234-+28 39.46  28.80 16.7 £ 04 3220 80.3 £ 4.2
J0237.8+2848
AO 0235+16 39.67 16.62 13.1 £ 0.5 65 20.1 £ 5.1
J0238.6+1637
4C +55.17 149.42 55.38 8.5+ 0.3 33 7.3+1.0
J0957.6+5523
OP 313 197.65 32.35 3.7+ 0.6 170 9.0 £ 5.1
J1310.5+3221
CTA 102 338.10 11.73 41.6 + 0.6 14315 1030.0 £ 20.0
J2232.6+1143
B2 2234+28A  339.08 28.45 6.6 = 0.3 388 16.9 + 4.8
J2236.3+2828
TXS 2241+406 341.06 40.95 6.3 = 0.4 3930 1.9+ 1.7
J2244.2+4057
3C 454.3 343.49 16.15 215.0 £ 1.0 50905 261.0 £ 8.0

J2253.94+1609

Table 5.2: Information on data collection by the MAGIC telescopes.

Association name Exposure Zenith distance Significance of excess U.L. E > 100 GeV
[h] [°] [o] 1072 em=2 57!
TXS 0025+197 5.0 9-35 0.2 13.0
B2 0234+28 25.6 0-36 1.6 4.4
AO 0235-+16 6.1 11-26 0.7 20.9
4C +55.17 50.0 26-42 1.5 6.5
OP 313 13.6 4-39 -0.5 9.2
CTA 102 3.2 17-42 1.7 62.4
B2 2234+28A 6.7 1-47 0.5 17.2
TXS 22414406 29.5 22-35 0.2 2.0
3C 454.3 34.6 12-48 0.6 4.0

Table 5.3: Fermi-LAT FSRQ fit model in catalog 4FGL and results of the fit LP model (except 3C
454.3, see text for details) to the Fermi-LAT data simultaneous to the MAGIC observations. The
index b in the LAT analysis of 3C454.3 during MAGIC observations has been fixed for fit convergence.

Association name Model Fermi-LAT fit 4FGL Fermi-LAT fit during MAGIC obs
« B8 «@ B
TXS 0025+197 LP 2.092 £ 0.026 0.108 £ 0.015 2.53 £ 0.24 0.41 4+ 0.19
B2 0234428 LP 2.27 £ 0.02 0.0898 £ 0.0091 2.07 £ 0.06 0.10 £ 0.04
AO 0235+16 LP 2.080 £ 0.018 0.0954 £+ 0.0095 1.67 £ 0.17 0.21 £ 0.09
4C +55.17 LP 1.901 £+ 0.013 0.0767 £ 0.0067 1.93 £+ 0.09 0.03 £ 0.04
OP 313 LP 2.282 £ 0.044 0.104 £+ 0.0024 1.98 £ 0.23 0.26 £+ 0.01
CTA 102 LP 2.261 + 0.009 0.1007 £ 0.0060 1.95 £+ 0.03 0.05 £ 0.01
B2 2234+4-28A LP 2.273 +0.018 0.0898 + 0.0091 1.72 £ 0.23 0.06 + 0.07
TXS 2241+406 LP 2.088 £ 0.025 0.090 £0.013 2.13 £ 0.60 0.65 + 0.56
3C 454.3 SuperExpPL.  —v; =2.014 £0.010 b =0.5183+0.0066 | —vy1 =0.69 + 0.05 b= 0.5183
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Figure 5.8: Light curve of 4C 55.17.

sented in [318], with a 95% Confidence Level (C.L.). This approach assumes a systematic (Gaussian)
uncertainty in the detector efficiency, i.e., the effective area, with a standard deviation of 30%.

Table 5.2 reports the MAGIC observation results for each of the nine FSRQs. No statistically
significant signal (> 50 excess) was found for any sources in the VHE energy band. The significance
was determined using the Li & Ma formula number 17, as described in [227]. Simultaneous Fermi-LAT
SEDs analysis was performed following the MAGIC observations. Using MAGIC data, I calculated
differential U.L. in 5 energy bins in the energy range from 50 GeV to 500 GeV. The assumed intrinsic
spectral index of the gamma-ray photon distribution is «=2.2 for all sources.

Next, I extrapolate the flux for each FSRQ into the VHE range from the Fermi-LAT data, con-
sidering the absorption of gamma-rays in the EBL following [114] model. This extrapolation operates
under the assumption that there are no breaks or cutoffs in the photon spectra between HE and VHE
due to particle distribution cooling. Following this, the extrapolated model is compared to the MAGIC
U.L. . If the MAGIC upper limits are more constraining than such an extrapolation, it could suggest
an absorption-induced cut-off in the VHE range. The combined results of the Fermi-LAT analysis and
the U.L. from the MAGIC data analysis, along with the HE/VHE SED of all the investigated sources
incorporating an EBL attenuation emission model, are presented in Fig. 5.11.

The calculated differential U.L. for seven sources are consistent with the LP model extended from
Fermi-LAT energy attenuated by EBL. This shows how difficult is to detect with Cherenkov telescope
emissions from distant FSRQs due to their rapid variability and EBL absorption. Notably, some of the
non-detected sources were in highly elevated flux (e.g., TXS 00254197 was a factor of ~50 above the
average 4FGL flux). For four sources, the MAGIC U.L. lie above the Fermi-LAT extrapolated model,
and for three of the sources, the U.L. are close to the Fermi-LAT extrapolated model.

Finally, the remaining two sources, B2 2234+28A and CTA 102, the MAGIC U.L. around 100
GeV, are below the Fermi-LAT EBL extrapolation model. Therefore, those two objects are plausible
candidates for sources in which absorption in BLR could introduce an extra cut-off. I further investigate
this possibility in the next section 5.4.

5.4 Modelling
As a result of my analyses, two sources, B2 2234428A and especially CTA 102, showed a hint of

cut-off in the HE/VHE SED that cannot be explained only by the EBL absorption. In the case of B2
2234+4-28A, if we also consider uncertainties with the EBL extrapolation, the EBL absorption might
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Figure 5.9: Light curve of TXS 2241+4-406.

explain the cut-off; in the case of CTA 102, the change of behavior from HE to VHE is more robust.
Subsequently, I investigated the possibility of explaining this effect with additional absorption in the
BLR for these two sources.

The methodology approach to constrain the distance between the black hole and the emission region
(a blob) Rpop pm and check its consistency using the broadband model involves two types of models.
Firstly, modeling the shape of the SED in HE and VHE ranges (Fermi-LAT flux measurements and
MAGIC U.L.) allows us to estimate Ry pg that could introduce the necessary level of absorption of
VHE gamma rays. This is done using a phenomenological model that assumes extrapolation of intrinsic
GeV emission into the VHE range. The absorption in the BLR radiation field is introduced, and the
resulting spectrum is compared with the MAGIC U.L. on the flux. Secondly, I consider a broadband
emission model, which tests the underlying blazar physics and parameters from the phenomenological
study. This broadband emission model is used to check the consistency of the previous results obtained
using the phenomenological model. However, improvement in agnpy was needed to perform modeling
in a robust and efficient way.

5.4.1 Enhancing agnpy for effective modeling of FSRQ emission

During my research stay in Barcelona, I focused on enhancing and extending a computational module
designed to calculate absorption phenomena in the BLR. This development was crucial to my work on
modeling the absorption in FSRQ objects.

Calculating absorption in BLR, especially when we want to consider many lines, including in the
BLR model, is a rather resource-demanding numerical task as it involves (energy-dependent) four-
dimensional integral. Originally agnpy utilized a simple composite trapezoidal integration rule that
was numerically inefficient. Moreover, the infinitesimal thickness of the BLR spheres occasionally
resulted in large numerical errors (if one of the integration points was close to the location of one
of the BLR spheres). To improve numerical stability, I implemented a new method in agnpy using
the CubePy® package created by Alex Reustle. CubePy is a Python package that allows for efficient
numerical integration of multi-dimensional vector functions using Genz-Malik adaptive cubature al-
gorithm [319, 320]. The Adaptive Genz-Malik Cubature Scheme [319, 320] is an advanced numerical
method for calculating multidimensional integrals. Developed by Alan Genz and Abid Malik, this
scheme is a refined version of the cubature formula, specifically tailored for high-dimensional spaces

Shttps://github.com/Areustle/cubepy
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Figure 5.10: Fermi-LAT light curve representing data from 2008 to 2020. The green vertical areas on
the graph indicate the specific days when MAGIC observations were carried out. This data is presented
in weekly bins with an energy range of 0.1 - 1000 GeV.
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where traditional methods like Monte Carlo simulations or quadrature are likely to be inefficient. One
of the standout features of integrands is their adaptivity. Integrands adjust to the integrand’s local
characteristics, enabling more accurate and efficient calculations than non-adaptive methods. This
adaptability is particularly beneficial when dealing with complex, variable functions. Another key
aspect is its reliance on cubature formulas [321]. These formula functions are integrals using weighted
sums of the function’s values at specific points. In the Genz-Malik scheme, these points and weights
are strategically selected to maximize accuracy and efliciency. This method highlights multidimen-
sional problems often encountered in applied mathematics, physics, and engineering. The Genz-Malik
scheme is optimized to reduce computational efforts while still maintaining a high level of precision.

The CubePy is fully vectorized, making it a powerful tool for scientific computing. I implemented
methods to evaluate the vy absorption produced by a spherical shell BLR for a general set of model
parameters with CubePy’s integration method. Improving the algorithm’s performance is crucial for
using the absorption calculation in fitting procedures, which was necessary to create an emission and
absorption model for the studied FSRQs.

secondly, I have expanded agnpy’s functionalities to incorporate fitting models for the multi-shell
BLR, which was needed for accurately modeling FSRQ emissions and considering absorption in complex
BLR structures.

Numerical instability

The problem I encountered when calculating absorption in the BLR was numerical instability, which
manifests through significant changes in the absorption coefficient over a small change in the distance
from the emission region of the black hole. This issue, resulting from the limitations of the default
trapezoidal integration, I resolved using a more advanced integration method based on the adaptive
Genz Malik Cubature scheme [319], approach from the cubepy library.

Figure 5.12 compares the optical depth plotted against the relative distance from the black hole.
The calculations were done using the standard trapezoidal method and the cubepy approach for
photons with 100 GeV energy. It is evident that the standard trapezoidal method resulted in instability
at certain distances, in most cases leading to stronger absorption than what is expected from the model
due to numerical instability.

5.4.2 Applied model of BLR

The empirical stratified BLR model from [189] is applied to study the emission from blazars surrounded
by BLR. It relies on the reverberation mapping method of AGNs [322, 323]. It assumes that accretion
disk radiation is absorbed by the BLR clouds surrounding the emission and re-emitted as monochro-
matic lines. Each line has individual intensity and distance from the accretion disk. A similar approach
was used in a study of 3C 279 [324].

My BLR model comprises 26 concentric infinitesimally thin spherical shells containing gas, each
producing a single emission line from Lyepsilon to Halpha. The radii and luminosities of individual
lines of the BLR are required to calculate the gamma-ray production and absorption. I estimated the
luminosity of the disk, Lqjsk, and the luminosity and radius for each of the 26 concentric shells for both
sources using the stratified BLR model. Instead of directly measuring the radius of individual lines
in the BLR using the HB emission, which is relatively weak, I derived these values by scaling from a
stronger line, specifically Mg II, using ratios reported by [189]. All other shell luminosities and radii
were then scaled based on the one emitting the Mg II line. To achieve this scaling, I employed the
following relation, which is based on the reverberation mapping of AGN objects:

L(5100A)
_ 16.9440.03
R(HS) =10 (10440rg s—1

L(51004) \ L(HB) 0.8826:0.0039
104erg s=1 ) — \ (1.425 £ 0.007) x 10%2erg s—1

0.53340.035
) cm,

91



CHAPTER 5. CONSTRAINTS ON VHE GAMMA-RAY EMISSION OF
FSRQS WITH THE MAGIC TELESCOPES

| —e— trapz
—e— cubepy
E 109+
1071+ ‘ ‘
1072 1071 10°
distance of the blob from the Black Hole
[x - R_Hbeta]

Figure 5.12: Comparison of optical depth (7) as a function of the relative distance from the black
hole calculated using the standard trapezoidal method (blue) and with cubepy (red). In this example,
CTA 102 with the following parameters: Disk luminosity L = 8.93 x 1043 erg/s, &ine = 0.1, Rug =
5.13 x 10'7 cm.

as described in [325] and [323]. To derive the necessary values of the HS line from those of MglI, I
used the relative line luminosities L(MgII) and L(Hf) from [43] and converted these values using the
broad emission line parameters from [189], namely L(Mgll)/L(HS) = 1.7. With the method described
above, I derived the following luminosity Lgg and radius Rgg for line Hj values for CTA 102: Ly =
6.7- 10%% erg s7! and Ryp = 5.13- 1017 cm, for B2 2234+28A: Lyg = 1.62- 10*® erg s™! and Ryp =
2.67- 10'7 cm. The distances and luminosities of the remaining lines are scaled following values from
Table 5 in [189].

5.4.3 Phenomenological model

The contemporaneous observations of CTA 102 and B2 2234+28A by Fermi-LAT and MAGIC tele-
scopes allowed for a combination of the Fermi-LAT spectral fit and the MAGIC U.L. to constrain
the minimum distance of the emission regions to the black holes Ryop pr. To constrain the distance
of the emission region from the black hole, I used the Fermi-LAT fit model, considering both EBL
and BLR absorption features in SED. I vary the BLR absorption level by varying the distance of the
emission region from the black hole with steps of 0.1 Rpgg. By comparing this fit model with EBL
and BLR absorption with the measured U.L., I can put constraints on the location of the emission
region from the black hole. In order to determine the BLR absorption, I utilized the complete set of
lines from Table 5 in [189]. To ensure greater precision in the multi-dimensional integration process, I
employed the agnpy modeling package [184], which also incorporated advanced numerical techniques
from cubepy® (see section 5.4.1) that I personally implemented.

The absorption module and the SphericalShell BLR geometry from the agnpy package were used
to construct the phenomenological model. Under the assumption that the steepening/cut-off of the
gamma-ray emission in the VHE band is due to the absorption in the BLR, I place a constraint on the
maximum distance between the black hole and the emission region Ry, pg. For CTA 102 I obtain

“https://github.com/Areustle/cubepy
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Ryop < 1.5 - Rpg and for B2 2234+28A I got a similar value of Ryop Ba< 1.6 - Ruyg. Fig. 5.13
shows gamma-ray SEDs from CTA 102 and B2 2234428A, the two sources for which an additional
steepening caused by internal absorption can be invoked to make the extrapolation of GeV emission
consistent with the VHE U.L. It is important to note that a cut-off in the gamma-ray spectrum at
high energies does not always indicate absorption in the BLR.

The dependency of the integrated disk radiation reprocessed in all the shells located farther than
a given distance of the emission region is shown in Fig. 5.14. The plot demonstrates that, according
to the used method, it suffices that the emission region is located within the radiation field of a small
fraction of the BLR (about 1/10 of the BLR, corresponding to approximately 1% of the disk brightness)
to induce the required level of absorption. The distance is large enough that the emission region is
within the outermost part of the BLR. However, even this location provides sufficient absorption to
explain the Fermi-LAT and MAGIC data. Other factors, such as the cut-off in the emitting particle
distribution, can also explain this phenomenon [87]. Therefore, in the next section. I performed
broadband modeling to validate this hypothesis.
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Figure 5.13: SED of CTA 102 (on the top) and B2 2234+28A (on the bottom) in HE and VHE range:
derived VHE differential upper limits (95 % C.L.) on the flux by MAGIC (magenta markers) and
Fermi-LAT (blue markers) spectrum obtained during the MAGIC observation period (blue points).
A blue solid line depicts a spectral fit of Fermi-LAT emission with the LP model. The spectrum is
shown taking into account the uncertainty of the parameters obtained when fitting the Fermi-LAT
data (shaded region). The spectrum attenuated with EBL model [114] is shown with a green line. The
red line shows the spectrum, taking into account the uncertainty of the parameters obtained when
fitting the Fermi-LAT data (shaded region).the spectrum after considering additional absorption on
multiple BLR lines. The spectra points of B2 2234+28A and CTA 102 obtained in 12 years of Fermi-
LAT observations are also shown (gray dots).
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Figure 5.14: Percentage (in blue), Lgrr(> r)/Laisk, of the disk radiation reprocessed in shells located
farther than the distance r from the black hole, according to the used BLR model. The distance
from the emission region is normalized to the radius of the HS line. Vertical lines show the derived

maximum distance from the black hole for the two studied sources to have sufficient BLR absorption
to explain the lack of the observed VHE gamma-ray emission.
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5.4.4 Broadband modeling for constraining physical conditions of the VHE
gamma-ray emission of FSRQ

In the previous section, I determined the distance between the emission region and the black hole,
denoted as Ryop BH, in & phenomenological way based on observations made by the Fermi-LAT and
MAGIC telescopes. I now compare these obtained values with a physical model that describes the
broadband emission of the jet.

One-zone SSC models and EC models are typically utilized to model the gamma-ray emission from
FSRQs [27]. Additionally, a DT surrounds the central engine on a pc scale. The radiation field of
the accretion disk, reprocessed in the BLR and DT, provides additional targets for the IC process
and gamma-ray pair production absorption. Given the studied sources do not exhibit significant
VHE photon emission, the most straightforward target for the EC model would be the BLR radiation
field, which strongly absorbs VHE gamma rays in the sub-TeV range. I assembled data from KVA,
Swift-UVOT, Swift-XRT, Fermi-LAT and U.L. from the MAGIC telescopes to construct broadband
SEDs of B2 2234+28A and CTA 102. Both sources are modeled in a framework of a simple one-zone
leptonic model with agnpy, in which a spherical emission region with a radius Ry;,p is isotropically and
homogeneously filled with a magnetic field B and electrons. The electron spectrum is described by a
broken power-law electron energy distribution with spectral normalization k. and spans from ~,,;, to
Ymaz With indices p; and ps below and above the break at -3, differential number density K. at ;.
The single emission region propagates along the jet with the bulk Lorentz factor I' at an angle § = 0°
to the line of sight, which implies that the corresponding Doppler factor dp is assumed to equal 2I". 1
assume that the emission region is situated at a distance that explains the steepening of emission due
to the absorption derived in the phenomenological study (see subsection 5.4.3).

In my model, the radiation field consists of multiple lines from the corresponding BLR shells
and also the thermal IR radiation from the DT. The DT is assumed to be an infinitesimally thin
ring with typical temperature Ty, = 10% K [189], and the radius of the ring representing the torus
Rai = 3.5 - 10'8(Lasa/10%erg s-1)1/2 x (T4 /10°K) 2 cm is estimated from [189]. The model also
includes a synchrotron (taking into account the synchrotron self-absorption) and an SSC process, which
are responsible for the emission in the radio and X-ray energy ranges, respectively. The procedure
checks whether the DT emission does not surpass the synchrotron radiation. While the contribution of
DT thermal emission to the SED of the MWL is typically considered for FSRQs, it is often hidden by
the dominant synchrotron emission. To assess this, I use the single-temperature black-body radiation
computed with agnpy. Therefore, to check the self-consistency of the modeling, I will determine if the
DT emission is significantly lower in magnitude compared to the synchrotron emission.

My model assumes that the emission region is outside most of the shells in the BLR, as shown in
Fig. 5.14. The radius of the emission region is established according to the formula Ryoo= Rpiop BH/ T,
i.e., assuming a conical jet with a half-opening angle of ~ 1/T". For CTA 102, I selected a Doppler factor
0p of 40, comparable to the value of 34+4 obtained from VLBI radio measurements (that observe the
source at larger scales) to explain HE emissions [326]. For B2 2234+28A, T used dp = 13 as a weighted
average Doppler factor value for the FSRQ from VLBA-BUBLAZAR study [164]. T will further discuss
another value of the Doppler factor for B2 2234+28A in this chapter. The model parameters (K.,
D1y Vb, Ymaz, B) have been estimated by fitting the SED with the open source package gammapy
(see section 3.4.4) using a Synchrotron, SynchrotronSelfComtpon, and ExternalCompton classes from
agnpy. [ assume a classical cooling break setting po=p;1+1. The fitting procedure was performed,
taking into account a simplified systematic error on the flux points. I use a conservative estimation of
the systematic errors, i.e., 10% for the HE and X-ray instruments and 5% for the optical telescopes.
The result of the fitting is shown in Fig 5.15, while the parameters are given in Table 5.4. The
absorption processes in both EBL and BLRs can affect the modeling and interpretation of the data.
The modeling results are corrected by considering the absorption on those two radiation fields (red
solid line). I test the constraint on the distance between the emission region and the black hole to be
< 1.5- Ryp for CTA 102, and < 1.6 - Ry for B2 22344-28A from the previous section. Broadband
modeling with the leptonic model performed in this section indicates that it is possible to reconstruct
the observations with constraints from the phenomenological model.
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Table 5.4: Parameters used for modeling sources with agnpy, utilizing an emission region represented
as a blob, DT, and BLR. Parameters K., p1, V5, Vmaz, B Were derived during the fitting process,
p2 was fixed to p1+1. Ry pywas estimated using the phenomenological model. The remaining
parameters were fixed according to the information gathered from the literature (see text). Electromn,
U., and magnetic field, Ug, energy density are derived from the fitting parameters. B2 2234+28A and
B2 2234+28A* are different modelings of the same source for two different assumptions of Delta factor
(average weighted values from BUBLAZAR study) and CTA 102-like valu

parameter CTA 102 B2 2234+28A* B2 2234-+28A
Mass [108 M, | 12.30 2.75 2.75
Rblob BH[RHﬁ] 1.5 1.6 1.6
emission regions
pl 1.97 £ 0.02 2.34 £ 0.06 2.18 £ 0.08
p2 2.97 3.34 3.18
§p 40 40 13
R [10% cm] 28.5 20.8 61.0
K. [1075 cm ™3] 546 + 24 3.39 £ 0.04 4.47 4 0.05
r 20.5 20.5 7
Yo 850 + 2 1482 + 7 5929 + 271
Ymaz 8616 + 19 13 044 + 60 16 292 + 4021
B [Gauss| 1.12 £ 0.04 1.73 £ 0.31 0.52 & 0.03
Dusty Torus
Eat 0.6 0.6 0.6
Tar [K] 1000 1000 1000
Rat 1017 [cm] 159 78 78
Broad-Line Region
Rpp [10T7 cm] 5.13 2.67 2.67
Lyg [10%3 erg /s] 6.7 1.62 1.62
3 0.1 0.1 0.1
U, [erg /em?] 0.022 0.0040 0.027
Ug lerg /em?] 0.047 0.1191 0.011
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Figure 5.15: Broadband modeling with agnpy of B2 2234+428A (top panel) and CTA 102 (bottom
panel). The solid red line shows the overall emission modeled. The low-energy peak is dominated
by synchrotron radiation (green solid line), and the high-energy peak is dominated by the emission
produced in the external Compton mechanism using the seed photons from DT (blue dashed line) and
BLR produced in 26 shells (yellow dash-dot line). Gray points — archival data from the Space Science
Data Center - ASI [327].
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Figure 5.16: HE/VHW SED for B2 2234428A and CTA 102. The lines show Fermi-LAT spectrum
extrapolation with attenuation with the most popular EBL models: Franceschini [112], Finke [113],
Dominguez [114], Saldana-Lopez [115]. The points show the derived upper limits from MAGIC mea-
surements.

5.4.5 Influence of the EBL model discussion

I have analyzed nine sources and identified two that require further investigation due to potential
BLR absorption. B2 2234+28A is one such source that shows U.L. consistent with the EBL-absorbed
spectrum, albeit with a caveat—when accounting for the uncertainties associated with the Fermi-LAT
data extrapolation. In the initial analysis, I applied the EBL model from [114] to all sources under
investigation.

I conducted further testing on an alternative EBL model to determine if the selected model influ-
enced the conclusion regarding the existence of a cut-off. Numerous EBL models have been developed
to tackle absorption in EBL. I evaluated three alternative EBL models to analyze the HE/VHE SED
for CTA 102 and B2 2234+28A. As depicted in Fig. 5.16, additional BLR absorption is required to
account for the observed upper limit points, regardless of the particular model utilized.

5.4.6 Broadband modeling discussion

As there is no measurement available of the superluminal motion on B2 2234+28A, initially, T used
the average FSRQ value (over blazar sample studied in radio frequency) Doppler factor §p=13 for this
source. However, as a test, I also considered a higher Doppler factor of 40, corresponding to what was
used for CTA 102 during a strong flare. This is to potentially observe enhanced emissions, as the high
Doppler Factor in CTA 102 flare suggests increased activity.

Comparisons between models that use these two Doppler factors are shown in Fig. 5.17, with
the model parameters explained in Table 5.4. As seen in the figure, setting dp to 13 enhances the
importance of SSC. However, the dominant contribution to high-energy emission remains the same,
which is a combination of EC on DT and BLR, even with é p=40.
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Figure 5.17: Two broadband fits for B2 2234+28A: Comparative modeling with different §p=13 and
40.

Points derivation from broadband fit

The plot in Fig 5.15 displays the fitting model for B2 2234+-28A. The plot shows that most of the data
points obtained from KVA, Swift, and two points from Fermi-LAT fit well with the model. However,
there appears to be one Fermi point, which shows an apparent deviation from the line represented by
the model. Upon closer inspection, it is found that the deviation has a value of 1.62 o, which is still
within an acceptable range of statistical fluctuations.

The analysis of the broadband fit spectrum for CTA 102 reveals an interesting observation. The
Swift-XRT spectrum appears to deviate from the fit. This deviation is noteworthy as both the data
and the model exhibit characteristics resembling a power-law distribution at this points, as shown
in Fig. 5.18. The difference can be caused by a number of reasons: simplifications of the modeling
(consideration of only one zone, homogeneity, and isotropy, usage of equilibrium EED, ...) and non-
strict simultaneity of the data. To further investigate this deviation, I fit a power-law function to the
data and model and compare the differences. The broadband model has a softer spectrum compared
to the XRT data. However, the difference in the index is only 0.3.

Two approaches for modeling emission

In this section, I compare the consistency of the two methodologies used to determine the position
of the emitting region. Specifically, I am curious about whether a log-parabola intrinsic spectrum is
consistent with the later source modeling.

I utilized two partially independent approaches. Firstly, I conducted a naive extrapolation of
the Fermi-LAT spectrum, using only the EBL absorption. From this approach, I discovered that
the MAGIC limits fall below the extrapolation. At the assumption that the VHE flux is decreased
due to absorption in the BLR, I calculated the maximum distance of the emission region using this
methodology. However, different explanations are possible, such as those due to the cutoff in the
electron maximum energy.

100



5.5. SUMMARY AND CONCLUSIONS

4 ® XRT data, slope=0.9
1 ® BroandBand model, slope=0.58

—

=
—_
o

—
|
—_
—_

vF, [erg /s cm?]

—

=
—_
[N
1

1617 10‘19
v [Hz]

Figure 5.18: Part of CTA 102 spectrum in XRT energy range with derivation points.

Next, I applied the second method using the full MWL fit. I obtained a fit describing the data
with a cutoff of the electron spectrum at relatively low energy.

Upon closer observation, I have noticed that the upper limits established by MAGIC’s U.L. exceed
the predictions generated by my broadband modeling. This observation has prompted me to reconsider
the fundamental assumptions that underpin our current model. In particular, it has raised the question
of whether a revised model that incorporates absorption effects might be necessary to reconcile my
model with these upper limits. To investigate this, I examined the modeled spectrum without internal
absorption and checked whether it overshoots the MAGIC U.L. This is shown in Fig. 5.19, and the
obtained full-modeling solution does not require significant BLR absorption.

The results obtained from the two approaches to modeling the emission from FSRQs indicate a lack
of consistency between them. This discrepancy suggests that absorption seems necessary according
to the first method (phenomenological model). However, it might be missed through full modeling,
underscoring the need for the second, more complex approach. However, it is important to note that
this broadband modeling assumes a specific location of the emission region, which is associated with
the absorption of this radiation. In other words, the emission area is placed on the edge of the BLR
to ensure a sufficiently strong radiation field for EC emission, implying that the same radiation field
will also absorb gamma photons.

5.5 Summary and Conclusions

The analysis conducted in this chapter led to the construction of a catalog with the upper limits of
emission from nine FSRQs. These FSRQs were observed by the MAGIC telescopes over the past
decade with a total of 174 hours of observation data. Most of the publications reporting observations
of the Cherenkov telescope of FSRQs focus on detections of VHE emissions. This can produce a bias,
suggesting that emission is typically produced beyond the BLR. Observations that do not lead to
the detection in this range are rarely reported to the community. I investigated if such non-detections
during high states of FSRQ change this paradigm. This study demonstrates that even these undetected
sources can be explained within a model where the emission is produced in the outer parts of the BLR,
resulting in little internal absorption.

I compared the limits on the VHE gamma-ray emission of these sources derived with the MAGIC
telescopes with the extrapolation of the contemporaneous GeV emission seen by Fermi-LAT, taking into
account the absorption in EBL. For four out of nine investigated sources (namely TXS 0025+197, AO
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Figure 5.19: The solid black line represents the sum of emissions (without any absorption neither in
BLR nor in EBL), and the solid green line is the sum of emissions after considering EBL and BLR
absorption. The data points are shown in two variants: red points are deabsorbed only with the
expected EBL, and black squares are deabsorbed for both EBL and BLR.

02354164, OP 313, and TXS 2241+406), the MAGIC telescopes U.L. lie above the emission predicted
by the model. For the other three sources (4C 55.17, 3C 454.3, and B2 0234+28), the spectra, after
accounting for absorption in the EBL, are close to the U.L. obtained by MAGIC. The fact that for
these seven sources, the MAGIC U.L. lies very close to or above the Fermi-LAT extrapolated model
does not allow us to set any additional constraints on the absorption by the BLR. Their large redshift
distances could explain these sources’ lack of detection in the VHE range. It may also be because there
is a certain delay between the emission enhancement triggering the ToO and the time when pointing
instruments, such as the MAGIC telescopes, start their observations, which can also be additionally
limited by atmospheric conditions or moonlight (nevertheless the GeV flux of those sources during
MAGIC observations was 2 to 50 times higher than average).

Lastly, for two sources, B2 2234+28A and CTA 102, I obtained with the MAGIC telescopes upper
limits on the flux below the emission predicted by the Fermi-LAT extrapolation model, which could
suggest the presence of an additional absorption from the BLR. I investigated two approaches: a
phenomenological description of gamma-ray band spectral shape and a fitting of a broadband radiative
model. The first was limited to the HE and VHE gamma-ray range and was used to constrain the
distance between the emission region and the black hole. As shown in Fig. 5.14, the required absorption
in BLR to explain the constraints derived by the MAGIC telescopes for both sources is a weak radiation
field of only 1% of the disk luminosity. In the applied multi-spherical BLR model, this places the
distance between the emission region and the black hole corresponding to the edge of the BLR, namely
S 1.6 - Rypg. This agrees with findings for another FSRQ object in [328], which suggest that the
gamma-ray emission located in 3C 279 most likely originates from the edge of the BLR. The second
approach instead considers the emission over the whole spectrum, where the constraint from the
phenomenological approach was tested in a leptonic emission model. Based on the SED shown in
Fig. 5.15, it can be said that the major contribution to the HE emissions from the two sources, B2
2234+-28A and CTA 102, studied in this work is the combination of the EC processes on the DT and
the BLRs. The data fitting process yielded the values of parameters that describe the broad-band
emission model. However, it is important to remember that such a simplified, homogeneous, one-zone
leptonic model may only partially represent the complex conditions within the jet.

Regarding CTA102, the magnetic field’s energy density (Up) and the total energy density of elec-
trons (U.) seem approximately equal. Concerning B2 2234+428A, the magnetic field dominates when
modeling is done with the assumption of the Doppler factor being 40. However, when I used a Doppler
factor of 13, Up and U, were comparable as well.

It is important to note that the conclusion drawn is highly dependent on the used approach.
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Based on our phenomenological model, my analysis of the observations made on CTA 102 and B2
2234+-28A in the HE and VHE ranges leads us to conclude that weak absorption in the BLR is sufficient.
Furthermore, the model’s best-fit solution, which considers the full broadband spectrum, is consistent
with the U.L. set by MAGIC. However, the lack of detectable VHE gamma-ray emission can mainly be
attributed to the limited energy range of the electrons. Therefore, it can be inferred that the observed
steepening at VHE energies is primarily due to the characteristics of the particle distribution, such as its
maximum energy or distribution slope, rather than being significantly influenced by absorption effects.
These observations are consistent with the study performed with the Fermi-LAT telescope, which
found no evidence for the expected BLR absorption [87]. It is crucial to note that location constraints
based on a naive extrapolation of the Fermi-LAT spectrum may not be robust. This is because the
intrinsic spectrum cannot be assumed to behave straightforwardly, which should be considered in future
studies, such as those with CTA [20] data. The lack of evidence for strong absorption of the VHE
gamma-ray radiation in FSRQs is promising for future observations of FSRQ objects with the present
and next generation of TACTs. On the other hand, the findings from the second approach point to cut
off in the maximum energy of electrons are less promising for the detection of further sources. Further
observations of FSRQ objects with the largest CTA telescopes, LST, will allow to probe the emission
at few tens of GeV and possibly distinguish between the electron energy cut-off and absorption effects.
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Chapter 6

Conclusion and future

6.1 Conclusion about PhD

During my thesis, one of my main focuses was on developing data analysis methods for LST-1, specif-
ically low-level techniques such as signal correction and image cleaning. This was crucial in enhancing
the telescope’s performance, especially in the low energy range of VHE gamma-ray. 1 developed a code
for low-level calibration, parts of which are now performed online, and I have tested if everything is
working correctly. I also developed a special cleaning method currently being used in processing LST-1
data that lowers the influence of the additional noise from stars in the telescope’s field of view on the
Cherenkov images. I assisted in selecting the right parameters for the production of standardized data
files after the first stages of data reduction and conducted a study on the efficiency of the cleaning
methods.

Simultaneously to my work on the next generation of TACTSs, I also exploited the current one for
scientific investigations. Using MAGIC data collected over a span of 10 years, I investigated nine
FSRQ objects. To do this, I developed tools in agnpy, allowing me to improve numerical calculations
and consider absorption based on the multi-line BLR model. I analyzed 174 hours of data, which
are reported in [267], which I am leading as a corresponding author. I did not find any statistically
significant (> 5 o) signal for any of the studied sources, leading to upper limits on the emission in the
VHE energy range. Based on the analysis of two sources, it was observed that the upper limits on the
gamma-ray emission were constrained to be below the extrapolation from the emission model, taking
into account the EBL. This could potentially indicate the presence of absorption in the BLR. My
analysis focused on modeling the VHE emission of these sources, searching for absorption signatures
within the BLR radiation field. I derived constraints on the distance between the emission region and
the central black hole for these specific sources using a phenomenological model. These constraints
were then tested using a framework based on a leptonic model.

Throughout my Ph.D. journey, I had the opportunity to present my research findings at various
conferences and meetings. At the MAGIC and CTA /LST collaboration meetings, I discussed the results
of my work. During the LST general meetings, I presented three topics, including my development of
new pedestal cleaning methods, a cleaning study, and low-level corrections for LST-1. At the MAGIC
collaboration meeting, I presented work on FSRQ publications. I also had the privilege of presenting
a poster about the upper limits catalog FSRQ observations with MAGIC at the Particle Astrophysics
conference held in Poland in 2023. Additionally, I presented updates on the development of agnpy at
the TeVPA conference in Naples the same year.

During my PhD, I was honored to receive the NAWA fellowship, which allowed me to spend seven
months at Instituto Fisica d’Altes Energies in Barcelona. I have also applied for a Preludium grant to
develop a smart camera system that would enhance safety measures and enable remote operation of
the MAGIC telescope.
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6.2 Future of gamma-ray astronomy

The field of gamma-ray astronomy is currently undergoing a significant transformation that prioritizes
inclusivity and openness. In the past, major observatories like H.E.S.S., MAGIC, and VERITAS have
played a critical role in advancing our knowledge of the universe. However, access to these facilities
and their data was largely limited to specific collaborations. This trend is shifting with the rise of
open observatories, which will allow a broader range of scientists to submit observational proposals
and engage in data analysis. This transition marks a major step towards democratizing the field,
enabling more people to contribute to and benefit from gamma-ray astronomy. This move towards
openness is part of a larger trend in science that emphasizes transparency and inclusivity, fostering
greater innovation and collaboration in the field.

The CTA is set to become the first open VHE gamma-ray observatory [215]. It will comprise around
100 Cherenkov Telescopes of varying sizes, situated across two locations - La Palma, Spain (North)
and Paranal, Chile (South). With an expected factor of a few improvements in sensitivity, CTA is
additionally expected to significantly extend the observable energy range compared to current VHE
experiments. For blazar observations, pushing the energy threshold towards ~20 GeV is particularly
important, as most blazars have soft spectra in the VHE gamma-ray range. Construction of the
telescopes has already begun in La Palma.

I am most interested in blazars, which play a significant role in CTA’s key science programs [329).
These programs consist of three different observational approaches: high-quality spectra, long-term
monitoring, and target-of-opportunity observations of flares. The detailed gamma-ray spectral studies
made possible by CTA’s improved sensitivity will enable the detection of potential spectral features,
such as those expected due to yy absorption in the BLR or DT. In addition to studying blazar
intrinsic spectral features, CTA’s high-quality spectra will also be used to study EBL. As there are
several possible origins for these spectral features, observing a large sample of blazars from different
sub-classes and in different redshifts is crucial.

Although there is an observational bias towards VHE blazars detected during flares in lower energy
bands, observing the flares is a mandatory part of VHE gamma-ray observations. With current TACTs,
many sources can only be detected during flares. Extending the AGN population to fainter classes,
such as narrow-line Seyfert-1 galaxies, is also within CTA’s reach. The flares are essential for studying
the mechanism of fast (time scale of < 10 minutes) variability [324]. Observing a large number of such
flares is crucial, as it is impossible to identify the mechanism causing the fast variability from single
flares from a single source. Blazars will also be targeted with proposal-based programs. According
to simulations, the number of blazars detectable by CTA will be almost an order of magnitude larger
than with the current generation of telescopes [330].

6.2.1 My plans for future

I am interested in enhancing the agnpy further by enabling users to calculate more advanced models
of BLR while improving its speed. At present, the computation needed for the complex BLR model
utilized in this work is quite slow. Additionally, it would be great to develop a widget that allows
manipulation of starting parameters for fit.

In December 2023, LST-1 made an exciting announcement regarding detecting VHE emission from
OP 313 [77], one of the sources I studied with the MAGIC telescopes. With the redshift of z = 0.997
[331]. it is currently nominally the farthest AGN for which VHE emission has been detected. It
presents a unique opportunity to test the models developed in this thesis further. The preliminary
offline analysis conducted on the data from 2023/12/11 to 2023/12/14 has revealed that OP 313 was
detected with a significance greater than 5 o and an integrated flux above 100 GeV, at 15% flux of the
Crab Nebula. This detection of OP 313 opens up new avenues for research and provides an opportunity
to study the properties of high-energy emissions from AGNs at extreme distances. I will also try to
adapt this thesis’s phenomenological and broadband approach to the LST-1 OP 313 data.

Another concept I propose addresses the challenge of managing a substantial volume of scholarly
articles. It would be advantageous to have tools capable of reviewing numerous papers to locate specific
sections relevant to the source I intend to study and to extract parameters necessary for modeling.
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6.2. FUTURE OF GAMMA-RAY ASTRONOMY

For this purpose, Natural Language Processing (NLP) tools could be employed to efficiently search for
pertinent papers and identify essential parameters for model fitting.
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