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Abstract

The galaxy NGC 1068 represents one of the most intriguing and well-studied obscured,
Seyfert 2 galaxies in the nearby Universe. Located at a distance of approximately 14 Mpc,
NGC 1068 exhibits a composite nature, hosting both a luminous Active Galactic Nucleus
powered by accretion onto a supermassive black hole and an intense starburst region that
contributes signi�cantly to its emission. Its complex structure, characterized by obscur-
ing material in the circumnuclear region and powerful out
ows, makes it an interesting
target for investigating the connection between nuclear activity and star formation, as
well as for exploring potential sites of cosmic-ray acceleration.
Recently, the IceCube collaboration has reported evidence for high-energy neutrino emis-
sion from the direction of NGC 1068. This discovery strongly suggests the presence of
hadronic acceleration processes within the source, in which protons or heavier nuclei in-
teract with ambient matter or radiation �elds, producing charged and neutral pions that
decay into neutrinos and gamma rays, respectively. Consequently, if neutrino emission
indeed originates from NGC 1068, one would also expect corresponding very high energy
gamma-ray emission.
My thesis aims to characterize the gamma-ray emission from NGC 1068 using recent
observations carried out by the Large-Sized Telescope prototype (LST-1), the �rst oper-
ational prototype of the future Cherenkov Telescope Array Observatory (CTAO), which
is under construction and represents the next generation of ground-based gamma-ray
observatories. It will consist of an array of telescopes of di�erent sizes (Large, Medium,
and Small) distributed across two sites in the northern and southern hemispheres. This
con�guration will allow CTAO to cover an unprecedented energy range, from a few tens
of GeV up to several hundreds of TeV, with sensitivities up to an order of magnitude
better than current instruments. LST-1, located on the island of La Palma (Canary
Islands), is designed to explore the low-energy domain of CTAO, with a threshold of
about 20{30 GeV.
In addition to LST-1 data, my study makes use of archival observations from the Fermi-
LAT telescope, the MAGIC observatory, and the Very Large Array (VLA), thereby
providing a comprehensive multiwavelength context for the analysis. The analysis com-
bines data reduction, spectral �tting, and temporal studies to constrain the gamma-ray
emission from the source. Furthermore, the study incorporates the instrument response
functions of upcoming facilities, such as the full CTAO and future MeV gamma-ray mis-
sions, to assess their potential for detecting or constraining the emission from NGC 1068.
Part of my work focuses on the investigation of the so-called \MeV gap," a spectral region
between a few hundred keV and several tens of MeV that remains poorly explored due to
the lack of su�ciently sensitive instruments. This region is crucial for understanding the
transition between thermal and non-thermal processes in astrophysical sources. To this
end, we evaluate the capabilities of the upcoming Compton Spectrometer and Imager
(COSI), a NASA MeV gamma-ray space mission scheduled for launch in 2027. COSI will
operate in the 0.2{5 MeV energy range, using advanced Compton imaging techniques to
achieve unprecedented sensitivity and energy resolution.
The work presented in this thesis is divided into two main parts. The �rst part focuses
on the analysis of observational data, in particular the reduction and processing of LST-1
observations. Through this analysis, we derived upper limits in the upper-TeV range.
Furthermore, an in-depth investigation of the dataset revealed background-related issues
a�ecting the lower-energy regime (below 0.6 TeV), which limited the reliability of po-
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tential detections in that energy band.
The second part of my thesis is dedicated to the theoretical modeling of the non-thermal
emission from the starburst region of NGC 1068. We developed a comprehensive frame-
work based on state-of-the-art models that incorporate both hadronic and leptonic pro-
cesses, motivated by the evidence for neutrino emission and the possibility of cosmic-ray
acceleration in the starburst environment. As part of this work, we performed an ex-
ploration of the parameter space, testing the impact of each free parameter on the total
spectral energy distribution (SED), which includes synchrotron, bremsstrahlung, inverse-
Compton, and pion-decay components, as well as the absorbed pion-decay contribution.
By comparing these model predictions with the multi-wavelength and multi-messenger
data, combining the upper limits derived from LST-1 with archival observations from the
literature, we identi�ed a set of physically consistent parameters capable of reproducing
the observed SED well. This �nal model provides a scenario in which the observed emis-
sion can be explained within the framework of cosmic-ray acceleration in the starburst
region of NGC 1068.
By combining observational and theoretical approaches, my study provides new con-
straints on the very-high-energy emission of NGC 1068 and contributes to the broader ef-
fort of understanding the mechanisms potentially powering high-energy neutrino sources.
Our results also demonstrate the potential of next-generation observatories, such as
CTAO, to revolutionize our view of active galaxies, o�ering higher sensitivity and ex-
tended energy coverage. These future facilities will be decisive in closing the existing
observational gaps and in unveiling the nature of the extreme particle accelerators oper-
ating in nearby AGN-starburst systems like NGC 1068, as well as many other kinds of
objects characterized by gamma-ray emission.
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1 Astrophysical background

This chapter provides a general theoretical introduction to the astrophysical context
of this work. It aims to o�er an overview of the studied source, outlining its main
components and the physical mechanisms that characterize it. The chapter begins by
presenting the motivation and framework for this study, which focuses primarily on
the analysis of the gamma-ray emission. Subsequently, the general structure of the
system is discussed, emphasizing its two principal components: the Active Galactic
Nucleus and the surrounding starburst region. Finally, particular attention is given to the
source under investigation, NGC 1068, whose peculiar properties are examined through
a multimessenger perspective, highlighting the distinctive features of its emission across
di�erent energy bands.

1.1 Introduction

For around 13 years, the IceCube Neutrino Observatory, a cubic-kilometer-scale detec-
tor located at the South Pole and designed to explore the high-energy universe, has
been continuously observing a di�use 
ux of high-energy neutrinos, massless subatomic
particles that interact only via the weak nuclear force and gravity. These astronomical
messengers provide a unique window into the most energetic and extreme environments
in the cosmos, such as active galactic nuclei (AGN), gamma-ray bursts (GRBs), and
star-forming galaxies, where cosmic rays (CRs) are accelerated to ultra-high energies.
Neutrinos are primarily produced in hadronic interactions, where collisions between high-
energy protons and ambient matter or radiation �elds give rise to pions, which subse-
quently decay into gamma rays and neutrinos. Although gamma rays can also originate
from purely leptonic processes, neutrinos are exclusively produced by hadronic reactions
(Kelner et al., 2006). Consequently, a simultaneous emission of neutrinos and gamma
rays is generally expected, linking the two as complementary messengers of cosmic-ray
interactions (Abbasi et al., 2025).
Hence, because of the close physical connection between gamma rays and neutrinos, it is
crucial to investigate the gamma-ray spectrum in detail to gain deeper insight into the
nature of the particle acceleration mechanisms and to identify potential astrophysical
sources responsible for the observed neutrino 
ux.
My work focuses on the detailed study on the gamma-ray emission from a particular
galaxy named NGC 1068 that have been identi�ed as an AGN-starburst composite sys-
tem (e.g., Eichmann et al., 2022). Such systems are of particular interest because they
combine two powerful energy-producing environments: an AGN, driven by accretion
onto a supermassive black hole, and an intense star-forming (starburst) region, where
frequent supernova explosions and stellar winds can e�ciently accelerate cosmic rays.
The main physical mechanisms associated with the AGN and starburst regions are dis-
cussed in detail in Sections 1.2 and 1.3, respectively.
The overall structure of the system is illustrated in Figure 1. At the center lies the
AGN, constituted of several components. The central supermassive black hole acts as
the engine of the system, accreting surrounding matter. The material around forms an
accretion disk, heated to extreme temperatures around T∼ 105 K. Above the disk resides
the corona, a hot, compact, and still poorly understood region, which is believed to be
one of the potential sites for high-energy neutrino production. Surrounding the central
engine is the dusty torus, a thick, obscuring structure of gas and dust that reprocesses
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the radiation emitted from the inner regions and determines the observed characteristics
of the AGN depending on the viewing angle. Because of its particular inclination with
respect to the Earth, NGC 1068 has been classi�ed as a Seyfert Galaxy, meaning that
the observers' eyesight is aligned with its dusty torus.
Beyond the central nucleus lies the starburst region, where intense star formation ac-
tivity leads to frequent supernova explosions and strong stellar winds. These processes
inject large amounts of energy into the interstellar medium, driving shocks responsible
for the cosmic rays acceleration. The interaction between the AGN and the starburst
region, as represented in Figure 1, plays a crucial role in shaping the multiwavelength
and multimessenger emission properties of the galaxy, which will be further discussed in
Section 1.4.1.

Figure 1: Schematic representation of the two-zone AGN{starburst model for NGC 1068.
The central AGN comprises a black hole, accretion disk, coronal region, and surrounding
dusty torus, producing radiation across multiple wavelengths (optical/UV, X-rays,
 -
rays, and infrared). The corona emits high-energy
 -rays, X-rays and CRs, which can
escape into the surrounding medium. At a larger scale (around 1 kpc), a starburst ring
hosts intense star formation and supernova activity, contributing additional cosmic rays
and high-energy emission. The arrows indicate particle and photon propagation between
the AGN core and the starburst regions (Eichmann et al., 2022).

1.2 Active Galactic Nuclei

The term AGN, refers to extremely energetic processes undergoing in the very central
regions of certain galaxies, which are not attributed to stars. The source of the AGN
luminosity is the gravitational potential energy of supermassive black holes (e.g., Urry
and Padovani, 1995).
According to the uni�ed model presented in e.g. Urry and Padovani (1995) and displayed
in Figure 2, matter pulled towards the center is collected in an accretion disk around the
black hole and experiences viscous or turbulent processes that lead to angular momentum
loss. The disk can be observed at ultraviolet wavelengths for certain types of AGN, when
the obscuring material does not intercept the line of sight. Emission at hard X-rays is
also present but near the black hole, possibly due to the hot electrons (T� 108� 9K )
above the disk, due to inverse Compton scattering (see Section 1.4.1).
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Near the disk there are dense, rapidly moving clouds of gas (the broad-line region,

Figure 2: Uni�ed model of AGN. The central supermassive black hole is surrounded by
an accretion disk and an obscuring dusty torus, with broad-line and narrow-line regions
located at di�erent distances from the core. The observed AGN type depends primarily
on the viewing angle: when viewed face-on, the nucleus and jet are visible as blazars or
radio-loud quasars, while edge-on views, obscured by the torus, appear as Seyfert type
2 or radio galaxies. The population of jetted AGN corresponds only to 10-15% of the
entire population.
Intermediate orientations give rise to Seyfert type 1 and radio-quiet quasars, illustrating
how geometry and orientation unify di�erent AGN classi�cations (Reynolds et al., 2014).

BLR) orbiting close to the supermassive black hole, responsible for strong optical and
UV broad emission lines that can be obscured along some lines of sight by a surrounding
torus; beyond this structure lies the narrow-line region (NLR), formed by more extended
and less dense clouds ionized either by the central continuum or by jet-driven shocks.
A fraction of around 10-15% of the entire AGN population presents some out
ows of
energetic particles that escape along the poles and form collimated radio-emitting jets
and eventually some radio sources (prominent for elliptical hosting galaxies, weak when
the host is a gas-rich spiral). The plasma present in the jets streams outward at extremely
high velocities, producing relativistic beamed radiation (Urry and Padovani, 1995).
For this reason AGN be distinguished as jetted versus non-jetted, depending on the
presence or lack of strong relativistic jets, a characteristic can be quanti�ed through
radio observations (further discussed in Section 1.2.1. Jetted AGN are the minority of
the population, while non-jetted AGN constitute the remaining 85-90% (Padovani et al.,
2017).
AGN present axisymmetry, which implies a di�erent appearance, hence a di�erent AGN's
class, based on the di�erent observation angle of the object (Figure 2).
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1.2.1 Properties and classi�cation

The whole AGN taxonomy can be conveniently visualized in the diagram in Fig. 3. AGN

Figure 3: Uni�ed classi�cation diagram of AGN showing the relationship between optical
emission-line properties, radio intensity, and viewing angle. The diagram distinguishes
between radio-quiet and radio-loud AGN, further categorized by optical emission line
types (Type 0, Type I, and Type II). Radio-loud AGN include BL Lac objects, 
at- and
steep-spectrum quasars (FSRQs, SSRQs), and Fanaro�{Riley (FR I and FR II) radio
galaxies, while radio-quiet AGN include Seyfert 1 and 2 galaxies, quasars, and X-ray
narrow-line galaxies (NELG). The horizontal axis represents increasing viewing angle
with respect to the AGN jet axis, illustrating orientation-based uni�cation (Horvath,
2022).

are �rstly classi�ed based on based on the ratio of radio 
ux at 5 GHz (Fradio ) versus the
optical (B-band) 
ux ( Foptical ). If the ratio Fradio

Foptical
& 10, then the object is classi�ed as

radio-loud. Due to the fact that the emission-line spectra and the continuum of radio-
quiet and radio-loud objects exhibit strong similarities, this distinction is thought to
depend on the host galaxy or the black hole spin, responsible to enable the formation
of powerful relativistic jets that are mainly responsible for the radio emission, as we
mentioned in Section 1.2.
According to Padovani et al. (2017), the radio-loud AGN are also jetted as the majority of
their emission is non-thermal, hence associated with the presence of powerful relativistic
jets. On the other hand, radio-quiet AGN are non-jetted as they are dominated by
thermal emission related to the accretion disk.
AGN can also be classi�ed based on the optical and ultraviolet spectra, de�ning three
subclasses depending on the value of the Full Width at Half Maximum (FWHM) de�ned
as the width of a spectrum curve measured between those points on the y-axis which are
half the maximum amplitude:

ˆ Type 1: characterized by broad emission lines (FWHM> 1500 km/s) and bright
continua.
In the radio-quiet category, low-luminosity sources (historically referred to those
objects with absolute magnitudeMB > � 23) with a resolved host galaxy are
identi�ed as Seyfert 1 galaxies, whereas high-luminosity (MB < � 23) objects are
classi�ed as Quasar, which are typically observed at larger distances and often lack
a clearly resolved host galaxy. In the radio-loud category, low luminosity sources are
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referred to as Broad-Line Radio Galaxies (BLRG), while high-luminosity sources
are classi�ed as Steep Spectrum Radio Quasars (SSRQ) and Flat Spectrum Radio
Quasars (FSRQ) according to their continuum spectral shape.

ˆ Type 2: exhibit narrow emission lines (FWHM< 1000 km/s) and weak continua, a
feature generally attributed to obscuration along the line of sight. In the radio-quiet
class, low-luminosity sources include Seyfert 2 galaxies and narrow-emission-line
X-ray galaxies (NELG). In the radio-loud class, they are known as Narrow-Line
Radio Galaxies (NLRG) and are further distinguished into Fanaro�{Riley type I
(FR I) sources, which are of lower luminosity and frequently display symmetric
radio jets, and Fanaro�{Riley type II (FR II) sources, which are more luminous
and exhibit collimated jets terminating in well-de�ned lobes and hot spots.

ˆ Type 0: AGN with intermediate or mixed spectral properties, typically observed
at very small inclination angles (close to 0� ). It includes Broad Absorption Lines
(BAL) quasars for the radio-quiet class, and BL Lacertae (BL Lac) objects (fea-
tureless spectra) and Flat Spectrum Radio Quasars (FSRQ) for the radio-loud
class.

As our object of study is speci�cally a Seyfert galaxy, this class of AGN deserves partic-
ular attention, and we will expand on it in the following subsection.

1.2.2 Seyfert Galaxies

Seyfert galaxies did not attract signi�cant attention until the mid-20th century, when
their radio emission was recognized. Pioneering studies by Woltjer in 1959 (Peterson,
1997) demonstrated that Seyferts lacked spatially resolved nuclei, with sizes constrained
to scales. 100 pc. He further estimated the lifetimes of the AGN activity corresponding
to � 108 years, noting their rarity (around 1% of spiral galaxies), and through simple
virial arguments, inferred the presence of compact masses in the range of 109� 1M � at
their centers. These results proved that Seyfert galaxies must contain extraordinarily
energetic engines con�ned to very small volumes, starting point for the modern paradigm
of accreting supermassive black holes (SMBHs).
Within the radio-loud classi�cation, Seyfert galaxies are recognized today as one of the
two major AGN subclasses, accounting for about 10% of all galaxies (Maiolino and Rieke,
1995). By de�nition, Seyferts host a luminous non-stellar nucleus (Rigopoulou et al.,
1997), often coinciding with circumnuclear starburst activity (Whittle, 1992). They are
typically associated with nuclear jets (Hummel et al., 1983; De Grijp et al., 1985), visible
in the radio or optical, which help distinguish them from pure starburst galaxies. Spec-
troscopically, Seyferts are divided into type 1 and type 2: type 1 nuclei show both broad
emission lines (FWHM . 104 km s� 1) and narrow lines (� 102 km s� 1), while type 2
systems reveal only the narrow components. As already introduced in Section 1.2, the
BLR is understood to arise from the orbiting dense (ngas � 109cm� 3) close to the SMBH,
while the NLR originates in more extended and less dense (ngas � 103� 6cm� 3) clouds
ionized directly by the central continuum or through jet-driven shocks (Dopita, 1995).
According to the uni�ed models, these spectral di�erences are attributed to orientation
e�ects: the optically thick and dusty torus surrounding the nucleus obscures the BLR
in type 2 objects, while type 1 Seyferts o�er a direct view of both regions (Antonucci,
1993). Intermediate types (1.5, 1.8, 1.9) re
ect partial obscuration or variations in line
strengths (Osterbrock, 1991).
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When considering more advanced evolutionary stages, beyond the orientation of the ob-
scuring structure relative to Earth, there is evidence suggesting that type 1 Seyferts may
generally be more evolved than type 2 (Oliva et al., 1995).
The huge amount of energy produced by Seyfert nuclei, are most consistently explained
by accretion of gas onto SMBHs (M & 106 M � ), with radiative e�ciencies surpassing
by � 10 times that of nuclear fusion (� = 0:007). Evidence for such central masses has
been established through observations of extragalactic H2O mega-masers, which reveal
Keplerian rotation curves in circumnuclear disks and yield precise black hole mass mea-
surements (Nakai et al., 1993, 1995).

1.3 Starburst region

Observations carried out by Le Floc'h et al. (2001) show that the circumnuclear starburst
region of starburst galaxies forms a prominent ring at a radius of roughly one kilopar-
sec from the nucleus and constitutes one of the most luminous and active sites of star
formation in galaxies like our source, presented in detail in Section 1.4 . These observa-
tions were performed with the Infrared Space Observatory Camera and have shown that
this structure is dominated by strong Unidenti�ed Infrared Bands (UIBs), interpreted
as emission from polycyclic aromatic hydrocarbons (PAHs) excited in the photodissocia-
tion regions around young, massive stars, and these features are entirely absent from the
nucleus itself, where the harsh radiation �eld of the AGN e�ciently destroys the PAH
carriers. The ring is correlated with regions of molecular gas and cold dust traced by
CO(1{0) and submillimeter observations. In the same region, we observe gas in
ows that
trigger shocks and subsequently ignite episodes of intense star formation. Within the
ring, the mid-infrared spectra are characterized by strong PAHs at 6.2, 7.7, 8.6, and 11.3
�m , a rising continuum beyond 10�m attributed to dust grains heated by ultraviolet
photons from hot stars, and low-ionization lines such as [Ne II] at 12.8�m that trace
the surrounding ionized gas, all of which are typical signatures of starburst activity.
Energetically, the contribution of the starburst region is substantial: although the AGN
dominates the hot continuum in the mid-infrared, the circumnuclear ring accounts for
the majority of the UIB emission and provides a major fraction of the far-infrared and
submillimeter luminosity through its association with the cold dust component.
As discussed in Eichmann et al. (2021), starburst galaxies are characterized by excep-
tionally high star-formation rates (SFRs), which lead to the acceleration of cosmic rays
through di�erent mechanisms: one is the presence of a large number of supernova rem-
nants, the other is the presence of massive star winds, both strictly connected to the SFR.
The associated CRs produce non-thermal emission spanning a broad range of energies,
as revealed by multiwavelength observations. Since the �rstFermi -LAT detections, star-
burst galaxies have emerged as signi�cant
 -ray sources. Multiwavelength observations
reveal that in some starburst galaxies, the central region dominates the non-thermal
emission, in combination with an AGN, forming AGN-starburst composites. These
AGN{starburst composite galaxies show that the starburst region contributes signi�-
cantly to gamma-ray emission, although it alone may not account for the total emission
(Eichmann et al., 2021). The dense interstellar medium and strong magnetic �elds in
starburst regions enhance particle interactions, making them candidate sites for gamma-
ray production through CR collisions and potential neutrino emission. In these systems,
infrared emission, as explained before, dominates the low-energy spectrum. Observations
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of NGC 1068 suggest that multiple emission zones, composed by the starburst region
and the AGN corona, are required to explain the multimessenger signals.
Based on a previous work carried out by Ackermann et al. (2012), Kornecki et al. (2020)
reported that observations of nearly a dozen star-forming galaxies in
 -rays by Fermi -
LAT have revealed a quasi-linear relation between
 -ray luminosity and SFR. This corre-
lation supports a scenario in which GeV emission is dominated by hadronic interactions
of CRs with interstellar protons, producing photons via neutral pion decay. Since CRs are
predominantly generated by supernova remnants, galaxies with higher SFRs host higher
CR energy densities and are therefore more luminous in
 -rays. In their population
study, it was established that the gamma-ray luminosity of star-forming galaxies scales
with the SFR more steeply than previously thought. This result implies that galaxies
experiencing extreme starburst activity, characterized by compact, dusty, and gas-rich
environments, are more e�cient gamma-ray emitters compared to normal spirals. The
mechanism is linked to the formation of massive stars, which rapidly evolve into super-
novae that inject large populations of cosmic rays into the interstellar medium. Unlike in
lower-SFR galaxies, where cosmic ray escape through galactic winds or di�usion reduces
radiative e�ciency, in starbursts the combination of high gas densities, short cooling
timescales, and turbulent magnetic �elds makes them nearly perfect calorimeters, with
the majority of cosmic ray energy radiated away before escape.

1.4 NGC 1068

NGC 1068 is a nearby (redshiftz = 0:003) galaxy that exhibits both the energetic sig-
natures of an active galactic nucleus (AGN) and intense star-forming activity. This dual
nature classi�es it as an AGN{starburst composite galaxy.
NGC 1068, classi�ed as a Seyfert 2 galaxy (a speci�c kind of AGN which was discussed
in Section 1.2.2) in the uni�ed model of AGN (Antonucci, 1993), played a fundamental
role in understanding the physics and evolution of this class of objects. The galaxy �rst
appeared in the literature as early as 1908, when E. A. Fath at Lick Observatory (Cal-
ifornia, USA) obtained the �rst optical spectrum, revealing prominent emission lines
(Peterson, 1997). Shortly thereafter, V. M. Slipher at Lowell Observatory (Arizona,
USA) re�ned these results, resolving the emission features and measuring their velocity
widths, on the order of hundreds of km s� 1. The systematic study of such phenomena
began in 1943, when Carl Seyfert identi�ed a class of galaxies with intensely bright nuclei
and, in some cases, extremely broad emission lines. Although NGC 1068 was included
in his sample, it is a Type 2 Seyfert, and its broad-line region was not observed directly
but revealed decades later through spectropolarimetry.
Several components can be distinguished in di�erent energy bands: (1) a starburst region
in the spiral arms of the host galaxy; (2) a jet of kiloparsec size; (3) a sub-kiloparsec scale
out
ow; (4) the black hole surroundings (Padovani et al., 2024). Those components can
be studied in di�erent energy bands, o�ering a complementary description to the whole
picture. However, none of the components mentioned before can be resolved in
 -rays,
and the origin of this emission has not yet been disentangled (Padovani et al., 2024).
There are several reasons why an in-depth study of this source is crucial. A decade of
data from the IceCube Neutrino Observatory (Collaboration et al., 2022; Abbasi et al.,
2025) has claimed NGC 1068 as a possible neutrino emitter, with an observed TeV excess
located � 0:35� from the galaxy's position, with a signi�cance of 4:2� inconsistent with
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background expectations. The peculiarity of this source is that the gamma-ray emission
should be of the same order of magnitude of the neutrino emission, but in this case we
have no corresponding gamma-ray emission at similar energies. As noted by Eichmann
et al. (2022), both the AGN and the circumnuclear starburst could be potential sites for
the production of highly energetic CRs, potentially contributing to the observed extra-
galactic CR component. Observations with theFermi -LAT and imaging atmospheric
Cherenkov telescopes such as VERITAS have detected
 -ray emission from the galaxy,
con�rming that particles are being accelerated to very high energies, a central focus of
this work.
To disentangle the active emission mechanisms, it is essential to distinguish between
the various particle acceleration sites. For NGC 1068, numerous observations suggest
the presence of multiple acceleration regions, implying that its multimessenger emission
requires a multi-zone modeling approach to achieve a consistent interpretation. In Fig-
ure 1, adapted from Eichmann et al. (2022), a schematic view of such a multi-zone model
is shown, illustrating the main components contributing to the observed signals.

1.4.1 Multimessenger view

In order to have a better overview of the di�erent undergoing phenomena in NGC 1068,
it is crucial to adopt a multimessenger view.
Here we will brifely explain the ongoing processes at di�erent wavebands, and how these
could be responsible for the observed (but also hidden) emission. In the review by
Padovani et al. (2024), the multimessenger SED is presented (see Fig. 4), where several
key features can be identi�ed: the radio spectrum (withL / � � 0:7), the emission from
the spiral host galaxy, the contributions from the accretion disk and corona, the gamma-
ray regime (with data from Fermi-LAT and MAGIC), and the neutrino detection band
(IceCube Observatory).

Radio band
Radio observations are used to investigate the inner region of NGC 1068, shown in Figure
5. The observations show the presence of a starburst disk region of about 2 kpc size and
the presence of a 500-pc scale jet. The jet itself is quite small and the velocities are quite
low (almost two orders of magnitude shorter and much slower than M87 jet,< 0:005c
versus> 0:99c, which leads to classify NGC 1068 as a non-jetted AGN (Padovani et al.,
2024). The shape of the radio continuum in Figure 4 indicates synchrotron emission, the
origin of which could be linked both to the starburst region and the jets.
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Figure 4: The spectral energy distribution of NGC 1068 illustrates the power emitted at
di�erent frequencies or energies. The units are as follows: frequency� in Hz (bottom
x-axis), energyE in eV (top x-axis), power�L in erg s� 1 (left y-axis), and 
ux E 2�( E)
in TeV cm� 2 s� 1 (right y-axis) (Padovani et al., 2024).

Figure 5: Image of NGC 1068 at 1.7 GHz. In the left panel it is shown the starburst
(SB) disk (right ascension (� ) and declination (� ) are given for the 1950 epoch). In
the top right panel there is the radio jet. In the bottom right panel the central core is
represented, where NE, C, and S indicate three distinct radio components. In the two
right-hand panels, the axes show o�sets from component C in arcseconds; each arcsecond
corresponds to 48.9 pc (Padovani et al., 2024).

Sub - millimetre band
AGN not only accrete matter to feed their central supermassive black holes but also
drive large-scale out
ows and winds of matter. These out
ows, which are generally less
collimated and slower than relativistic jets (Padovani et al., 2024), play a crucial role

17



in galaxy evolution through the AGN feedback mechanism (e.g., Fabian, 2012). Such
feedback can regulate or even quench star formation by expelling or heating the inter-
stellar medium (ISM), and may eventually starve the AGN itself by removing its supply
of infalling gas.
AGN-driven out
ows may have di�erent temperatures, compositions, and ionization
states, including ionized, atomic, and molecular components. These out
ow phases span
over a broad range of velocities, from semi-relativistic speeds of� 105 km s� 1 for ultra-
fast out
ows (UFOs), to � 102 km s� 1 for warm absorbers, observed on spatial scales
from sub-parsec to kiloparsec distances for the molecular component, as illustrated in
the work of Cicone et al. (2018). For what concerns the ionized component, there are
studies like e.g. Kubo et al. (2022) that show the detection of out
ows in this state with
velocities around� 103 km s� 1.
Most of the molecular gas in the ISM exists in the form of molecular hydrogen (H2),
which is invisible in the cold ISM where most of the molecular mass resides. Because H2

transitions are only excited in warm regions accessible to infrared or ultraviolet observa-
tions, sub-millimetre studies rely on other tracers. The second most abundant molecule,
CO, is the best tracer of the global molecular reservoir at these wavelengths. Currently,
the Atacama Large Millimeter/submillimeter Array (ALMA) represents the most pow-
erful tool for probing this molecular component.
A huge molecular out
ow in NGC 1068 has been revealed by ALMA observations (Padovani
et al., 2024), with molecular tracers such as CO and hydrogen cyanide (HCN) indicating
strong AGN feedback activity. This out
ow also induces molecular shocks within the
circumnuclear disk, on scales of a few hundred parsecs (Viti et al., 2014; Huang et al.,
2022).

Mid-IR band
The interferometer GRAVITY (Pfuhl et al., 2020) and the spectroscopic instrument MA-
TISSE (G�amez Rosas et al., 2022) observed the presence of a dusty torus surrounding
the accretion disk and located within the circumnuclear disk of a dimension of� 0:2pc,
which is typical of Seyfert objects. In NGC 1068, the torus blocks the view of the inner
regions, adding another layer of di�culty in studying this source.
The inner accretion disk is thought to have a temperature around 104� 6 K , with an
emission in the optical/UV band, where dust absorption is particularly e�ective. The
absorbed radiation is subsequently reprocessed by nearby dust grains and re-emitted in
the mid-IR range. In this region, for column densities exceedingNH > 1024 cm� 2, even
hard X-ray photons become strongly attenuated.
The geometry of the torus remains under active investigation. Observational and theoret-
ical studies suggest a complex, clumpy morphology rather than the originally assumed
homogeneous, doughnut-like structure (Almeida et al., 2009; Markowitz et al., 2014;
Marinucci et al., 2015).

X-ray band
X-ray observations are essential, as this radiation can penetrate large column densities
of gas and dust that obscure the central regions of active galaxies. For this reason, they
can o�er a complementary vision to the IR regime.
The X-ray emission of AGN is believed to originate in the corona, a plasma of extremely
hot electrons at temperatures of about 108� 9 K, which surrounds the accretion disk.
In this region, ultraviolet photons emitted from the disk are up-scattered by the hot
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electrons through the inverse Compton process, producing X-rays (Liang, 1979; Padovani
et al., 2017, 2024).
These coronal X-ray photons can also interact with protons of energies around 100 TeV,
triggering photomeson production and giving rise to 1-10 TeV neutrinos, such as those
observed by the IceCube Neutrino Observatory (Padovani et al., 2024). Remarkably,
NGC 1068 stands out as one of the X-ray brightest AGN in the sky (Marinucci et al.,
2015; Ricci et al., 2017), making it a prime candidate for studying the link between
high-energy photon and neutrino emission.

Gamma-ray band
This band has been observed by Fermi-LAT and MAGIC, and is currently observed by
LST-1. The 
 -ray emission has been associated mainly due to star formation activity,
that leads to cosmic rays acceleration and consequent emission of photons in this energy
range.
Most of the emission is associated with hadronic processes, like p-p collisions and pion
decay, which will be described in depth in the Section 4.1.
The reason why the emission of
 -rays is believed to come principally from star-forming
regions is that it has been reported a lack of variability in the process over 10 years of
observations (Ajello et al., 2020). Other contributors (like jets, matter out
ows) are not
excluded, but are thought to be negligible(Padovani et al., 2024).

TeV neutrino band
Using 13.1 years of IceCube data, the analysis has revealed signi�cant neutrino emission
from the Seyfert galaxy NGC 1068, establishing it as the most prominent neutrino source
among 110 preselected
 -ray emitters, de�ned a priori and located in a declination range
covering the northern sky,� 3� < � < 81� (Ballet et al., 2020).
The detected 
ux exceeds its
 -ray counterpart by at least two orders of magnitude.
The derived neutrino energy spectrum is well described by a power law with a spectral
index of � = 3 :4 � 0:2 (Abbasi et al., 2025), consistent with earlier analyses based
on 9{10 years of data. The best-�t muon{neutrino 
ux normalization at 1 TeV is
� � � +�� �

1 TeV = 4:7+1 :1
� 1:3 � 10� 11 TeV � 1 cm� 2 s� 1 (Abbasi et al., 2025), corresponding to an all-


avor isotropic neutrino luminosity of L � = 1042:1� 0:2 erg s� 1 in the 1.5{15 TeV range.
High-energy neutrinos are produced in the decay of charged pions, which result from
hadronic (p{ p) and photo-hadronic (p{ 
 ) interactions between cosmic rays and ambient
matter or radiation �elds. The charged pion decay chain,

� � ! � � + � � (�� � ); � � ! e� + � e(�� e) + �� � (� � ); (1)

produces electrons (or positrons) and neutrinos of multiple 
avors, while neutral pions
decay into two 
 -ray photons, � 0 ! 
 + 
 . Because charged and neutral pions are
produced in comparable amounts, a neutrino 
ux from astrophysical sources is inevitably
accompanied by
 -ray emission with a comparable energy distribution, approximately
following F
 ' 2F� and E 
 ' 2E � (Berezinskii et al., 1984; Gaisser et al., 2016). The
spectral energy distribution of NGC 1068 is represented in Figure 4.

19



20



2 Gamma-ray astronomy

The gamma-ray region of the electromagnetic spectrum spans photons with energies
between 100 keV up to the PeV range. These extremely energetic photons cannot be
explained by the thermal emission processes, particularly above the MeV energy range.
Instead, their production requires non-thermal mechanisms, produced by particles that
are accelerated to ultrarelativistic energies in extreme environments.
A wide variety of sources contribute to the gamma-ray sky. Within our Galaxy, we
observe a di�use, steady emission along the Galactic plane, as well as numerous discrete
sources including pulsars, Pulsar Wind Nebulae (PWNe), Supernova Remnants (SNRs),
novae, and binary systems. On extragalactic scales, the major contributors are AGN,
Starburst (SB) Galaxies and Gamma-Ray Bursts (GRBs).
In this chapter, based on the work of Mas Aguilar (2025), we introduce the fundamental
concepts of gamma-ray astronomy and provide a concise overview of its current state.
We then describe the instruments relevant to this work. First, we present LST-1, part
of the CTAO, for which we performed the full data reduction and analysis. Next, we
discuss Fermi-LAT, whose data used were taken from existing catalogs, as well as the
MAGIC and VLA, whose observations were gathered from the literature. Moreover, we
summarize the characteristics of COSI, used in this study to compare its sensitivity (also
taken from the literature) with our model, in Section 5.3, in order to give some predictive
results.

2.1 Overview

The electromagnetic spectrum spans more than 20 orders of magnitude in frequency, yet
only a very narrow band, corresponding to visible light, can be directly detected by the
human eye. Visible radiation carries photon energies of just a few electronvolts (eV),
followed by the Ultraviolet (UV) range extending up to � 100 eV, beyond which radia-
tion becomes ionizing and is fully absorbed by Earth's atmosphere. At higher energies,
X-rays span from about 100 eV to 100 keV, divided into soft (around 100 eV{10 keV)
and hard (around 10 keV{100 keV) components with distinct origins and properties.
Photons above typically 100 keV are classi�ed as gamma rays, the most energetic form
of electromagnetic radiation in the Universe, from 100 keV up to several hundred PeV.
To account for this vast range, in the gamma-ray community we usually divide the
gamma-ray window into several domains: Low Energy (LE,< 100 MeV), High Energy
(HE, 100 MeV{100 GeV), Very High Energy (VHE, 100 GeV{100 TeV), Ultra High
Energy (UHE, 100 TeV{100 PeV), and Extreme High Energy (EHE,> 100 PeV). Each
of these regimes is associated with distinct interactions with matter, requiring di�erent
detection strategies and revealing speci�c classes of astrophysical sources.
Closely related to gamma-ray studies are CRs, high-energy particles of extraterrestrial
origin that constantly bombard Earth (mainly protons and some heavier nuclei, plus
a smaller fraction of electrons/positrons). Their energy spectrum (shown in Figure 6)
spans from� GeV to beyond 1020 eV, and it exhibits several spectral features: a power-
law distribution, de�ned as dN

dE / E � � , with slope � � 2:7 up to the knee at 4:5� 1015 eV,
a steepening to � � 3 beyond, a hardening around the ankle at 4� 1018 eV (� � 2:6),
marking the transition to an extragalactic component, and a strong suppression above
4 � 1020 eV.
Gamma rays are produced in interactions of relativistic particles with matter, radia-
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tion �elds, or magnetic environments, and propagate through the universe, allowing
their sources to be identi�ed. Thus, gamma-ray astrophysics provides information about
these cosmic rays. As a result, observations of gamma rays contribute to three major
�elds of research: �rst, the determination of the origin of cosmic rays, by linking Galactic
CRs to environments such as SNRs and constraining models of extragalactic accelera-
tors beyond the ankle; second, the study of extreme astrophysical environments, where
gamma-ray emission traces particle acceleration and relativistic out
ows in objects like
AGN, GRBs, and pulsars, providing direct information about physical conditions that
cannot be probed at lower energies; and third, fundamental physics, where gamma rays
serve as tools to test cosmological parameters such as the Hubble constant (Abbott et al.,
2017), and investigate the nature of dark matter through indirect searches based on an-
nihilation or decay signatures (Mas Aguilar (2025) and references therein).
Despite these opportunities, gamma-ray astronomy faces signi�cant challenges. One
of them is that the photon 
ux from astrophysical sources decreases sharply with en-
ergy, making detections statistically di�cult. Another huge challenge is the fact that the
Earth's atmosphere is opaque to gamma rays, requiring satellite detectors to access lower
energies or indirect ground-based techniques such as Imaging Atmospheric Cherenkov
Telescopes (IACTs) to capture the particle showers produced when gamma rays interact
with the atmosphere.
As we have already mentioned, gamma-ray radiation originates from non-thermal emis-
sion mechanisms. Depending on the nature of the emitting particles, i.e., leptons or
hadrons, two primary mechanisms can produce gamma rays. Leptonic processes, where
high-energy electrons and positrons are accelerated in magnetic-�eld-dominated environ-
ments, can emit gamma rays through interactions such as synchrotron radiation, inverse
Compton scattering or bremsstrahlung. On the other hand, hadronic processes (primar-
ily protons), generate gamma rays through interactions involving high-energy hadrons,
with target photons in the interstellar medium (ISM).
Each of these processes will be described in detail in Chapter 4.

2.2 Gamma-ray sources

Gamma-ray emission in the Universe arises from a wide variety of astrophysical objects,
which can be broadly classi�ed into Galactic and Extragalactic sources.

ˆ Galactic Sources: within our Galaxy, several types of objects are established
gamma-ray emitters. Pulsars are rapidly rotating neutron stars with extremely
strong magnetic �elds that accelerate electrons and positrons, producing gamma
rays via curvature radiation and inverse Compton scattering. Supernova Remnants
(SNRs) are expanding shells of gas and plasma left behind after supernova explo-
sions; they are considered key sites for cosmic-ray acceleration, generating gamma
rays through both hadronic interactions and leptonic processes. Pulsar Wind Neb-
ulae (PWNe) form when relativistic winds from pulsars interact with surrounding
material, creating high-energy emission regions. Other Galactic contributors in-
clude dense star clusters and a variety of binary systems, which can also accelerate
particles to energies su�cient to emit gamma rays.

ˆ Extragalactic Sources: located beyond the Milky Way, are responsible for some of
the most energetic photons detected. Among these, AGN are the most prominent.
Starburst galaxies exhibit exceptionally high rates of star formation, leading to
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Figure 6: The cosmic ray energy spectrum, extending from approximately 109 eV to
1021 eV, has been measured through numerous extensive air shower experiments. The
spectrum follows an overall power-law behavior but exhibits several distinct features.
At around 1015 eV and 1017 eV, two structures known as thekneesappear, where the
spectrum steepens, indicating a softening of the 
ux with increasing energy. At higher
energies, near 4� 1018 eV, the spectrum shows another feature called theankle, where it
becomes harder again. These features are thought to re
ect transitions in the dominant
sources (associated to di�erent colors in the plot) or acceleration mechanisms of cosmic
rays. Yellow region is corresponds to Solar cosmic rays, blue to Galactic cosmic rays,
and purple to extragalactic cosmic rays. As we are studying an extragalactic source, we
are mainly interested in the higher end of the spectrum. Every colored region is also
associated to Frequency of arrival of cosmic rays at Earth's surface (Vrtilek, 2022).
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enhanced cosmic-ray populations and subsequent gamma-ray emission. Another
important category is GRBs, brief but powerful 
ashes of gamma rays, which arise
from catastrophic events such as the collapse of massive stars or mergers of com-
pact objects.

2.3 Detection techniques

Gamma-ray astronomy faces unique challenges because the Earth's atmosphere is opaque
to high-energy photons, preventing their direct detection from the ground. As a result,
space-based telescopes are required to observe these photons. Gamma rays are particu-
larly di�cult to focus or re
ect using conventional mirrors, which makes their detection
more complex than at lower energies. In space telescopes, gamma rays are often detected
through the pair-production process, as, for example, by the Fermi Large Area Telescope
(Fermi-LAT). However, the combination of low gamma-ray 
ux and the limited collec-
tion area of space instruments reduces their sensitivity above a few tens of TeV, limiting
the study of very-high-energy sources.
To overcome this limitation, ground-based gamma-ray astronomy has developed tech-
niques that exploit the secondary particles produced when gamma rays interact with the
atmosphere. These methods allow the detection of photons with energies extending up
to the PeV range. Among ground-based instruments, IACTs are particularly e�ective.
A notable example is the �rst Large-Sized Telescope (LST-1), which is the focus of this
thesis. As part of the upcoming Cherenkov Telescope Array Observatory (CTAO), LST-
1 represents a major advancement in VHE gamma-ray astronomy, o�ering enhanced
sensitivity that is expected to signi�cantly expand our understanding of the gamma-ray
Universe in the coming years.

2.4 Space-based Telescopes

Space-based gamma-ray detectors rely on the physical interactions of gamma rays with
detector materials resulting, as mentioned before, in low sensitivities above a certain
energy threshold. Moreover, gamma-ray instruments must deal with the background
of cosmic rays, which can be very similar to gamma-ray signals. Since the interaction
processes vary with energy, di�erent types of telescopes have been developed for distinct
energy ranges.
One example of space-based telescopes detecting gamma rays are Compton Telescopes,
which typically detect energies in the 100 keV to 10 MeV range. These instruments
generally consist of two layers: the �rst, often a liquid scintillator, scatters the incoming
gamma ray, while the second, a thick solid scintillator, absorbs the scattered photon
(Murdin, 2001). An additional anti-coincidence scintillator typically surrounds the in-
strument to reduce the cosmic-ray background.
The most successful Compton telescope was COMPTEL (Schonfelder et al., 1993),
launched in 1991. Due to limitations in e�ciency, Compton telescopes have not been ex-
tensively developed in subsequent years. New proposed missions, such as e-ASTROGAM
(De Angelis et al., 2018), AMEGO (Kierans, 2020), and the upcoming Compton Spec-
trometer and Imager (COSI) (Tomsick et al., 2023), aim to improve sensitivity in this
energy range and further explore the MeV gamma-ray Universe.
Another kind of space-based telescopes are the pair production telescopes, based on
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the detection of the electron-positron pair produced by the interaction of the incident
gamma ray inside the detector, and they typically detect energies above 10 MeV. They
are usually constituted by a tracker, basically silicon detectors that are able to detect
the trajectory of the electron-positron pair; an anti-coincidence detector, that detects
charged particles and is able to distinguish them from gamma-rays; a calorimeter, that
provides accurate measurements thanks to the absorption of secondary particles at this
level (Murdin, 2001). The most well known pair production telescope is Fermi-LAT (e.g.,
Ballet et al., 2024), which operates in the 30 MeV to 100 GeV (and above) range.

2.4.1 Fermi-LAT

The Fermi Gamma-ray Telescope in Figure 7 is a satellite launched on 2008 by NASA,
exploring the 50 MeV - 1 TeV range of energies. It consists of a main instrument,
the Large Area Telescope (LAT), and a secondary one, the Gamma-ray Burst Monitor
(GMB), which has a larger �eld of view respect to LAT and provides spectral coverage
of gamma-ray bursts.

Figure 7: The Fermi Gamma-ray Space Telescope (Fermi-LAT) shown in orbit, with its
large solar arrays extended for power. The central spacecraft bus houses the scienti�c
instruments, including the Large Area Telescope (LAT) for detecting high-energy gamma
rays from cosmic sources such as black holes, neutron stars, and supernova remnants. The
white upper structure shields the instruments, while the golden lower section contains
electronics, communication systems, and thermal control hardware (https://fermi.gs
fc.nasa.gov/ ).
Source:https://en.wikipedia.org/wiki/Fermi_Gamma-ray_Space_Telescope

The mission objectives of the instruments have been related to investigating the high-
energy phenomena, including black holes' jets, Dark Matter, solar 
ares, pulsars, and
the origin of cosmic rays.
The LAT surveys the entire sky each day and the data are collected in catalogs. The
catalog that has been used for this work is the 4FGL-DR4 (Ballet et al., 2024), which is a
summary of 14 years of observations, from 2008 to 2022. It is composed by 7194 sources,
all of them having a minimum of 4 sigma signi�cance. Almost all of them (except for 82
sources) are assumed having point like emission. (https://fermi.gsfc.nasa.gov/ )

2.4.2 MAGIC

The Major Atmospheric Gamma Imaging Cherenkov in Figure 8, also located at Roque
de Los Muchachos, La Palma, Canary Islands, Spain, is a system of two IACTs of 17m of
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