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Abstract

Active galactic nuclei (AGNs) are powered by accre-
tion onto supermassive black holes, producing radiation,
out ows, and high-energy particles. The nearby Seyfert 2
galaxy NGC 1068 is the rstidenti ed non-blazar AGN neu-
trino source and a well-known high-energy radiation emit-
ter, yet its gamma-ray counterpart remains faint and un-
resolved, motivating tests of competing emission scenarios
with next-generation observatories. In this thesis, | as-
sess the capability of the Cherenkov Telescope Array Ob-
servatory (CTAO) to detect and discriminate among high-
energy emission models of NGC 1068. | construct a broad-
band spectral energy distribution from Swift and archival
data and perform Gammapy-based CTAO simulations for 50,
100, and 150 h exposures, analyzing starburst and AGN-
driven scenarios in terms of detection signi cance, spectral
index, normalization, and cuto energy. Most models sur-
pass CTAO’s 5 threshold within 100 h with the full north-
ern array, and all but the faintest (Liu & Wang, 2025; Peretti
et al., 2023) are detectable in 150 h. At this exposure,
CTAO can begin to separate model classes, distinguishing
starburst scenarios from AGN-driven winds, though some
remain only marginally separable. These ndings establish
NGC 1068 as a benchmark CTAO target, where both de-
tection and non-detection would place strong constraints on
hadronic acceleration in obscured AGNs, underscoring the
role of multi-messenger observations in resolving the origin
of neutrinos and gamma rays in Seyfert galaxies.



Introduction

Active galactic nuclei (AGNs) are among the most luminous and
enigmatic phenomena in the universe, powered by accretion onto
supermassive black holes (SMBHs) at the centers of galaxies. These
relatively compact \engines" not only in uence the evolution of
their host galaxies through feedback processes but also provide
natural laboratories for probing fundamental physics under ex-
treme conditions. In recent years, the advent of multi-messenger
astrophysics (MMA), combining electromagnetic observations with
high-energy neutrinos, cosmic rays (CR) and gravitational waves,
has opened new pathways to explore AGNs beyond traditional
observational frameworks.

Within this broader context, the nearby Seyfert 2 galaxy NGC
1068 (Messier 77) has emerged as a pivotal source. Located just
10.1 Mpc away from us (Padovani et al., 2024), it has long stood
as the prototypical obscured AGN and played a key role in the
development of the uni ed model of AGNs (Antonucci, 1993; Urry
& Padovani, 1995). Its nucleus, deeply enshrouded by a dense
torus of gas and dust, has been the subject of extensive multi-
wavelength observations, revealing intense starburst activity in its
host galaxy, out ows, and complex circumnuclear structures.

NGC 1068 has been detected as a gamma-ray source since 2010
(Abdo et al., 2010) but the origin of its gamma-ray ux is still
debated. A major breakthrough came with the report from the
IceCube Neutrino Observatory ofa 4 excess of high-energy neu-
trinos from the direction of NGC 1068 (IceCube Collaboration et
al., 2022). This detection provided the rst compelling evidence
for an AGN acting as a steady neutrino source, suggesting the
presence of hadronic acceleration and CR production in a deeply
obscured environment.

Yet, this association presents a signi cant puzzle. While the
neutrino signal indicates ongoing hadronic interactions, the ex-
pected accompanying gamma-ray emission, arising from neutral
pion decay, remains unexpectedly faint. Several explanations have
been proposed: gamma rays may be e ciently attenuated within



the source or the multi-messenger signals may originate from spa-
tially distinct zones within the galaxy.

This thesis addresses these open questions by investigating
whether the gamma-ray emission predicted for NGC 1068 can be
detected by the forthcoming Cherenkov Telescope Array Observa-
tory (CTAO). With its unprecedented sensitivity in the very-high-
energy (VHE) regime (20 GeV to 300 TeV) (Hofmann & Zanin,
2023), CTAO o ers a unique opportunity to test whether the cur-
rent theoretical models, particularly those involving hadronic or
hybrid processes, are compatible with observational constraints.

Several models have been proposed to explain the observed
neutrino and gamma-ray ux. These include starburst-driven sce-
narios, in which CRs interact with dense gas in circumnuclear
star-forming regions (Ajello, Murase, & McDaniel, 2023; Eich-
mann et al., 2022; Kornecki et al., 2025), and AGN wind-based
models that explore particle acceleration in accretion disk winds
near the SMBH (Inoue et al., 2024; Peretti et al., 2023), while
a population-level model has been provided by stacking analyses
(Liu & Wang, 2025). However, a conclusive understanding of the
origin of the gamma-ray ux and the interplay between neutrino
production and gamma-ray attenuation remains out of reach.

To evaluate the observational prospects, | simulate CTAQO ob-
servations of NGC 1068 using the open-source Gammapy framework
(Acero et al., 2025; Donath et al., 2023). The simulations incor-
porate a range of exposure times and spectral models inspired by
the literature, spanning both starburst- and AGN-core-dominated
scenarios. The goal is to assess the detectability of the predicted
gamma-ray ux and evaluate whether CTAO observations could
distinguish between competing models.

This thesis begins with an introduction to AGNs and the emer-
gence of MMA. NGC 1068 is then presented in detail, with em-
phasis on its VHE electromagnetic and neutrino signatures. The
observational facilities relevant to this work, particularly the Neil
Gehrels Swift Observatory, the Fermi Gamma-ray Space Telescope
and CTAO, are then described. | proceed to construct a broad-
band spectral energy distribution for NGC 1068 and simulate its
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observation under di erent emission scenarios. The results are
then discussed in terms of detection capability, model discrimina-
tion, and implications for future campaigns. All the code used for
this thesis can be found in a dedicated GitHub repository.

Through this approach, the thesis aims to contribute to our
understanding of high-energy processes in obscured AGNS, posi-
tioning NGC 1068 as both a test case and a benchmark source for
the CTAO era.
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1 Introduction to Active Galactic Nuclei

AGNs are powered by accretion of gas onto SMBHs with masses
ranging from 10% to 10'°© M located at the centers of galaxies.
The resulting energy release, primarily in the form of radiation
across the entire electromagnetic spectrum, often outshines the
starlight of the host galaxy itself (Mountrichas et al., 2021).

AGN:Ss serve as hatural laboratories for studying extreme phys-
ical conditions, such as relativistic jets, strong gravitational elds,
and high-energy particle acceleration. Furthermore, their role
in galaxy evolution, feedback processes, and structure formation
makes them central to modern astrophysics.

The observed properties of AGNs vary signi cantly, depend-
ing on the SMBH mass, accretion rate, orientation relative to the
observer, presence of obscuring material, and whether or not rel-
ativistic jets are present. A key challenge has been to develop a
uni ed model that can explain the variety of observed AGN types
through a common physical framework (Antonucci, 1993; Netzer,
2015; Urry & Padovani, 1995).

In the uni ed model of AGN, di erences in observed AGN
classes are largely attributed to viewing angle, based on optical
spectroscopy, and obscuration by a dusty torus. The central en-
gine, the SMBH and accretion disk, is surrounded by a Broad-Line
Region (BLR), Narrow-Line Region (NLR), and a toroidal struc-
ture of gas and dust. If the line of sight passes through the torus,
the BLR is obscured, resulting in a type 2 AGN (e.g., Seyfert 2),
while face-on views reveal both narrow and broad lines, yielding a
type 1 AGN (e.g., Seyfert 1). An illustration of the uni ed AGN
model is found in Figure 1.

1.1 Seyfert Galaxies

Seyfert galaxies are a subclass of AGNs rst identi ed by Carl K.
Seyfert in 1943 due to their luminous, starlike nuclei and broad
emission lines (Seyfert, 1943). They are the most common AGNSs
in the local Universe (z < 0:1) and are typically hosted in spi-
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Observer sees blazar
.9 Observer sees
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line region

- Observer sees
Seyfert 2 galaxy
s
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Observer sees
Seyfert 1 galaxy
=

Figure 1. Uni ed model of AGN. The central SMBH is surrounded
by an accretion disk and a dusty torus. Di erent AGN types are
observed depending on the viewing angle: blazars (jet-aligned),
radio-loud quasars and radio galaxies (intermediate), and Seyfert
1/2 galaxies (obscured-unobscured) (Horvath, 2022).

ral galaxies. Seyfert nuclei are relatively compact (< 100 pc),
and their bolometric luminosities range from 10%? to 10** erg s 1,
comparable to the output of an entire galaxy.

Optical spectroscopy allows us to divide Seyferts into two main
classes:

Seyfert 1: exhibit both broad (FWHM > 1000 km/s) and
narrow emission lines from permitted transitions.

Seyfert 2: show only narrow emission lines (FWHM < 1000
km/s), with the BLR obscured by an optically thick torus
aligned edge-on to the observer.

The distinction between type 1 and type 2 Seyferts forms a

13



cornerstone of the AGN uni cation model. The absence of broad
lines in Seyfert 2s is interpreted as a geometric and orientation ef-
fect rather than an intrinsic di erence. This interpretation is sup-
ported by spectropolarimetric observations showing that Seyfert
2 galaxies often contain hidden BLRs detectable only in polarized
light (Miller & Goodrich, 1990).

NGC 1068 is the prototypical Seyfert 2 galaxy and a corner-
stone in the development of AGN uni cation theory.

1.2 The AGN Spectral Energy Distribution

AGNSs present unique observational signatures that cover the full
electromagnetic spectrum over more than twenty orders of mag-
nitude in frequency. The various wavelength regimes provide dif-
ferent windows on AGN physics. Namely, the infrared (IR) band
is mostly sensitive to obscuring material and dust, the optical/ul-
traviolet (UV) band is related to emission from the accretion disk,
while the X-ray band traces the emission of a (putative) corona.
gamma-ray and (high ux density) radio samples, on the other
hand, preferentially select AGN emitting strong non-thermal (jet
[or associated lobe] related) radiation. The typical AGN spectral
energy distribution (SED) is shown in Fig 2

1.2.1 Radio Emission

The dominant emission process in the radio band is synchrotron
emission. It can be recognized in the SED by its smooth, broad-
band character and strong polarization. The extended emission
arises from jets, particularly the jet lobes or hot spots formed by
jet-environment interactions (Padovani et al., 2017). The compact
core emission, unresolved at less than arcsecond scales, is believed
to be near the central SMBH where the jets become optically thin.

1.2.2 Infrared Emission

The \dusty torus" paradigm has been quite successful in explain-
ing the appearance of a wide variety of AGN. The basis of this

14
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Figure 2. A schematic representation of an AGN SED, loosely
based on the observed SEDs of non-jetted quasars. The black solid
curve represents the total emission and the various colored curves
(shifted down for clarity) represent the individual components.
The jet SED is also shown for a high synchrotron peaked blazar
and a low synchrotron peaked blazar. (Padovani et al., 2017).

paradigm is the presence of dust surrounding the accretion disk
on scales larger than that of the BLR, with an inner boundary set
by the sublimation temperature of the dust grains (Padovani et
al., 2017). This dust reprocesses the emission of the accretion disk
into the IR and dominates the AGN SED from wavelengths longer
than 1 m up to a few tens of micron. It plays a fundamen-
tal role in the AGN uni cation scheme, as through polarization
studies it was established that the di erence between type 1 and
2 AGN is simply an e ect of orientation with respect to the dust.
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1.2.3 Optical/Ultraviolet Emission

AGN are believed to be powered by accretion onto a SMBH, that
gives rise to high optical-to-X-ray luminosities, a characteristic
rest-frame optical/UV power-law continuum (very distinct from
the continuum of non-active galaxies) as well as the so called \big
blue bump”, and a break of this continuum blueward of 1000
A. Many models, usually assuming a geometrically thin, optically
thick accretion disk, have been developed in order to explain this
emission (Padovani et al., 2017).

AGN that have a line of sight to the central engine that is not
obscured show broad emission lines with typical gas velocities of
a few 1000 km s 1 covering a large range in strength and pro les,
whose properties correlate with the luminosity of the AGN. The
source of the broad emission lines is the BLR, believed to be lo-
cated between the SMBH and the inner wall of the dusty torus,
with photoionized gas that has been heated by the radiation com-
ing from the accretion disk around the SMBH. Finally, AGN dis-
play narrow emission lines, with gas velocities between 300 and
1000 km s 1, originating in the NLR with sizes hundreds of par-
sec, located above (and below) the plane of the dust.

1.2.4 X-ray Emission

X-ray observations provide a near complete selection of AGN. The
primary reasons for this are: (1) X-ray emission from AGN appears
to be (near) universal; (2) X-rays are able to penetrate through
large column densities of gas and dust (particularly at high X-
ray energies); (3) X-ray emission from host-galaxy processes are
typically weak when compared to the AGN.

The intrinsic X-ray emission from AGN is due to processes
related to the accretion disk (Padovani et al., 2017). The pri-
mary process is thought to be inverse Compton scattering of the
accretion-disk photons to X-ray energies via the \corona". The X-
ray emission is then modi ed due to the interaction with matter in
the nuclear region (e.g. re ection, scattering, and photo-electric
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absorption of photons from the accretion disk and/or the obscur-
ing AGN torus). The relative strength of these components can
vary quite signi cantly from source to source, mostly due to dif-
ferences in the geometry and inclination angle of the torus to the
line of sight, leading to a broad range of X-ray spectral shapes.
Some more information on X-ray spectra of AGN can be found
in Mushotzky, Done, and Pounds (1993) and Risaliti, Elvis, and
Nicastro (2002).

1.2.5 Gamma-ray Emission

The gamma-ray band is the most energetic part of the electromag-
netic spectrum and, as such, is beyond the reach of most astronom-
ical sources. Blazars, despite being intrinsically very rare (orders
of magnitude less abundant than non-jetted AGN of the same op-
tical magnitude), dominate the extragalactic gamma-ray sky. The
power output of blazars covers the entire electromagnetic spec-
trum and is dominated by non-thermal, blue-shifted, and Doppler
boosted radiation arising in a relativistic jet pointed in the di-
rection of the observer. It is because of this intense non-thermal
emission, and the very special geometrical conditions, that blazars
reach the most extreme parts of the electromagnetic spectrum with

uxes well above the sensitivity of the instruments operating to-
day. The SED of blazars is characterized by a typical \double
humped" shape.

There are two alternative (or complementary) interpretations
for the gamma-ray emission mechanisms. In leptonic models (e.qg.
(Maraschi, Ghisellini, & Celotti, 1992)) the emission is explained
as inverse Compton scattering between the electrons in the jet and
their own synchrotron emission (synchrotron self-Compton) or an
external photon eld (external inverse Compton). In hadronic
scenarios (e.g. (Bottcher et al., 2013)) gamma-rays are instead
assumed to originate from high-energy protons either loosing en-
ergy through synchrotron emission (Aharonian, 2000) or through
photo-meson interactions (Mannheim, 1993). This case allows
blazars to also be neutrino emitters (from the decay of charged
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pions) extending their SEDs outside the electromagnetic spectrum
into multi-messenger scenarios.

A population level study conducted by the Fermi-Large Area
Telescope (LAT) found evidence of gamma-ray emission from radio-
quiet AGNs (Liu & Wang, 2025) con rming the ubiquity of this
type of emission. The source of this emission is still debated.

1.3 Physical Characteristics of AGNs

Based on the current observational knowledge of AGN as discussed
throughout the di erent wavelength bands, we can now assem-
ble the di erent components, covering a wide range of physical
scales, that together make up the complete picture of the AGN
phenomenon. The underlying common structure of an AGN can
be seen in Figure 1.

1.3.1 Supermassive Black Hole (10 7 - 10 2 pc)

The fundamental element common to all AGN is of course the
central SMBH itself. Astrophysical BHs are simple objects whose
only distinguishing characteristics are mass and spin, but these two
parameters are critically important in determining the observable
features of an AGN. It is a nearly universal feature of AGN selec-
tion that more massive BHSs are easier to detect, because the mass
of the BH sets the Eddington limit, which is the maximum lumi-
nosity a body can achieve when there is balance between the force
of radiation acting outward and the gravitational force acting in-
ward, and so massive BHs are more luminous at a given L=Lggq.
The e ects of BH spin are far more di cult to understand ob-
servationally, but rapidly spinning BHs may have accretion disks
that extend closer to the event horizon, producing a bluer SED
with a higher radiative e ciency, and may in uence the ability of
accreting BHs to launch relativistic jets and radiation line-driven
winds (Padovani et al., 2017).
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1.3.2 Accretion Disk and Corona (10 ’ - 1 pc)

The accretion ow onto the BH is the ultimate energy source in
AGN and the most important component in determining their
observational characteristics. Indeed, turning a normal galaxy into
an AGN merely requires a SMBH accreting at a relatively high
accretion rate. The structure of the ow also appears to in uence
emission from the magnetic corona (with lower L=Lggq Systems
having stronger X-rays relative to the disk emission) and is also
connected to the launching of relativistic jets, with luminous radio
emission observed to be more common in lower L=Lgqq Systems
(Padovani, 2016). Changes in the accretion ow are also the source
of the bulk of observed variability in AGN.

The central SMBH is thought to be surrounded by a hot corona
which is a region of relativistic electrons responsible for generating
X-ray emissions via inverse Compton scattering of optical and UV
photons from the accretion disk (Haardt & Maraschi, 1991). The
two-phase model proposes that the optically thick \cool" accre-
tion disk emits soft photons, which are then up-scattered by an
optically thin cloud of hot electrons in the corona.

1.3.3 Torus (1 - 10 pc)

The putative torus of gas and dust surrounding the central en-
gine in the AGN is critical to understanding two key observational
phenomena: emission from the AGN in the IR, and obscuration
of the accretion disk and corona emission. The geometric distri-
bution (smooth or clumpy, axisymmetric or polar) and kinematics
(static, in owing, or out owing) of the dusty material are however
still uncertain, as is their connection to the accretion ow on larger
and smaller scales.

1.3.4 Jets (10 7 - 10° pc)

Another important but poorly understood component of the AGN
phenomenon is the presence and strength of a relativistic jet. Jets
dominate the emission from AGN in the gamma rays and often
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in the radio band, and can make important contributions in the
X-rays and (in the case of blazars) across the whole SED. The
structure and orientation of the jet can in uence a range of rich
observational phenomena, particularly in the radio and gamma
rays. However, despite jet emission being among the best- (and
earliest-) studied aspects of AGN, the physical nature of AGN
jets and the prevalence of relativistic out ows, particularly low-
luminosity jets on small scales, remain uncertain.

1.4 AGN Winds

There is widespread evidence that the majority of AGN can com-
monly eject winds of thermal plasma with wide opening angles and
a range of out ow velocities, observable as blue-shifted atomic ab-
sorption features in the UV to X-ray bands (Inoue et al., 2024).
Those with velocities from a few 100 to a few 1000 km s * are
known as warm absorbers (WA) in X-rays and narrow absorption
line out ows in the UV. Those with still higher velocities, up to
mildly relativistic values of  0.4c, are called ulftrafast out ows
(UFOs) in X-rays and broad absorption line (BAL) out ows in
the UV. BAL out ows are observed in  20% of quasars, primar-
ily of the radio-quiet type (Bruni et al., 2014). UFOs are seen
in  40% of all nearby AGN, of both radio-loud and radio-quiet
types (Tombesi et al., 2013). WAs are detected in  65% of nearby
AGN, albeit being relatively rarer in radio-loud objects. The open-
ing angles of such winds are estimated to be 2 + 60 - 100 deg,
much wider than jets (Veilleux, Cecil, & Bland-Hawthorn, 2005).

AGN winds may be launched from accretion disks by vari-
ous mechanisms involving thermal, radiative and/or magnetic pro-
cesses. UFOs and WAs may correspond to winds ejected from the
disk at di erent ranges of radii (Tombesi et al., 2013).

Although the actual mechanism for the formation of accretion-
disk driven winds in AGN is not yet established, one of the leading
candidates is radiative, line-driven winds (Proga, Stone, & Kall-
man, 2000). Analogous to mechanisms discussed for winds from
massive stars, such winds utilize the enhanced pressure on gas by
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radiation at the frequencies of atomic line transitions, and are ef-
fective for high UV luminosities of the accretion disk. However,
simultaneously high X-ray luminosities of the disk corona can fully
ionize the wind gas (\overionization™) and suppress momentum
transfer in the inner parts of the disk, leading to out ows that
are initially launched but fail to reach the escape velocity vesc and
eventually fall back toward the disk. Such failed winds may be
the origin of the dense X-ray obscurers seen in some type-1 AGN
(Kaastra et al., 2014) (possibly also in NGC 1068 (Zaino et al.,
2020)), a part of the BLR on sub-pc scales, or the soft X-ray ex-
cess common to many type-1 AGN. Successful winds exceeding
Vesc Can still be driven from the outer parts of the disk that is
shielded from ionizing X-rays, mainly in the equatorial direction.
The relative extent of the inner failed wind and the outer success-
ful wind can vary with the UV to X-ray luminosity and spectrum,
which in turn depend on the BH mass Mgy and the Eddington
parameter gqq. FOr Mgy and gqq inferred for NGC 1068, inner
regions of failed winds are quite plausible (Giustini & Proga, 2019).
Shocks can occur within the inner, failed wind region due to in-
teractions among gas falling back and owing out, as indicated by
some numerical simulations (Sim et al., 2010). At the same time,
the successful part of the wind can propagate farther and impact
the torus (Garc a-Burillo et al., 2019), potentially inducing strong
shocks in an outer region Mou and Wang (2021).

1.5 Multi-Messenger Astrophysics

MMA combines information from electromagnetic radiation, CRs,
neutrinos, and gravitational waves (GW) to study the most en-
ergetic and distant astrophysical phenomena. AGNs like NGC
1068 are important targets in this eld because they are promising
sites of hadronic acceleration capable of producing both gamma
rays and high-energy neutrinos. Figure 3 presents an overview of
MMA.

21



Gamma rays
They point to their sources, but they

can be absorbed and are created by *
multiple emission mechanisms.

. Y &

*

Neutrinos

They are weak, neutral
particles that point to their
sources and carry information
from deep within their origins.

air shower

They are charged particles and
are deflected by magnetic fields.

* X

Figure 3: lllustration of gamma rays ( ), neutrinos ( ), and CR
(p) from sources like AGNs. Gamma rays travel straight but may
be absorbed. Neutrinos are weakly interacting and preserve direc-
tional information. CR are de ected by magnetic elds and reach
Earth as air showers. Detection on Earth uses telescopes, neutrino
detectors, and CR arrays. (Bravo, 2016).

1.5.1 Cosmic Rays

CR are high-energy charged particles, mainly protons ( 90%) and
helium nuclei ( 9%), with smaller fractions of other atomic nuclei
and electrons originating from a variety of astrophysical sources.
They span an enormous energy range, from GeV to beyond 10%°
eV. Their spectrum follows a power-law distribution:

dN

e’ E

with spectral breaks such as the \knee" ( 10%6 GeV) and
\ankle™ ( 10%7 GeV) re ecting changes in composition and origin
(Gaisser, Engel, & Resconi, 2016). Due to magnetic de ections,
CR lack precise directional information. The source(s) of ultra
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high-energy cosmic rays is still unexplained.

1.5.2 Gamma Rays

Gamma rays o er direct insights into high-energy processes occur-
ring in AGNs, including inverse Compton scattering, pion decay,
and synchrotron radiation. The gamma-ray sky is observed by:

Space-based telescopes (e.g., Fermi-LAT): sensitive to 20
MeV{300 GeV gamma rays.

Ground-based telescopes (e.g., H.E.S.S., MAGIC, VERITAS,
CTAO): sensitive to VHE gamma rays above 100 GeV via
detection of atmospheric Cherenkov light.

However, distinguishing between leptonic (e.g., inverse Comp-
ton) and hadronic (e.g., pion decay) gamma-ray production chan-
nels is challenging. For this reason, the detection of correlated
neutrinos is a crucial test for hadronic processes.

1.5.3 Neutrinos

Neutrinos are uncharged, weakly interacting particles that can tra-
verse cosmic distances without absorption or de ection. They are
expected to be produced in hadronic interactions, such as p or
pp collisions, where charged pions decay to produce neutrinos.

In pp interactions, relativistic protons collide with ambient
thermal protons, producing pions via inelastic hadronic processes.
The resulting neutral pions ( °) decay into gamma-ray photons
( © ¥ 2), while the charged pions ( ) decay into muons and
subsequently into electrons, positrons, and neutrinos ( * ¥ *+

¥ e"+ .+ + ). The threshold energy for pion production
in pp collisions is relatively low, about 1:2GeV in the center-of-
mass frame, making this process e cient in environments with
signi cant gas density (Kelner, Aharonian, & Bugayov, 2006).

In contrast, p interactions occur when high-energy protons
interact with ambient photons, typically through the excitation
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of the (1232) resonance. The dominant channel at threshold is
p+ ¥ * 1 O4por *+n, withsimilar decay chains producing
gamma-rays and neutrinos. However, the threshold energy for this
process is signi cantly higher and depends on the energy of the
target photon: Ef" 7 10'°ev (" =eV) !, where " is the
photon energy in the lab frame. This implies that p interactions
become relevant only in environments with high-energy radiation

elds and ultra-relativistic protons, such as gamma-ray bursts and
AGN jets (Halzen & Zas, 1997).

1.5.4 Gravitational Waves

GWs are ripples in spacetime produced by accelerating massive
objects, such as binary black hole or neutron star mergers. While
AGNs are not yet con rmed GW sources, interactions between
compact objects and AGN disks, or AGN-related mergers, are be-
ing actively investigated as potential sources (Bartos et al., 2017).

GW observatories like LIGO and Virgo have opened a new ob-
servational window, and follow-up strategies are being developed
to identify potential electromagnetic or neutrino counterparts de-
spite the large localization uncertainty that limits pointed obser-
vations by narrow- eld instruments like gamma-ray telescopes.

Multi-messenger observations of AGNs like NGC 1068 provide
the opportunity to probe the physical processes driving their emis-
sion, test models of particle acceleration, and constrain their role
as potential sources of high-energy cosmic messengers.
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2 NGC 1068 as a Multi-messenger Source

NGC 1068, also known as Messier 77, is one of the most studied
active galaxies and serves as the prototype of Seyfert 2 galaxies.
Located at a distance of approximately 10.1 Mpc (z  0:00379), it
is one of the nearest luminous AGN and o ers a uniquely detailed
view into the nuclear activity and multi-wavelength properties of
obscured active galactic nuclei (Padovani et al., 2024). Being so
close, NGC 1068 can be spatially resolved into a number of com-
ponents, all possibly relevant for HE and neutrino emissions: 1.
starburst region in the spiral arms and central nuclear disk of
its host galaxy; 2. a kpc jet; 3. a sub-kpc molecular out ow;
4. the BH vicinity (the accretion disc and perhaps the so-called
\corona™).

Its proximity, brightness, and complexity make it an ideal labo-
ratory for testing models of AGN structure, high-energy emission,
and the connection to cosmic messengers such as neutrinos and
gamma rays. The integrated multi-messenger spectral energy dis-
tribution of NGC 1068 can be seen in Figure 4.

2.1 Multi-wavelength Properties

NGC 1068 has been observed extensively across the electromag-
netic spectrum. In the radio band, it shows a compact core and
a jet-like structure, consistent with synchrotron emission from
relativistic electrons. The jet is small and slow making NGC
1068 a \non-jetted" AGN. IR observations reveal a powerful dust-
reprocessed continuum from the obscuring torus. Optical spec-
troscopy shows strong narrow emission lines typical of Seyfert 2
galaxies, with hidden broad-line regions detected in polarized light
(Miller & Goodrich, 1990).

In the X-ray band, NGC 1068 exhibits a heavily obscured spec-
trum with strong re ection and uorescent iron lines, characteris-
tic of Compton-thick AGNSs. High-energy X-rays (> 10 keV) from
NuSTAR observations have helped constrain the intrinsic power of
the central engine despite the strong absorption (Marinucci et al.,
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Figure 4: SED of NGC 1068. The x-axis shows frequency and cor-
responding energy; the left y-axis shows luminosity, and the right
y-axis shows ux. Observational data from Fermi and MAGIC
(green) and neutrino uxes from IceCube (blue) are included

(Padovani et al., 2024).
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2015).

At gamma-ray energies, the source was detected by the Fermi-
LAT with a signi cance of over 8 (Ackermann et al., 2012), al-
though the origin of this emission is still debated. It could arise
from starburst activity or AGN-driven out ows. The emission
found by Fermi can be described by a simple power law of the
form:

N _ E |
i~ ° E,

where ¢ is the normalization at the reference energy Egp, and
is the photon spectral index. For NGC 1068, the Fourth Fermi
Large Area Source Catalog (4FGL-DR4) (Ballet et al., 2024) re-
ports a spectral index of 2:3 with no evidence of curvature or
a high-energy cuto in the Fermi energy range (100 MeV to 100
GeV), as shown in Figure 5.
At higher energies, the MAGIC gamma-ray telescopes con-
ducted 125 hours of observations, only detecting upper-limits (Ac-
ciari et al., 2019).

2.2 Neutrino Detection

NGC 1068 gained prominence in the eld of neutrino astronomy
following the IceCube Collaboration’s analysis of 10 years of high-
energy neutrino data. The source was found to be associated with
a statistically signi cant (4 ) excess of muon neutrino events
(IceCube Collaboration et al., 2022). This makes NGC 1068 the
most signi cant non-blazar candidate for a steady neutrino source
identi ed to date and only the second identi ed point source of
extragalactic high-energy neutrinos after TXS 0506+056 (Collab-
oration, 2018) Figure 6.

The physical mechanisms behind this neutrino emission are
still under investigation. The simultaneous detection of gamma
rays and neutrinos would support a hadronic origin of the emis-
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Figure 5. Gamma-ray spectrum of NGC 1068 (4FGL J0242.6-
0000) as observed by Fermi-LAT. The x-axis shows photon energy
and the y-axis shows the energy ux. Black points represent the
SED with error bars, while downward triangles indicate upper
limits. The dashed line shows the best- t power-law model (Ballet

et al., 2024).
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Figure 6: Skymap of the point-source scan across the North-
ern Hemisphere. The color scale indicates the local p-value from
the maximum-likelihood analysis, performed at each sky location
with the spectral index treated as a free parameter. The map
is shown in Equatorial coordinates using a Hammer{Aito projec-
tion. Black circles mark the three most signi cant sources from the
catalog-based search. Notably, the circle corresponding to NGC
1068 also aligns with the hottest spot observed in the Northern
Sky (IceCube Collaboration et al., 2022).
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sion. However, the gamma-ray ux from NGC 1068 appears to be
signi cantly lower than expected from simple scaling of the neu-
trino ux, potentially due to internal gamma-ray absorption. This
makes the source an intriguing case for multi-messenger studies
and motivates deep observations with next-generation instruments
like the CTAO.

As one of the only two AGNs with both gamma-ray and neu-
trino detections, NGC 1068 represents a key target for high-energy
astrophysics and MMA. The following chapters explore various
spectral models proposed to explain its HE emission and assess
their detectability with CTAO.

2.3 Phenomenological Fermi-LAT Model

A baseline approach for modeling the high-energy emission of NGC
1068 is to use the power-law spectrum derived from Fermi-LAT
observations, as reported in 4FGL-DRA4.

In this model, the gamma-ray spectrum is extrapolated into
the VHE regime (> 100 GeV), which is relevant for ground-based
observatories like CTAO. Although such an extrapolation assumes
that the same emission mechanism continues to TeV energies, it
provides a useful reference for estimating the detectability of the
source under minimal assumptions.

This is more a \phenomenological" model than a real physi-
cal one and is valid in the case of di erent interpretations of the
gamma-ray emission as due to a di erent mechanisms.

To account for the attenuation of high-energy photons by the
extragalactic background light (EBL), the extrapolated spectrum
is modi ed by an energy and redshift dependent optical depth,

(E; z). The observed spectrum is thus given by:

dN dN (E:2).

- e - e
dE obs dE int
where (E;z) is computed using the EBL model described in

Dom nguez et al. (2011). Although NGC 1068 is nearby (z =
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0:00379), and EBL absorption is modest, it still introduces a mea-
surable suppression at TeV energies, especially beyond 1 TeV.

This model serves as a benchmark for comparison with more
complex scenarios.

2.4 Stacked Seyfert Spectrum Model from Fermi-
LAT

In addition to source-speci ¢ models, it is informative to explore
the implications of assuming that NGC 1068 shares the average
gamma-ray spectral properties of the broader Seyfert galaxy pop-
ulation. Liu and Wang (2025) presents the results of the recent
stacking analysis performed by the Fermi-LAT Collaboration on a
carefully selected sample of Seyfert galaxies.

The Fermi-LAT Collaboration analyzed 15 years of gamma-
ray data from 37 nearby (D 60 Mpc), ultra-hard X-ray bright
Seyfert galaxies selected explicitly to exclude contamination from
star formation, jets, and blazars (NGC 1068 was excluded due to
the contamination of its star formation). By stacking the gamma-
ray signals of this \Faint Gamma-ray" (FGR) sample, they achieved
a statistically signi cant detection (Test Statistic TS = 30:6, cor-
responding to 5:2 ). The resulting average gamma-ray spectrum
was best described by a power-law model with a photon index

= 23234

and an integrated photon ux

fo=(18 08) 10 Y phcm %2s?

in the 1{300 GeV energy range. This corresponds to an average
gamma-ray luminosity of

L1 300Gev = (1:5 1:0) 1040 erg s L
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for a mean source distance of 36.4 Mpc. The resulting spec-
trum can be seen in Figure 7.
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Figure 7: Average SED of the FGR sample with multi-wavelength
data. The vertical axis shows luminosity and the horizontal axis
shows logarithmic frequency; the top axis shows the correspond-
ing logarithmic energy. Blue points with error bars are archival
measurements from NED; black points and gray triangles show
Fermi-LAT data and upper limits, respectively. The black dashed
line indicates the Eddington luminosity. The thick blue line is the
total model prediction. Red and green lines show intrinsic and
attenuated emission from a compact or extended EC region, as
labeled. The shaded area marks the model uncertainty. A poly-
nomial t to the NED data is also shown (black curve) to guide
the eye (Liu & Wang, 2025).

What makes this result particularly compelling is its implica-
tion for the origin of gamma rays in radio-quiet AGN. The ob-
served spectrum extending beyond 10 GeV cannot be accounted
for by compact coronae alone, which are expected to be highly
opaque to gamma-rays above a few GeV due to ¥ e*e pair
production with X-ray photons. To reconcile this, the authors
propose a two-zone corona model: a compact region ( 10Rg)
responsible for the few GeV emission, and a previously unconsid-
ered extended corona ( 2:7 10° Ry) responsible for higher-energy
gamma rays. In this model, non-thermal electrons dominate in the
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extended region, producing gamma rays via inverse Compton scat-
tering of optical{UV seed photons, while avoiding strong internal
absorption.

In light of this result, NGC 1068, an archetypal Seyfert 2 galaxy
known for its obscured nucleus and complex circumnuclear envi-
ronment, presents a compelling target. If its gamma-ray emission
is consistent with the stacked spectral shape ( 2:3), and if its
luminosity lies in the vicinity of  10%° erg s 1, this would sup-
port the hypothesis that extended coronae are a common feature
in such galaxies. Conversely, a signi cantly di erent spectral in-
dex or luminosity could point to a distinct emission mechanism in
NGC 1068, such as enhanced starburst activity, AGN-driven out-

ows, or proton-proton interactions in dense gas structures near
the nucleus. This extended corona model alongside the extrapola-
tion of the Fermi-LAT spectrum will only be used for estimating
the detectability of the source.

2.5 Starburst Models for Gamma-ray Emission

One of the earliest interpretations for the HE emission from NGC
1068 centers on the intense starburst activity in its circumnuclear
region. Starburst galaxies are known to host large populations of
massive, short-lived stars that end their lives as supernovae, inject-
ing large amounts of energy into the interstellar medium. In this
environment, CR accelerated by supernova remnants can interact
with dense gas to produce gamma rays and neutrinos via hadronic
(pp) interactions. Given NGC 1068’s relatively high star forma-
tion rate (SFR) ( 10.3 - 17.4 M yr ! (Padovani et al., 2024))
and high gas density, it was initially proposed that its observed
gamma-ray ux could be attributed to this mechanism (Acker-
mann et al., 2012). However, more recent observations and neu-
trino constraints have challenged the su ciency of pure starburst
models, leading to the development of more complex hybrid sce-
narios involving AGN-driven contributions.

In the following sections we will detailed some of the starburst
models used in this thesis.
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2.5.1 Eichmann et al. (2022) Model

Eichmann et al. (2022) introduces a physically motivated, spa-
tially homogeneous, spherically symmetric, steady-state two-zone
lepto-hadronic model to explain the multi-wavelength and neu-
trino emission from NGC 1068. Motivated by the 4 IceCube
neutrino excess near the galaxy’s direction and the observed gamma-
ray emission from Fermi-LAT, the model addresses the short-
comings of single-zone interpretations by including both an AGN
corona and a circumnuclear starburst ring.

The authors perform a global parameter optimization to ex-
plain the multi-messenger data. Such a full multi-messenger t
from radio to TeV energies in photons plus the neutrino ux has
not been attempted before.

The model comprises two spatially distinct, spherically sym-
metric emission zones:

AGN Corona: A compact region where CR are accelerated
by stochastic di use acceleration (SDA) and scattered o
stochastically by Alfvenic turbulence producing high-energy
neutrinos. This region is optically thick to the associated
gamma-rays, which introduced a cascade of secondary elec-
trons that dominate the emission in the MeV range.

Starburst Region: A region where CR are accelerated via
di usive shock acceleration (DSA) by supernova remnants
in a dense interstellar medium which explains the gamma-
ray emission above a few 100 MeV.

SDA, also referred to as the second-order Fermi process, accel-
erates charged particles through repeated scattering with random
electromagnetic elds or turbulent structures, allowing them to
gradually gain energy from these interactions. In contrast, DSA,
or rst-order Fermi acceleration, occurs when particles repeatedly
cross a shock front, bouncing between magnetic scattering centers
in the upstream and downstream regions. With each crossing,
they acquire additional energy, ultimately producing a character-
istic power-law energy spectrum.
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Both zones are modeled as homogeneous and calorimetric for
CR, allowing for steady-state solutions to the transport equations.
Figure 8 shows the resulting spectrum.
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Figure 8: SED of NGC 1068 from radio to neutrinos according to
Eichmann et al. (2022), including emission from both the AGN
corona (red) and starburst region (blue). The x-axis shows energy
in GeV, and the y-axis shows the ux. Data points include VLA
(light blue), VLBA (dark red), ALMA (triangles), Fermi 4FGL
(black pentagons), MAGIC (black circles), and IceCube (green
band). Modeled gamma-ray and neutrino components are shown
with individual contributions from synchrotron, inverse Compton
(1C), bremsstrahlung, and hadronic processes. Shaded regions in-
dicate absorption from photon backgrounds and free-free emission.
Solid black and green lines represent total gamma-ray and neutrino
uxes, respectively.

The steady-state distributions are obtained by solving the trans-
port equation, accounting for energy losses (synchrotron, inverse
Compton, Bremsstrahlung, Coulomb, pp, p , and Bethe{Heitler
interactions) and escape processes.

The gamma rays produced in the corona are largely absorbed
via  interactions due to the high photon density, explaining the
absence of detectable TeV emission from this region. However, the
associated neutrinos can escape, making the corona a key site for
neutrino production. The starburst region dominates the gamma-
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ray ux above a few hundred MeV.

2.5.2 Ajello et al. (2023) Model

An empirical model was presented by Ajello, Murase, and Mc-
Daniel (2023). In light of the 4.2 detection of high-energy neutri-
nos from the direction of NGC 1068 by the IceCube Neutrino Ob-
servatory, this study proposes a two-zone hadronic model to simul-
taneously explain the observed gamma-ray and neutrino emission
while remaining consistent with upper limits from ground-based
gamma-ray telescopes like MAGIC.

The central hypothesis of this work is that the high-energy neu-
trinos are produced in a region that is highly opaque to GeV{TeV
gamma rays. Otherwise, the associated gamma-ray production via
hadronic interactions would overshoot observed limits. This neces-
sitates that hadronic interactions occur close to the central SMBH,
where the photon densities are high enough to trigger ¥ ete
pair production, reprocessing high-energy gamma rays down to
MeV energies via electromagnetic cascades. The gamma-rays ob-
served by Fermi-LAT are produced in the starburst region.

To test this scenario, the authors reanalyzed 14.3 years of
Fermi-LAT data from 20 MeV to 1 TeV, extending the spectral
coverage into the poorly explored MeV regime. The spectrum
shows two distinct components:

A high-energy (500 MeV) component well modeled by a
starburst-origin hadronic emission consistent with previous
models (Ajello et al., 2020), assuming nearly calorimetric
conditions.

A low-energy (500 MeV) component interpreted as the
product of cascade emission from cosmic-ray interactions in
the AGN corona, following the magnetically-powered corona
scenario of (Murase, 2022).

The starburst component is normalized using the IR luminosity
of NGC 1068 (log;q(Lir=L ) = 10:973), which ties the gamma-
ray emission to the galaxy’s SFR. The hadronic interactions in this
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region, primarily via inelastic pp collisions, produce neutral pions
that decay into GeV gamma rays, while the associated neutrino
ux is insu cient to account for the IceCube signal.

In contrast, the low-energy excess is modeled as cascade emis-
sion arising from protons accelerated in the coronal region sur-
rounding the SMBH. These protons interact either with the coro-
nal gas (pp) or with optical/UV photons from the accretion disk
and X-rays from the corona (p ), producing pions and leading
to both neutrino and gamma-ray emission. However, gamma rays
produced in this compact region are attenuated via  interactions
and reprocessed to MeV energies.

Figure 9 illustrates the two-component model and compares it
to the Fermi-LAT, MAGIC and IceCube data. The AGN corona
component (red band) accounts for the neutrino spectrum and
the low-energy gamma-ray excess, while the starburst component
(blue band) dominates at higher energies but falls below TeV up-
per limits from MAGIC.

This model supports the interpretation of NGC 1068 as a com-
plex multi-zone accelerator. The starburst ring produces GeV
photons via CR{gas interactions, while the magnetically powered
corona near the SMBH generates both MeV gamma rays and
TeV neutrinos. Notably, this interpretation predicts observable

uxes in the MeV regime, motivating future observations with
next-generation missions like AMEGO-X and e-ASTROGAM.

2.5.3 Kornecki et al. (2025) Model

Another empirical starburst model for the gamma-ray emission
from NGC 1068 was presented in Kornecki et al. (2025), who ex-
plored whether the observed Fermi-LAT ux could be explained
by hadronic interactions from CR with ambient protons in the
interstellar medium.

In this model, CR are accelerated by supernova remnants or
young massive stellar clusters and then interact with ambient pro-
tons in the interstellar medium, leading to the di use emission of
high- and very-high-energy gamma-ray across the GeV and TeV
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Figure 9: SED of NGC 1068 predicted by Ajello, Murase, and
McDaniel (2023), showing gamma-ray and neutrino emission. The
x-axis indicates energy in GeV, and the y-axis shows the ux.
Observational data include Fermi-LAT (black), MAGIC (green),
and IceCube (gray band). Model predictions for gamma rays from
the AGN corona (red band) and starburst region (blue band) are
shown, as well as the associated neutrino emission from the corona
(gray line). Sensitivity curves of future gamma-ray missions e-
ASTROGAM and AMEGO-X are included.
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bands. In the GeV range, hadronic processes may occur due to the
interaction of energetic protons with the starburst nucleus on kpc
scales or within star-formation environments of the surrounding
galactic medium.

For this study the authors gathered a sample of 27 star-forming
galaxies and estimated their gamma-ray ux assuming a propor-
tional relationship with their SFR. The SFR is estimated from the
IR ux.

The simple empirical emission model has the following main
assumptions:

Di use emission from proton-proton interaction with a pho-
ton index of = 2.2 from GeV to TeV energies and a gamma-
ray luminosity proportional to the SFR.

EBL model developed by (Dom nguez et al., 2011) to account
for  absorption on Mpc scales in the intergalactic medium.

The model does not account for internal absorption e ects.

The gamma-ray energy spectrum is thus estimated as follows:

— LZGeV (SF R) ( E )2 e (E;Z)
4 d? 2GeV

where Ljygey is the luminosity at the reference energy 2 GeV,
SFR is the star formation rate, d is the luminosity distance, is
the slope of the power-law SED, (E;z) is the optical depth from
the model of Dom nguez et al. (2011), z is the redshift.

The relationship for the galaxies in the sample can be seen in
Figure 10.

The model applied to NGC 1068 can be seen in Figure 11.

While the starburst model from Kornecki et al. (2025) can ex-
plain the gamma-ray emission detected by Fermi-LAT, it predicts
agamma-ray ux well above the upper limits reported by MAGIC.
Nonetheless, this model serves as a useful reference case for dis-
entangling starburst-driven from AGN-driven contributions to the
high-energy emission of NGC 1068.

Flergs cm ?]
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Figure 10: Correlation between SFR and gamma-ray luminosity
for the sample used in Kornecki et al. (2025). The x-axis shows
log(SFR), and the y-axis shows logL .2cev. The magenta dashed
line is the best- t relation from Kornecki et al. (2025), and the
green dotted line is the t without excluding the blue sources.
NGC 1068 and other labeled galaxies are highlighted.
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Figure 11: Gamma-ray SED of NGC 1068 as predicted by Ko-
rnecki et al. (2025). The x-axis shows energy in TeV and the
y-axis shows ux. The orange dotted line indicates the gamma-
ray emission expected from the model. The gray line represents
the best t power-law to the gamma-ray data as provided in the
FGL-DR4 catalog. The gray dashed and black dash-dotted lines
show sensitivity limits of LHAASO and SWGO, respectively. The
blue inverted triangles show the 3 sensitivity of CTA-South at
40 zenith. The shaded bands represent model uncertainties.
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2.6 AGN Wind Models

Beyond starburst activity, another promising site for high-energy
particle acceleration in NGC 1068 is the AGN-driven wind and
its shocks. These large-scale out ows originate from the vicinity
of the central SMBH and can extend out to hundreds of parsecs.
AGN winds are observed across many wavelengths, from UV ab-
sorption lines to X-ray emission and radio out ows, and are be-
lieved to play a critical role in AGN feedback and galaxy evolution
(Fiore et al., 2017; Tombesi et al., 2013).

In the context of gamma-ray and neutrino production, AGN
winds provide dense targets for hadronic interactions while main-
taining a steady injection of energetic particles. Protons accel-
erated at the base of the wind can interact with ambient gas or
radiation elds to produce pions, which decay into neutrinos and
gamma rays. The physical conditions, such as high density, mag-
netic turbulence, and large-scale geometry (can extend over tens
to hundreds of parsecs, or even kpc scales), make the inner wind
region a natural candidate for a \hidden cosmic-ray accelerator.”

Several recent models have proposed that NGC 1068’s gamma-
ray signal may originate from such wind regions. In these scenar-
ios, gamma rays are either absorbed locally due to high photon
densities or escape only partially, thereby satisfying the observa-
tional constraint of high neutrino ux but low TeV gamma-ray
emission.

AGN wind models thus bridge the gap between the observed
multi-messenger signal and theoretical expectations by invoking
an obscured yet e cient hadronic accelerator embedded within
the complex central environment of NGC 1068.

2.6.1 Peretti et al. (2023) UFO Model

Peretti et al. (2023) investigate the role of UFOs as potential sites
of CR acceleration and high-energy neutrino and gamma-ray pro-
duction in NGC 1068. UFOs are highly ionized, relativistic winds
observed in X-ray spectra of AGNSs, with velocities exceeding 0:1c.
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Their interaction with the ambient interstellar medium can lead
to strong shocks, turbulence, and particle acceleration.

The authors propose a scenario in which protons are acceler-
ated by DSA at the termination shock of these out ows. These
winds interact with the ambient medium, in ating a wind bubble
with a characteristic layered structure: an inner wind termination
shock where the supersonic wind decelerates, a contact disconti-
nuity separating shocked wind material from the shocked external
medium, and an outer forward shock propagating into the circum-
nuclear environment. This bubble evolves in a roughly spherically
symmetric and energy-conserving way, under the assumption that
radiative losses of protons are ine cient. The resulting spectrum
can be seen in Figure 12.

The model rests on several key assumptions: spherical sym-
metry, energy-conserving expansion, mildly relativistic out ows,
turbulent magnetic elds scaling with ram pressure, a uniform am-
bient medium, and stationary particle transport. These assump-
tions allow the authors to explore the viability of AGN-driven
UFOs as CR accelerators and sources of high-energy neutrinos,
and to compare the resulting emission with gamma-ray and neu-
trino observations.

2.6.2 Inoue et al. (2024) Wind Model

Inoue et al. (2024) propose a novel mechanism for the production
of high-energy neutrinos and gamma rays in NGC 1068, based
on the concept of \failed winds.” In contrast to large-scale AGN
out ows that escape the nuclear region, failed winds are compact,
dense structures that originate near the accretion disk but are
gravitationally or radiatively trapped before escaping the black
hole’s sphere of in uence.

In this model, high-energy neutrinos and gamma rays are pro-
duced in shocks formed within accretion disk-driven winds in AGNSs,
speci cally through interactions occurring in two physically dis-
tinct regions: an inner region close to the black hole where failed
winds develop, and an outer region where the wind interacts with
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Figure 12: SED of NGC 1068 showing multi-messenger data and
model predictions from Peretti et al. (2023). The vertical axis
shows energy ux and the horizontal axis shows energy. Black dots
are Fermi-LAT gamma-ray data; purple circles with downward
arrows are MAGIC upper limits; the green shaded region is the
IceCube neutrino ux with 1 uncertainty. The solid blue and red
dashed lines represent the gamma-ray and muon neutrino uxes
from the shocked ambient medium (SAM). The cyan dashed and
magenta dot-dashed lines represent gamma-ray and muon neutrino

uxes from the shocked wind (SW) via. The orange dot-dash line
corresponds to the combined muon neutrino ux from SW and
SAM.
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the obscuring torus.

These failed winds fall back and create shocks near the black
hole, dissipating kinetic energy and enabling particle acceleration.
Inoue et al. (2024) assumes that protons are accelerated at these
shocks via DSA.

The model also includes a second zone: the outer region, where
a fraction of the wind, this time successfully launched from far-
ther out in the disk, propagates outward and collides with the
circumnuclear torus. This interaction induces additional shocks,
again leading to proton acceleration. In both regions, the high-
energy protons can interact with gas and radiation elds, gen-
erating charged and neutral pions that decay into neutrinos and
gamma rays, respectively. The model tracks all relevant processes,
including electromagnetic cascades resulting from gamma-ray at-
tenuation. The geometry and physical conditions of each region
are parametrized and modeled numerically. The resulting spec-
trum is shown in Figure 13.

In summary, this model presents a compelling alternative to
coronal models for neutrino production in AGN, particularly for
obscured sources like NGC 1068. It relies on physically moti-
vated assumptions about wind launching, failed wind dynamics,
and proton acceleration via shocks, and explains key features of
the observed multi-messenger signal.
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Figure 13: SED of NGC 1068 showing gamma-ray (left) and muon
neutrino (right) emission from di erent emission zones and pro-
cesses according to Inoue et al. (2024). The x-axis shows loga-
rithmic frequency (bottom) and energy in eV (top), with the left
y-axis indicating ux for photons and the right y-axis for neutri-
nos. The total emission from the inner and outer zones is shown
in red and blue solid lines, respectively. Observational data are
overlaid with symbols corresponding to di erent wavebands.
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3 Observing the High-Energy Sky

Understanding the extreme physical processes at play in AGN like
NGC 1068 requires observations across the high-energy electro-
magnetic spectrum and beyond. Gamma rays, produced in the
most energetic environments of the universe, o er direct insight
into cosmic accelerators that operate under conditions unattain-
able on Earth. However, observing this messengers demand sophis-
ticated detection techniques and cutting-edge instrumentation.

This chapter introduces the key observatories and detection
strategies used in this thesis.

3.1 The Neil Gehrels Swift Observatory

The Neil Gehrels Swift Observatory (Gehrels et al., 2004) is a
multi-wavelength space-based telescope launched by NASA in 2004
to detect and study gamma-ray bursts (GRBs) and their after-
glows. However, its exible scheduling, rapid slewing capability,
and suite of instruments have made it a valuable asset for a broad
range of astrophysical targets, including AGNs, tidal disruption
events, and supernovae. For NGC 1068, Swift plays a critical role
in providing contemporaneous observations in the ultraviolet, op-
tical, and soft X-ray bands, key regions of the SED.
Swift carries three main instruments:

Burst Alert Telescope (BAT): A wide- eld coded-mask im-
ager operating in the 15{150 keV range, primarily used for
detecting GRBs and monitoring bright hard X-ray sources.

X-ray Telescope (XRT): A focusing X-ray telescope covering
the 0.3{10 keV range with imaging and spectroscopic capa-
bilities. It is particularly well-suited for characterizing soft
X-ray emission from AGNs and was used in this thesis to
extract the X-ray spectrum of NGC 1068 using its Photon
Counting mode.

Ultraviolet/Optical Telescope (UVOT): A 30 cm optical and
UV telescope with a suite of six broadband Iters (V, B,
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U, UVW1, UVM2, UVW?2) covering wavelengths from 1600
to 6000 A. UVOT provides crucial data to reconstruct the
UV{optical portion of the SED, which traces thermal emis-
sion from the accretion disk and potential host galaxy con-
tribution.

The main instruments carried by Swift can be seen in Figure
14. The synergy between XRT and UVOT allows for simultane-
ous multi-band observations, which is essential for constructing
reliable SEDs of variable sources like AGNs. In this thesis, data
from a deep observation of NGC 1068 were analyzed to extract

uxes in the UVOT bands and XRT spectral counts, forming the
low-energy foundation of the multi-wavelength SED presented in
Chapter 4.

Swift’s role is especially valuable in the multi-messenger con-
text, as it o ers rapid-response coverage of high-energy alerts from
neutrino detectors and gravitational wave observatories, providing
essential electromagnetic context for events like those potentially
linked to AGNSs such as NGC 1068.

3.2 The Fermi Gamma-ray Space Telescope

The Fermi Gamma-ray Space Telescope is a cornerstone of modern
high-energy astrophysics, providing continuous monitoring of the
gamma-ray sky since its launch in 2008. Operating in low-Earth
orbit, Fermi has revolutionized our understanding of astrophysi-
cal particle acceleration and high-energy processes across a wide
range of sources. Its primary instrument, the Large Area Telescope
(LAT), is a pair-conversion gamma-ray detector that surveys the
sky in the energy range from about 20 MeV to beyond 300 GeV,
with a eld of view covering approximately 20% of the sky at
any given time (Atwood et al., 2009). By scanning the entire sky
every three hours, LAT delivers unprecedented long-term, high-
statistics coverage of variable and persistent gamma-ray sources.
Complementing the LAT, the Gamma-ray Burst Monitor (GBM)
(Meegan et al., 2009) extends Fermi’s reach into lower energies
(8 keV to 40 MeV), making it sensitive to transient events such as

48



Figure 14: Anatomical diagram of the Neil Gehrels Swift Observa-
tory, highlighting its major components. The spacecraft includes
three scienti ¢ instruments: the Burst Alert Telescope (BAT),
used for detecting GRBs; the X-Ray Telescope (XRT); and the
Ultraviolet/Optical Telescope (UVOT). Supporting components
include star trackers for attitude determination, a sun shade, so-
lar arrays for power generation, a power distribution unit, nickel-
hydrogen batteries for energy storage, solid-state recorder for data
handling, and dedicated radiators for thermal regulation of BAT
and XRT (\The Swift Spacecraft - NASA Science", 2025).
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gamma-ray bursts, magnetar ares, and solar ares. A schematic
view of Fermi can be seen in 15.
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Figure 15: Schematic view of the Fermi Gamma-ray Space Tele-
scope and its two main instruments. The Large Area Telescope
(LAT) is a pair-conversion detector composed of a silicon strip
tracker, a cesium iodide calorimeter, and an anticoincidence de-
tector, optimized for imaging photons in the 20 MeV{300 GeV
energy range with wide sky coverage. The Gamma-ray Burst
Monitor (GBM) consists of twelve sodium iodide and two bis-
muth germanate scintillation detectors, extending sensitivity to
8 keV{40 MeV and enabling the detection of transient phenom-
ena such as gamma-ray bursts across the unocculted sky. To-
gether, these instruments provide continuous monitoring of the
high-energy universe (Thompson & Wilson-Hodge, 2023).

The scienti c goals of Fermi are broad: to uncover the mech-
anisms of particle acceleration in extreme environments such as
AGN, pulsars, and supernova remnants; to resolve the gamma-
ray sky by identifying unknown sources and characterizing di use
backgrounds; to probe the nature of gamma-ray bursts and other
high-energy transients; and to explore fundamental physics topics,
including dark matter annihilation or decay and the possibility of
evaporating primordial black holes. Among its landmark discover-
ies are the detection of the rst gamma-ray-only pulsar (Atkinson,
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2008), constraints on the contribution of AGN to the extragalactic
gamma-ray background (Reddy, 2010), and the rst joint detec-
tion of gravitational and electromagnetic radiation from a single
source (Abbott et al., 2017).

For the study of NGC 1068, Fermi-LAT plays a central role.
NGC 1068, being one of the brightest and nearest Seyfert Il galax-
ies, has been detected in the GeV band by Fermi, providing crucial
evidence that gamma-ray production occurs not only in blazars
but also in radio-quiet AGN. Long-term monitoring with Fermi
is particularly valuable here: since NGC 1068 does not exhibit
strong variability in the GeV band, its emission provides an im-
portant contrast to blazar-type AGN, supporting the idea of a
more isotropic origin such as large-scale out ows or circumnuclear
star formation.

3.3 The Cherenkov Telescope Array Observatory

The Cherenkov Telescope Array Observatory (CTAO) (Hofmann
& Zanin, 2023) is the next-generation ground-based gamma-ray
observatory designed to explore the universe at VHE; E 30
GeV gamma rays. It will signi cantly outperform current Imag-
ing Atmospheric Cherenkov telescopes (IACTs) such as H.E.S.S.,
MAGIC, and VERITAS in terms of sensitivity, angular resolution,
and energy coverage Figure 16. CTAO will be the rst ground-
based gamma-ray observatory operated as an open-access facility,
with science data made publicly available to the community.
CTAO will consist of two arrays:

CTAO-North, located at the Roque de los Muchachos Ob-
servatory on La Palma (Spain), optimized for extragalactic
science. It will host 4 Large-Sized Telescopes (LSTs), which
are sensitive to the lowest energies (20{150 GeV) alongside
9 Medium-Sized Telescopes (MSTSs).

CTAO-South, located at the Paranal Observatory in Chile,
optimized for Galactic and extended sources. It will include
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Figure 16: Di erential ux sensitivity of the CTAO Northern Ar-
ray compared with other gamma-ray instruments. The vertical
axis shows the energy-scaled ux sensitivity, and the horizontal
axis shows the reconstructed gamma-ray energy in TeV, both in
logarithmic scale. Black points represent the CTAO Northern Ar-
ray sensitivity for a 50-hour observation. Curves for other in-
struments include: MAGIC (blue, 50 h), VERITAS (gray, 50 h),
ASTRI (dotted black, 50 h), Fermi-LAT (green dashed, 10-year
all-sky), HAWC (orange dash-dotted, 5 years), and LHAASO (or-
ange, 1 year) (\Performance", n.d.).
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LSTs, MSTs, and Small-Sized Telescopes, covering the full
energy range from 20 GeV to beyond 300 TeV.

CTAO is designed to achieve unprecedented sensitivity, up to
an order of magnitude better than current IACTSs, across four
decades of energy. This improvement is key for detecting faint
or distant sources, including active galactic nuclei like NGC 1068,
whose expected TeV ux lies near the current detection threshold.

In this thesis, simulations of NGC 1068 observations were car-
ried out using the CTAO North array instrument response func-
tions corresponding to the \Alpha Con guration" (Observatory &
Consortium, 2021), which models 4 LSTs and 9 MSTs at an aver-
age zenith angle of 40 . Further simulations were conducted with
the North sub-array consisting of 4 LSTs. These simulations aim
to assess the detectability of di erent emission scenarios for NGC
1068, including hadronic models motivated by recent neutrino de-
tections.

A key strength of CTAO lies in its ability to provide high-
quality spectra and morphology studies of extragalactic sources.
Moreover, its rapid repointing capability and wide energy cover-
age make it a vital component of the multi-messenger network,
enabling follow-up of high-energy neutrino alerts or gravitational
wave events. For sources like NGC 1068, CTAO o ers the poten-
tial to either con rm TeV gamma-ray emission or to place strin-
gent upper limits that constrain theoretical models of hadronic
acceleration.
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4 Spectral Energy Distribution of NGC 1068

To investigate the broadband emission properties of NGC 1068, |
constructed its SED by combining publicly available Swift obser-
vations with multi-messenger data retrieved from the literature.
This process enabled a comprehensive view of the source’s emis-
sion across the electromagnetic spectrum and into the neutrino
regime, with particular emphasis on high-energy processes.

4.1 Analysis of Swift Optical/UV and X-ray Data

I retrieved data from the publicly accessible Swift database, select-
ing the observation with the longest exposure across the UVOT
Iters (U, B, V, UW1, UW2, UM2) and the XRT Photon Counting
(PC) mode to ensure optimal signal-to-noise ratios. This section
outlines the selection criteria, spectral extraction procedures, and
photometric analysis used to construct the UV-to-X-ray portion
of the SED.
For NGC 1068, | selected observation 00088104008, conducted
between 2018-11-24T07:31:41 and 2018-11-24T09:18:38. Table 1
summarizes the relevant exposure times.

Target ID 88104

XRT Exposure (PC mode) | 1983.443 s
UVOT U Filter 159.503 s
UVOT B Filter 159.547 s
UVOT V Filter 159.503 s
UVOT UWL1 Filter 442.872 s
UVOT UW?2 Filter 639.556 s
UVOT UM2 Filter 371.622 s

Table 1: Exposure times for UVOT and XRT Iters in the selected
Swift observation.

The les used in the analysis were:

1 sw00088104008xpcw3po_cl.evt, sw00088104008ubb_sk.img,
sw00088104008um2_sk.img,
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sw00088104008uuu_sk.img, sw00088104008uvv_sk.img,
sw00088104008uwl_sk.img,
sw00088104008uw2_sk. img

4.1.1 X-ray Spectral Extraction with HEASoft

X-ray spectral extraction was carried out using the HEASoft soft-
ware suite (Nasa High Energy Astrophysics Science Archive Re-
search Center (Heasarc), 2014), a collection of tools developed by
NASA for the reduction and analysis of X-ray and gamma-ray
data. | performed the analysis within the SciServer cloud plat-
form.

To inspect the X-ray image and de ne source and background
regions, | used DS9 (Smithsonian Astrophysical Observatory, 2000),
an astronomical imaging and data visualization tool developed by
the Smithsonian Astrophysical Observatory. The regions used are
shown in Figure 17.

Figure 17: Swift XRT image of NGC 1068 with selected source
and background regions.

The spectral extraction was performed using XSELECT, a command-
line interface for Itering and manipulating event data. The fol-
lowing response and ancillary les were downloaded and applied:

swxpcOtol2s6_20130101v014 . rmf
swxs6_20010101v001.arf

The resulting spectra were grouped using grppha and analyzed
in XSPEC, a spectral tting package included in HEASoft designed
speci cally for modeling X-ray spectra.
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4.1.2 Optical/UV Photometry

Each UVOT image was processed with uvotimsum, a utility from
HEASoft that coadds multiple exposures and corrects for pointing
shifts. Photometric extraction was then performed using user-
de ned source and background regions. Figure 18 shows the se-
lected regions for each Iter.

(@) UVOT B lter (b) UVOT UM2 lIter (c) UVOT U lter

(d) UVOT V Iter  (e) UVOT UW1 Iter (f) UVOT UW2 Iter

Figure 18: Source and background regions for UVOT Iters.

Each .img le was converted into a .pha le using uvot2pha,
and calibrated using the corresponding response matrices:
swubb_20041120v105.rsp
swum2_20041120v106.rsp
swuuu_20041120v105.rsp
swuvv_20041120v105.rsp

swuwl_20041120v106.rsp
swuw2_20041120v106.rsp

The photometric spectra were unfolded in XSPEC, and the ex-
tracted data are shown in Figure 19.
4.2 Compilation of Multi-messenger Data

To provide a complete broadband picture of NGC 1068, | inte-
grated archival data spanning radio to gamma-ray wavelengths,
as well as neutrino data from the IceCube Neutrino Observatory.
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Figure 19: Swift UVOT and XRT measured uxes (in
counts/s/Hz) for NGC 1068. UVOT Iters are color-coded; XRT
points are black.
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These datasets o er critical constraints on the source’s emission
mechanisms and extend the analysis into the multi-messenger do-
main.

Multi-wavelength ux measurements were retrieved from the
Markarian Multiwavelength Data Center (MMDC) (Sahakyan et
al., 2024), which compiles data from numerous astronomical sur-
veys. Each entry includes ux values, uncertainties, and refer-
ences. A sample is presented in Table 2.

Freq. (Hz) | Flux (ergcm s 1) [ Uncertainty Reference

1:4 107 117 10 ¥ 3:17 10 ™ | Kuehr et al. (1981)
1:6 107 2:32 10 4 6:28 10 5 | Kuehr et al. (1981)
2:0 10’ 1:40 10 4 2:24 10 15 | Kuehr et al. (1981)

Table 2: Sample of multi-wavelength archival data for NGC 1068.

To incorporate neutrino information, | added the neutrino spec-
trum for NGC 1068 as inferred by the IceCube Collaboration (Ice-
Cube Collaboration et al., 2022). The dataset includes the best-

t neutrino ux and associated uncertainties in the high-energy
regime, enabling direct comparison with the photon SED.

The integration of these photon and neutrino datasets into a
uni ed SED enables testing of theoretical emission models that
span the full energy range, from radio waves to neutrinos.
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5 Simulating CTAO Observations of NGC
1068

To assess the observability of NGC 1068 with the CTAO, | simu-
lated multiple observational scenarios assuming di erent spectral
models, the starburst and wind models described in Chapter 2.
Using Gammapy, | performed 100 Monte Carlo realizations per ex-
posure time to compute the average detection signi cance, best- t
spectral parameters, and ux points. This chapter details the sim-
ulation and analysis procedures.

5.1 Gamma-ray Data Analysis with Gammapy

The data simulation, modeling, and analysis were performed with
Gammapy, a community-developed, open-source Python package for
high-level gamma-ray astronomy (Acero et al., 2025; Donath et al.,
2023). It provides tools for simulating and analyzing event-based
or binned gamma-ray data, using Instrument Response Functions
(IRFs) and sky models. Figure 20 illustrates Gammapy’s modular
structure and data ow.

At the DL3 data level, gamma-ray observations are represented
as lists of gamma-ray{like events, along with their corresponding
IRFs. DL3 data are typically segmented into individual obser-
vations, each corresponding to a stable data-taking period and
identi ed by a unique observation ID. The event list is organized
as a simple table, with one row per event and columns containing
the reconstructed event properties, such as incident direction, en-
ergy, arrival time, and reconstruction quality indicators. The next
step in the analysis is data reduction, where all events and IRFs
from the observations are reprojected or binned into a common
physical coordinate system de ned by a map geometry. This ge-
ometry consists of a spectral axis, typically de ned by energy bins,
and spatial dimensions, which either describe a pixelized image in
a spherical projection (e.g., from celestial coordinates) or de ne
a single region on the sky. The reduced counts and IRFs are
stored as DL4 datasets, which bundle all necessary information
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into a format suitable for modeling and tting. These datasets
can be saved to disk in a Gammapy-speci ¢ format, allowing for
easy reloading and reuse in later analysis stages. Various dataset
types support di erent analysis approaches and statistical meth-
ods. A key feature is the ability to perform joint-likelihood tting,
enabling the combination of data from multiple observations, in-
struments, or event classes into a uni ed analysis. The nal stage
involves modeling the datasets using binned Poisson maximum
likelihood tting. Observations can be analyzed either individu-
ally or jointly, and the results are summarized at the DL5 data
level, where physically meaningful quantities such as uxes, spec-
tra, and light curves are derived. In this thesis, | simulate DL3
data and process it through the full pipeline up to DL5, producing
science-ready results.

pL3 —— DL4 ———— DL5
~-like events Binned data Science products

Data reduction Likelihood fitting Source Catalogs
Name | Flux | Size
SNR | 1e-12 |1 deg
PWN [ 1e-11 [0.2 deg]
GRB [ 1e-10 [ 0 deg

Flux & TS Maps

A~/ QY ~
ITT ITl ITT
.data makers datasets

Datasets
Observations Safe MapDataset
Observation MapDatasetOnOff - [

=iy,

SEDs & Lightcurves

L)
T Vi + 1Tev

7V, Fet o,
YAML | s /” N ', .0' -
.analysis L RO

Figure 20: Data ow and sub-package structure of Gammapy.
Folder icons represent sub-packages; arrows show the direction of
data ow. The top layer re ects the CTAO-de ned data levels.
Figure from Ref. (Donath et al., 2023).

The following Gammapy components were central to the analy-
Sis:
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SpectralModel: a functional form for the source spectrum,
e.g., power law, log parabola, or exponential cuto power
law. Each model is de ned by physical parameters like am-
plitude, index, and cuto energy.

MapDatasetEventSampler: generates event lists from model-
predicted maps.

Fit: performs maximum likelihood tting of models to data.

FluxPointsEstimator: computes binned SED points and
upper limits based on a tted model.

The overall work ow consisted of:

1. Simulation: Generating event lists using
MapDatasetEventSampler.

2. Signi cance Testing: Estimating detection signi cance via
ON/OFF methods and WStatCountsStatistic.

3. Spectral Fitting: Fitting parametric models to the simulated
data using Fit.

4. Flux Estimation: Computing di erential ux points via
FluxPointsEstimator.

5.2 Simulation Parameters

Each simulation set comprised Ngi,y = 100 independent realiza-
tions, computed for three exposure times: 50, 100, and 150 hours.
The use of multiple realizations mitigates statistical uctuations
and improves the robustness of the results. The input spectral
models adopted in these simulations are those described in Chap-
ter 2.
Key con guration parameters were:
1 N_sim = 100
2 Livetime = 50 * u.hr
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3 IRF = "Prod5-North-40deg-AverageAz -4LSTs09MSTs .180000s-
vOo.1l._fits"
4 Pointing offset = 0.5 * u.deg

NGC 1068 is visible from both CTAO sites, but from the
Northern site it can only be observed at zenith angles exceed-
ing 40 . In this work, | adopt the Northern site con guration, as
it is optimized for extragalactic science, ensures consistency with
the 125-hour MAGIC observation, and re ects the ongoing devel-
opment of CTAO North, where the rst LST has already been
constructed.

The IRFs used in this analysis correspond to the CTAO \Alpha
Con guration (Observatory & Consortium, 2021). To emulate a
realistic observation scenario, the pointing direction was o set by
0.5 from the source position, simulating the so-called wobble mode
commonly employed by IACTs. Wobble mode is designed to min-
imize systematic uncertainties by ensuring that both signal (ON)
and background (OFF) data are collected under identical observa-
tional conditions. Since IACT performance depends strongly on
factors such as zenith angle and atmospheric conditions, simulta-
neous acquisition of ON and OFF data is crucial. Additionally,
the camera acceptance of Cherenkov telescopes varies with dis-
tance from the camera center ]| the outer regions typically exhibit
lower event detection e ciency than the inner regions. To miti-
gate this e ect, the telescopes observe with a xed o set from the
source, so that both ON and OFF regions lie at the same angular
distance from the camera center. This symmetry ensures compara-
ble detector response in both regions, reducing bias in background
estimation. In practice, the ON and OFF regions are de ned in
a ring around the pointing position, preserving uniform exposure
and maximizing the e ectiveness of the background subtraction.

The spatial and spectral geometry used in the analysis is de-

ned as follows:

Sky projection: World Coordinate System (WCS), centered
on NGC 1068.

Reconstructed energy: 0.1,TeV to 100,TeV, logarithmically

62



binned.

True energy: 0.01,TeV to 350,TeV, logarithmically binned.

The reconstructed energy corresponds to the estimated energy
of the detected photon as inferred by the instrument, while the
true energy refers to the actual (simulated) energy of the incom-
ing photon. The distinction is necessary due to the nite energy
resolution of the detector.

Each simulation used a SkyModel consisting of the input spec-
tral model and a point-like spatial model. A FoVBackgroundModel
was used to handle residual backgrounds, adjusted by comparing
expected background counts to observed counts outside a prede-

ned exclusion region.

5.3 Detection Signi cance of Simulated Observations

To assess the detectability of NGC 1068 under each scenario, |
computed the statistical signi cance of detection using classical
ON/OFF analysis with re ected background regions.

Simulated event lists were loaded and assigned IRFs. The ON
region was de ned as a circular region of radius 0.11 centered on:

RA =40:669 ; Dec= 0:013

This corresponds to the 68% PSF containment radius at CTAO
energies. Background regions were generated using
ReflectedRegionsBackgroundMaker, avoiding overlap with the
ON region.

Energy binning was set to:

Reconstructed energy: 10 GeV { 10 TeV (10 bins)
True energy: 8 GeV { 12 TeV (13 bins)

The detection signi cance S for each simulation was calculated
using the W-statistics framework (WStatCountsStatistic):

63



P 1+ Non

=" 2 Nonl
S on 11 Non + No
No 1=2
No In (1+ _
(0] ( ) Non + NO

where = 0:083 is the ON/OFF normalization factor, i.e., the
ratio of solid angles.

The signi cance distributions from 100 independent simula-
tions were averaged to reduce statistical uctuations between in-
dividual runs. The standard deviation across simulations was also
computed to quantify the spread of the results. All visualizations
were produced using matplotlib (Hunter, 2007).

5.4 Spectral Fitting and Flux Point Estimation

Each simulated dataset was tted with a super-exponential cuto
power-law spectral model, the same functional form employed in
the 3FGL catalog. This choice was motivated by its close similarity
to the input models and its availability in the Gammapy model
gallery. The model is de ned as:

E)=o0 £ ‘oo £ £
where:
(E): Di erential photon ux as a function of energy E.

o. Normalization constant (also called amplitude), repre-
senting the ux at the pivot energy Eo.

E: Photon energy.
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Eo: Pivot energy (also called reference energy) at which the
normalization ¢ is de ned.

1. Spectral index of the power-law component; it controls
the slope of the spectrum at energies below the cuto .

Ec: Cuto energy; determines the characteristic energy be-
yond which the ux is suppressed.

2. Super-exponential index; governs the sharpness of the
cuto . When , = 1, the model reduces to a simple expo-
nential cuto .

The SuperExpCutoffPowerLaw3FGLSpectralModel was wrapped

in a SkyModel and t to each dataset using Fit. Parameter limits
were imposed to prevent unphysical solutions.

After tting, the best- t parameters and their errors were
saved and later aggregated. The dispersion in tted values across
simulations provided an estimate of statistical uncertainties in
model reconstruction.

Following the ts, binned spectral energy distributions were
extracted using FluxPointsEstimator. For each simulation:

1. The tted model and counts map were loaded.

2. The SED was computed in 10 logarithmic bins from 0.1 TeV
to 100 TeV.

3. Fluxes and 95% upper limits were saved in FITS format.

To compute the average SED | followed a similar approach to
(\ercellone et al., 2022):

In bins where the mean TS exceeded 9, the average ux and
standard deviation were computed.

Otherwise, a 95th percentile upper limit was reported.

The resulting averaged ux points were linked to the mean
best- t model and stored for visualization and comparison with
theoretical models.
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6 Results and Discussion

This chapter presents the outcomes of the analysis performed on
the Swift data and the multi-wavelength SED of NGC 1068, com-
plemented with archival observations. It further explores the de-
tectability of the proposed emission models with the CTAO and
evaluates the potential to discriminate between them. Together,
these results provide the foundation for assessing the observational
prospects of high-energy studies of NGC 1068 and the ability of
CTAO to test competing physical scenarios.

6.1 Spectral Energy Distribution of NGC 1068

The unfolded X-ray spectrum of NGC 1068 derived from the Swift
XRT and UVOT data is shown in Figure 21. As expected for a
Seyfert 2 galaxy, the spectrum is strongly absorbed in the X-ray
regime, consistent with obscuration by the dusty molecular torus
surrounding the nucleus. In contrast, the UV and optical bands
display relatively high uxes, likely dominated by star formation
processes within the host galaxy rather than direct accretion emis-
sion.

The full broadband SED, combining Swift data with archival
multi-wavelength measurements (Figure 22), exhibits the charac-
teristic mid-infrared peak attributed to thermal dust reprocessing
in the obscuring torus. At high energies, gamma-ray observations
from Fermi-LAT and MAGIC constrain the slope and normal-
ization of the non-thermal component, while IceCube’s best- t
neutrino spectrum provide critical information in the neutrino do-
main. However, a signi cant tension arises when comparing the
observed neutrino ux from IceCube with the gamma-ray ux lim-
its from Fermi and MAGIC: the neutrino ux appears anomalously
high given the lack of a corresponding gamma-ray signal. This dis-
crepancy suggests that the neutrino production site may be opaque
to gamma rays, due to internal absorption via processes such as

¥ e*e pair production.
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Unfolded XSPEC Spectrum of NGC 1068
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Figure 21. Unfolded Swift spectrum of NGC 1068 in units of
ergs ‘cm 2. The spectrum highlights the strong attenuation of
nuclear X-rays and the relatively unabsorbed UV emission.
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Spectral Energy Distribution of NGC 1068
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Figure 22: Broadband SED of NGC 1068 compiled from multi-
wavelength observations. The x-axis shows photon energy (log
scale), while the y-axis shows the spectral energy ux (log scale).
Radio, infrared, optical, UV, X-ray, and gamma-ray measurements
are shown as colored points with uncertainties, as detailed in the
legend. High-energy gamma-ray data are taken from the Fermi-
LAT 4FGL-DR4 (light blue), Fermi 3FHL (orange), and MAGIC
upper limits (dark blue). IceCube constraints are shown as a
shaded band. Swift XRT and UVOT points are plotted in black.
The SED highlights the mid-IR peak typical of Seyfert 2 galaxies
and the faintness of the source in the TeV range.
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6.2 Detectability with CTAO Northern Array

Using the procedure described in Chapter 5, the signi cance achieved
by each model was estimated for di erent exposure times with
both the full CTAO Northern array and a reduced sub-array of
four LSTs. This analysis allows us to test whether NGC 1068
would be detectable during the early phases of CTAO operations
and to what extent sub-array observations are su cient.
Detection signi cances for the full array are given in Table 3,

and for the sub-array in Table 4. In general, most models reach
the 5 detection threshold by 100 h with the full array, while the
sub-array typically requires 150 h. The only exceptions are the
Peretti+ 2023 UFO model and the Stacked Spectrum 2025, which
remain below threshold even at 150 h due to their low predicted

uxes. The Inoue+ 2024 wind model shows the highest predicted
signi cance, re ecting its intrinsically harder and brighter spec-
trum in the CTAO energy band.

Model Exposure Time
50 h 100 h 150 h

Fermi Catalog PL 4:65 084 6146 099 7:87 101
Eichmann+ 2022 Starburst 3:39 0:96 4:66 1:02 5:74 1:07
Ajello+ 2023 Starburst 4:79 0:87 6:66 0:99 8:23 1:00
Kornecki+ 2025 Starburst  10:17 0:96 14:42 0:94 17:70 0:98
Peretti+ 2023 UFO 1:59 0:91 2:22  0:93 2:67 1:.01
Inoue+ 2024 Wind 11:09 1:00 15:70 0:92 19:17 0:96
Stacked Spectrum 2025 0:47 093 0:60 0:90 0:74 1:00

Table 3: Detection signi cance (in ) of di erent gamma-ray emis-
sion models for NGC 1068 using the CTAO full array at varying
exposure times. Uncertainties correspond to the spread in simu-
lated realizations. Most models exceed the 5 threshold within
100 h, except for the faintest predictions (Peretti+ 2023 UFO and
Stacked Spectrum 2025).

Figure 23 compares the intrinsic spectra of the di erent mod-
els. Their detectability correlates directly with the ux level in the
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Model Exposure Time

50 h 100 h 150 h
Fermi Catalog PL 3:10 0:95 456 1:00 558 0:96
Eichmann+ 2022 Starburst 2:58 0:92 3:81 0:98 4:60 0:99
Ajello+ 2023 Starburst 3:31 0:92 483 1:02 593 1:.01
Kornecki+ 2025 Starburst 6:22 0:96 889 0:96 10:92 1:.01
Peretti+ 2023 UFO 1:31 0:98 2:09 1.:.02 2:54 1:.07
Inoue+ 2024 Wind 10:16 1:02 14:65 0:98 17:87 0:99
Stacked Spectrum 2025 0:59 0:96 1:03 0:98 1:35 1:00

Table 4. Detection signi cance (in ) of di erent gamma-ray emis-
sion models for NGC 1068 using a CTAO sub-array of four LSTs.
While bright models (Kornecki+ 2025 Starburst, Inoue+ 2024
Wind) remain detectable, most require longer exposures than with
the full array.

CTAO sensitive range: the Inoue+ 2024 wind model reaches the
highest ux, while the stacked Seyfert spectrum from the Fermi
analysis (not shown here due to its extremely low ux) would re-
main unobservable. Reconstructed spectra for selected models at
150 h exposure (Figures 24{26) illustrate the range of achievable
precision.

Additional Figures showing the distribution of detection sig-
ni cance can be seen in Appendix A, as well as additional recon-
structed spectrum.

6.3 Model Di erentiability

Beyond detectability, an important question is whether CTAO ob-
servations can statistically distinguish between competing models.
To test this, | compared three reconstructed spectral parameters,
photon index, ux amplitude at 1 TeV, and cuto energy, using a
two-sample Z-test.

The Z-test is a classical statistical method used to determine
whether two sample means di er signi cantly under the null hy-
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Figure 23: Comparison of theoretical and empirical gamma-ray
spectral models for NGC 1068 in the TeV range. The x-axis shows
photon energy in TeV (log scale), and the y-axis the di erential
energy ux (log scale). Bright models (Inoue+ 2024 Wind; Kor-
necki+ 2025 Starburst) lie well above the CTAO sensitivity and are
readily detectable. Fainter models (Peretti+ 2023 UFO, shown;
Stacked Spectrum 2025, not shown) fall below the CTAO sensi-
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Figure 24: Simulated Ajello+ 2023 TeV gamma-ray spectrum of
NGC 1068 compared with a best- t model. The x-axis shows the
photon energy in TeV (logarithmic scale), and the y-axis gives the
di erential energy ux, (logarithmic scale). The red points with
vertical error bars represent simulated ux measurements assum-
ing 150 hours of observation with the CTAO; downward arrows
mark upper limits for non-detections. The black line corresponds
to the input (simulated) model spectrum, while the gray shaded
region shows the associated statistical uncertainty. The blue line
represents the best- t spectral model obtained from the simulated
data.
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Figure 25: Simulated Inoue+ 2024 TeV gamma-ray spectrum of
NGC 1068 compared with a best- t model. The x-axis shows the
photon energy in TeV (logarithmic scale), and the y-axis gives the
di erential energy ux, (logarithmic scale). The red points with
vertical error bars represent simulated ux measurements assum-
ing 150 hours of observation with the CTAO; downward arrows
mark upper limits for non-detections. The black line corresponds
to the input (simulated) model spectrum, while the gray shaded
region shows the associated statistical uncertainty. The blue line
represents the best- t spectral model obtained from the simulated
data.
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Figure 26: Simulated Peretti+ 2023 TeV gamma-ray spectrum of
NGC 1068 compared with a best- t model. The x-axis shows the
photon energy in TeV (logarithmic scale), and the y-axis gives the
di erential energy ux, (logarithmic scale). The red points with
vertical error bars represent simulated ux measurements assum-
ing 150 hours of observation with the CTAO; downward arrows
mark upper limits for non-detections. The black line corresponds
to the input (simulated) model spectrum, while the gray shaded
region shows the associated statistical uncertainty. The blue line
represents the best- t spectral model obtained from the simulated
data.
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pothesis that they are drawn from populations with the same true

mean. It is based on the fact that, for independent normally dis-

tributed random variables X; and Xj with known variances ,2 and
jz, the standardized di erence of their means,

Z:'Xi ij;
2 2
it

follows a standard normal distribution N (0; 1) under the null
hypothesis. The resulting Z value can be compared to critical val-
ues of the normal distribution to assess the level of statistical sig-
ni cance; for example, Z > 2 corresponds to a two-tailed p-value
of approximately 0:045, or a 95:4% con dence level. This approach
assumes that the distributions of the reconstructed parameters are
approximately normal and independent, with variances that can
be estimated reliably (Hogg, Tanis, & Zimmerman, 2015).

When sample sizes are small or the parameter uncertainties
are poorly constrained, a t-test or a nonparametric test such as
the Wilcoxon rank-sum test (which compares medians rather than
means) would be more appropriate. Nevertheless, the Z-test pro-
vides a good rst-order approximation for quantifying the statis-
tical separability of models in this context.

Table 5 summarizes the reconstructed photon indices. The val-
ues are very similar among the starburst-type models (Eichmann+
2022, Ajello+ 2023, Kornecki+ 2025), all clustering around ~
2:2{2:4. The Inoue+ 2024 wind model, by contrast, produces a
systematically harder index ( 1:6{1:9), although with rela-
tively large uncertainties. Overall, the photon index alone o ers
only marginal discriminating power between wind-driven and star-
burst scenarios. Nevertheless, accurately determining the spectral
index remains crucial, as it serves as a key diagnostic of the under-
lying gamma-ray emission mechanism. A meaningful comparison
with the photon index derived from the Fermi stacked analysis of
similar AGN can help assess whether NGC 1068 follows the same
emission trend or represents a distinct population. A signi cant
deviation in the spectral slope could point to the presence of a dif-
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ferent dominant particle acceleration or radiative process in NGC
1068 compared to the average AGN in the stacked sample.

Model Exposure Time

50 h 100 h 150 h
Eichmann+ 2022 Starburst 2:29 0:38 2:36 0:28 2:37 0:26
Ajello+ 2023 Starburst 2:35 0:19 2:41 0:13 2:39 0:15
Kornecki+ 2025 Starburst  2:15 0:11 2:18 0:07 2:19 0:06
Peretti+ 2023 UFO 1:99 050 2:06 0:42 2:05 042
Inoue+ 2024 Wind 1:37 0:38 1:58 0:41 1:93 0:30

Table 5: Reconstructed spectral index values for di erent gamma-
ray emission models of NGC 1068 obtained with simulated obser-
vations using the CTAO full array. Results are shown for exposure
times of 50 h, 100 h, and 150 h. Each entry lists the best- t pho-
ton index with its statistical uncertainty.

The ux normalization (Table 6) provides stronger leverage.
The Kornecki+ 2025 starburst model yields an amplitude nearly
an order of magnitude above the others, allowing it to be cleanly
distinguished from all alternatives. By contrast, Ajello+ 2023 and
Eichmann+ 2022 overlap within uncertainties, as do Eichmann+
2022 and Peretti+ 2023. Thus, amplitude is the most e ective
single parameter for model separation.

Reconstructed cuto energies (Table 7) su er from very large
uncertainties, particularly for the starburst models, where the sim-
ulated spectra do not constrain the turnover well. Only the In-
oue+ 2024 wind model shows a tightly constrained cuto ( 0:3 {
0:4 TeV), while all others remain e ectively unconstrained. Con-
sequently, this parameter provides little discriminating power be-
yond con rming that the wind model predicts a lower cuto than
starburst scenarios.

When considering all three spectral parameters, the 150-hour
CTAOQ observations separate the models into two main clusters of
statistically indistinguishable scenarios:
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Cluster A: Eichmann+ 2022 Starburst and Ajello+ 2023
Starburst. These models are consistent with each other in
photon index, amplitude, and cuto energy, and are there-
fore indistinguishable.

Cluster B: Peretti+ 2023 UFO overlaps with Eichmann+
2022 Starburst and cannot be distinguished.

Importantly, CTAO achieves a 2:9 separation between the
two AGN-driven scenarios, Peretti+ 2023 UFO and Inoue+ 2024
Wind, enabling a moderately discrimination between them. Kor-
necki+ 2025 Starburst and Inoue+ 2024 Wind are clearly distin-
guished from all other models.

These groupings are summarized visually in Figure 49, which
shows the maximum Z-scores between pairs of models. Bright cells
correspond to indistinguishable pairs, while darker cells indicate
separations at higher signi cance.

Table 8 shows the numerical results. The Z-scores of the mod-
els by each parameter can be seen in the Appendix A.

These results show that while CTAO will robustly detect NGC
1068 in most scenarios, its power to discriminate between emis-
sion mechanisms remains limited. Starburst-motivated models are
largely indistinguishable from one another, with the exception of
the brightest predictions. Wind scenarios can be separated inter-
nally but the Peretti+ 2023 UFO model is only weakly distinguish-
able from the Eichmann+ 2022 starburst case. Only exceptionally
bright predictions (e.g., Kornecki+ 2025) stand out clearly.
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Overall Indistinguishability (Max Z across parameters, 150h)
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Figure 27: Matrix of maximum Z-scores between model pairs at
150 h CTAO exposure. The color scale encodes the statistical
signi cance of separation, with light colors corresponding to in-
distinguishable models (Z < 2) and dark colors indicating dis-
tinguishable pairs. The analysis groups models into two clusters
(Eichmann{Ajello, Eichmann{Peretti).
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Model Exposure Time

50 h 100 h 150 h
Eichmann+ 2022 Starburst 9:05 20:20 12:4 27:3 12:2 255
Ajello+ 2023 Starburst 160 209 189 222 140 167
Kornecki+ 2025 Starburst 31:7 237 341 217 36:3 289
Peretti+ 2023 UFO 11:8 22:7 156 29:7 39:7 107:0
Inoue+ 2024 Wind 0:27 0:08 0:32 0:08 0:39 0:06

Table 7: Reconstructed cuto energy for di erent gamma-ray
emission models of NGC 1068, based on simulated observations
with the CTAO full array. Results are given for exposure times of
50 h, 100 h, and 150 h. Each entry lists the best- t cuto energy
in units of TeV with statistical uncertainties.

Table 8: Pairwise comparison results between emission models.

Results Eichmann Ajello Kornecki Peretti Inoue

Eichmann 0.000 1.982 11.26 1.711 5.328
Ajello 1.982 0.000 10.33 3.836 9.588
Kornecki 11.26 10.33 0.000 12.98 22.71
Peretti 1.711 3.836 12.98 0.000 2.865
Inoue 5.328 9.588 22.71 2.865 0.000
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Conclusion

In this work | have presented a detailed study of the nearby
Seyfert 2 galaxy NGC 1068, the second extragalactic source to
emit high-energy neutrinos and whose neutrino and gamma-ray
emission mechanisms remain uncertain. The aim of this thesis
was to investigate the broadband emission of NGC 1068 and to as-
sess the prospects for disentangling its high-energy processes with
future CTAO observations.

I rst analyzed Swift data using the HEASoft package and
extracted the X-ray spectrum, which was then combined with
archival multi-wavelength measurements to construct a broadband
SED of the source.

Through dedicated CTAO simulations, | showed that nearly all
proposed models predict a detectable TeV ux within  100{150 h
of observation, with the notable exceptions of the Peretti+ 2023
UFO scenario and the Stacked Fermi Spectrum, which fall below
CTAO sensitivity. Model discrimination was assessed using re-
constructed photon indices, amplitudes, and cuto energies. This
analysis revealed that while some scenarios are cleanly distinguish-
able (e.g., the Kornecki+ 2025 starburst model, due to its high
amplitude), others form indistinguishable clusters within statisti-
cal uncertainties:

Cluster A: Eichmann+ 2022 Starburst and Ajello+ 2023
Starburst.

Cluster B: Peretti+ 2023 UFO and Eichmann+ 2022 Star-
burst.

These results imply that although CTAO will robustly detect
NGC 1068 in the TeV range, its ability to unambiguously identify
the underlying emission mechanism will be limited by degenera-
cies among certain classes of models. Only scenarios predicting
unusually bright emission stand out clearly.

As a natural extension of this work, future studies could per-
form direct likelihood-based comparisons by simulating bench-
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mark starburst and wind models and conducting cross- ts between
them. This analysis could also incorporate dedicated sensitivity
studies for the CTAO southern site, providing a more rigorous
guanti cation of CTAQ’s ability to distinguish between competing
model classes. Furthermore, complementary constraints from neu-
trino observations and improved multi-wavelength coverage will be
essential for breaking current degeneracies. The ndings presented
in this thesis are expected to contribute to a forthcoming CTAO
consortium publication focusing on Seyfert galaxies.
Overall, this thesis demonstrates that CTAO will provide crit-
ical new insights into the high-energy emission of NGC 1068, con-
rming its detectability in the TeV regime and narrowing down
the range of viable models, while also highlighting the challenges
that remain in fully disentangling starburst- and wind-driven con-
tributions.
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A Appendix

A.1 Fermi-LAT Catalog Best Fit Power-Law

A.1.1 Distribution of Detection Signi cance

(a) 50 hours (b) 100 hours

(c) 150 hours

Figure 28: Distribution of detection signi cance for NGC 1068
based on the Fermi-LAT best- t power-law (PL) model, simulated
with the CTAO full northern array for 50, 100 and 150 hours of
exposure time. The histogram shows the distribution of the de-
tection signi cance (in standard deviations, ) obtained from 100
independent Monte Carlo simulations. The solid red line indicates
the mean signi cance of the distribution, while the dashed red
lines denote the 2 interval around the mean. This illustrates
the expected spread in detection signi cance due to statistical uc-
tuations.
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A.1.2 Distribution of Fitted Model Parameters

(a) Spectral index (b) Amplitude

(c) Cuto energy

Figure 29: Distributions and Gaussian ts of reconstructed spec-
tral parameters for NGC 1068 using 150 h simulated observations
with the CTAO. Top panels: reconstructed primary spectral in-
dex 1, with the histogram of values from 100 Monte Carlo simu-
lations (left) and Gaussian t to the distribution (right). Middle
panels: reconstructed ux amplitude at 1 TeV. Bottom panels: re-
constructed cuto energy, with a broader distribution indicating
weaker constraints on curvature with short exposures.
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A.1.3 Reconstructed Spectrum

(a) 50 hours (b) 100 hours

(c) 150 hours

Figure 30: Simulated TeV gamma-ray spectrum of NGC 1068
compared with a best- t spectral reconstruction for 50 hours, 100
hours and 150 h of CTAO observations. The x-axis shows the
photon energy in TeV (logarithmic scale), while the y-axis presents
the di erential energy ux. The red points with vertical error bars
represent the reconstructed ux values from simulated data, with
downward arrows marking upper limits at non-detected bins. The
black curve indicates the input (simulated) model spectrum, while
the gray shaded band represents the statistical uncertainty of the
simulation. The blue curve corresponds to the best- t model de-
rived from the simulated data.
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A.2 Eichmann et al. (2022) Model

A.2.1 Distribution of Detection Signi cance

(a) 50 hours (b) 100 hours

(c) 150 hours

Figure 31: Distribution of detection signi cance for NGC 1068
based on the Eichmann et al. (2022), simulated with the CTAO
full northern array for 50, 100 and 150 hours of exposure time.
The histogram shows the distribution of the detection signi cance
(in standard deviations, ) obtained from 100 independent Monte
Carlo simulations. The solid red line indicates the mean sig-
ni cance of the distribution, while the dashed red lines denote
the 2 interval around the mean. This illustrates the expected
spread in detection signi cance due to statistical uctuations.
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A.2.2 Distribution of Fitted Model Parameters

(a) Spectral index (b) Amplitude

(c) Cuto energy

Figure 32: Distributions and Gaussian ts of reconstructed spec-
tral parameters for NGC 1068 using 150 h simulated observations
with the CTAO. Top panels: reconstructed primary spectral in-
dex 1, with the histogram of values from 100 Monte Carlo simu-
lations (left) and Gaussian t to the distribution (right). Middle
panels: reconstructed ux amplitude at 1 TeV. Bottom panels: re-
constructed cuto energy, with a broader distribution indicating
weaker constraints on curvature with short exposures.
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A.2.3 Reconstructed Spectrum

(a) 50 hours (b) 100 hours

(c) 150 hours

Figure 33: Simulated TeV gamma-ray spectrum of NGC 1068
compared with a best- t spectral reconstruction for 50 hours, 100
hours and 150 h of CTAO observations. The x-axis shows the
photon energy in TeV (logarithmic scale), while the y-axis presents
the di erential energy ux. The red points with vertical error bars
represent the reconstructed ux values from simulated data, with
downward arrows marking upper limits at non-detected bins. The
black curve indicates the input (simulated) model spectrum, while
the gray shaded band represents the statistical uncertainty of the
simulation. The blue curve corresponds to the best- t model de-
rived from the simulated data.
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A.3 Ajello et al. (2023) Model

A.3.1 Distribution of Detection Signi cance

(a) 50 hours (b) 100 hours

(c) 150 hours

Figure 34: Distribution of detection signi cance for NGC 1068
based on the Ajello, Murase, and McDaniel (2023), simulated with
the CTAO full northern array for 50, 100 and 150 hours of expo-
sure time. The histogram shows the distribution of the detection
signi cance (in standard deviations, ) obtained from 100 inde-
pendent Monte Carlo simulations. The solid red line indicates the
mean signi cance of the distribution, while the dashed red lines
denote the 2 interval around the mean. This illustrates the
expected spread in detection signi cance due to statistical uctu-
ations.
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A.3.2 Distribution of Fitted Model Parameters

(a) Spectral index (b) Amplitude

(c) Cuto energy

Figure 35: Distributions and Gaussian ts of reconstructed spec-
tral parameters for NGC 1068 using 150 h simulated observations
with the CTAO. Top panels: reconstructed primary spectral in-
dex 1, with the histogram of values from 100 Monte Carlo simu-
lations (left) and Gaussian t to the distribution (right). Middle
panels: reconstructed ux amplitude at 1 TeV. Bottom panels: re-
constructed cuto energy, with a broader distribution indicating
weaker constraints on curvature with short exposures.
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A.3.3 Reconstructed Spectrum

(a) 50 hours (b) 100 hours

(c) 150 hours

Figure 36: Simulated TeV gamma-ray spectrum of NGC 1068
compared with a best- t spectral reconstruction for 50 hours, 100
hours and 150 h of CTAO observations. The x-axis shows the
photon energy in TeV (logarithmic scale), while the y-axis presents
the di erential energy ux. The red points with vertical error bars
represent the reconstructed ux values from simulated data, with
downward arrows marking upper limits at non-detected bins. The
black curve indicates the input (simulated) model spectrum, while
the gray shaded band represents the statistical uncertainty of the
simulation. The blue curve corresponds to the best- t model de-
rived from the simulated data.
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A.4  Kornecki et al. (2025) Model

A.4.1 Distribution of Detection Signi cance

(a) 50 hours (b) 100 hours

(c) 150 hours

Figure 37: Distribution of detection signi cance for NGC 1068
based on the Kornecki et al. (2025), simulated with the CTAO
full northern array for 50, 100 and 150 hours of exposure time.
The histogram shows the distribution of the detection signi cance
(in standard deviations, ) obtained from 100 independent Monte
Carlo simulations. The solid red line indicates the mean sig-
ni cance of the distribution, while the dashed red lines denote
the 2 interval around the mean. This illustrates the expected
spread in detection signi cance due to statistical uctuations.
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A.4.2 Distribution of Fitted Model Parameters

(a) Spectral index (b) Amplitude

(c) Cuto energy

Figure 38: Distributions and Gaussian ts of reconstructed spec-
tral parameters for NGC 1068 using 150 h simulated observations
with the CTAO. Top panels: reconstructed primary spectral in-
dex 1, with the histogram of values from 100 Monte Carlo simu-
lations (left) and Gaussian t to the distribution (right). Middle
panels: reconstructed ux amplitude at 1 TeV. Bottom panels: re-
constructed cuto energy, with a broader distribution indicating
weaker constraints on curvature with short exposures.
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A.4.3 Reconstructed Spectrum

(a) 50 hours (b) 100 hours

(c) 150 hours

Figure 39: Simulated TeV gamma-ray spectrum of NGC 1068
compared with a best- t spectral reconstruction for 50 hours, 100
hours and 150 h of CTAO observations. The x-axis shows the
photon energy in TeV (logarithmic scale), while the y-axis presents
the di erential energy ux. The red points with vertical error bars
represent the reconstructed ux values from simulated data, with
downward arrows marking upper limits at non-detected bins. The
black curve indicates the input (simulated) model spectrum, while
the gray shaded band represents the statistical uncertainty of the
simulation. The blue curve corresponds to the best- t model de-
rived from the simulated data.
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A.5 Peretti et al. (2023) UFO Model

A.5.1 Distribution of Detection Signi cance

(a) 50 hours (b) 100 hours

(c) 150 hours

Figure 40: Distribution of detection signi cance for NGC 1068
based on the Peretti et al. (2023), simulated with the CTAO full
northern array for 50, 100 and 150 hours of exposure time. The
histogram shows the distribution of the detection signi cance (in
standard deviations, ) obtained from 100 independent Monte
Carlo simulations. The solid red line indicates the mean sig-
ni cance of the distribution, while the dashed red lines denote
the 2 interval around the mean. This illustrates the expected
spread in detection signi cance due to statistical uctuations.
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A.5.2 Distribution of Fitted Model Parameters

(a) Spectral index (b) Amplitude

(c) Cuto energy

Figure 41: Distributions and Gaussian ts of reconstructed spec-
tral parameters for NGC 1068 using 150 h simulated observations
with the CTAO. Top panels: reconstructed primary spectral in-
dex 1, with the histogram of values from 100 Monte Carlo simu-
lations (left) and Gaussian t to the distribution (right). Middle
panels: reconstructed ux amplitude at 1 TeV. Bottom panels: re-
constructed cuto energy, with a broader distribution indicating
weaker constraints on curvature with short exposures.

107



A.5.3 Reconstructed Spectrum

(a) 50 hours (b) 100 hours

(c) 150 hours

Figure 42: Simulated TeV gamma-ray spectrum of NGC 1068
compared with a best- t spectral reconstruction for 50 hours, 100
hours and 150 h of CTAO observations. The x-axis shows the
photon energy in TeV (logarithmic scale), while the y-axis presents
the di erential energy ux. The red points with vertical error bars
represent the reconstructed ux values from simulated data, with
downward arrows marking upper limits at non-detected bins. The
black curve indicates the input (simulated) model spectrum, while
the gray shaded band represents the statistical uncertainty of the
simulation. The blue curve corresponds to the best- t model de-
rived from the simulated data.
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A.6 Inoue et al. (2024) Wind Model

A.6.1 Distribution of Detection Signi cance

(a) 50 hours (b) 100 hours

(c) 150 hours

Figure 43: Distribution of detection signi cance for NGC 1068
based on the Inoue et al. (2024), simulated with the CTAO full
northern array for 50, 100 and 150 hours of exposure time. The
histogram shows the distribution of the detection signi cance (in
standard deviations, ) obtained from 100 independent Monte
Carlo simulations. The solid red line indicates the mean sig-
ni cance of the distribution, while the dashed red lines denote
the 2 interval around the mean. This illustrates the expected
spread in detection signi cance due to statistical uctuations.
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A.6.2 Distribution of Fitted Model Parameters

(a) Spectral index (b) Amplitude

(c) Cuto energy

Figure 44: Distributions and Gaussian ts of reconstructed spec-
tral parameters for NGC 1068 using 150 h simulated observations
with the CTAO. Top panels: reconstructed primary spectral in-
dex 1, with the histogram of values from 100 Monte Carlo simu-
lations (left) and Gaussian t to the distribution (right). Middle
panels: reconstructed ux amplitude at 1 TeV. Bottom panels: re-
constructed cuto energy, with a broader distribution indicating
weaker constraints on curvature with short exposures.

110



A.6.3 Reconstructed Spectrum

(a) 50 hours (b) 100 hours

(c) 150 hours

Figure 45: Simulated TeV gamma-ray spectrum of NGC 1068
compared with a best- t spectral reconstruction for 50 hours, 100
hours and 150 h of CTAO observations. The x-axis shows the
photon energy in TeV (logarithmic scale), while the y-axis presents
the di erential energy ux. The red points with vertical error bars
represent the reconstructed ux values from simulated data, with
downward arrows marking upper limits at non-detected bins. The
black curve indicates the input (simulated) model spectrum, while
the gray shaded band represents the statistical uncertainty of the
simulation. The blue curve corresponds to the best- t model de-
rived from the simulated data.
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A.7 Stacked Seyfert Spectrum Model from Fermi-
LAT

A.7.1 Distribution of Detection Signi cance

(a) 50 hours (b) 100 hours

(c) 150 hours

Figure 46: Distribution of detection signi cance for NGC 1068
based on the Liu and Wang (2025), simulated with the CTAO
full northern array for 50, 100 and 150 hours of exposure time.
The histogram shows the distribution of the detection signi cance
(in standard deviations, ) obtained from 100 independent Monte
Carlo simulations. The solid red line indicates the mean sig-
ni cance of the distribution, while the dashed red lines denote
the 2 interval around the mean. This illustrates the expected
spread in detection signi cance due to statistical uctuations.
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A.7.2 Distribution of Fitted Model Parameters

(a) Spectral index (b) Amplitude

(c) Cuto energy

Figure 47: Distributions and Gaussian ts of reconstructed spec-
tral parameters for NGC 1068 using 150 h simulated observations
with the CTAO. Top panels: reconstructed primary spectral in-
dex 1, with the histogram of values from 100 Monte Carlo simu-
lations (left) and Gaussian t to the distribution (right). Middle
panels: reconstructed ux amplitude at 1 TeV. Bottom panels: re-
constructed cuto energy, with a broader distribution indicating
weaker constraints on curvature with short exposures.
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A.7.3 Reconstructed Spectrum

(a) 50 hours (b) 100 hours

(c) 150 hours

Figure 48: Simulated TeV gamma-ray spectrum of NGC 1068
compared with a best- t spectral reconstruction for 50 hours, 100
hours and 150 h of CTAO observations. The x-axis shows the
photon energy in TeV (logarithmic scale), while the y-axis presents
the di erential energy ux. The red points with vertical error bars
represent the reconstructed ux values from simulated data, with
downward arrows marking upper limits at non-detected bins. The
black curve indicates the input (simulated) model spectrum, while
the gray shaded band represents the statistical uncertainty of the
simulation. The blue curve corresponds to the best- t model de-
rived from the simulated data.
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A.8 Indistinguishability Matrices

Figure 49: Pairwise indistinguishability of gamma-ray emission
models for NGC 1068, based on simulated 150 h CTAO observa-
tions, shown separately for each reconstructed spectral parameter.
Each heatmap presents the maximum statistical signi cance when
comparing two models for a single parameter: Left panel: cut-
0 energy, Middle panel: ux amplitude at 1 TeV, Right panel:
spectral index. Model names are listed along both axes. Darker
regions correspond to cases where the models can be separated,
while lighter regions indicate that models are indistinguishable
within statistical uncertainties for the given parameter. The re-
sults show that amplitude generally provides the strongest dis-
criminating power (middle panel), while spectral index and cuto
are less e ective in distinguishing certain models.
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Model 1 Model 2 Z-cuto

Z-amp Z-index

Eichmann
Eichmann
Eichmann
Eichmann
Ajello
Ajello
Ajello
Kornecki
Kornecki
Peretti

Ajello
Kornecki
Peretti
Inoue
Kornecki
Peretti
Inoue
Peretti
Inoue
Inoue

0.7565
0.6253
0.2500
0.4631
0.6119
0.5057
0.8359
0.0307
1.243
0.3674

1.982 0.0666
11.26 0.6746
1.711 0.6478
5.328 1.108
10.33 1.238
3.836 0.7624
9.588 1.371
12.98 0.3299
22.71 0.8498
2.865 0.2325

Table 9: Pairwise comparison of models with test statistics for

cuto energy (Z-cuto ),

dex (Z-index).
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