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Abstract

The role of Active Galactic Nuclei (AGN) in galaxy evolution remains a crucial open
question in astrophysics, particularly in the context of galaxy interactions and mergers.
Mergers are known to trigger gas inflows toward galactic centers, potentially fueling
both AGN activity and star formation. However, the precise mechanisms governing
AGN activation in interacting systems and the relative contribution of different physical
processes remain debated.

In this regard, the SoSimple (Snapshot Optical Spectroscopic Imaging of Mergers
and Pairs for Legacy Exploration) project is a major observational campaign utilizing
the MUSE instrument at VLT to systematically study over 150 interacting galaxies
in the southern hemisphere, selected from the Arp and Arp-Madore catalogs. This
sample is morphologically selected, making it free from AGN-related biases and ideal
for investigating the role of galaxy interactions in shaping star formation, gas dynamics,
and, in particular, AGN activity. Complementary X-ray follow-up observations provide
additional insights into nuclear activity, enabling a multi-wavelength approach to study
SMBH accretion and galaxy evolution during mergers.

As part of this effort, we conduct a detailed X-ray spectral analysis using data from
Chandra, XMM-Newton, and NuSTAR, focusing on AGN detection, and using purely
phenomenological spectral models to derive the most relevant spectral properties, such
as X-ray photon index, column density, observed flux, and intrinsic X-ray luminosity.

As interesting results, the possible presence of a Compton-thick AGN in the galaxy
NGC 0089 (part of the AM 0018-485 system) can be highlighted for the first time,
given the detection of a high column density (Ng > 10%* cm™2) and the presence of a
prominent iron line. Additionally, the presence of an active AGN has been confirmed
for the well-known galaxies NGC 2992 and IC 5063, consistent with their Seyfert Type-
IT (i.e. obscured) classification. The presence of a fourth AGN, though candidate,
ES0O285-G019 West (of the AM 2026-424 system), is also highlighted. It exhibits an
X-ray luminosity exceeding 10* erg/s, which could indicate the presence of an AGN.
For the rest of the sample, the 2-10 keV luminosities lie in the range ~103%~%! erg/s,
leaving some uncertainty about their classification. They could potentially be classified
as low-luminosity AGN, star-forming galaxies, or a combination of both.

In parallel with the X-ray analysis, we have initiated a preliminary optical spec-
troscopic study (using MUSE data) of these sources to further provide hints on their
classification. Future work will expand this effort by constructing a proper Baldwin-
Phillips-Terlevich (BPT) diagnostic diagram, allowing for a more precise separation on
the classification of AGN and star-forming galaxies (or composite systems), as well as
providing constraints on the ionization mechanisms at play. Additionally, increasing the
sample size will enhance statistical significance and provide a more comprehensive picture



of the relationship between galaxy interactions, nuclear activity, and AGN obscuration
properties.

This study underscores the importance of multi-wavelength approaches in AGN iden-
tification and classification. Further observations and deeper optical spectroscopic anal-
ysis will be crucial in refining AGN demographics in merging systems and assessing the
role of galaxy interactions in shaping nuclear activity.



Chapter 1

Introduction

Active Galactic Nuclei (AGN) are fascinating astrophysical objects known for their high-
energy output and significant impact on various aspects of astrophysics and cosmology.
These objects serve as powerful converters of matter into energy through gravitational
accretion processes around Super Massive Black Holes (SMBHs), with masses ranging
from approximately 10° to 10*° times that of our Sun.

The effects of AGN activity extend over different scales. They influence the properties
of galaxies on kiloparsec (kpc) scales and can have an impact on the megaparsec (Mpc)
scales of entire Galaxy Clusters. Additionally, AGN play a crucial role in understanding
the evolution of galaxies over cosmic time.

AGN are not ubiquitous, being present in up to a few percent of galaxies. The emis-
sion from AGN is observable across the entire electromagnetic spectrum. The bolometric
luminosity of AGN can reach extremely high values, up to L ~ 10415 times the solar
luminosity. This immense energy output is attributed to various emission processes and
different environmental factors, such as the type of galaxy and the nature of the accretion.

In studying AGN, scientists often analyze their Spectral Energy Distributions (SEDs),
which is a representation of the energy output at different wavelengths. The SED
provides insights into the contribution of different emission processes and allowing as-
tronomers to classify and understand the nature of AGN.

The following sections delve into the structural and emission properties of AGN, as
well as their classification schemes. This includes details about the physical character-
istics of the surrounding material, the mechanisms driving the energy release, and the
observational features that aid in categorizing different types of AGN. Understanding
AGN is crucial for advancing our knowledge of the Universe large-scale structure and
the processes influencing galaxy evolution.



1.1 AGN structure

Describing AGN requires a fundamental characterization of their structure in relation to
their distinct constituents. This discussion focuses on the primary physical properties
found in the nuclear regions and the diverse components that form the widely accepted
AGN paradigm.

1.1.1 Supermassive Black Holes

The essential requirement for the presence of an AGN is the existence of a SMBH. The
gravitational influence of matter accreting onto the central black hole which is present
in nearly every galaxy, is a pivotal factor driving nuclear activity and the potential
emergence of an active nucleus.

SMBHs, as the name suggests, are black holes with masses significantly surpassing
stellar mass (1-100 M) and intermediate mass (102105 Mg,) black holes, falling within
the range of approximately 10°-10'° M. According to the “no-hair” theorem (Wheeler
et al. 1971), a black hole can be described using only three fundamental parameters: the
black hole mass (Mpgg), the angular momentum (J), and the black hole electric charge
(Q) (in this discussion Q = 0).

For a black hole with a given mass (Mpn), a characteristic scale length, called the
gravitational radius (r,), can be defined as follows:

_MBHG

7~ 15 10" My [em] (1.1)

Tg
where G is the universal gravitational constant, Mgy is the black hole mass, Mg repre-
sents the black hole mass in units of 10® Mg, and c is the speed of light.

Another significant scale radius associated with a black hole is the Innermost Stable
Circular Orbit (ISCO), defined as the last stable circular orbit below which a particle
will fall onto the black hole. To describe the properties of the ISCO, the dimensionless
black hole spin parameter (a) is introduced:

a

- (1.2)
M

The event horizon 1" is then determined by the spin parameter:
ry =1yV1—a? (1.3)

For a non-rotating black hole (Schwarzschild BH, a=0), r;=2r,, and for a maximally
spinning black hole (Kerr BH, a=1), ry=r,. The ISCO radius in these extreme cases can
be computed using the event horizon radius: for a static black hole, the ISCO radius is
rrsco=6r, and for a Kerr black hole, rygco=1.24r,.
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These parameters are challenging to be constrained by through observations. Infor-
mation on the black hole spin can be derived from studying jet properties or gravitational
distortion effects on the Fe Ka line (Fabian and Miniutti 2005). Black hole mass esti-
mation can be accomplished through variability effects, emission-line equivalent width,
stellar rotation curves, reverberation mapping phenomena, and galaxy-scale relations
linking observable galaxy properties to central black hole mass.

Mechanism of accretion

As previously stated, the primary source of power in an AGN is the accretion of matter
onto the SMBH. The precise mechanisms governing how matter “navigates” the gravita-
tional field of the black hole before falling onto it are understood only partially. Extensive
research has shed light on the fundamental physical processes occurring during accre-
tion. One simplified yet useful approach to studying these accretion processes involves
defining the Eddington Luminosity (Lgqq). Consider a scenario where ionized hydrogen
gas is distributed spherically around the black hole. In this setup, two primary forces
come into play:

e Gravitational Force (F}): this force, exerted by the black hole’s gravitational field,
acts to attract the gas toward the black hole

. GMBHmp

r2

F,

) (1.4)

with G gravitational constant, Mpp is the black hole mass, m, the proton mass
and 7 the radial distance from the central black hole.

e Radiation Pressure Force (F}): this force arises from the pressure exerted by the
radiation field generated by the heating of the gas. This radiation pressure opposes
the gravitational force and tends to push the gas away from the black hole

L
F,= =T

(1.5)

" dmrZe
where L is the luminosity, op the Thomson cross section and c the light velocity.

In essence, the competition between these forces dictates the behavior of the gas. While
gravity pulls the gas inward, radiation pressure counteracts this by exerting an out-
ward force. The interplay between these forces determines the dynamics of accretion
around the black hole, influencing the rate at which matter accumulates onto it and,
consequently, the luminosity emitted by the AGN.

When assuming the gas is in equilibrium between the gravitational force pulling it
inward and the radiation pressure pushing it outward, the luminosity at this equilibrium



is known as Lgqq. It can be calculated using the formula:

4 M
Loy — TGy g (ﬂ) (1.6)
or M@

This formula provides an approximate estimate of the maximum luminosity emitted by
the AGN when the black hole mass is known.

Another important parameter associated with the Eddington luminosity is the Ed-
dington accretion rate (M Edd), which is the accretion rate required to sustain a luminosity
equal to the Eddington luminosity. It is given by:

: L
Mpqq = —244 (1.7)

where 7 is the efficiency of accretion, typically around n = 0.1 (this value is related to the
type of black hole under consideration, for Kerr-type black holes it tends to be higher,
up to 0.3-0.4 than for Schwarzschild-type black holes). The rate at which the black hole
grows in mass is then M:(l — n)MEdd.

However, in most cases, the accretion process occurring around a SMBH differs from
the simple assumptions made for calculating the Eddington luminosity. It is believed that
accretion typically does not occur in a spherically symmetric manner, but instead through
a disk-like, azimuthally symmetric structure on sub-parsec scales. These accretion disks
found in AGN can vary in geometry, from geometrically thin to slim or thick, and may
be optically thin or thick. Different disk properties imply various types and efficiencies
of accretion onto the black hole. Two of the most prominent accretion models through
a disk are the Shakura-Sunyaev model (Shakura et al. 1973) and the ADAF (Advection
Dominated Accretion Flow) model (Ichimaru 1977; Narayan and Yi 1994; Abramowicz
et al. 1995; Chen et al. 1995).

The Shakura-Sunyaev model is characterized by a geometrically thin, optically thick
disk that emits thermally as a multicolor black body (Mitsuda et al. 1984). This emission
arises from individual black-body emissions at different wavelengths (and temperatures),
resulting in a spectrum like the left figure of 1.1. Typical temperatures of the accretion
disk are around 10° — 10° K, leading to emissions predominantly in the ultraviolet spec-
trum for typical black hole masses. The temperature of the disk depends on both the
black hole mass and the distance from the center according to the relation (e.g. Peterson
2008):

T(r) = {%{1_ (i”)}} K (r<Ri) (1.8)
T(r) ~ 3.7 10°M1 (lggﬁ’@)_‘l‘ (:—)_i K (r>> Ry) (1.9)

This type of disk is often associated with high-luminosity and efficiently accreting AGN.
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Figure 1.1: (Left panel): geometrically thin, optically thick-accretion disk spectrum as
a function of the frequency. The units are arbitrary. Reproduced from FKR92.

(Right panel): spectra of an accretion disk around a black hole, which incorporates
both an inner ADAF and an outer truncated accretion disk, are predicted by the disk
evaporation model with a black hole mass of 10® My, a=0.3 and 3=0.8 (the viscosity
and magnetic parameter, respectively). The solid lines represent the combined emergent
spectra from the inner ADAF plus the outer truncated accretion disk for mass accretion
rates of 7 of 1073, 3x1073, 5x107% and 0.01, respectively, from bottom to top. The
dashed lines represent the emergent spectra solely from the truncated accretion disk.
From Qiao et al. 2013.

On the other hand, geometrically thick, optically thin accretion disks are often as-
sociated with low-efficiency AGN, where the luminosity is typically below few percent
of the Eddington luminosity. The spectra of sources accreting via the ADAF mecha-
nism tend to be harder (see figure 1.1), both for binary systems and AGN (Narayan and
McClintock 2008).

1.1.2 Broad Line Region

The Broad Line Region (BLR) typically lies at distances ranging from 0.1 to 1 parsec
from the central Black Hole (BH) and consists of dense clouds with densities around
10° — 10! ¢m~2 surrounding the BH. Optical emission lines are produced by the BLR
due to excitation induced by the nuclear radiation.

These emission lines indicate the presence of a moving medium, with velocities typi-
cally ranging from 103 to 10* km/s and temperatures around 10* K. Due to its location
within the obscuring torus, the BLR is not observed in all AGN, leading to different
sources classification in Broad line and Narrow line galaxies (detailed in section 1.2.3).

Additionally, polarization studies (Antonucci and Miller 1985) have revealed the pres-



ence of broad emission lines in polarized light even in sources where the BLR cannot be
directly detected.

1.1.3 Torus

A fundamental component in the paradigm of AGN and the history of AGN classification
is the dusty torus. Traditionally, the obscuring torus has been conceptualized as a smooth
and doughnut-shaped structure. The modeling of the obscuring torus, as pioneered by
Krolik 1988, played a pivotal role in the development of the first unified theories, such
as the work by Urry et al. 1995, aimed at explaining the observed differences between
Type 1 and Type 2 AGN. The obscuring torus is believed to consist of a distribution of
dusty and molecular matter surrounding the SMBH, within its gravitational influence,
at distances ranging from about 1 to 30 parsecs (e.g., studies by Jaffe et al. 2004 and
Hickox et al. 2018).

Evidence supporting the existence of the torus is derived from observations across
the entire electromagnetic spectrum, with particular emphasis on the mid-infrared and
X-ray bands. The torus absorbs the nuclear radiation emitted by the AGN; this radiation
is thermalized and subsequently re-emitted primarily in the mid-infrared portion of the
spectrum.

Initially, simplistic smooth and azimuthally symmetric models were employed to de-
scribe the distribution of obscuring material in AGN tori. These models are characterized
by parameters such as the torus opening angle, which is linked to the covering factor of
the obscuring material, and assume homogeneity within the material. In this configura-
tion, the extent of source obscuration is solely determined by the geometry of the torus;
therefore, the source is obscured if its radiation intersects the obscuring material.

Recent advancements in observational quality have required more sophisticated mod-
els of the obscuring torus, such as those proposed by Nenkova et al. 2002, Jaffe et al.
2004, Burtscher et al. 2013. Some of these models are capable of replicating the clumpi-
ness observed in X-ray spectral fitting, often leveraging infrared information as well (as
demonstrated by Buchner et al. 2019). The most widely accepted torus model today is
the clumpy or patchy torus.

A patchy torus comprises multiple clouds, each possessing its own absorption and
thermal properties determined by factors such as size and composition. In this frame-
work, features are typically in absorption, e.g. the Silicate feature at 9.7 ym (Hatzimi-
naoglou et al. 2015) if the torus is seen edge-on, otherwise in emission.

Additionally, alternative models have been explored, which are based on the presence
of a wind generated near the disk by magnetic fields, as proposed by Elitzur 2008. These
alternative models provide further insight into the complex dynamics and structure of
the obscuring material in AGN tori.



1.1.4 Narrow Line Region

Above and below the dusty torus, there exist clouds where the gas velocities typically
range from 300 to 1000 km/s. This region is known as the Narrow Line Region (NLR),
and it extends over typical sizes ranging from hundreds of parsecs to a few kiloparsecs.
Narrow emission lines are produced within the NLR.

Positioned outside the torus, the NLR is likely to be affected only midly by extinction
effects and observable in almost all AGN. Compared to the BLR, the density of the
NLR is lower, typically around 10* particles per cubic centimeter. Additionally, the
temperature of the NLR gas ranges between 10* and 2.5 - 10* K.

Numerous studies have investigated the morphology of the NLR, revealing shapes
such as bi-conical or hourglass-like structures. For example, Das et al. 1985 utilized a
combination of optical and radio observations to delve into the kinematics of the NLR.
They found that the NLR behavior can be well-described by a bi-conical outflow model.

1.1.5 Jets and lobes

In the presence of radio-loud AGN (see section 1.2.1) there are two additional compo-
nents, jets and lobes. These features are unique to radio-loud AGN, which constitute
only a small fraction of the overall AGN population, about 10%.

Jets emit radiation across a wide range of wavelengths, from gamma-rays to the
radio band, and represent highly collimated outflows originating in the inner regions of
the AGN. The primary emission mechanism responsible for jet radiation is synchrotron
radiation, generated through the interaction between relativistic electrons and magnetic
fields near the AGN nucleus. Jets are believed to form due to the combined effects of
black hole rotation, accretion disk dynamics, and the presence of magnetic fields, as
proposed by Blandford and Znajek 1977 and Blandford and Payne 1982.

Jets often give rise to the formation of large-scale radio-emitting lobes spanning
kiloparsec to megaparsec scales. These structures are characteristic features of radio
galaxies and result from the interaction between the energetic jets and the surrounding
environmental medium, which can consist of either the Inter Galactic Medium (IGM) or
the Intra Cluster Medium (ICM).

In Figure 1.2, a schematic representation of the structure of an AGN as a function
of distance from the center, where the SMBH is located, is depicted. It can be observed
that the BLR is situated within the region of the dusty torus, indicating the difficulty in
observing this component in obscured systems. On the other hand, the NLR is shown
to be outside the torus, making it more easily detectable in all systems.
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Figure 1.2: A diagram illustrating the structure of an AGN and relative components as
a function of distance from the center (from Almeida et al. 2017).

1.2 AGN classification

The classification of AGN has undergone several revisions since the initial discovery of
Seyfert galaxies (Seyfert 1943), and their recognition as non-stellar entities. Identifying
a source as an AGN typically relies on satisfying one or more of the following criteria
(Netzer 2013):

e [t exhibits emission levels exceeding those expected from stellar processes within a
compact nuclear region.

e Non-stellar continuum signatures are evident from its core.
e [ts emission line spectrum indicates ionization processes not associated with stars.
e Variability is observed in both line and continuum emissions.

Once identified as an AGN, further classification into specific types necessitates con-
sideration of various geometrical and physical parameters (Padovani 2017), including
orientation (Antonucci 1993; Urry et al. 1995; Netzer 2015), accretion rate (Heckman
et al. 2014), and the generation of jets from the central engine (Padovani 2016).
However, the classification process is not straightforward due to its dependence on
the observing wavelength, leading to different classifications across various bands of the



electromagnetic spectrum. Additionally, obscuration poses challenges to accurately con-
straining the properties of AGN. In the following sections, the classification of AGN
across different spectral bands is detailed.

1.2.1 Radio classification

A potentially highly effective method for obtaining an impartial view of both obscured
and unobscured AGN is through radio observations. Unlike other wavelengths, at radio
frequencies, where the emission is primarily from non-thermal processes like synchrotron
radiation, the influence of extinction is minimal. Historically, AGN identified in radio
surveys have been categorized into two primary groups:

e Radio-loud (RL) AGN: These are the most robust radio emitters, typically with
luminosities exceeding 10**72> W/Hz (Miller 1990, Yun et al. 2001). They often
exhibit prominent extended radio emission, such as kiloparsec-scale relativistic jets
and lobes.

e Radio-quiet (RQ) AGN: These are weaker radio emitters, with their radio emission
concentrated in a compact, unresolved region (approximately less than 0.1 par-
secs), often referred to as the “core.” This group constitutes the majority of AGN
population, approximately 90% (Miller 1990, Stocke et al. 1992).

A popular method of classifying AGN uses the ratio of the radio (at 5 GHz), to optical
(at 4400 A), through the so-called radio-loudness parameter (R), typically set at R=10.
This parameter is defined as the ratio of the monochromatic flux density in the radio
and optical bands (R = S;44/Sept). This classification has been established in various
studies (e.g., Kellermann et al. 1989, Laor 2000).

At high radio fluxes, AGN dominate the radio source population. However, at lower
radio fluxes (in the sub-microjansky regime, pJy), a significant portion of the radio
sources are attributed to star-forming galaxies (SFGs), becoming even more prevalent at
fluxes below approximately 1 pJy (e.g., Seymour et al. 2008).

The non-thermal radio continuum observed in star-forming galaxies originates from
synchrotron radiation emitted by cosmic ray electrons and positrons, accelerated by
supernova remnants. These processes are prevalent in young stellar populations within
star-forming regions (Condon 1992).

The observed radio emission in star-forming galaxies exhibits a tight correlation with
emissions in the far-infrared (FIR) band (typically around 40-120 pm), as both are
products of star formation processes (Condon 1992, Yun et al. 2001, Helou et al. 1985).
This correlation, initially observed in local star-forming galaxies and starbursts, has been
confirmed to hold also at high redshifts (up to around z ~ 2, e.g. Ibar et al. 2008, Ivison
et al. 2010, Mao et al. 2011).



Combining analyses in the FIR and radio bands provides a means to distinguish
between SF galaxies and AGN. Despite the fact that even RQ-AGN adhere to the same
FIR/radio correlation observed in SF galaxies (Padovani et al. 2011, Mori¢ et al. 2010),
the wide range of radio-loudness among AGN enables the identification of AGN through
deviations from this expected correlation. These deviations are often termed “radio-
excess” sources (Donley et al. 2005, Roy et al. 1997).

Fanaroff et al. 1974 defined sub-classes of radio galaxies as type I or II based on
the distance between the highest surface brightness part of the lobes and the lowest
surface brightness contour. If the ratio between these two quantities is less than 0.5,
the radio galaxy is classified as FR T (with radio power at 1.4 GHz, Pj4gp. < 10?45
W/Hz); if the ratio is > 0.5, the source is classified as FR II (with radio power at 1.4
GHz, Pyigr. > 10?*5 W/Hz). Morphologically, FR T galaxies exhibit a bright core and
non-collimated jets leading to edge-darkened lobes, while FR II galaxies have one-sided
collimated jets flowing into large, edge-brightened lobes. Furthermore, FR II and FR I
galaxies also display differences in evidence of non-thermal nuclear activity in the optical
band (Ledlow et al. 1996).

Another method for classifying radio-emitting AGN relies on the steepness of their
spectrum, leading to the categorization into flat-spectrum and steep-spectrum radio
sources. Flat-spectrum sources have spectral indices («) lower than 0.5, while steep-
spectrum sources have spectral indices higher than 0.5 (S, oc v=%) (Kimball et al. 2008).
Flat-spectrum radio sources are typically compact and exhibit strong emission lines,
whereas steep-spectrum sources tend to be extended and display weak emission lines.

Furthermore, AGN observed in the radio band can be classified based on the presence
of excitation emission lines (Hine et al. 1979). If high-excitation lines are present, the
source is classified as a High-Excitation Galaxy (HEG); if low-excitation lines dominate,
the source is categorized as a Low-Excitation Galaxy (LEG). LEGs tend to exhibit redder
optical colors and are characterized by inefficient accretion, while HEGs display more
efficient accretion properties (0.01 < L/Lggsq < 1). It is noted that HEGs are often
associated with FR II radio galaxies, while LEGs can be both FR I and FR II type radio
galaxies.

A new category of radio galaxy, termed FR 0, was recently discovered (Baldi et al.
2015). These sources share properties similar to FR 1 galaxies but lack evidence for
extended radio emission. The absence of prominent jets and lobes in FR 0 galaxies could
be attributed to high-efficiency adiabatic loss or confinement of the jets within the corona
region (Capetti et al. 2020).

1.2.2 Infrared classification

In the Infrared (IR) band, emission is primarily driven by the presence of dust in the
circumnuclear region of AGN. Selection criteria typically rely on colors to distinguish
mid-IR emitting AGN from stars or inactive galaxies (Padovani 2017), as AGN tend to
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exhibit redder colors (Stern et al. 2005).

Major instruments utilized for characterizing large AGN samples in the mid-IR band
include IRAS (Neugebauer et al. 1984), the Spitzer Space Telescope (Fazio et al. 2004;
Werner et al. 2004), AKARI (e.g., Murakami et al. 2007), and WISE (Wright et al. 2010).
However, because IR selection of AGN relies on dust emission, AGN lacking dust may
be missed by these surveys.

IR observations have led to the discovery of various object types. For instance, Dust-
Obscured Galaxies (DOGs, Dey et al. 2008), which are observationally characterized as
faint in the optical and bright in the infrared, the final stage of galaxy mergers and
are essential objects in the evolution of galaxies and AGNs, were identified using the
Spitzer Space Telescope, employing colors between optical R-band and the MIPS 24 pm
band. Additionally, a population of Extremely Red Quasars, candidate young objects
in an early transition stage of massive galaxy evolution, was uncovered using WISE and
SDSS data (Ross et al. 2015). Another class of IR-emitting AGN identified through
WISE colors is represented by Hot Dust Obscured Galaxies (Hot DOGs, Eisenhardt et
al. 2012), a population of hyper-luminous obscured quasars characterized by a high level
of star formation.

1.2.3 Optical classification

The optical classification of AGN is based on the observation of emission lines in their
spectra. These emission lines can be classified as narrow (with Full Width at Half
Maximum (FWHM) approximately 500-1000 km/s) or broad (FWHM approximately
1500-15000 km/s). The presence of both narrow and broad lines indicates a nearly
direct view of the nucleus, without interception by any absorbing medium. It is believed
that narrow lines originate from the NLR and broad lines from BLR. Conversely, if
only narrow lines are observed, it suggests that the line-of-sight (LOS) intercepting the
obscuring torus, inhibiting the observation of the BLR.

Sources exhibiting both narrow and broad lines are termed Broad Line AGN or Type
1 AGN (or Seyfert 1 or quasar 1), with typically blue optical continuum (Big Blue Bump,
emission from the accretion disc, see 1.4.3), while galaxies showing only narrow lines are
classified as Narrow Line AGN or Type 2 AGN (or Seyfert 2 or quasar 2), commonly with
a weak continuum because of the disc emission is largely suppressed by the exinction.
This classification into Type 1 and 2 AGN applies across various bands, such as X-rays,
and is closely associated with the Unified model, which will be discussed in the following
section.

Another class in this band is that of LINERs (Low lonization Nuclear Emission-Line
galaxies), characterized by a weak continuum, the dominance of host-galaxy emission,
and the presence of strong low-ionization emission lines in their spectra. LINERs can be
classified into two main types: type-I, which exhibit broad emission lines, and type-II,
which only display narrow emission lines (Laor 2003). Notably, some LINERs exhibit
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point-like X-ray and UV sources, as well as variations in UV and X-ray emissions, al-
though this characteristic is not universal across all LINERs (e.g. Maoz 2007).

Fynally, lineless AGNs comprise a subgroup of active galactic nuclei characterized by
exceedingly faint or entirely absent emission lines. They are identified by the presence of
a non-stellar central source and occasionally exhibit continuum variability. This category
encompasses two specific sub-groups: low-luminosity sources (Trump et al. 2009), and

very high-luminosity sources (Shemmer et al. 2010, Meusinger et al. 2014).

1.3 The Unified model

The various classes of AGN described previously were initially perceived as distinct
sources with unique properties. However, with increasing observations of these sources,
leading to a better understanding of their physical characteristics, a unified model (An-
tonucci 1993; Urry et al. 1995) was developed. The primary objective of the unified
model is to account for the observed differences among the diverse AGN population
through considerations of orientation and accretion properties.

In this framework, an AGN is regarded as a galaxy having the properties described in
section 1.1, which can be classified as described in section 1.2, contingent upon orientation
effects and various forms of accretion.

Key advancements towards unifying the AGN population revolve around the role
of the dusty torus, which re-emits absorbed optical/UV and soft X-ray radiation at
infrared wavelengths, being responsible for the distinction between Type 1 and Type 2
AGN (Osterbrock 1978).

Additionally, the inclination angle plays a crucial role, resulting in radiation ampli-
fication (and superluminal motion) through Doppler boosting, as observed in Blazars
(same as quasar but they have their jets directly pointed to Earth) and quasars when
viewed almost face-on (Blandford and Rees 1978).

In Figure 1.3, the schematic representation of the AGN Unified Model is depicted.
Notably, powerful active galaxies are classified as NLRG/BLRG (or Type II/I QSO)
depending on whether the line-of-sight traverses the dusty torus. If the observer’s view
is aligned directly with the central engine through the jet (if it is present), the source is
classified as a Blazar. Conversely, if the source displays low power, it is labeled as a FR
I radio galaxy. Lastly, a source is assigned as a Syl or Sy2 based on its inclination angle.

1.4 AGN emission properties

AGN emission covers the entire electromagnetic spectrum, from the Radio band to the
Gamma-rays. Each structural component contributes to the SED with distinct emission
processes and within specific wavelength ranges. Figure 1.4 illustrates an example of an
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unobscured AGN SED. At a basic level, the SED can be characterized by a triple hump,
attributed to dust emission from the torus at Infrared wavelengths, thermal emission in
the Ultraviolet from the disk, and thermal Comptonization plus reflection emission in
X-rays.

In the subsequent sections, the processes and principal properties of AGN emission
across various bands will be outlined, with particular emphasis on the X-ray emission
component due to its pivotal role in this thesis.

1.4.1 Radio emission

The radio emission observed from AGN is primarily attributed to non-thermal syn-
chrotron radiation. Both jetted and non-jetted AGN exhibit compact, point-like radio
emission originating from the central nucleus. This emission typically follows a flat spec-
trum. In addition to this compact emission, jetted AGN also display extended emission
from their jets and lobes, which typically exhibit a steeper spectrum.

When considering the population of electrons within the AGN, their energy distribu-
tion can often be described by a power-law function of the form

N(E)dE «< E°dE (1.10)

where N(E) represents the number of electrons with energy between E and E4+dE, « is
the spectral index and 0=2a+1 is referred to the index of this energy distribution.
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Figure 1.4: Schematic representation of the SED of an unobscured AGN with the main
physical components separated into colored curves (from Harrison et al. 2014).

Synchrotron emission can be approximated by a power-law, with F(v) o v~% with
« the spectral index.

Despite its importance in characterizing AGN, radio emission typically contributes
only modestly to the overall bolometric luminosity of these objects (Risaliti et al. 2004).

1.4.2 IR emission

The IR emission observed from AGN is primarily associated with circumnuclear dust.
This dust, located within the obscuring torus surrounding the AGN central engine, ab-
sorbs ultraviolet (UV) and soft X-ray radiation emitted from the inner regions of the
AGN. Subsequently, it re-emits this absorbed energy at longer wavelengths, typically
peaking between 10 and 30 micrometers. The temperature of the dust typically ranges
between 50 and 2000 Kelvin.

At lower frequencies, the efficiency of dust grey body emission decreases rapidly.
Additionally, at shorter wavelengths, the dust can reach temperatures close to its subli-
mation point (approximately 1000 to 2000 Kelvin), resulting in a minimum in emission
around 1 to 2 micrometers.

On average, the contribution of infrared emission to the total emission from an AGN
is approximately 30% (Fadda et al. 2014). It is worth noting that in Radio Loud AGN,
synchrotron emission can also contribute to the infrared emission other than thermal
emission from the circumnuclear dust.
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1.4.3 Optical-UV emission

In the optical and ultraviolet (UV) wavelength range, the dominant feature observed in
the emission from active galactic nuclei (AGN) is known as the Big Blue Bump (BBB)
(Malkan et al. 1982). The BBB typically spans wavelengths between approximately 30 to
300 nanometers. This spectral component is believed to originate from the accretion disk
located in the central region of the AGN. The various temperatures present within the
accretion disk lead to the emission of multiple black-body spectra, which when combined,
contribute to the overall emission observed in the BBB (see 1.1.1).

Alongside the thermal continuum emission from the accretion disk, both emission
and absorption features are commonly observed in the optical and UV spectra of AGN
(e.g. Telfer et al. 2002, Berk et al. 2001). These features include both broad and narrow
emission lines, which are distinct from those typically associated with stellar activity.
By analyzing these spectral features, it becomes possible to estimate fundamental pa-
rameters of the AGN, such as its redshift and the mass of its SMBH.

1.4.4 ~-ray emission

Gamma-ray emission in AGN is predominantly observed in face-on sources, such as
Blazars and BL Lacertae objects. This emission arises from the interaction between low-
frequency synchrotron radiation emitted by relativistic electrons and these same elec-
trons, through a process known as Inverse Compton scattering. This interaction, termed
Synchrotron Self-Compton (SSC), results in a double-peaked broad-band spectrum, with
emission observed both in the radio and gamma-ray bands.

The investigation of this phenomenon has led to the delineation of what is known as
the Blazar sequence (e.g. Fossati et al. 1998, Donato et al. 2001), as shown in figure 1.5.
The Blazar sequence describes a relationship between the properties of Blazars and their
spectral characteristics.

Blazars can be classified into two main categories based on the energy at which
their gamma-ray emission peaks. Sources with the gamma-ray emission peak at higher
frequencies, typically ranging from around 50 MeV to 10 TeV, are termed High-frequency
Blazars. Conversely, AGN where the gamma-ray peak occurs at lower energies, spanning
approximately 100 MeV to 100 GeV, are referred to as Low-frequency Blazars.

1.4.5 X-ray emission

The X-ray emission observed from AGN typically ranges from approximately 0.1 keV,
corresponding to the energy of the Galactic absorption cutoff (Risaliti et al. 2004), up to
about 500 keV, which represents the cutoff energy of the emission itself (Dadina 2008).

The primary components of the X-ray emission from AGNs can be summarized as
follows:
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Figure 1.5: Blazar sequence. Different curves illustrate different luminosity AGN classes
(from Fossati et al. 1998).

Soft excess: This component is observed in the energy range of approximately 0.1
to 1 keV and is characterized by an excess of X-ray emission compared to what
would be expected from the seimple extrapolation of the hard power-law spectrum
to soft X-rays.

Comptonization emission: Extending from soft to hard X-rays, this component
represents the main continuum emission and is typically described by a power-law
function.

Warm absorber component: This component arises from absorption features in
the X-ray spectrum caused by intervening gas clouds along the line of sight to the
observer.

Reflection component: This component is due to to the presence of the Compton
Hump, a characteristic feature observed in the X-ray spectrum. It arises from the
reflection of X-rays off dense material surrounding the central engine of the AGN.

Fe Ka fluorescent emission line: This is a prominent emission line observed at ~
6.4 keV in the X-ray spectrum, originating from the fluorescence of neutral iron
atoms in the accretion disk around the central supermassive black hole.

In Figure 1.6, a schematic representation of the X-ray spectrum is shown, illustrating
the individual components described above. This schematic serves to visually convey the
various spectral features observed in the X-ray emission from AGN.
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Figure 1.6: The total spectrum of a Type I AGN is represented as a black solid line. The
individual components contributing to this spectrum are reported as colored solid lines:
the main emission component and the warm absorber are shown in magenta, the soft
excess is represented by a cyan line, the reflection component, including the Compton
hump, is plotted in green and the Fe Ka emission line is reported as a red line (from
Risaliti et al. 2004).

Soft excess

The soft excess is a prominent feature observed in the spectra of almost all AGN, yet its
origin remains a subject of debate within the astrophysical community. Initially, it was
hypothesized to be associated with the high-energy tail of the thermal emission from the
accretion disk (Czerny et al. 1987). However, subsequent studies have revealed problems
with this interpretation: the observed temperatures and energies of the soft excess are
much higher than what would be expected based on this thermal disk emission model
(Gierlinski et al. 2004). Furthermore, attempts to resolve the soft excess into individual
emission lines have largely been unsuccessful, indicating a continuum-like spectrum.

Done 2007 propose that the presence of a soft excess with a seemingly fixed tem-
perature may be attributed to atomic processes, such as OVII/OVIII and Fe L shell
absorption, which exhibit increased opacity around 1 keV. However, another plausible
explanation suggested by Done is the presence of a reflection component contributing to
the soft excess.

An alternative explanation for the soft excess is thermal Comptonization occurring
within an optically thick corona with a temperature around 1 keV, as proposed by
Petrucci et al. 2018. In this scenario, the soft excess arises from the thermal Comp-
tonization of soft photons by hot electrons within the corona.
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Comptonization emission

The primary X-ray emission from AGN can be approximated by a power-law spectrum
extending from around 1 keV to approximately 300 keV. This emission is thought to arise
from thermal Comptonization within the hot corona surrounding the AGN’s central en-
gine. The electrons within the hot corona have very high energies, corresponding to
temperatures on the order of 103-10° Kelvin. These energetic electrons interact with op-
tical /UV seed photons emitted by the accretion disk through multiple Inverse Compton
scattering events, resulting in a spectrum composed of these up-scattered photons.

Typically, the photon index I' of the power-law spectrum is in the range of 1.8 to 2,
where F(E)xE™". This photon index describes the rate at which the intensity of the
emitted X-rays decreases with increasing energy.

A debate exists regarding the dependence of the spectral index on redshift or lumi-
nosity, which could provide insights into whether there are variations in the properties
of AGN central engines over cosmic time or with their emitting power. Such investiga-
tions aim at discerning any potential evolutionary trends or correlations between AGN
properties and environmental factors, as background density or influence of other objects
present in the neighborhood (Singh et al. 2023). The study of these dependencies is cru-
cial for understanding the evolution and behavior of AGN populations across different
epochs of the Universe.

Warm absorber

The warm absorber was initially identified by Halpern 1984 using data from the Einstein
telescope. It is a notable absorption feature frequently observed in X-ray spectra of
Seyfert 1 AGN, as documented by Maloney et al. 2000. Approximately 50% of Seyfert
1 galaxies exhibit these characteristics, as reported by Nandra et al. 1994. The warm
absorber is believed to stem from absorption lines associated with warm ionized gas, with
temperatures typically ranging between 10* and 10° Kelvin, and velocities spanning from
100 to 1000 kilometers per second. This gas is situated in the circumnuclear regions, as
elucidated by studies such as those conducted by Kaspi et al. 2002 and Netzer 2002.

On the other hand, UFOs (Ultra Fast Outflows) constitute highly ionized and dense
winds, with velocities denoted by vyro approximately equal to 0.1 times (or higher)
the speed of light (c), originating from the innermost regions of the accretion disk.
These outflows are observable in around 50% of both radio-loud and radio-quiet AGN,
suggesting that the jet related radio-quiet/radio-loud AGN dichotomy might not hold
for AGN winds (Tombesi et al. 2014). Additionally, investigations into the variation of
ionization parameters relative to the distance from the SMBH, as undertaken by Tombesi
et al. 2013, have indicated that both warm absorbers and UFOs may arise from the same
outflowing wind. The distinction lies in their velocities, which are contingent upon the
distance from the central black hole.
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Reflection component

The reflection component arises from the interaction, primarily Compton scattering,
of emission photons with ionized gas present in the accretion disk. In figure 1.6, the
reflection component is shown as a solid green line. The continuum spectrum, resulting
from electron scattering with the reflection component, exhibits a prominent peak around
30 keV and a notable drop in energy between 4 and 5 keV. This decrease is attributable
to the photoelectric absorption of radiation at lower energies. For a Compton-thick
reflector, the efficiency of reflection typically falls within the range of a few percent to
around 30% at the peak (Ghisellini et al. 1994). Conversely, in the case of a Compton-
thin reflector, the efficiency is notably lower.

Iron fluorescence emission line

In several AGN, an emission feature is consistently observed at around 6.4 keV. This
emission line corresponds to the neutral Fe Ka fluorescent line, which is a combination
of Kal and Ka2 transitions. The precise region responsible for generating the iron line
is still a subject of debate. However, the presence of a narrow component in the line
profile suggests its production within a cold medium rather than in a region very close
to the SMBH. On the other hand, a broad, gravitationally distorted iron line may be
produced in the vicinity of the SMBH, such as the accretion disk, as proposed by studies
like Fabian 2000.

The Fe Ka line is generated through the fluorescence process: when the radiation
field’s energy surpasses the K-edge threshold (E = 7.1 keV), a K-shell electron is ejected.
This can lead to either an Auger decay or the emission of a fluorescent line. The proba-
bility of fluorescent emission occurring is determined by the fluorescence yield, denoted
as Y = Z* / (Z* + 33%), where Z represents the atomic number. Additionally, the effect is
more pronounced for high atomic number (Z) elements due to their higher cross-section,
which scales approximately as Z*°E~=35. Therefore, iron, being abundant and having a
high atomic number, is particularly favored by this process.

In some instances, there is also the K3 line at 7.06 keV, and the nickel Ko line at
7.5 keV is expected.
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Chapter 2

The SoSimple project

2.1 The presence of AGN in interacting galaxies

The second law of thermodynamics asserts that in a closed system, the total entropy
either increases or remains constant over time. In the context of astrophysics, such
as in spiral galaxies, where stars exhibit ordered orbits, this law suggests a tendency
for systems to move from ordered states towards more randomized or relaxed states.
However, this transition typically requires the introduction or presence of some form of
instability.

The study of galaxy evolution delves into understanding how galaxies undergo this
transition from ordered to more relaxed motion. One plausible mechanism for introduc-
ing instability is the close interaction between galaxies. When two galaxies come into
close proximity, their gravitational fields start to influence each other. This gravitational
perturbation can disrupt the conservation of angular momentum of objects in ordered
orbits, leading to the funneling of gas and dust towards the central regions of the galaxies.

The sudden inflow of material into the central region can then trigger various pro-
cesses. For instance, it may initiate the accretion of material onto the central SMBH,
causing it to grow in mass. Additionally, this inflow of material can lead to a phase of
intense star formation, commonly referred to as a starburst phase, occurring around the
nucleus of the galaxy. These events typically unfold within the inner pc to kpc scales at
the center of the galaxy.

Figure 2.1 illustrates the progressive stages of interaction between two galaxies, mod-
eled after the anticipated interaction between Abell 901 and Abell 902. This montage
amalgamates images sourced from various observations capturing different stages of the
interaction process. The six stages depicted in the montage are succinctly described as
follows:

e In the initial stages, distinct galactic structures can still be discerned, with tidal
forces beginning to stretch and distort the shapes of the galaxies as they approach
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each other. As the merger progresses, the galaxies become increasingly entangled,
their shapes morphing and merging into a complex network of stars, gas, and dust.

e During the peak of the merger, the galaxies appear as overlapping or intertwined
structures, with bridges of material connecting them. Intense star formation may
be triggered in these regions of overlap, as gas and dust are compressed and ignited
by the gravitational forces at play.

e In the later stages, the merger remnant begins to settle into a more relaxed state,
resembling a single, larger galaxy with features reminiscent of its progenitors. Tidal
tails and shells of stars may still be visible, bearing witness to the violent history
of the merger.

e Ultimately, the merger process reshapes the involved galaxies, leading to the for-
mation of new stellar populations and potentially fueling the growth of central
supermassive black holes.

Through these stages, mergers play a crucial role in the evolution of galaxies, driving
changes in their morphology, star formation rates, and overall structure.

Figure 2.1: The images indicate various galaxies in different stages to replicate the
merger between galaxies Abell 901 and Abell 902, captured by the Hubble Space Tele-
scope in the optical band with filters ACS/WFC: F606W (V). Each stage offers a
glimpse into the intricate dance of gravitational interaction between these galaxies as
they merge over cosmic timescales. Image credit: NASA, ESA, the Hubble Heritage
Team (STScI/AURA)-ESA/Hubble Collaboration and A. Evans (University of Virginia,
Charlottesville/NRAO/Stony Brook University), K. Noll (STScI), and J. Westphal (Cal-
tech).
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The violent effects observed in the interactions of two equally massive, gas-rich galax-
ies are known as major mergers. These mergers typically involve galaxies with a mass
ratio ranging from 1:1 to 1:3 (Lotz et al. 2010). Conversely, if one of the interacting
galaxies has lower mass, resulting in a mass ratio higher than 1:3, the interaction is clas-
sified as a minor merger. While minor mergers typically preserve the spiral structure of
the more massive galaxy, they stimulate significant gas inflows and induce star formation
(e.g., Kaviraj 2014). It is worth noting that minor mergers might be more prevalent than
major mergers (e.g., Lin et al. 2004, Stewart et al. 2008, Jogee et al. 2009).

The gas content of the progenitor galaxies is a critical factor influencing the evolution
of the interaction. In gas-rich interactions, termed wet mergers, abundant gas reservoirs
facilitate substantial star formation and accretion (e.g., Nikolic et al. 2004, Hopkins et al.
2006, Lin et al. 2008). Conversely, in gas-poor interactions, termed dry mergers, the lack
of gas inhibits widespread star formation. Although dry mergers do not significantly
alter the star formation rates of galaxies, they play a crucial role in the growth of stellar
mass in massive red galaxies in the present epoch (e.g., Tran et al. 2005, Faber et al.
2007, Lin et al. 2008).

2.1.1 Detecting AGN activity in interacting/merging galaxies

The activation of AGN activity during galaxy mergers has been thoroughly investi-
gated through both observational and theoretical approaches. Various observational
techniques, spanning across different wavelengths and numerical methodologies, have
been employed. These methodologies offer complementary insights as each has its inher-
ent limitations (De Rosa et al. 2019).

Multiple strategies have been devised to pinpoint potential dual and binary AGN
candidates. The identification of AGN candidates and pairs with separations ranging
from parsecs to kiloparsecs has primarily relied on extensive surveys across optical, radio,
mid-infrared, and hard X-ray bands. Additionally, targeted observations, particularly in
the high-energy domain, have contributed significantly to this endeavor.

However, the identification of dual AGN systems remains challenging, and most detec-
tions have occurred serendipitously. A significant hurdle in these studies is the necessity
for a statistically robust sample of dual and multiple AGN, spanning a wide range of spa-
tial separations. Despite the discovery of numerous AGN pair candidates and merging
galaxies in recent years, only a limited fraction have been confirmed, typically following
intensive and observationally demanding multiband follow-up efforts.

For instance, the use of SDSS optical spectral data has facilitated the identification
of dual AGN through the presence of doubled-peaked [O III] lines. However, merely
about 2 percent of these candidates are ultimately confirmed through multi-wavelength
follow-up observations (De Rosa et al. 2019). This low confirmation rate is attributed to
the non-uniqueness of the doubled-peaked profile as a signature of dual AGN, as other
phenomena, such as matter outflows from a single AGN, can produce similar spectral

22



features.

Similar challenges arise in observations at other frequencies. For instance, relying
solely on radio data may pose difficulties in distinguishing AGN from star formation
processes in radio-emitting regions. Moreover, the detection of X-ray emission associated
with a source does not definitively indicate the presence of an active nucleus, as X-ray
emission can also originate from star-forming galaxies and weakly accreting black holes,
such as LINERs and AGN with inefficient accretion disks.

Furthermore, mid-infrared all-sky surveys can identify obscured systems, comple-
menting optical AGN searches. In essence, the most effective observational strategy
involves initially identifying promising candidates, followed by confirmation through ap-
propriate follow-up programs. Each wavelength band contributes uniquely to this pur-
suit, aiding in the eventual detection and confirmation of AGN.

Simulations

Numerical simulations contribute significantly to our understanding of galaxy mergers
and the emergence of multiple AGN systems. There are two primary avenues of research
in this domain: cosmological simulations and isolated simulations of mergers.

Cosmological simulations enable the generation of galaxy mergers and multiple AGN
systems, offering a crucial complement to observational studies (Steinborn et al. 2016).
These simulations allow for the quantification of the dual AGN fraction relative to single
AGN (Volonteri et al. 2022, Sharma et al. 2023). While a variety of hydrodynamic
cosmological simulations exist, only a limited number of them are capable of resolving
AGN pairs with separations down to kiloparsec scales due to the computational expense
of combining large volumes with high resolution.

Conversely, idealized merger simulations can resolve sub-kiloparsec scales, which is
essential for tracking the dynamics of SMBHs during mergers (Van Wassenhove et al.
2012, Blecha et al. 2013). However, simulations of isolated galaxy mergers cannot directly
predict the fraction of AGN pairs among the total population of AGN. Instead, it is
possible to compute an activity-dual time normalized to the duration when at least one
black hole is active, providing insights into the temporal behavior of AGN activity during
mergers (Capelo et al. 2017).

2.1.2 X-ray observations of dual AGN

The detection of spatially-resolved dual AGN, with projected separations of a few tens of
kpc, has been notably observed in optical and mid-infrared surveys, particularly through
data from the Sloan Digital Sky Survey (SDSS) (York et al. 2000, Abazajian et al. 2009),
the Baryonic Oscillation Spectroscopic Survey (BOSS) (Ahn et al. 2012), and the Wide-
field Infrared Survey Explorer (WISE) (Wright et al. 2010). This reinforces the notion
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that gas-rich mergers may serve as triggers for the active nuclear phase in both galaxies
(e.g., Foreman et al. 2009, Weston et al. 2017).

Bright AGN pairs with separations of less than a few hundred kpc represent excellent
probes for investigating both the small-scale (less than approximately 100 kpc) structure
of the IGM and the large-scale (on the order of Mpc) rich environment where mergers
are more likely to occur (e.g., Djorgovski et al. 2007, Farina et al. 2013, Lusso et al.
2018).

The high penetrative power of hard X-rays serves as a unique and often indispensable
tool in the quest for multiple active nuclei within a galaxy. Hard X-ray observations are
less susceptible to contamination from stellar processes and absorption, although they are
still limited by spatial resolution limitations. Indeed, it was X-ray imaging spectroscopy
that initially led to the identification of the first pair of accreting SMBHs in the galaxy
NGC 6240 (Komossa et al. 2002).

A large, point-like luminosity exceeding approximately 102 erg/s is most likely at-
tributed to an AGN than to a starburst and/or emission from low-mass X-ray binaries
(Fragos et al. 2013, Lehmer et al. 2016). However, in many cases, both a nuclear and
an extended component can contribute to the X-ray spectrum of a dual system. This
necessitates high spatial resolution and low background levels to accurately discern the
weak AGN emission from any diffuse component.

Ultimately, X-ray observations serve as an efficient means to detect accretion-powered
processes in low-to-moderately obscured sources. While heavy obscuration may hinder a
comprehensive census of the AGN population, deep exposures, combined with compre-
hensive hard X-ray coverage, have the potential to alleviate this issue.

The observed effect of interactions on AGN activity at z ~ 0

The influence of galaxy interactions and mergers on AGN activity has been extensively
observed in the nearby universe. For instance, Ellison et al. 2013 conducted analyses on
interaction-induced AGN enhancement using observations from SDSS. They examined
a spectroscopic galaxy pair sample with a stellar mass ratio of less than 4, a visually
identified post-merger sample, and corresponding mass and redshift-matched samples
of isolated (control) galaxies. The classification of optical AGN in their samples was
performed using the BPT diagram. BPT stands for Baldwin, Phillips, and Terlevich
(Baldwin et al. 1981), who first introduced this diagnostic diagram in 1981.

Their findings, illustrated in 2.2, demonstrate a clear trend of increasing AGN excess
(the ratio of AGN fraction in paired galaxies compared to the controls) with decreasing
projected separation, particularly for separations below 40 kpc. The most substantial
enhancement, approximately 2.5 times larger than controls, was observed at the closest
projected separations (less than 5 kpc). Numerous studies in the nearby universe have
corroborated similar results, indicating a significant enhancement of AGN activity in
galaxy pairs (e.g., Woods et al. 2007, Satyapal et al. 2014).
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Figure 2.2: The plot illustrates the AGN excess, defined as the ratio of the AGN fraction
in galaxy pairs to that of the control sample, as a function of projected separation. The
filled points represent observations from SDSS galaxy pairs. The gray box highlights the
enhancement observed in their post-merger sample. From Ellison et al. 2013.

Another example on this type of study is given by Koss et al. 2012, who studied
the fraction of dual AGN in a sample of nearby (2<0.05) selected AGN from the all-sky
Swift BAT survey. In the 14-195 keV band, combining Chandra and Gemini observations
along with optical and X-ray observations, they find that the dual AGN frequency at
scales <100 kpc is 10%.

2.2 The SoSimple observing program

Galaxy mergers arise as a direct consequence of the hierarchical growth of dark matter
halos in the favored ACDM cosmological model. These mergers, observed across all
redshifts, present a spectacle of varied and intricate shapes that captivate scientists and

the public alike.
As described in section 2.1, these interactions represent some of the most violent and
transformative events they experience. During these encounters:

e Tidal forces tug gas and stars into different orbits.
e (Gas compression can fuel intensified star formation.
e Central SMBHs may more efficiently accrete matter, leading to AGN.

e Star formation may subsequently dwindle due to rapid gas consumption or feedback
from stars or AGN.
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e The SMBHs of the merging galaxies can eventually coalesce, emitting gravitational
waves.

e Tidal debris gives rise to tidal dwarf galaxies and super star clusters. The system
may ultimately evolve into a massive elliptical galaxy, with star formation halting
rapidly.

These processes collectively illustrate the dynamic and transformative nature of galac-
tic mergers, shaping the cosmic landscape over cosmic time.

Observationally, these processes have been extensively studied using large spectro-
scopic samples from surveys like the SDSS, as well as detailed multi-wavelength mapping
of select individual galaxies. Hydrodynamical simulations offer predictions on the time
evolution of galaxy properties across different merger configurations. However, these
simulations rely on sub-grid physical models.

Therefore, it is crucial to systematically compare the predictions of these simulations
with observational data. This comparison allows for the refinement of the underlying
physical models, ensuring they accurately capture the complex dynamics of galaxy merg-
ers.

In this regard, integral field unit (IFU) spectroscopy has emerged as an effective
method for mapping the physical properties of galaxies. Past and ongoing IFU surveys
such as CALIFA (Sénchez et al. 2012), MaNGA (Bundy et al. 2015), and SAMI (Kon-
stantopoulos et al. 2013) have provided optical IFU data for extensive galaxy samples.
However, these surveys often lack sufficient coverage of merging galaxies and suffer from
limitations such as small field of view (FoV) and poor spatial resolution.

The sensitivity and expansive FoV of instruments like MUSE offer a distinct opportu-
nity to systematically characterize nearby interacting galaxies. With MUSE, researchers
can comprehensively study the dynamics and properties of merging systems, shedding
light on the intricate processes involved in galaxy interactions.

The Snapshot Optical Spectroscopic Imaging of Mergers and Pairs for Legacy Explo-
ration (SoSimple, PI: B. Husemann) is a major public filler-time proposal employing the
MUSE instrument at VLT. The program targets a broad sample of over 150 interacting
galaxies in the southern hemisphere (§ < 20°), sourced primarily from the Arp (Arp et al.
1987) and Arp-Madore catalogs. These catalogs, despite their age, remain invaluable for
studying nearby interacting galaxies (0.01 < z < 0.05) due to their rich archival data
and well-characterized morphological features. By definition, this sample is free from
any bias toward the presence of AGN, as it is selected solely based on the morphological
properties of interacting galaxies, without criteria related to their nuclear activity.
Many of these galaxies have been previously observed with the HST or are part of an
ongoing large-scale HST filler-gap program (PI: J. Dalcanton). This extensive dataset
allows for a comprehensive multi-wavelength study of galaxy interactions, providing an
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unprecedented opportunity to examine the role of mergers in triggering star formation,
AGN activity, and gas redistribution processes.

While more recent merger catalogs, such as those derived from the SDSS Galaxy Zoo,
offer larger samples, they typically feature higher median redshifts, requiring deeper
observations with superior seeing conditions to achieve comparable spatial resolution.
Moreover, many SDSS-based merger catalogs lack the high-resolution HST imaging avail-
able for the Arp and Arp-Madore galaxies, further highlighting the unique advantages
of the SoSimple target selection.

Complementary to the optical observations, a follow-up Swift/XRT X-ray survey
(Swift Observations of Merging and Interacting Galaxy Pairs, PI: A. De Rosa, INAF/IAPS)
has been initiated to confirm potential nuclear activity within these interacting galaxies.
The combination of optical, X-ray, and multi-wavelength data enhances our understand-
ing of the dynamic processes at play during galactic mergers and their impact on SMBH
evolution.

2.2.1 Scientific Objectives of SoSimple

The extensive dataset collected by SoSimple enables a variety of scientific investigations.
The primary objectives of the program include:

e Investigating SMBH Accretion Events During Mergers: Major mergers are
expected to result in binary SMBH systems. However, direct observation of SMBHs
is challenging unless they accrete material and appear as AGN. AGN activity is
often enhanced during mergers (Darg et al. 2010), but its detection can be obscured
due to dust and gas (Almeida et al. 2017) or stochastic variability (Schawinski et al.
2015, McElroy et al. 2016). For example, a study based on IllustrisTNG simula-
tions found that, on average, post-merger galaxies exhibit SMBH accretion rates
approximately 1.7 times higher than isolated galaxies, with an increased probabil-
ity of hosting luminous AGN by a factor of 3-4. Observing dual AGN signatures
still remains difficult, as simultaneous AGN activity in both SMBHs is uncommon
(Steinborn et al. 2016, De Rosa et al. 2019).

e Characterizing Star Formation Dynamics: Close galaxy pairs and interact-
ing systems exhibit elevated star formation rates (Ellison et al. 2008, Davies et al.
2015). The starburst activity is generally concentrated in galaxy centers and di-
minishes at post-coalescence (Schawinski et al. 2014). Observations of localized
starbursts within mergers provide insight into the temporal and spatial evolution
of star formation. A large sample of interacting galaxies is required to analyze gas-

disc re-growth, star formation suppression, and spatial variations in these processes
(Ellison et al. 2018).
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e Mapping Large-Scale Gas Flows Using Metallicity Gradients: Galactic in-
teractions facilitate significant gas redistribution, influencing metallicity gradients
across the system. Observations show that relaxed disk galaxies exhibit charac-
teristic negative metallicity gradients (Sdnchez et al. 2014), while mergers often
display flattened or inverted gradients, indicative of metal dilution due to inflow-
ing gas (Kewley et al. 2010, Rich et al. 2012). Understanding these processes
requires detailed spectroscopic mapping.

e Studying Gas and Stellar Kinematics: The MUSE instrument enables detailed
extraction of gas and stellar velocity fields, which encode critical information about
the angular momentum and orbital dynamics of merging galaxies. Comparing stel-
lar and gas kinematics can reveal misalignments and insights into merger histories
(Barrera-Ballesteros et al. 2015).

A good example of the importance of multi-wavelength observations, in particular in
X-rays, in determing the dual AGN fraction among galaxies is the work of De Rosa et al.
2023 (though not based on the SOSIMPLE catalog of sources). This study examines opti-
cally selected dual AGN with separations between 3 and 97 kpc using multi-wavelength
data (optical, X-rays, mid-IR) to characterize their intrinsic properties and compare
them with isolated AGN. Out of 124 X-ray detected AGN candidates, 52 were in pairs
and 72 were single sources.

More than 80% of the AGN in pairs were confirmed through multi-wavelength anal-
ysis. X-ray spectral analysis showed that AGN luminosity increases as separation de-
creases, indicating that mergers may trigger more luminous AGN. Approximately 80% of
the AGN are Compton-thin, while 16% are Compton-thick, with these obscured fractions
being higher than in isolated AGN.

The difference between Compton-thin and Compton-thick AGN is based on the
amount of obscuring gas and its effect on X-ray radiation:

e In Compton-thin AGN, the column density ranges between 10?2 and 10%* cm™2.

X-rays can partially pass through, with soft X-rays below 10 keV being absorbed,
while hard X-rays above 10 keV remain detectable.

e In Compton-thick AGN, the column density is much higher, exceeding 1.5 x 10%
cm~2. This dense gas blocks even hard X-rays, making direct detection difficult.
These AGN are often identified through infrared emission and a strong Fe Ka line

at 6.4 keV.

The trend of higher obscuration in AGN pairs was further supported by comparing
de-reddened [O III] emission with observed X-ray luminosity. The fraction of Compton-
thick sources in early merging stages is lower than in later stages. Comparing Ny from
X-rays with E(B-V) from Narrow Line Regions suggests the absorbing material is likely
associated with the torus or Broad Line Regions.

28



The study also found that X-ray data, when observed under optimal conditions, are
highly effective in confirming and studying dual-AGN systems.

2.3 The aim of my thesis

The primary goal of my thesis is to investigate the AGN content using an expanded
catalog of interacting galaxies. Specifically, the research focuses on selecting SoOSIMPLE
sources from the HST program that have X-ray observations from the Chandra, XMM-
Newton, and NuSTAR telescopes, either as primary targets or as serendipitous detections
within the observational fields. These X-ray datasets are critical for identifying AGN,
as hard X-rays penetrate obscuring material more effectively than optical or infrared
observations, providing a less biased view of nuclear activity.

A key aspect of this study is assessing the incidence of AGN in an unbiased sample
of interacting galaxies across different merger stages, characterized by varying levels
of galaxy separation. By analyzing AGN fractions as a function of pair distance, this
work would like explore how merger dynamics influence nuclear activity and whether
close interactions preferentially trigger AGN compared to widely separated pairs. This
approach allows for a direct investigation of the AGN-merger connection without pre-
selecting sources based on AGN-related criteria, ensuring that the study remains free
from biases toward already known active nuclei.

To contextualize these findings, the AGN occurrence in interacting galaxies should be
compared, in the end, with a control sample of isolated galaxies with similar redshift and
stellar mass distributions. This control sample will be drawn from large-scale surveys
such as the SDSS, ensuring a statistically meaningful comparison between galaxies under-
going interactions and those evolving in relative isolation. Such a comparative analysis
will help disentangle the role of mergers in triggering AGN, distinguishing interaction-
driven nuclear activity from that arising in secularly evolving galaxies.

In particular, the primary focus of my study was to identify the potential presence of
AGN in the X-ray band through a detailed spectral analysis of the sources in the sample.
The X-ray properties derived in this study—such as spectral index (I'), column density
(Ng), and X-ray luminosity (Lx)—will serve as first-order indicators for classifying these
galaxies in terms of AGN activity. Distinctive features of AGN, including high point-like
luminosity, power-law spectral continua, and strong Fe line emissions, will be used to
differentiate AGN from starburst-driven emission. Additionally, this work will explore
the fraction of obscured versus unobscured AGN across different merger stages, providing
insights into how interactions influence AGN obscuration and fueling mechanisms.

Furthermore, the research will integrate optical spectroscopy from MUSE to conduct
a multi-wavelength comparative analysis of interacting galaxies. In my work, a prelim-
inary investigation of the optical analysis using MUSE spectra has been started. The
first step of this analysis has been initiated by visually inspecting the optical spectra,
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focusing on the presence and relative strength of key emission lines as well as the shape of
the continuum. The spectra have been extracted from a region spanning 1-3 arcseconds
around the core of each galaxy, ensuring that the nuclear properties are well sampled
while minimizing contamination from extended star-forming regions. This initial exam-
ination provides a starting foundation for classifying galaxies based on their dominant
ionization mechanism and nuclear activity.

Optical spectra offer crucial diagnostics for distinguishing AGN from star-forming
galaxies, with the continuum shape playing a key role. A red continuum may indicate
an older stellar population, the possibility that the accretion disk is completely extinted,
i.e. the presence of a heavily absorbed AGN, whereas a blue continuum is typically
associated with active star formation or unobscured AGN emission. By systematically
analyzing these spectral features, we can identify potential AGN candidates and assess
the impact of interactions on nuclear activity.

In addition to continuum characteristics, the possibility of using carefully MUSE
spectroscopic data in the future for a more detailed analysis, particularly in examining
the emission lines present in the spectra, such as [OIII]A5007, H3, [NII]\6584, Hea, and
[SIT]A6717,6731. These lines are fundamental for applying classical diagnostic tools, such
as the BPT diagram, to separate AGN-driven ionization from star formation. Specif-
ically, a high [OIII]/HS ratio combined with an elevated [NII]/Ha ratio is a strong
indicator of AGN activity, while lower values suggest ionization dominated by young
stellar populations.

By integrating these spectral diagnostics with the X-ray properties derived in this
study, a more careful and specific identification of potential AGN classification framework
within interacting galaxies could be made. Moreover, the spatially resolved nature of
MUSE data will enable the investigation of ionized gas kinematics, potentially revealing
outflows, shocks, or dual AGN signatures that may emerge due to galaxy interactions.
This multi-wavelength approach will offer a more comprehensive understanding of how
mergers influence nuclear activity and the physical conditions of the surrounding inter-
stellar medium.

2.4 X-ray data in SoSimple

Starting with the catalog of Arp and Arp-Madore sources observed by HST, the first
step involved cross-matching these galaxies with the MUSE archive to identify targets
with available integral field spectroscopic data. This search yielded 63 targets with HST
and MUSE coverage.

Next, these targets were cross-correlated with the archives of the Chandra, XMM-
Newton, and NuSTAR X-ray telescopes to determine the availability of X-ray observa-
tions. This search identified 11 targets with high-energy data, forming the sample for
this thesis research. Data from the Swift telescope were also available; however, the focus
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was primarily on those from Chandra, XMM, and NuSTAR, especially due to the higher
sensitivity of Chandra and XMM compared to Swift.

Some of these galaxies have observations from multiple X-ray missions, providing an
opportunity for spectral comparisons across different energy bands and exposure depths.
Details regarding the observational parameters and individual sources are provided in
Appendix A.

Below is a table summarizing the 11 Arp and Arp-Madore sources that were analyzed
in X-rays along with their corresponding targets composing these systems.

The sample
Target Components Redshift
AM 0018-485 NGC 0092, NGC 0089, NGC 0088, NGC 0087  0.011
AM 0642-801 0.016
ARP 100 IC 0018, IC 0019 0.020
ARP 200 NGC 1134 (Arp 200), IC 0267 0.012
ARP 245 NGC 2992, NGC 2993 0.007
ARP 255 UGC 05304(ned01), UGC 05304(ned02) 0.040
AM 0519-611 ESO119-1G054, ESO119-1G055 0.016
ARP 303 IC 0563, 1C 0564 0.022
AM 2133-384 ES0343-1G013 0.019
AM 2026-424 ESO285-G019 (west and east) 0.050
AM 2048-571 IC 5063 0.011

Table 2.1: List of the 11 interacting galaxy systems included in the sample. The “Target”
column lists the system names, while the “Components” column provides the individual
galaxies within each system when multiple components are present. For systems where
only one galaxy is listed, the target name corresponds to an alternative designation from
the Arp and Arp-Madore catalogs.
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Chapter 3

X-ray telescopes and data reduction

This chapter will describe the basic properties of X-ray telescopes, then focus more
on those used for observations relevant to the thesis work. Subsequently, a concise
presentation of the data reduction procedure conducted to analyze the data for each
telescope will be provided.

3.1 X-ray telescopes

Due to the Earth’s atmosphere being opaque to high-energy radiation, X-ray telescopes
must be positioned in orbit outside the atmosphere. A pivotal advancement in X-ray
astronomy has been achieved through the implementation of focusing optics. These op-
tics play a crucial role in discerning a specific source from the surrounding background
and other nearby sources. They also enable the detailed study of morphological prop-
erties and facilitate reaching lower flux limits. However, a significant challenge arises
in the fact that X-rays can easily penetrate through reflective materials. To overcome
this problem, it becomes essential to employ reflections with low angles and materials of
appropriate density. The critical angle, defined as the angle above which a photon will
not be reflected (but rather refracted according to Snell’s law), is dependent on both the
material density and the photon energy. The critical angle (6.) is proportional to the
square root of the material density (p) divided by the photon energy (E,):

\/,5
0. o (3.1)
Materials with higher densities allow for higher critical angles, offering improved
performance in X-ray focusing, but the requirement for launching into space necessitates
that they cannot be too heavy, otherwise, excessive weight would become an issue.
In X-ray telescopes, the technique known as “double grazing incident reflection” is
utilized to improve the collection efficiency of X-ray light and spatial resolution. This
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method involves two reflective surfaces working together to focus X-rays.

First, incoming X-rays strike the first reflective surface at a very shallow angle, causing
nearly total reflection and directing them towards the telescope’s focal point. Then,
these reflected X-rays are redirected towards a second reflective surface, positioned to
receive the X-rays from the first surface. The second surface reflects X-rays again, further
directing them towards the telescope’s focal point. This double grazing incident reflection
enables better collection of X-ray light and enhances the telescope’s spatial resolution.

In summary, the implementation of double grazing incident reflection in X-ray tele-
scopes maximizes light collection and improves the telescope’s ability to distinguish fine
details in high-resolution images.

One of the most prevalent optical configurations is attributed to Wolter (1952), who
introduced three distinct configurations for X-ray optics known as Wolter I, II, and
ITI. The first two configurations are based on parabolic and hyperbolic mirrors, while
the third configuration, although not widely utilized, involves parabolic and ellipsoidal
reflections. The most commonly used configuration in X-ray telescopes is the Wolter 1.

3.1.1 The Effective Area

A key parameter characterizing X-ray telescopes is the effective area, representing the
instrument’s capability to collect photons. The effective area (A.ss) is determined by
the product of several factors:

Aeff(E7 97 T, y) = Ageom : R(E) : V(Ev 9) ’ Q(E7 T, y) [CmQ] (32)

The different parameters contributing to the effective area are as follows:

o Ageom is the geometric area, referring to the cross-sectional area of the telescope or
the transverse section of the mirror assembly, i.e., the area visible to the incoming
photons.

e R(F) is the reflectivity, representing the fraction of photons reflected by the mirrors
based on their energy.

e V(FE,0) denotes vignetting, representing the fraction of leaked photons as a function
of their energy and off-axis angle . The vignetting is associated with the focusing
process of X-ray photons through double grazing incidence.

e QE(E,x,y) represents quantum efficiency, i.e. the fraction of incident photons
registered by the detector based on their energy and position (x,y) on the detector.

The effects of vignetting become more pronounced at larger distances from the axis
and at higher energies. In such cases, as photons move away from the pointing axis, the
source becomes “less exposed”. The effective area is critical, because it is used in the
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analysis of X-ray data, as shown in section 3.7 when the Ancillary Response File (ARF)
is introduced.

3.1.2 Angular and spectral resolution

The distribution of light from a point-like source on a detector is characterized by the
Point Spread Function (PSF). In the realm of X-rays, the PSF’s features are contingent
upon both the incident photon energy and the off-axis angle. Notably, it exhibits height-
ened sharpness in the central region of the detector, progressively broadening moving
at off-axis positions. Often, when dealing with X-ray spatial resolution, the term Half
Energy Width (HEW) is used. The HEW indicates the width of the region encompass-
ing half of the photons emitted by the point source. An alternative way for quantifying
angular resolution is the Encircled Energy Fraction (EEF), a numerical measure that
quantifies the proportion of the total energy or flux enclosed within a specific radius
relative to the total energy or flux of the entire source (an example is shown in figure
3.1). This parameter provides valuable insights into the angular distribution of the col-
lected light from the point-like source. Higher encircled energy fractions within smaller
apertures indicate better focusing and higher image quality.
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Figure 3.1: The EEF for the XMM-Newton pn camera varies with different energies.
When observing at lower energies, a circle of a given radius encompasses a larger fraction
of the total energy compared to observations at higher energies. This phenomenon is
illustrated by plotting three different energy levels: 1.5 keV, 5.0 keV, and 9.0 keV.
These energies are represented graphically by solid, dashed, and dotted lines, respectively.
Image taken from European Space Agency, XMM-Newton Science Operations Centre.

The spectral resolution, or resolving power, is a measure of the ability to distinguish
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close (in energy) spectral features, such as emission and absorption lines. This resolution
is initially expressed in a Poissonian context as:

Poisson \ \/N \/N

Here, N represents the spectral counts, and ¢ is the error. The resolving power is inversely
proportional to the square root of the spectral counts, indicating that higher counts lead
to better resolution. In cases where the counts distribution deviates from the Poissonian
distribution, the resolving power is modified and given by:

(3.3)

rr

Rp = — 3.4

VN (34)
In this equation, rr is the Fano factor, the deviations from a pure Poissson regime. This
formulation accommodates situations where the statistical distribution of counts differs
from the Poisson distribution, offering a more flexible description of the resolving power.

3.1.3 Signal-to-noise ratio

The signal-to-noise ratio (SNR) is a crucial concept used to quantify the quality of data.

It essentially measures the strength of the signal (desired information) relative to the

background noise (“unwanted” interference or random fluctuations). Understanding the

SNR is fundamental in assessing the reliability and significance of X-ray sources.
Mathematically, it’s represented as:

Cs

\/Cs + Cokg

where ¢, represents the source counts and ¢y, represents the background counts.
The variance of signal (¢%) includes contribution from both the source and back-
ground counts, given by Poissonian errors:

0t =0k p+on=(KS+B)?+(VB)?=S+2B (3.6)

SNR = (3.5)

This leads to the expression for SNR as:

SNR— 2 _ (3.7)
S+2B

Source (S) and background (B) counts can be expressed in terms of various parameters
as follows:
S=¢- AT -AE-F,, (3.8)

B=A-T-AE- Fy, (3.9)

35



where € is the efficiency in source detection, A is the effective area, T' is the exposure
time, AE represents the energetic band, Fy,. and Fy, are the source and background
fluxes respectively.

There are two regimes: one where the source dominates (low background or bright
source) and the other where the background dominates. In the former, B < €F,.,
leading to SNR depending only on source flux and exposure time (SNR o« v/ Fy. - T). In
the latter, B > eFj,., leading to SNR \/T(FSTC/ZFMQ).

The minimum detectable flux is derived from SNR expression as:

SNR | B
Flim = — VA AET (3.10)

SNR can also be expressed in terms of angular and detector parameters:

S  S-A3.T:
N  VBi-A+B,-Q

where B; is the particle background, B is the cosmic background, and € is the solid
angle subtended by the source. These equations and explanations are fundamental in
understanding the signal-to-noise ratio and its implications in data reduction processes,
particularly in choosing the extraction region.

(3.11)

During the thesis work, observations from the Chandra, XMM, and NuSTAR missions
were analyzed, leveraging their complementarity. Chandra boasts superior angular reso-
lution, XMM features a significantly larger collecting area, ensuring noteworthy spectral
resolution. Additionally, XMM has the advantage of its constituent instruments working
simultaneously. Meanwhile, NuSTAR covers a much broader energy spectral range than
the two former missions.

In cases where a particular source had observations available from different telescopes,
a comprehensive analysis was conducted to gain a deeper understanding, capitalizing on
the unique capabilities of each instrument.

3.2 Chandra X-ray Observatory

The Chandra X-ray Observatory (CXO), launched in 1999 by NASA, stands as a pioneer-
ing telescope designed to achieve unparalleled angular resolution, boasting the sharpest
PSF among X-ray telescopes. Specifically, it features a HEW of 0.5” on axis, a remark-
able accomplishment in the field. The key component responsible for this exceptional
performance is the High-Resolution Mirror Assembly (HRMA), comprised of four reflect-
ing mirrors with a diameter of 1.2 m and a focal length of 10 m. The effective area ranges
from approximately 700 cm? between 1-2 keV to about 400 cm? at 5 keV. Chandra is
equipped with four instruments:
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e Advanced CCD Imaging Spectrometer (ACIS): ACIS consists of two detectors,
ACIS-I (front-illuminated) and ACIS-S (front and back-illuminated). ACIS-I em-
ploys four CCDs for wide-field observations (16x16 arcmin?), while ACIS-S utilizes
six CCDs and is optimized for readout when using the High Energy Transmis-
sion Grating (HETG). ACIS enables high-resolution imaging and offers moderate
spectroscopic and time resolution capabilities.

e High-Resolution Camera (HRC): the HRC, operating on micro-channel plate tech-
nology, achieves a spatial resolution below 0.5 arcsec and a temporal resolution of
approximately 16 ms. HRC-I is configured for imaging, while HRC-S is optimized
for spectroscopy.

e High and Low Energy Transmission Grating (HETG and LETG): HETG facilitates
high-resolution spectroscopy within the 0.4 to 10 keV energy range, with resolving
power ranging from 800 (at 1.5 keV) to 200 (at 6 keV). LETG boasts a resolving
power exceeding 1000 at energies in soft X-ray around 2 keV.

For this thesis work, the only instrument used for the analyzed observations was the
ACIS imager, specifically the ACIS-S detector (without grazing).

3.3 XMM-Newton

The ESA XMM-Newton observatory currently stands as the premier instrument in terms
of effective area. Comprising three telescopes, it features 58 nested Wolter I shells with
a focal length of 7.5 m and a diameter of 70 cm. The observatory’s impressive collecting
area is 1900 cm? up to 150 eV, 1500 cm? at 2 keV, and gradually declines to 350 cm? at
10 keV.

The imagers utilized for observing the sources under investigation in this thesis are
the PN and MOS (1 and 2) European Photon Imaging Camera (EPIC) cameras. Simul-
taneous operation of all three cameras is possible. Notably, the MOS cameras typically
receive less than half of the radiation collected by the PN camera, as the radiation is
split into two directions—directed towards the MOS cameras and the Reflection Grating
Spectrometer (RGS).

The pn HEW varies from 15.1 to 14.8 arcsec in the energy range of 1.5-8 keV. For
MOS1, the HEW is 13.6 arcsec at 1.5 keV and 12.5 arcsec at 8 keV. MOS2 exhibits a
HEW range of 12.8-12.2 arcsec between 1.5 and 8 keV. The resolving power of the EPIC
cameras is approximately AE/E ~ 20-50 over the range 0.3-10 keV. The XMM-Newton
telescope excels in photon collection, resulting in high-quality spectra.

Two of the three XMM-Newton telescopes are equipped with a grating spectrometer
known as the Reflection Grating Spectrometer (RGS). The spectral resolution of the
RGS varies from 100 to 500 in FWHM units within the 0.33-2.5 keV energy range. The
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two components of the RGS are the Reflection Gratings Assemblies (RGAs) mounted on
telescopes associated with the EPIC MOS cameras, and the RGS Focal Cameras (RFCs),
consisting of 9 MOS CCD chips intercepting the dispersed light from the RGAs.

3.4 NuSTAR

Chandra and XMM-Newton are instruments covering the energy band below 10 keV.
In contrast, NuSTAR telescope covers nominally the energy band from 3 until 79 keV.
It consists of two co-aligned focusing hard X-ray telescopes, each featuring a multilayer
coating. The use of a multilayer coating is a crucial aspect of the telescope’s design,
enabling it to effectively capture and focus hard X-rays. This innovative technology al-
lows the telescopes to reflect and concentrate high-energy photons, providing enhanced
sensitivity in the hard X-ray portion of the electromagnetic spectrum. The co-alignment
of the telescopes ensures precise and coordinated observations, maximizing the scientific
output of NuSTAR. This dual-telescope configuration contributes to NuSTAR’s capabil-
ities in exploring and studying celestial objects emitting hard X-rays. NuSTAR employs
the Wolter I optic with a focal length of approximately 10 m. The collecting area is
around 850 cm? at 9 keV, gradually decreasing to 60 cm? near 79 keV. The optical
performance is characterized by a Half Power Diameter (HPD) of about 58 arcsec and
a FWHM of around 16 arcsec. The spectral response of NuSTAR varies in the range
of AE =~ 0.4-1.0 keV in the range between 6-60 keV. In the figure 3.2, the effective
area of NuSTAR is presented in comparison with the effective areas of Chandra and
XMM-Newton. Unlike Chandra and XMM-Newton, which employ CCDs for detection,
NuSTAR utilizes a Cadmium Zinc Telluride (CzT) detector. This difference in detector
technology leads to a distinct spectroscopic resolution for NuSTAR. The CzT detector
provides a unique capability for capturing and analyzing hard X-rays, expanding the
observational capabilities of astronomers and researchers in this energy range.

3.5 Data reduction

This section describes the processes required to reduce X-ray data from various obser-
vations obtained with the Chandra X-ray Observatory, XMM-Newton, and NuSTAR
telescopes. Following that, the procedure for detecting sources within the observations
will be outlined.

3.5.1 Chandra data reduction

To conduct a scientific analysis of the data obtained using Chandra telescope, it is
imperative to generate clean event files.
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Figure 3.2: NuSTAR employs a low grazing angle design coupled with depth-graded
multilayer coatings to enhance its effective area across a range of energies, surpassing
the capabilities of telescopes like Chandra and XMM. This innovative approach extends
NuSTAR’s sensitivity up to 80 keV (from Hunter et al. 2010).

The CIAO (Chandra Interactive Analysis of Observations) chandra_repro tool was
employed for this purpose, facilitating the reprocessing of data through the Standard
Data Processing (SPD). In this process, the latest calibrations are applied to the obser-
vations, ensuring their accuracy. The chandra_repro task sequentially executes various
data processing steps for ACIS imaging data, excluding absolute astrometric corrections.
Furthermore, it is necessary to inform the task about the observation mode, which can
be either FAINT or VERYFAINT. The distinction lies in the fact that with the latter,
there is a lower background level.

Essentially, the chandra_repro task performs the following steps in order:

e Reprocessing Data to Create a New Clean Event File: generates a new, clean event
file, incorporating the latest calibrations and excluding astrometric corrections.

e Setting Observation-Specific Bad Pixel Files: ensures accuracy by setting observation-
specific bad pixel files, even though most calibration files reside in the Chandra
Calibration Database (CALDB).

e Filtering Data for a Specific Energy Band: for this study, the data are filtered
within the chosen energy range. The energy range 0.3-7 keV, was selected to
optimize the signal-to-noise ratio. At the extremes of the spectrum, where the
effective area is the smallest, events may be dominated by background, hence
excluding these energy ranges is crucial.
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e Removing Warm ACIS Data: considering the variation in ACIS focal plane tem-
perature (FPTEMP) during an observation, periods where FPTEMP exceeds the
nominal set point temperature are removed.

Once the reprocessing is completed, a clean event file is available and ready for anal-
ysis.

In the case of OBSID 3956, a phenomenon known as “readout-streak” was observed
within the clean event file. The tool acisreadcorr was used to reassign these readout
streak events to their respective sources, correcting the sky coordinates. This is due to
the presence of “pileup” in this dataset.

Pileup is a phenomenon that occurs in X-ray detectors, including those on telescopes
like Chandra. It occurs when the rate of incoming X-ray photons is so high that multiple
photons arrive at the same location on the detector at nearly the same time. Instead
of being registered as separate events, these photons can overlap or pile up, leading to
distorted or combined signals. It is particularly problematic when observing bright or
intense X-ray sources, as the high photon flux increases the likelihood of multiple photons
hitting the same detector pixel simultaneously. This can affect the ability to accurately
analyze and interpret the data, especially for sources with high X-ray fluxes.

In this dataset, the pileup rate was found to be larger than 60%, therefore, this was
taken into account during the spectral analysis by using a model for the pileup.

3.5.2 XMM-Newton data reduction

The Science Analysis Software (SAS) is a specialized software designed explicitly for the
reduction and analysis of data obtained from XMM. The first step involves reprocessing
Observation Data Files (ODFs) to obtain calibrated and concatenated event lists. The
tasks utilized for this process are emproc and epproc. Following that, it is feasible
to eliminate defective pixels and generate the light curve. Examining the light curve
proves beneficial in choosing a threshold for excluding portions of the observation notably
affected by noise, especially high-background intervals beyond E > 10 keV. Specifically,
this “noise” originates from particle background interactions occurring between particles
intercepted in the spacecraft orbits and the instrument.

The threshold value choise is different from each dataset, it is important determine
where the light curve is slow and constant and choosing a threshold to delineate the
“low background” intervals, as shown in figure 3.3. The result of this process is an EPIC
filtered event list that has been cleared of time intervals characterized by high-background
activity.
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Figure 3.3: Example of particle flaring in the light curve in EPIC pn. The red line denotes
where the light curve is low and sufficiently constant, the constant value becomes the
threshold to be considered for having the cleaned data.

3.5.3 NuSTAR data reduction

The final telescope utilized in this study is NuSTAR, acknowledged for its revolutionary
focusing capabilities, particularly its broad energy range spanning from 3 to 79 keV. The
initial stage of a standard NuSTAR data reduction involves the generation of calibrated
event files, which will undergo cleaning and contribute to the production of an exposure
map. This essential process is executed using the nupipeline task. This task encom-
passes various crucial calibration steps, such as metrology data processing, correction
of attitude file, flagging events for bad pixels, searching for hot and flickering pixels,
energy correction, conversion of raw coordinates into detector and sky coordinates, in
the first stage. In the second stage other steps follow, like filter file generation, Good
Time Intervals generation and event file screening, event files dead time correction and
sky exposure maps generation.

3.6 Source detection

Once the clean event files for all observations were available, the next step was the de-
tection of sources within the observations. The source detection procedure is carried out
around the coordinates of interest. This step is essential to verify whether the sources
of interest in this work are revealed in X-rays.

For Chandra, the CIAO software’s wavdetect task was employed. This tool operates in
two stages. Initially, it identifies potential source pixels within a dataset by iteratively
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correlating it with “Mexican Hat” wavelet functions of various scale sizes. Pixels ex-
hibiting significant positive correlation values are treated as presumed sources and are
subsequently excluded from the image. The correlation process is then repeated at the
same scale. In the second stage, a source list is generated based on the information ob-
tained from the first stage at each wavelet scale. This tool effectively distinguishes closely
spaced point sources and identifies extended sources, provided appropriate wavelet scales
are selected. Key parameters of this task are scales and sigthresh: the scales param-
eter comprises a list of radii (in image pixels) corresponding to Mexican Hat wavelet
functions, with each scale undergoing a wavelet transform. It is recommended to select
wavelet scales that align with the sizes of the sources of interest, considering the PSF
size. Typically, scales are chosen such that each succeeding value is a factor of 2 or the
square root of 2 larger than the previous one. The primary consideration is to match
the first scale size with the PSF. In this work I have set 71.0, 1.4, 2.0, 2.8, 4.0, 5.6”. The
sigthresh parameter represents the significance threshold for source detection. Setting
a sigthresh value that is proportional to the inverse of the number of pixels in the image
aims to yield approximately one false source per field; this parameter has been set in
1074,

The same process was carried out for the XMM datasets, in this case using the SAS
tool edetect_chain. For these datasets (described in appendix A), the initial detection
was performed by setting the threshold to 10 (equivalent to 40). In cases where detection
did not occur in an observation, the threshold was gradually decreased to a minimum of
4 (corresponding to 20). If, even at the threshold value of 4, detection did not occur,
the target(s) of interest in the dataset were considered non-detected.

An example of Chandra and XMM source detection is shown in figure 3.4.

Once the targets of interest in the various datasets have been detected, a positional
check was performed to verify whether the X-ray emission originated from the nucleus
of the galaxy and not from other potential objects. This positional verification was
conducted with the assistance of both Hubble Space Telescope (HST) images of the
sources, when available, and the NASA /IPAC Extragalactic Database (NED), accessible
online.

3.7 Spectral extraction

The next step consists in the extraction of the spectra, the process involves selecting an
extraction region for both the sources and the background, with the condition that the
background region remains unaffected by the presence of other sources. The spectral
extraction was performed assuming the sources to be point-like. The source extraction
region should have a size comparable to the EEF at a fixed energy. For this reason, the
choice of extraction radii varied for each telescope to achieve apertures that contained a
good fraction of EEF.
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Figure 3.4: Example of source detection for the Chandra telescope (left image, 0.3-7
keV) and XMM (right image, 0.3-8 keV). Yellow circles indicate all detections made by
the respective search task, while red circles denote the targets of interest that have been
revealed.

For Chandra, the extraction radii for sources were 2-4 arcsec, which in terms of EEF
corresponds to more than 90 percent, and for backgrounds, they were 15-25 arcsec. For
XMM, source extraction radii covered 10-20 arcsec that in terms of EEF translates to
60-80% of the total energy, and background radii were set between 40-70 arcsec. For
NuSTAR, source radii were about 40” corresponding to almost 80% of the EEF, while
background radii extended to about 150”.

The background extraction region has been selected to be sufficiently close to the
source to quantify the level of background in the source vicinity, yet also distant enough
to avoid incorporating any radiation from the source itself. Additionally, it should not
contain signals from other sources, in order to achieve the best possible SNR, in agree-
ment with what was said in section 3.1.3. In cases where the target(s) of interest within
the observation are found to be weak (low statistics), the source extraction radius is
chosen to be smaller. This is done to incorporate as little background as possible within
the spectral extraction regions of the sources, aiming to conduct a good spectral analysis,
albeit at the expense of achieving a source EEF lower than the desired 80-90%, but in
favor of achieving the best possible SNR.

Table 3.1 lists the source and background extraction radii of the analyzed sources
in this study, along with their respective net counts already subtracted from the back-
ground.
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During this phase, two crucial files are generated, providing information about the
instrument response. Response information serves as the bridge between astrophysical
quantities like flux and spectral shape, and detector-specific values such as count rates in
spectral bins. Thus, having accurate response information is essential for drawing mean-
ingful conclusions from astrophysical observations. Response information is primarily
categorized into two types: Ancillary Response Files (ARFs) and Response Matrix Files
(RMFs).

ARFs encapsulate the total throughput of the detector, referred to as effective area
(see section 3.1.1), measured in cm?. The ARF essentially translates the collected counts
into a modeled flux (photons cm™ s7!). ARFs also typically include information about
off-axis effects like vignetting.

RMFs contain information about energy redistribution, is logically a 2-d array which
gives for each input photon energy the probability of assigning the photon to a given
output channel of the detector.

Once the spectral extraction process is completed, the extracted spectrum of the
source, the respective background spectrum, the ARF and RMF files are grouped to-
gether into a single file containing the source’s counts convolved with the response of
the respective instrument. This file is then ready for analysis using the XSPEC software,
which is a command-driven, interactive X-ray spectral-fitting program designed to be
completely detector-independent, making it applicable for use with any spectrometer.

Based on the initial analysis of the 11 available systems, particularly from HST images
and the X-ray source detection process, the following observations have been made:

e Interaction Phase: 8 systems are in an interaction phase, with a distance range of
20<d<40 kpc for six of them, while one is a d ~ 150 kpc (Arp 200).

e Merging/Coalescing Phase: 3 systems are in a more advanced merging or coalescing
state (d<10 kpc).

Among these, 4 systems have been partially detected (only one component of the system
was detected in the X-ray detection process); for 1 system, no X-ray detection was
achieved for the either of the two interacting galaxies. The summary of these findings is
illustrated in the accompanying diagram in figure 3.5.
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Figure 3.5: Starting from HST observations, there are 63 systems with MUSE data
available, then from these 11 targets with available X-ray observations were identified.
Among these, 8 systems are in an interactive state, while 3 systems are in a more
advanced state.
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Source

Background

Target Telescope Obsid . . Net cts/s
region region
ESO119-1G054 Chandra 13001 3.6” 227 (2.3£0.2)-102
ESO119-1G055 Chandra 13001 3.8” 227 (1.4£0.5)-1073
Chandra 14925 4.17 16” (0.840.1)-107
AM 0642-801 XMM 0781710101  15.5” 447 (1.5+0.3)-107*
IC 0563 Chandra 15070 37 2 (1.240.3)-1073
IC 0564 Chandra 15070 47 227 (1.14£0.3)-1073
AM 2133-384 (corel)  Chandra 15073 4.2” 16” (4.0£0.5)-1073
AM 2133-384 (core2)  Chandra 15073 2.8” 16” (0.740.2)-1073
ES0O285-G019 (West)  Chandra 22360 3.2” 15” (1.0£0.3)-1073
Chandra 3956 4.6” 417 (3.5+0.1)-107*
NGC 2992 XMM 0840920201 16” 69” (12.6+0.1)
NuSTAR 90501623002 40" 149” (1.640.1)
NGC 2993 Chandra 3956 3.3” 417 (2.0£0.1)-1072
IC 5063 Chandra 7878 3.5” 237 (1.1£0.1)-107*
NuSTAR 60061302002  38.8” 1407 (2.8+0.1)-107*
NGC 0087 XMM 0152330101  16.5” 55" (4.5+£0.6)-107°
NGC 0088 XMM 0152330101  10.6” 55” (2.14£0.4)-1073
NGC 0089 XMM 0152330101 14” 55" (1.3£0.1)-1072
NGC 0092 XMM 0152330101 197 55" (6.14+0.2)-102
Arp 200 XMM 0693540101  17.27 57" (3.0£0.3)-10"2
UGC 05304b XMM 0103260801 6.6” 297 (3.5£0.3)-107°

Table 3.1: The table displays the extraction regions for the detected sources and back-
ground in arcseconds (), along with the net (i.e., background-substracted) count rates
within the extraction region.
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Chapter 4

Analysis

4.1 Spectral analysis

Spectral analysis was carried out using the XSPEC software (Arnaud 1996) adopting a
phenomenological approach. Initially, models were constructed with simplistic compo-
nents, gradually increasing complexity by incorporating additional elements, if needed.
Primary components for the phenomenological analysis included absorption attributed
to the Milky Way, primary power-law emissions (comprising absorbed and scattered com-
ponents), emission lines such as Fe Ko, and thermal components used to characterize the
soft excess. Statistical significance assessment of any newly introduced component was
performed using the F-test limit; the components considered are clearly based on our
current understanding of AGN. This statistical tool facilitated the determination of the
validity and necessity of incorporating additional components into the model, ensuring a
robust and accurate representation of the observed spectral data. Through this iterative
process of model refinement and evaluation, the aim was to elucidate the underlying
physical mechanisms driving the observed phenomena, thereby advancing understanding
of the system under investigation. The statistical methods used in the conducted spectral
analysis varied depending on the nature of the data. The x? statistic (Gaussian statis-
tic) was employed when the data were normally distributed and there were a sufficient
number of events in each data bin. Conversely, in cases of low statistics characterized by
few events and non-Gaussian uncertainties, the Cash statistic (Poissonian statistic) was
utilized. The Cash statistic is commonly employed in scenarios of low counts to assess
the goodness of fit during the analysis (Cash 1979).
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4.2 Phenomenological models

4.2.1 Power law

To incorporate the primary emission from the Active Galactic Nucleus (AGN), as de-
scribed in the fist chapter, a simple photon power law (po) is used:

AE)=KE™" (4.1)

Here, the free parameters include the photon index I' and the normalization K [pho-
tons/keV /cm?/s] at 1 keV.

4.2.2 Absorption components

In heavily obscured AGN, the primary emission undergoes attenuation, particularly at
energies below 10 keV. This attenuation is accounted for in the phenomenological models
through a photoelectric absorption component situated at the redshift of the source
(zpha). The absorption is parametrized as follows:

M(FE) = exp|—Nyo(E[l + z])] (4.2)

Here, o( E[1+z]) represents the photoelectric cross-section in units of cm?, which depends
on the observed energy, z denotes the redshift of the source, and Ny is the equivalent

hydrogen column density measured in units of 10?2 atoms cm~2.

Another absorption factor that requires consideration is the Galactic absorption (i.e.,
absorption by the Milky Way), reproduced by pha in XSPEC. It is analogous to zpha but
at z=0. This parameter was evaluate using the HEASARC (High Energy Astrophysics
Science Archive Research Center) command-line tool nh by imputting the coordinates
of the target of interest and the equinox. Table 4.1 indicating the values of Galactic ab-
sorption of the Milky Way for the different analyzed systems, with the values depending
on the positions of the respective systems.

4.2.3 Emission line component

In the X-ray spectrum of an AGN, especially when the main continuum is attenuated in
the soft band, several emission lines may be observed. Among these, the most prominent
is the iron fluorescence Ka line at 6.4 keV if originating from neutral material, sometimes
accompanied by the fainter K/ line at 7.06 keV. These emission lines can be represented
by a Gaussian line profile (zgauss) positioned at the redshift of the source:

e[
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System

Nu(gal)

[em™?]
AM 0018-485 1.6 - 10%°
AM 0519-611 1.6 - 10%°
AM 0642-801 1.1 - 10*
AM 2026-424 3.4 - 10%°
AM 2048-571 6.0- 10%°
AM 2133-384 3.3 - 10%°
Arp 100 2.5 - 10%
Arp 200 9.5 - 10%
Arp 245 5.3 - 10%°
Arp 255 3.1 - 10%
Arp 303 4.5 - 10%

Table 4.1: Values of Galactic absorption for the different analyzed systems, obtained

using the nh tool from HEASARC.

Here, E; represents the line energy expressed in keV, ¢ denotes the line width in keV,

and K is the normalization factor.

4.2.4 Thermal emission component

The X-ray spectrum of AGN often exhibits a significant soft emission, typically below
2-3 keV, ascribed to the host galaxy. This emission can be approximately modeled by a
thermal emission component originating from hot diffuse gas, commonly referred to as
mekal (Mewe et al. 1985). Additionally, the model includes line emissions from elements
such as carbon (C), nitrogen (N), oxygen (O), and silicon (Si). The main parameters for

the mekal component include:

Plasma temperature kT [keV]

3

Hydrogen density in cm™

Metal abundances

Redshift z

e Normalization

These parameters collectively define the characteristics of the thermal emission compo-

nent and the associated line emissions within the model.

Figure 4.1 illustrates an example of a phenomenological model incorporating the

components described earlier.

The main models used for spectral analysis are as follows:
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Thearstical Model

Photens e 5~ kev™!

Energy [keW)
Figure 4.1: An example of a spectral model is shown in the plot. The solid black line
represents the overall model, while individual components are illustrated in different
colors. At low energies (around 0.1 keV), absorption due to the Milky Way is observed,
followed by a dip in the spectrum caused by intrinsic absorption at the redshift of the
source (zpha). The primary component (po) is represented in red, with a photon index
'=1.8. The Fe Ka emission line at 6.4 keV is shown in green. Additionally, the mekal
component, characterized by a temperature of 0.3 keV, is plotted as a blue line.

a. pha*zpha*po

b. pha*(mekal4zpha*po)

*

c. pha*(po+zpha*(po+zgau))

d. pha*(mekal+zpha*(po+zgau))

*

f. pha*(zpha*(po+zgau))

(
(
(

e. pha*(mekal+po-+zpha*po)
(

g. pha*(mekal+po+zpha*(po+zgau; +zgauy))
(

h. pha*(mekal+po-+zpha*(po+zgau))

Where two power law appear in the model, the first is due to scattering, while the
second represents the nuclear one, which may be oscured (zpha component multiplying
the power law). The I' of the scattering power law is fixed to be the same as that of the
nuclear one, as expected in the case of Thomson scattering. It should also be said that the
power-law model used in the analysis could represent the primary emission from the AGN
and/or the unresolved emission from a possible population of X-ray binaries that remain
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individually undetected by the current instruments. The population of X-ray binaries
can be in the form of low-mass x-ray binaries (LMXBs) and high-mass X-ray binaries
(HMXBs); the former comprises X-ray sources accreting from a low-mass companion,
the latter from a high-mass companion. As such, their combined (unresolved) X-ray
emission can be considered a proxy of the host galaxy stellar mass and star formation,
respectively.

In the case of non-detected sources, specific tools were used to quantify an upper limit
value on the observed flux to derive a value on the intrinsic luminosity of the galaxy core,
these will be described in the dedicated section (see section 4.5).

4.3 x? and Cash statistics

The chi-square (x?) statistic is a measure commonly used in statistical analysis to evalu-
ate the goodness of fit between observed data and a theoretical model. It quantifies the
discrepancy between the observed data and the expected values predicted by the model.

n

o
k=1 k

where Oy, represents the observational data, Ej the expected value, o7 the uncertainty
associated with data point k, and n the number of available data points. Essentially,
it quantifies how much the adopted model diverges from the observational standpoint,
taking into account for each data point its respective error bar (the larger the error bar,
the easier for a model to approach the observational data point).

The rule of thumb for a good fit is that:

X2

dof ~ 1 (4.5)

where dof represents the number of degrees of freedom (the number of available data
points minus the number of free parameters in the fit). If this holds true, it indicates
that the adopted model effectively reproduces the observed data.

Where the assumptions underlying the y? statistic are not met, such as when deal-
ing with low-count data, the Cash statistic (cstat in Xspec) was used (Cash 1979). The
Cash statistic is based on the likelihood function (it quantifies the probability of observ-
ing a particular set of data given a specific statistical model with unknown parameters),
which measures the probability of obtaining the observed data given a specific model.
For a given model M with parameters # and observed data D, the likelihood function
L(0|D) is defined as the probability density of observing D given the model M and its
parameters.
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Figure 4.2: On the left: high-quality spectrum where x? statistic is adopted (NGC
2992), while on the right a low-photon statistic spectrum (and Cstat applied) is shown
(IC 0564).

The Cash (C) statistic is defined as

C'=—2In(©) +2) (M; - D;) (4.6)

where O represents the maximum likelihood estimate of the model parameters, M; and
D; are the model-predicted and observed counts in bin 7, respectively.

The Cash statistic essentially quantifies the deviation between the model-predicted
counts and the observed counts. A smaller value of C indicates a better fit of the model
to the data. Unlike the chi-square statistic, the Cash statistic does not assume Gaussian-
distributed uncertainties, making it suitable for analyzing low-count data or data with
non-Gaussian uncertainties.

In this study, the y? statistic was applied to targets with more than 1000 counts,
grouped into 25 counts per bin. For all those falling below this threshold, the C statistic
was applied, with one count per bin. In Figure 4.2 examples of a spectrum treating with
the y? statistic and C statistic are shown.
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Figure 4.3: To complete the diagram in figure 3.5, among the 11 systems with X-ray
observations, there is a total of 23 targets available for spectral analysis. 4 of these were
analyzed using x? statistics, 13 using Cstat statistics, while the remaining 6 were not
detected, and specific tools were used to obtain upper limits. In this context, a single
system can include multiple sources. For example, the system AM 0018-485 comprises
four galaxies, from NGC 0087 to NGC 0092.
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4.4 Main outcomes from X-ray spectral analysis

This section discusses the main results of the X-ray analysis of the targets analyzed
during my thesis work, with a brief description of the systems. Spectral analysis fo-
cuses on obtaining the primary spectral information of the sources under consideration,
specifically the spectral index, column density, observed flux, and intrinsic luminosity,
to provide an initial indication for their classification.

Most of the sources analyzed do not have any X-ray analysis in the literature, there-
fore their spectral analysis also serves as an initial indication of emission in this band for
these galaxies.

4.4.1 AM 0018-485

XMM, EPIC PN

HST, optical, FEO6W

Figure 4.4: On the left, the HST image of AM 0018-485 obtained with filter F606W,
while on the right, the XMM pn image in the 0.3-10 keV band of the same region. The
circles mark the four galaxies of the system.

Robert’s Quartet (in figure 4.4) is a striking collection of four distinct galaxies, sit-
uated roughly 160 million light-years away near the center of the southern constellation
Phoenix. This group, discovered by John Herschel in the 1830s, consists of NGC 0087,
NGC 0088, NGC 0089, and NGC 0092.

e NGC 0087: This irregular galaxy resembles the Magellanic Clouds, which are satel-
lite galaxies of the Milky Way.
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e NGC 0088: Located at the center, this spiral galaxy is enveloped in a diffuse outer
layer, likely made up of gas.

e NGC 0089: It is a spiral galaxy characterized by two prominent spiral arms.

e NGC 0092: The largest galaxy in the quartet, is an Sa-type spiral galaxy with a
peculiar appearance. One of its arms, about 100,000 light-years long, is distorted
from interactions and contains a significant amount of dust.

Located at z=0.011, Robert’s Quartet stands out as an exemplary compact galaxy group.
Such groups provide excellent opportunities to study galaxy interactions and their in-
fluence. This system has been observed with XMM. The models used for the spectral
analysis and the corresponding results are shown in the table 4.2.

Target Model Statistics r Nu(z) kT Line E, EQW Fo_1p Lo_10
(a) (b) (c) (d) (e) () (8) (h)
NGC 0087  a. o =187 191707 < 0.16 ~14.017030  39.4210-39
NGC 0088 a. TS =266 213708 < 0.26 ~14.43703% 39.0070 2%
NGC 0089 h. T2 =182 914100 426.873003  0.397090  6.4470:02, 2797190 —12.02709)  41.4077 97
NGC 0092 b, r =502 960t028 (497021 g3t006 —12.9775:07  40.46755

Table 4.2: Main spectral parameters of the XMM-Newton spectra of AM 0018-485 sys-
tem. (a) phenomenological model assumed for spectral analysis (description in 4.2.4);
(b) adopted statistics, with the ratio between the statistical value and the degrees of
freedom; (c) spectral index; (d) column density at the redshift of the source in units of
10?2 cm™?; (e) temperature of the thermal emitting medium in keV; (f) emission line
and its equivalent width in keV; (g) logarithm of the 2-10 keV observed flux in units of
erg/cm?/s; (h) logarithm of the 2-10 keV intrinsic luminosity in units of erg/s. All errors
are reported at the 90% confidence level.

It should be noted that NGC 0089 appears to be the galaxy with the highest nuclear
activity compared to the others, exhibiting a relatively high X-ray luminosity L_10)kev
~ 10*! erg/s. It appears to be a highly obscured AGN, riddled with significant errors, yet
still emitting intense luminosity, a possible indication that we are possibly in the presence
of an obscured AGN. This is supported by the rise of the source emission in the hard
X-rays, while in the soft X-ray emission is mostly dominated by a scattering component,
which led to adding a second power law component to fit this rise. The photon index
I' of this power law due to scattering was fixed with the I' value representing the power
law of nuclear emission.
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Figure 4.5: In the first panel, the best fit of AM 0018-485 system XMM spectra is shown,
alongside the Ny(z) - I' contour plot: red, green and blue levels correspond to a Delta
fit statistic of 1.0, 2.706 and 9.21 (corresponding to 68%, 90% and 99% confidence level,
respectively). Blue lines indicate models analyzed with C statistics, while red lines with

x? statistics.
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The presence of a prominent neutral iron line at 6.447002 keV is also highlighted,
with an equivalent width ~3 keV.

For the other three galaxies in the system, the low observed L;_10)ev values (below
10" erg/s) suggest that their X-ray emission is most likely dominated by star formation,
and in this case, the power-law component could represent an unresolved population of
X-ray binaries, so therefore not consistent, at face value, with AGN emission.

4.4.2 AM 0642-801

CHANDRA, ACIS-S

WISEA J063828.58-801458.0

z 0.04 (phot)

HST, optical, FEO6W

Figure 4.6: On the left, the HST image of AM 0642-801 with filter F606W is shown,
while on the right the Chandra image 0.3-7 keV of the same region is reported.

This system is located at a redshift of z=0.016, observations have been made using
both XMM-Newton and Chandra telescopes. In the optical, it is classified as a collisional
ring galaxy (Madore et al. 2009).

Its apparent companion, WISEA J063828.58-801458.0, located at a z=0.04 (photo-
metric, from NED), does not show any X-ray emission. Furthermore, additional infor-
mation for this system is limited. Given the absence of uncertainty in the photometric
redshift, it was decided to also analyze this companion, despite its lack of X-ray detec-
tion. Upper limits on flux and luminosity for this galaxy have been estimated using
specific tools, with the results presented in the dedicated section (see 4.5).
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In the case of XMM-Newton, for AM 0642-801, it was necessary to perform a spectral
analysis of the background first (Cpeex), as the background emission was dominant over
the X-ray emission from the source, which is not the target of the pointing. The back-
ground was fitted with a purely phenomenological model, and instead of subtracting it
from the source spectrum as it is typically done, its spectral fit was incorporated within
the source spectrum.

AN DE42-ED1

meter: Pholndex

Fara

XMW EFID=MOS 1

Figure 4.7: The panel on the left shows the Chandra and XMM-Newton spectra of AM
0462-801, while on the right the Ny(z) - I' contour plot: color codex is the same as Fig.
4.5.

The data obtained from spectral analysis (Table 4.3) suggests that the source exhibits
a relatively consistent spectral behavior across both instruments, though some differences
are observed, particularly in the flux and luminosity values (both consistent within 2.5¢
between the two telescopes). This difference in values obtained from the two telescopes
could also probably be due to an increase in activity in AM 0642-801 over time, as the
Chandra observation was completed in 2013, while the XMM observation was conducted
in 2016.

It cannot be ruled out that the data might be compatible with an AGN, although
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the X-ray luminosity values are more indicative of the presence of a star-forming galaxy,
or the emission could suggest the presence of a population of unresolved X-ray binaries
near the galaxy’s core region.

Therefore, the data do not appear to be completely inconsistent with an AGN, but
further analysis may be needed to confirm this interpretation.

The spectral line found at 7.28 keV, while statistically improving the fit, is at an
energy where emission is not commonly seen in AGN spectra. Given that nickel (Ni) Ko
transitions (~ 7.48 keV) are typically weak, the nature of this feature remains uncertain.

XMM Chandra

Model a.+Crack a.

Statistics .C =200 dgf’:M
r 2.25%319 1317081
Nu(z) < 1.20 < 0.33

Fyio  -13.297037 -14.05103)

Ly 1o 404775038 39.71702

Table 4.3: Main spectral parameters of XMM and Chandra spectra of AM 0642-801. All
errors are reported at the 90% of confidence level.
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4.4.3 AM 0519-611

CHANDRA, ACIS-S

HST, optical, Fe06W

Figure 4.8: On the left, the HST image of AM 0519-611 obtained with the filter F606W,
while on the right, the Chandra image in the 0.3-7 keV band of the same region.

AM 0519-611 is a system consisting of two interacting spiral galaxies, ESO119-1G054
(north component) and ESO119-IG055 (southern component) (Arp et al. 1987, see figure
4.8). These galaxies exhibit characteristics typical of interacting pairs, such as disturbed
structures and tidal features. The system is located at a redshift of z=0.016. The
interactions between these galaxies are likely leading to significant gravitational effects
and star formation activity.

This system was observed by Chandra, and the main results obtained through spectral
analysis are given in the table below, with the relative bests fit (table 4.4).

For ESO119-1G054, the photon index I' is consistent with the typical values expected
for AGN. From the X-ray spectral analysis, only an upper limit on the Ny was derived
(Ng<0.20-10?2 cm™2 at the 90% c.l.). Additionally, the presence of an emission line at
around 6.37 keV, likely associated with iron fluorescence, further supports the presence
of an AGN. The luminosity in the X-ray band also indicates a moderate level of activity,
that may be consistent either with a low-luminosity AGN or a SF galaxy.

ESO119-1G055, on the other hand, shows a photon index with very large uncertain-
ties, making it difficult to determine the precise spectral shape. The absorption level
also in this case, it is just an upper limit (Ng<1.20-10?2 cm~2 at the 90% c.1.). Unlike
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Figure 4.9: The Chandra best-fit spectrum of the two galaxies, ESO119-1G054 and
ESO119-1G055, are shown on the left, while on the right the respective Ny(z) - I' contour
plot. Confidence levels are the same as in Fig. 4.5.
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ESO119-1G054 ESO119-1G055

Model f. a.
Statistics %:%3 dgf' :4?4
r L.90%5:35 17512
Nu(z) < 0.20 < 1.10

Line E, EQW (*) 6.377997 | < 3.90
Fa_10 -12.95%5-18 -14.01+9-59

Lo 10 40.811517 39.7870-72

Table 4.4: Main spectral parameters of Chandra spectra of AM 0519-611. (*) corresponds
to a neutral iron line at 6.4 keV and its respective equivalent width in keV. All errors
are reported at the 90% of confidence level.

ESO119-1G054, there is no clear detection of an iron emission line. Furthermore, the
X-ray flux and luminosity are significantly lower, placing this source at the lower end of
the AGN luminosity scale. This could suggest the presence of a SF galaxy, but the large
uncertainties in the spectral parameters make it difficult to reach a definitive conclusion.
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4.4.4 AM 2133-384

CHANDRA, ACIS-S

Schmidt Telescope

Figure 4.10: On the left the optical Schmidt telescope image of AM 2133-384, and on the
right the Chandra 0.3-7 keV image of the same region. The two white circles indicate
the potential cores of the system, with core 1 on the North and core 2 on the South.
The positions of these nuclear regions have also been verified using MUSE data for this
target.

AM 2133-384 is a galactic system that consists of a pair of interacting galaxies, cur-
rently in the process of merging. Observed with optical and infrared telescopes (e.g.
Dopita et al. 2002), AM 2133-384 reveals detailed gravitational interactions and intense
star formation, creating features like stellar bridges and tidal tails. The merger com-
presses interstellar gas, leading to the birth of new stars and star clusters. Studying this
system provides valuable insights into galactic mergers and their effects on the structure
and evolution of the involved galaxies.

This system, located at a redshift of z=0.019, has been challenging to interpret in X-ray
analysis, primarily due to the limited data available. The results and their respective
best fits for the system are presented below (see tab 4.5).

For core 1, the photon index is quite low, suggesting a rather hard spectrum. This
could indicate a non-thermal emission process, or it might suggest a heavily absorbed
source where the intrinsic emission is being modified. However, the absorption appears
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Figure 4.11: On the left panel, the best fit of Chandra AM 2133-384 corel and core2
spectra is shown. On the right panel it is reported the respectively Ny(z) - I' contour
plot. Confidence levels are the same of Fig. 4.5.
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AM 2133-384 (core 1) AM 2133-384 (core 2)

Model a. a.
Statistics d.g'f. :% d,f‘f, :%
r 0.71+069 2.347553
N (z) < 0.33 < 4.23
Fo_10 -13.127919 ~14.07+9:39
Lo 10 40,7707 39.8470:37

Table 4.5: Main spectral parameters of Chandra spectra of AM 2133-384. All errors are
reported at the 90% of confidence level.

to be relatively low (Ng<0.33-10%2 cm™2 at the 90% c.l.). The X-ray flux and luminosity
place this source within the range expected for an AGN, but the unusually hard spectrum
raises questions about its exact nature. The intermediate luminosity level (log(Lx)~40.8
erg/s) suggests that it could be a combination of emission from an AGN along with
emission from an unresolved population of X-ray binaries. It could also indicate a high
level of star formation due to the close interaction between the two components.

For core 2, the photon index is much higher, but with very large uncertainties, making
it difficult to draw firm conclusions about the spectral shape. The absorption is relatively
unconstrained. The X-ray flux and luminosity are lower compared to core 1, maybe
indicative of star formation.

Overall, core 1 appears to have a harder spectrum than typical AGN, which might
suggest an unusual emission mechanism or some level of obscuration that is not fully
accounted for. Core 2 has a much softer spectrum but is poorly constrained, requiring
deeper observations to clarify its nature.
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4.4.5 AM 2026-424 (ESO285-G019 West and East)

CHANDRA, ACIS-S

HST, optical, FEO6W

Figure 4.12: On the left, the HST image of AM 2026-424 taken with the F606W filter,
while on the right, the Chandra image of the same region in the 0.3-7 keV energy range.

The AM 2026-424 system, a.k.a. ESO285-G019 (West and East, respectively) is clas-
sified as a peculiar galaxy, that exhibits unusual structural, spectral, or kinematic char-
acteristics that deviate from the standard classifications of elliptical, spiral, or lenticular
galaxies. This may be the result of interactions, mergers, tidal distortions, or inter-
nal dynamical processes; in particular this system is classified as collisional ring galaxy
(Madore et al. 2009). This system, located at z=0.012, exhibits morphological and spec-
tral characteristics indicative of past interactions or mergers with other galaxies. The
HST images reveal that AM 2026-424 has a highly disturbed morphology. Key fea-
tures include extended tidal tails, a warped disk, and possible remnants of a galactic
core merger. The Chandra observation of this system shows that its X-ray emission is
difficult to analyze (limited data quality), because the source is not the target of the
observation (i.e., it is located at an off-axis angle of 2.97). The eastern component was
not detected in the detection process and will be addressed in the dedicated section (see
4.5).

The photon index is quite high (I' ~3.3). This suggests that the X-ray emission is
dominated by a soft component, possibly linked to thermal processes. Such a steep slope
is not typical of heavily obscured AGN, where absorption usually flattens the spectrum.
The measured absorption is moderate, meaning that while some gas is present along
the line of sight, it does not significantly alter the observed spectrum. The observed
X-ray flux and intrinsic luminosity place this source within the range expected for a
low-luminosity AGN (see tab 4.6).
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Figure 4.13: The best-fit model for the Chandra spectrum of ESO 285-G 019 (West) on
the left, while the right panel presents the Ny(z) - I' contour plot, confidence levels equal
to Fig. 4.5.

ES0285-G019 (West)

Model a.
Statistics d_g_f_ —30
r 3.33%05
Nu(z) 4517332
Fa_10 -13.5915:32
Lo_19 41.25759

Table 4.6: Main spectral parameters of Chandra spectra of ESO285-G019 (West compo-
nent). All errors are reported at the 90% of confidence level.
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4.4.6 Arp 200

HST, optical, FE06W

Figure 4.14: On the left, the HST image of Arp 200 using the F606W filter is shown,
while on the right is the XMM image of the same region in the 0.3-10 keV band.

In literature, Arp 200 (a.k.a. NGC 1134) is classified as spiral galaxy; it is included
in Halton Arp’s Atlas of Peculiar Galaxies under the category “Galaxies with material
ejected from nuclei”. Condon et al. 2002 classify it as a starburst galaxy based on the
following criteria: (1) the radio to far-infrared (FIR) flux ratio, (2) the 25 micron to 60
micron flux ratio, and (3) the absence of extended radio structures.

NGC 1134 -

~ IC0267

Figure 4.15: Region in the XMM 0.3-10 keV band of about 800x800 arcsec?. As can be
seen, there is a significant distance between these two interacting galaxies. This system
exhibits the largest separation (about 150 kpc) between the interacting galaxies, with
NGC 1134 at the top and IC 0267 at the bottom.

Together with the galaxy IC 0267, NGC 1134 forms an interacting system. However,
IC 0267 does not appear in the HST image because it is located at a significant distance
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from NGC 1134, over 150 kpc away. In the following panel, its position is shown within
the XMM-Newton observation field; unfortunately, it was not detected in X-rays, and
upper limits on its flux and luminosity have been derived (see section 4.5).

It is located at a redshift z=0.012. Below are reported best fit and main spectral
results of this target, analyzed with XMM-Newton.

Arp 200

001

2

rreeter: Pholndex

(gata=rmadel}/err
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}

Figure 4.16: The left panel shows the best fit of the XMM Arp 200 spectrum, while the
right panel displays the Ny(z) - T' contour plot. Confidence levels are the same as in
Fig.4.5.

The results (Table 4.16) suggest that the galaxy may host either a weak AGN or a
SF galaxy. The spectrum indicates a non-thermal emission source. The column density
of neutral hydrogen along the line of sight derived from spectral analysis is only an
upper limit (Ny<0.33-10%2 cm =2 at the 90% c.1.). The power-law spectrum is consistent
with the low luminosity and moderate column density typically observed in both weak
AGN and star-forming galaxies. However, given the low luminosity of about 10%° erg/s,
the power-law emission could be also attributed to an unresolved population of X-ray
binaries located near the core region of the galaxy. More detailed studies across different
wavelengths would be needed to fully understand the nature of its X-ray emission.
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Arp 200

Model b.
. C _ 792
Statistics =15
r 1.6274:03
Nu(2) < 0.95

Foqo  -13.17102%

Ly 40.33702}

Table 4.7: Main spectral parameters of XMM spectra of Arp 200. All errors are reported
at the 90% of confidence level.

4.4.7 Arp255 (UGC 05304b)

Arp 255 (a.k.a. UGC 05304) is a peculiar system, observed by XMM-Newton, composed
of a pair of galaxies that show signs of interaction. The larger component of the system
is the spiral galaxy UGC 05304a (not detected in X-ray), followed by its companion UGC
05304b, whose results are reported below. It is located at a redshift of z=0.04, and the
distance from aim point of observation is about 3.6 arcmin.

The X-ray analysis of UGC 05304b indicates a relatively soft X-ray spectrum, suggest-
ing that the source could be emitting non-thermal radiation, which could be associated
with AGN, but may also represent the emission of a population of X-ray binaries or
some emission from the host. The presence of a thermal component is also observed,
with a temperature that suggests hot gas in the galaxy’s surroundings, potentially linked
to either star formation or the environment around an AGN. The flux and intrinsic lu-
minosity are both moderate, consistent with the possibility of a weak AGN or strong
star-forming activity that contributes to the X-ray emission. Overall, data point to UGC
05304b being a source of moderate X-ray luminosity, with both thermal and non-thermal
emission components.
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XMM, EPIC PN

HST, optical, FGO6W

Figure 4.17: On the left, the HST image of Arp 255 obtained with filter F606W, while
on the right the XMM 0.3-10 keV image of the same region.
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Figure 4.18: On the left panel best, the fit of XMM UGC 05304b spectra is shown. On
the right panel it is reported the Ng(z) - I' contour plot, with color codex equal to Fig.
4.5.
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UGC 05304b

Model b.
Statistics %:%
Lo e
Nu(2) < 0.34
kL 0.681043
Fa_10 -13.84703)
La—10 40.721938

Table 4.8: Main spectral parameters of XMM spectra of UGC 05304b. All errors are
reported at the 90% of confidence level.

4.4.8 Arp 303

Arp 303 is a system of interacting galaxies, comprising two barred spiral galaxies: 1C
0563 (bottom right) and IC 0564 (top left). These galaxies are very bright at infrared
wavelengths (log(Lir /L)~ 11.23) and host many bright star-forming regions, in fact
they are also classified as Luminous Infrared Galaxies (LIRGs) (Armus et al. 2009). A
LIRG is a galaxy whose infrared emission exceeds 10* L, (typically in 8-1000pum band).
The infrared energy primarily comes from dust that is heated by radiation from young
stars, but it can also be associated with the presence of an AGN. LIRGs are typically
in a phase of vigorous star formation, often triggered by galactic mergers, and can be a
precursor to ULIRGs (Ultra Luminous Infrared Galaxies), which are even more luminous
in the infrared (> 10'? Lg).

The system, observed by the Chandra telescope, is situated at z=0.02. The main
results of spectral analysis are reported below.

For IC 0563, the photon index suggests a relatively soft X-ray spectrum, indicating
non-thermal emission, probably related with an AGN. IC 0564 shows a much steeper
photon index, which may indicate a stronger non-thermal component. However, the
flux and luminosity values in the 2-10 keV X-ray band for these interacting galaxies
are relatively low (see Table 4.9). Therefore, the non-thermal emission probably is not
associated with an AGN but rather originates from dense star-forming regions or an
unresolved population of X-ray binary stars near the core regions of the two galaxies.
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CHANDRA, ACIS-S

HST, optical, F6O6W

Figure 4.19: On the left, the HST image of Arp 303 with filter F606W, while on the
right the Chandra 0.3-7 keV image of the same region.

IC 0563 IC 0564

Model a. a.
e C _195 C__199
Statistics g or=7; dof 12
+0.85 +2.85
T 1.31_0.75 2'69—0.92

Nu(z) < 0.22 < 0.58
Fo_yo  -13.8370%  _14.6470%3

Ly 1o 40.08703 39337048

Table 4.9: Main spectral parameters of Chandra spectra of IC 0563 and IC 0564, respec-
tively. All errors are reported at the 90% of confidence level.

73



IC 0583

Thaners AIS-5
0 E

| ] Wl _— E\\w i

e
i
a

counts 57" ke

ni0

H
Parameter: Pholndex
2
T
|
|
/7

{doka =model]/srrar
|
|
I
RS
\
N\
N\
N\

2 4 06 o8
Enargy (keV} Pararmeter: nH {10%7)
It 0564
Ghandra M55
] =
o/
1w /,/
w |l 4
Ti En10—t //’
E 22107 e - — N\ //

el

Parameter: Pholndex
4
AN
1

(data =modet)errce
\
\ \

1 . " L .
05 1 -4 5 o Q.2 0.4 0.6 2=} 1
Parameter: nH (107%)

Figure 4.20: The left panel displays the Chandra best fit of the Arp 303 spectrum, while

the right panel shows the Ny(z) - T' contour plot, with confidence levels equal to Fig.
4.5.
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4.4.9 Arp 245

CHANDRA, ACIS-S, 0.3-7 keV

HST, optical, FEO6W

Figure 4.21: On the left, the HST image of Arp 245 with the F606W filter is shown, while
on the right the Chandra image in the 0.3-7 keV band of the same region is presented.

Arp 245 is an interacting galaxy system composed of two primary galaxies: NGC
2992 and NGC 2993. This system, located at z=0.0077, is in interactionand is form
an interacting galaxy system characterized by extended tidal features visible in optical
images. In the mid-ultraviolet (MUV) spectrum, NGC 2992 exhibits faint and diffuse
emission corresponding to its optical central bulge and disk, with minimal internal color
variation. This galaxy appears very dim in the far-ultraviolet (FUV) images.

NGC 2993 is prominently visible in both FUV and MUV images taken by the Ultravi-
olet Imaging Telescope (UIT). Notably, NGC 2993 displays one of the bluest UV-optical
colors among the UIT sample, indicating intense star formation. These newly formed
stars are the primary contributors to the galaxy’s ultraviolet SED. The uniformity in
color between the MUV and optical images suggests that the young stars also signifi-
cantly influence the emission in these wavelengths (Papovich et al. 2003).

In the X-rays, this galaxy has no previous information, the main results from Chandra
spectral data are reported below (this component has only Chandra observation, while
for his companion NGC 2992 there are also XMM and NuSTAR observation).

The photon index I' suggests a moderaltely soft X-ray spectrum, indicative of non-
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Figure 4.22: The left panel shows the best fit of the Chandra NGC 2993 spectra, while
the right panel presents the Ny(z) - I' contour plot. The confidence levels are the same
as Fig. 4.5.

NGC 2993

Model b.

2
LI X __28.9
Statistics ToT =531

r 1.5570:%3
Ni(z) < 0.10

kT 0.6470 0
Foio  -13.0370%

Lo 1o 40.087099

Table 4.10: Main spectral parameters of Chandra spectra of NGC 2993. All errors are
reported at the 90% of confidence level.
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thermal emission, the neutral hydrogen column density is constrained to be less than 102
cm ™2, indicating minimal X-ray absorption along the line of sight. The thermal compo-
nent of the spectrum is characterized by kT~0.64 keV, with a small uncertainty. This
suggests the presence of hot gas, which may be associated with the galaxy’s environment,
such as a cooling flow or material heated by the AGN or star formation activity.

The flux and luminosity values indicate that the X-ray emission is unlikely to be asso-
ciated with an AGN (see Tab 4.10). Instead, it is more plausibly attributed to processes
linked to active star formation or an unresolved population of X-ray binaries.

Conversely, NGC 2992 is optically classified as a Seyfert 1.9 galaxy (Ward et al. 1980),
indicating it has an AGN which is extincted in the UV /optical band, features typical of
Seyfert 1 galaxies and broad emission lines visible in the infrared spectrum. The inter-
action with NGC 2993 has led to tidal distortions, including a prominent tidal tail and
a bridge of material connecting the two galaxies. These features are indicative of past
gravitational interactions that have disturbed the galaxy’s structure.

NGC 2992 has been extensively studied in X-rays, providing insights into the ac-
tivity in its nucleus. The galaxy shows strong X-ray emission from its core, which is
attributed to the AGN. The X-ray emission is variable, highlighting X-ray flux variabil-
ity on timescales ranging from hours to months (Middei et al. 2022),which is common in
AGN and is likely due to changes in the accretion rate onto the supermassive black hole
(Colbert et al. 2005a), although variability in the column density may be present as well
(see also section 4.6).

Extended soft X-ray emission has been observed in the circumnuclear region of NGC
2992. This emission extends asymmetrically from the nucleus and is more prominent
in the soft X-ray band (0.3-2 keV). The extended emission is believed to be the result
of shock heating of gas in the galaxy’s central region due to the interaction and AGN
activity (Murphy et al. 2017).

The X-ray and radio activity of NGC 2992 has been associated with flares gener-
ated by magnetic reconnection events in the accretion disk. These flares can trigger
outbursts of ionized material, resulting in an overall increase in brightness in the hard
X-ray spectrum (Fernandez et al. 2022).

For this galaxy, observations from Chandra (2003), XMM, and NuSTAR (both in
2019) were available. The main results from the spectral analysis are reported below.

It should be noted that the spectral analysis of Chandra data was complex because,
unlike NGC 2993, NGC 2992 is affected by significant pileup (over 60%). Therefore, it
was necessary to introduce a pileup component (pileup model, an implementation of the
fast pile-up algorithm proposed by John Davis)! in front of the spectral model used in the
analysis in XSPEC. The main parameters of this model are the PSF fraction (the fraction
of counts in the region that are from the point source whose pileup is being modeled), set

Imore information on http://space.mit.edu/~davis/papers/pileup2001.pdf

7



{dokn -madel}/arror

{dekn = enodal)ferrar

{data -model]/arror

a Thandra AIS -5

Paramater: nH (1057

| +”ﬂ|W;W ﬁ'M Lok M “/,

ar .////‘ ,|
i “WWWJ - / I
PP AT
vy
- 1 W L | M'” j1+ A

Figure 4.23: The left panel shows the best fit of the Chandra, XMM, and NuSTAR
spectra of NGC 2992, from top to bottom. The right panel presents the Ny(z) - T
contour plot, with confidence levels equal to Fig. 4.5.
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at a value of 85%, and the o parameter (grade correction for single photon detection)?,
which was found to be a = 0.837001. It can also be inferred from the Chandra spectrum
that, in this case, no iron line is detected.

CHANDRA XMM NUSTAR
Model pileup*b g. b.
r 1.6970:08 1.641001 1.731005
Ni(z) 0.8019:% 0.755:91 1.1979:36

6307001 0.osroer DS, 00550

Line E, EQW 6.017004 (j 9p+001 6.3870:02, 0.0870:01
O T 6.93105, 0.08y
Fa_10 -10.59+9:93 -10.0410:0! -10.0079:9!
Lo_10 42.53+0:03 43.0819:91 43111001

Table 4.11: Main spectral parameters of Chandra, XMM and NuSTAR spectra of NGC
2992. All errors are reported at the 90% of confidence level. Note that for the calculation
of the X-ray flux and luminosity for the Chandra telescope it was necessary to remove
the pileup component, and as an error 10% of the error on the count rate for these two
quantities was considered.

The X-ray data from Chandra, XMM, and NuSTAR for NGC 2992 reveal a consistent
picture of the active galactic nucleus. All three instruments show a similar soft X-
ray spectrum, indicating non-thermal emission typically associated with an AGN. The
photon index I' from the three instruments are close to each other, ranging from 1.64 to
1.73, suggesting that the X-ray emission mechanism is consistent across all observations.

2In XSPEC, the grade correction parameter « in the pileup model represents the probability that
a piled-up event retains its original grade rather than being misclassified or rejected. In X-ray CCD
detectors, photon events are categorized by grades based on pixel charge distribution, which helps
distinguish real X-ray photons from background noise. When pileup occurs, multiple photons interact
within the same detector pixel in a single readout frame, increasing the chance of grade misclassification.
The parameter « corrects for this effect, where a=1 implies no grade migration, while a=0 assumes
complete misclassification.
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In terms of absorption, the neutral hydrogen column density varies slightly between
instruments: Chandra and XMM show similar values (0.75-0.80-10%2 ¢cm™2), while NuS-
TAR is slightly higher at 1.19-10?2 cm™2. However, all values are consistent within ~20.

The iron Ka line, a key feature often associated with the accretion disk around a
supermassive black hole, is present in XMM and NuSTAR data, but not revealed with
Chandra (maybe because the extraction band of the Chandra spectrum is at the limit
for the iron line’s detection). The line energy is consistent across the instruments, with
small variations. The equivalent width of the line also remains quite stable across the
observations, indicating that the iron emission is a stable feature of the source.

Looking at the flux, the values are also consistent across XMM and NuSTAR but
slighty lower in Chandra, also reflected in the X-ray luminosity, by about a factor of
0.5. This is most likely due to the fact that the XMM and NuSTAR observations are
temporally close (same year, 2019, but different months), while the Chandra observation
dates back to 2003. Given that NGC 2992 is a highly variable X-ray source, this could
indicate that during the Chandra observation, the central AGN was experiencing a period
of lower X-ray emission.

Furthermore, a historical behavior (in terms of photon index, absorption column
density and hard X-ray flux) of this galaxy is reported in section 4.6.

4.4.10 AM 2048-571

HST, optical, FEO6W

CHANDRA, ACIS-S, 0.3-7 keV

Figure 4.24: On the left, the HST image of AM 2048-571 with filter F606W is depicted,
while on the right the Chandra 0.3-7 keV image of the same region is shown.

This system, also called IC 5063, is a Seyfert 2 galaxy situated at redshift z=0.011
in the constellation Indus. It is a critical object of study for exploring the interaction
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Figure 4.25: This figure shows the X-ray emission of IC 5063 in the 0.3-7 keV band from
the Chandra telescope. The black contours represent the radio emission observed with
ATCA at 17 GHz. From Travascio et al. 2021a.

between AGN, radio jets, and their surrounding environments (Mukherjee et al. 2018).
Its X-ray emission, analyzed extensively through observatories like Chandra, ROSAT,
and ASCA, provide rich insights into the dynamics of AGN-driven processes.

X-ray studies of IC 5063 reveal a complex spectrum. The soft X-ray emission (<3
keV) is interpreted as arising from a combination of photoionized gas and collisionally
ionized gas, indicative of interactions between the galaxy’s powerful radio jets and its
interstellar medium (ISM). These jets create clumpy, filamentary structures observable
in soft X-rays along the jet trails, suggesting significant heating and displacement of
gas due to jet-ISM collisions. This phenomenon has been highlighted in Travascio et
al. 2021a, who noted that these interactions not only shape the ISM but also generate
extensive outflows, potentially influencing star formation and galaxy evolution.

The hard X-ray component (>3 keV) is dominated by a continuum emission and a
prominent Fe Ko line at 6.4 keV. This line is thought to result from reflection off dense
molecular clouds or a dusty torus near the AGN. Travascio et al. 2021a also reported that
these emissions are spatially extended along the galaxy’s bicone, which aligns with the
AGN’s radiation field, further supporting a scenario where nuclear photons illuminate
nearby dense gas.

Earlier studies, such as those using the ASCA and ROSAT observatories, identified
a “soft excess” component in the X-ray spectrum, alongside evidence for anisotropic
radiation escaping the torus. This soft component likely includes scattered emission
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from ionized gas above the torus, consistent with IC 5063’s Seyfert 2 classification. A
dual-power-law model combined with a reflection component best fits the observed data,
highlighting the complexity of the galaxy’s X-ray emissions (Caldwell et al. 1981).

The X-ray morphology also strongly correlates with the radio structure of IC 5063.
The northwest cone, for instance, exhibits Fe XXV emission spatially aligned with intense
radio hotspots, a direct indication of jet-induced shock heating (Travascio et al. 2021a).

The available data for this galaxy were obtained from Chandra (2007) and NuSTAR
(2013), with the main results from the spectral analysis summarized below.

IC 5063
Ghandra AGIS=5
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Figure 4.26: On the left panel, the best fit of Chandra and NuSTAR spectra of IC 5063
is shown. On the right panel it is reported the Ng(z) - T' contour plot; the codex color
is the same as Fig. 4.5.

It is worth noting that for the NuSTAR spectral analysis, the inclusion of the gabs
parameter was necessary. In XSPEC, the model gabs is used to model broad absorption
features in the X-ray spectrum. Specifically, it represents a broad absorption line by
using a Gaussian function, which is particularly useful when fitting spectra of sources
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CHANDRA NUSTAR,
Model c gabs*f
Statistics %:% %:%
r 1.5170:33 1.5670 07
N (z) 21.261158 16.94725!

Line E, EQW 6.3673%2, 0.0773% 6.3575:0% 0.1970:08
Fy 1 -10.92+5:03 -10.6679:94

L 10 42,5149 42.76100

Table 4.12: Main spectral parameters of Chandra and NuSTAR spectra of IC 5063. All
errors are reported at the 90% of confidence level.

with broad, unresolved absorption features. The main parameters obtained for this
component are as follows: the central energy E= 7.7610-22 keV of the absorption feature,
the width o = 0.357033 keV of the Gaussian, and the line depth d= 0.277013 keV (which
corresponds to the strength of the absorption).

The addition of this model was evaluated using the F-test, which indicated that
the inclusion of this component is statistically significant at ~2.60. At 7.76 keV, the
absorption could be attributed to blueshifted Fe XXV or Fe XXVI K-shell transitions,
which would suggest the presence of high-velocity outflows moving away from the central
AGN, i.e. UFOs.

Unfortunately, there are no specific references in the literature discussing this ab-
sorption feature at 7.76 keV in IC 5063. However, similar features have been observed
in other Seyfert galaxies and AGN, often linked to relativistic outflows or highly ionized
absorption due to Fe XXV-XXVI transitions (Tombesi et al. 2010, Gofford et al. 2013).

The X-ray data for IC 5063 from both Chandra and NuSTAR reveal that both in-
struments provide similar results for the photon index I'.

The column density of neutral hydrogen, which measures the amount of material
absorbing the X-ray emission, shows some differences between the data from Chandra
and NuSTAR. The distance between the two values in units of sigma is ~2.5¢, indicating
that they are moderately consistent with each other.

The iron line was detected in both telescopes. The two measurements are consistent
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with each other, with the line energy showing excellent agreement, while the equivalent
width exhibits a slight difference (~2¢), which remains within an acceptable statistical
range. These results confirm the presence of an active AGN, with negligible variations
in the line energy and only a minor difference in the equivalent width.

The X-ray luminosities obtained from spectral analysis are consistent with AGN
emission in the Seyfert regime. With values around 102743 erg/s, they fall within the
typical range for Seyfert galaxies, distinguishing the source from purely star-forming
processes or LINER-like emission.

Finally, an historical behavior in terms of photon index, absorption column density
and observed X-ray flux is also briefly discussed for IC 5063 in section 4.6.

4.5 Undetected X-ray sources

Unfortunately, some of the sources within the sample were not detected by the respective
X-ray detection tools, in particular 2 for Chandra and 4 for XMM. This could be due to
various factors, such as the low X-ray emission from these galaxies, a short exposure time
insufficient to collect enough counts, or because these sources are located far from the
aim-point of observation (e.g. Arp 100 system). For these sources, whenever possible,
it was necessary to estimate an upper limit on the observed flux, which could then be
converted into an X-ray luminosity. These constraints allow us to rule out the presence of
bright AGN but do not exclude lower-luminosity, highly obscured sources. The procedure
to achieve this differed for the non-detected targets in Chandra and XMM, as will be
explained below.

4.5.1 Chandra

Regarding the Chandra telescope, two targets were not detected: specifically, the second
galaxy in the AM 2026-424 system, ESO285-G019 east (see 4.12) and AM 0642-801
companion, WISEA J063828.58-801458.0 (see 4.4.2). In this case, it was necessary to
use a tool from the CIAO software called aprates.

The aprates tool is designed to compute values and limits for source quantities, such
as net counts, source rate, photon flux, and energy flux, based on counts and exposure
data obtained from source and background apertures. To determine the intensity values,
the tool solves a pair of simultaneous linear equations:

n=fxS+b (4.7)

m=gx*xS+rxb (4.8)

The total counts observed in the source and background apertures, represented by n
and m respectively, are used to estimate the intensity quantity S. In these equations,
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b represents the background counts in the source aperture, while the quantities f and
g describe the fractions of the source point response function contained in the source
and background apertures, but, depending on the intensity quantity of interest, may
also include factors that convert the intensity quantity S into counts. Additionally,
the parameter r is the “backscale” factor, which scales the background counts from the
source aperture to the background aperture. The tool calculates the values of f, g, and
r based on more fundamental input data: in this specific case, the number of counts in
the source and background apertures (n=5, m=8), their geometric areas in pixel® (A, =
43.3, Ay, = 379.3), their PSF fractions (a = 0.955, 8 = 0.025)?, and the exposure time
(approximately 9.9 ks) were considered.

To estimate credible intervals for the source intensity, the tool applies a Bayesian
approach, specifically calculating the background-marginalized posterior probability dis-
tribution function (PDF) for the intensity quantity S. This calculation assumes non-
informative priors for the intensities in both the source and background apertures. The
mode of the PDF is identified, and the lower and upper bounds of the credible interval
are then determined by accumulating the values of the PDF above and below the mode
until the desired confidence level is achieved. Since this method is fully Bayesian, the
term “credible interval” is used instead of “confidence interval,” which is associated with
frequentist statistics.

This approach allows the tool to account for uncertainties and provides a probabilistic
estimate of net source counts: cts-rate < 4.3-107* cts/s.

Once this value was obtained, an online tool called PIMMS (Portable, Interactive
Multi-Mission Simulator) was used to convert the derived count rate into an observed
flux. By setting the main parameters, such as redshift (z=0.05), Galactic absorption
(Ng = 5.29-10%° cm™2), and the spectral index (I'=1.8), the tool provided the flux value
in the selected 2-10 keV band based on the previously calculated count rate:

log(Fla—10)kev/erg/em?/s) < —14.3 (4.9)
This value can finally be quantified in terms of X-ray luminosity through the formula:

L =4rxD*(1 + 2)'2F (4.10)

where D identifies the distance in parsec of the galaxy. From which the following is
derived:

log(La-10ykev,//erg/s) < 40.5 (4.11)

The same procedure was performed for the galaxy WISEA J063828.58-801458.0,
vielding the values n=35, m=230, A,=324.5, A,=3331.5, a=0.927, and $=0.031, with

3a is the PSF fraction of the source within the chosen region, while 3 is the PSF fraction of the
source in the background region.
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an exposure time of approximately 38.5 ks. Using the aprates tool, an estimate of the
net source counts was obtained: cts-rate < 3.5-107% cts/s.

Next, using PIMMS, by setting ['=1.8, using the spectroscopic redshift of AM 0642-
801 (z=0.016), and a column density Ny of 1.1-10*! cm™2, it is possible to convert the
net count rate into a flux value in the 2-10 keV band:

log(Fa—10pkev/erg/em?/s) < —14.4 (4.12)
And the luminosity in the same band:

log(L(a—10ykev//€rg/s) < 39.4 (4.13)

4.5.2 XMM

For XMM, upper limits are computed using a sensitivity estimator based on the Flux
Limits from Images from XMM-Newton (FLIX) tool. The main purpose of FLIX is to
produce estimates of the detection threshold of the X-ray flux at a given point in the
sky.

The tool operates by scanning the 4XMM catalog and listing the closest sources to
the specified position. The latest version of the catalog, 4XMM-DR12 at the time of
writing, has been incorporated into the sensitivity estimator.

The main input parameters are the position of the target of interest, the detection
likelihood threshold for detection threshold estimation (in this work, this value is chosen
equal to 6, corresponding at ~ 30) and the radius of the circle in arcsec used for the flux
estimation, taking a value of 5 arcsec. The selected energy band to obtain flux upper
limits is band 7 (approximately, the sum of 4 and 5 bands of the standard EPIC energy
bands)*, corresponding to a range of 2-12 keV, values then converted to 2-10 keV using
the conversion factor of 0.88 from a power law.

Sensitivity estimates are empirically derived by following the algorithm described in
Carrera et al. 2007. These calculations utilize the detector mask to identify valid pixels in
the image, the exposure map data to determine the exposure time, and the background
map to measure the fitted background level. If a source is present at the designated
position, the flux is computed by summing the counts within the user-defined radius
(in this work 5 arcsec), incorporating the background level from the background map
data and an approximation of the point-spread function from the calibration files. The
applied energy conversion factors are consistent with those used in the 4XMM catalog
(Webb et al. 2020).

The formula used to calculate the flux is as follows:

IMCIRC — BGCIRC
FEST = TEXPOS x ECF x EEF (4.14)

more information on http://flix.irap.omp.eu/docs/

4
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where IMCIRC and BGCIRC are the sum of image counts and image background counts
in the circle of the chosen radius (note that IMCIRC and BGCIRC values result from
summing flux and background only for valid pixels, i.e. pixels in chip gaps or other
places where the EPIC Detection Mask is zero are simply ignored): TEXPOS is exposure
time (sec) averaged over the circle radius CUTRAD, the radius in pixel (4arcsec/pixel)
which optimises the flux-limit estimated for each energy band (for band 7 the CUTRAD
corresponds to a value of 5.7); finally ECF is the energy convertion factor (cts cm? ergs™!)
and EEF the encircled energy fraction within the circle of radius set.

Arp255 (UGC 05304a)

The second component of system Arp255 (see 4.4.7), for UGC 05304a FLIX has de-
rived an upper limit flux of 8.4-107'° erg/cm?/s in band 7, corresponding to a value in
logarithm in the 2-10 keV band of

log(Fla—10)kev/erg/em?/s) < —14.1 (4.15)
From which using the 4.10 relation gives a luminosity of
log(L(a—10)kev//€rg/s) < 40.4 (4.16)

WISEA J063828.58-801458.0

The companion of AM 0642-801 (see 4.4.2), for this galaxy FLIX has detected an u.l. on
the flux in band 7, equal to 1.5:107'* erg/cm? /s, which, when converted to a logarithmic
value, corresponds to a flux in the 2-10 keV band of

log(Fa—10pkev/erg/em?/s) < —13.9 (4.17)
This value in terms of luminosity becomes (using 4.10)
log(La-10ykev//erg/s) < 40.0 (4.18)

Arp 100

Arp 100 is a pair of interacting galaxies, IC 0018 and IC 0019, classified as spiral with
elliptical galaxy companion. IC 0018 was likely an Sb-type spiral galaxy before its close
encounter with IC 0019.
This system is located at redshift z=0.02, and there is no X-ray information available.
FLIX evaluated a flux for this pair of interacting galaxies respectively of 9.2-10714
erg/cm?/s for IC 0018 and 8.8-107 erg/cm?/s for IC 0019 (always in band 7), from
which derive a flux in band (2-10)keV of

log(Fla—10ykev/erg/em?/s) < —13.1  1C 0018 and I1C 0019 (4.19)
In terms of X-ray luminosity in 2-10 keV band, they become
log(La-10ykev//erg/s) < 40.9 1C 0018 and IC 0019 (4.20)
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Figure 4.27: An HST view of Arp 100 system.

1C 0267

IC 0267 is a spiral galaxy, located at z=0.012, that is currently undergoing an interaction
with Arp 200 (a.k.a. NGC 1134, see 4.16). For this galaxy FLIX evaluated a flux u.l.
in band 7 of 6.1-107'* erg/cm? /s, corresponding to a value in logarithm in the 2-10 keV
band of

log(Fla—10kev/erg/em?/s) < —13.3 (4.21)

This value in terms of luminosity becomes (using 4.10)

log(L(a—10ykev//€rg/s) < 40.2 (4.22)

The upper limits to the X-ray luminosities, ranging from 39.4 to 40.9 erg/s, suggest
that these sources may belong to the category of low-luminosity AGN, especially IC 0018
and IC 0019. However, these galaxies are most likely experiencing a period of intense
star formation, making them probably classifiable as SF galaxies.

4.6 More consideration about IC 5063 and NGC
2992

In this session, further considerations are made regarding the two most well-known galax-
ies, NGC 2992 and IC 5063, by comparing X-ray analysis data with findings from other
scientific studies. Long-term X-ray observations of these galaxies reveal significant vari-
ability in flux (in the 2-10 keV band), absorption column density (Ng), and photon index
I'. These variations offer crucial insights into the accretion process, the nature of the
obscuring medium, and potential AGN feedback mechanisms.
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4.6.1 IC 5063

Over the past decades, X-ray observations of IC 5063 have revealed significant variability
in flux, absorption column density and I', highlighting the complex nature of its AGN.

The GINGA observation in 1990 (Koyama et al. 1992) recorded one of the highest flux
levels, indicative of strong AGN activity. However, by the time of the Chandra analysis
in 2007, the flux had significantly decreased, suggesting either a decline in the accretion
rate or an increase in obscuration along the line of sight. A further drop was recorded
in 2009 with Suzaku and Swift-BAT observations (Tazaki et al. 2011), consistent with a
period of reduced AGN emission or a phase of heightened obscuration. Interestingly, the
NuSTAR analysis in 2013 showed a slight flux recovery, potentially due to an increased
contribution from hard X-ray photons capable of penetrating deeper into the obscuring
material. Furthermore, the differences in flux do not always directly correlate with I" or
Ny, suggesting that the variability could be driven by intrinsic changes in the AGN’s
activity rather than just absorption effects.

The evolution of absorption in IC 5063 appears highly dynamic. The GINGA (1990)
and ASCA/ROSAT (1991-92) observations (Vignali et al. 1997) indicated moderate
absorption levels, suggesting a relatively clear line of sight. However, by the time of
the Chandra (2007) analysis, significant variability in Ny was observed, implying the
possible movement of denser clouds into the observer’s line of sight. The Suzaku and
Swift-BAT (2009) measurement showed an even larger column density, reinforcing the
idea that the AGN was undergoing a phase of increased obscuration. The NuSTAR
(2013) analysis then indicated a lower value, possibly due to the temporary clearing of
the obscuring material, or is it due to the fact that NuSTAR operates over a spectral
range toward hard X-rays that are less affected by obscuration. However, the Chandra
(2018) observation (Travascio et al. 2021b) recorded the highest Ny to date, suggesting
a highly dynamic torus structure in which clouds of gas and dust continuously drift in
and out of view.

The photon index I' of IC 5063 also exhibits considerable variability. The GINGA
(1990) observation recorded a relatively low I'~1.5, indicative of a harder spectrum, pos-
sibly due to moderate absorption or a strong Compton reflection component. By 2007,
Chandra data showed significant scatter, likely a result of increased variability in obscu-
ration. The Suzaku/Swift-BAT (2009) observations suggested a slightly softer spectrum
(I' ~ 1.75), which could indicate a clearer line of sight or an accretion state with higher
radiative efficiency. However, both the NuSTAR (2013) and Chandra (2018) observa-
tions recorded lower I' values once again, suggesting either an increase in obscuration or
a larger contribution from reflected X-ray emission.

There are some possible connections between the different X-ray parameters observed
in IC 5063 over time. The increase in obscuration detected in the Chandra (2018)
observation coincides with a harder spectral shape, suggesting that higher absorption
may be affecting the observed emission. This could indicate the presence of dense gas or
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Figure 4.28: These plots show the temporal evolution of the main parameters of IC 5063:
spectral index, intrinsic absorption, and observed flux in 2-10 keV band. X-ray analysis
results are compared with data from different time periods reported in various studies.
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dust moving into the line of sight, altering the way the X-ray photons reach us.

Furthermore, the observed flux varies between different observations, which could be
the result of intrinsic changes in the activity of the AGN or variations in the amount
of obscuring material. These trends suggest that both the emission from the central
engine and the environment around it are highly dynamic, influencing the overall X-ray
properties of IC 5063.

4.6.2 NGC 2992

NGC 2992 exhibits pronounced flux variability over the decades, with observations rang-
ing from HEAO1 (1977-78) by Mushotzky et al. 1980 to XMM and NuSTAR (2019) by
Middei et al. 2022. The BeppoSAX observations (Gilli et al. 2000) recorded a signifi-
cant flux drop compared to earlier data, suggesting a phase of reduced AGN activity.
However, Chandra (2003) observations indicated that the AGN remained active, and
the subsequent XMM (2003) study (Shu et al. 2010) revealed a flux increase, possibly
marking the beginning of a reactivation phase. By 2019, NuSTAR and XMM obser-
vations confirmed that the AGN had regained significant luminosity, highlighting the
highly dynamic nature of its central engine.

The comparison between different observations suggests a possible connection be-
tween the flux changes and spectral parameters, with a brighter state often associated
with a softer spectrum. This could be indicative of variations in the accretion rate or
changes in the geometry of the absorbing material around the nucleus.

The absorption variability in NGC 2992 follows a similar pattern. The HEAO1
(1977-78) data (Mushotzky et al. 1980) reported a relatively high absorption column
density, which gradually decreased in subsequent observations. SAX2 (1998) and CHAN-
DRA (2003) measurements indicated significantly lower Ny, suggesting that the obscur-
ing material had thinned out, allowing for a clearer view of the AGN. However, in 2019,
NUSTAR observations recorded an increase in Ny, which might indicate temporary
changes in the surrounding material. If this increase in obscuration coincides with spec-
tral hardening, it could suggest that the source is undergoing phases of higher absorption
due to clumpy material moving across the line of sight.

The photon index I' in NGC 2992 also exhibits considerable variability, reflecting
changes in both obscuration and accretion. The HEAO1 (1977-78) data suggested a
typical AGN photon index of ~ 1.8. The Chandra (2003) study (Colbert et al. 2005Db)
recorded the highest I" value (I' ~1.85), suggesting a very soft spectrum, likely caused
by a temporary reduction in obscuration, but it must be noted that this observation is
affected by pileup so this value may not be entirely reliable. In contrast, the NuSTAR
(2019) analysis revealed a lower I' (<1.75), which could indicate a reflection-dominated
state. This variability could be associated with changes in the accretion process or in-
termittent obscuration events.
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Figure 4.29: These plots illustrate the time evolution of key parameters in NGC 2992,
including the spectral index, intrinsic absorption at the galaxy’s redshift, and observed
flux. X-ray analysis results are presented alongside data from different epochs reported
in previous studies.
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The long-term monitoring of IC 5063 and NGC 2992 supports the hypothesis that AGN
undergo episodic accretion phases, where periods of high activity alternate with more
quiescent states. The variability in flux, absorption, and spectral properties is consistent
with models where a clumpy torus dynamically evolves over time, leading to intermittent
obscuration of the central engine.
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4.7 Additional information from the preliminary MUSE
analysis

This section presents a brief analysis of the MUSE spectra extracted from the core
regions of the galaxies examined in this study. The analysis of optical spectra serves as
a preliminary step to have an initial comparison with the data obtained from the X-ray
analysis of the galaxy sample analyzed in this work. The spectra were obtained within
a spatial range of approximately 1-3 arcseconds from the core of the galaxy, allowing
for a detailed investigation of the spectral properties of the nuclear regions, that are
presented in Appendix B. The scales, for an average redshift of z=0.03, correspond to a
range of (0.5-2) kpc. This approach is particularly useful for identifying emission features
that may provide further evidence supporting the X-ray analysis presented in previous
sections. By focusing on the central regions, it becomes possible to distinguish AGN-
related features from surrounding star-forming activity, helping to refine the classification
of each source. These spectra offer valuable insights into the ionization mechanisms at
play and serve as an additional diagnostic tool for confirming AGN signatures or star-
forming contributions.
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Figure 4.30: The optical spectrum of NGC 2992, obtained using MUSE data and ex-
tracted from a 2.5-arcsecond region of the nuclear area, is presented. The x-axis cor-
responds to the observed wavelength in Angstroms. The continuum of the spectrum
appears red, this indicates that the accretion disk emission is extincted, and therefore a
significant amount of interstellar dust is absorbing blue light. The main emission lines,
attributed to the presence of an AGN, are clearly visible (particularly [O III] and He),
the latter being apparently broad. This confirms that NGC 2992 hosts a Seyfert type
AGN, specifically in literature it is defined as Seyfert-1.9.

To determine whether the MUSE spectra of the analyzed sources correspond to AGN
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or SFGs, key spectral characteristics were examined, as emission lines and continuum
shape.

If the optical continuum appears red, this can be due to several factors. One of
the most common causes is dust extinction, where dust absorbs and scatters shorter-
wavelength light more efficiently than longer wavelengths, making the spectrum appear
redder. A high level of extinction indicates significant dust along the line of sight. The
red color can also be intrinsic to the source, as in the case of old stellar populations
dominated by cooler stars, or in systems where star formation has ceased and only
evolved stars remain.

If the continuum appears blue, it suggests a strong presence of high-energy processes.
This can occur in galaxies with AGN, the emission from the accretion disk can be ap-
proximated as a sum of blackbody spectra at different temperatures, which can then be
parameterized as a power law in the UV-optical region of the spectrum. A blue contin-
uum is also a hallmark of vigorous star formation, where young, massive O- and B-type
stars emit strongly in the ultraviolet and blue optical wavelengths.

The presence of strong narrow emission lines, as low-excitation lines Ha A6563 and
HS M\861, typically indicates star formation, while high-excitation lines such as [O III]
A5007, and [N II] A6548,6584, as well as broad components, suggest AGN activity.

AM 0642-801 (z=0.016)

Ha + [N11]

[su]

T T T
7000 8000 9000

‘Wavelength (A)

Flux (102 erg s cm2 AT)

Hp [om]

Figure 4.31: In the optical spectrum of MUSE for AM 0642-801, extracted from the core
region (r ~ 1.5 arcsec), the Ha line, a key indicator of star formation, appears highly
prominent. On the other hand, the forbidden [O III] line is quite weak, comparable in
strength to the HfS emission.

The spectral analysis revealed distinct trends among the sources. Several objects
exhibited clear AGN signatures. In particular, NGC 2992 and IC 5063 displayed strong
high-ionization lines, including strong [O III] emission, with no significant broad-line
components, confirming their classification as Seyfert II galaxies. Similarly, other galax-
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ies, such as galaxies that compose AM 0018-484 system, slightly exhibit these spectral
properties, but more in-depth analysis is needed for these galaxies for an appropriate
conclusion.

In contrast, several sources were more likely associated with star formation. AM
0642-801 (see 4.31), IC 0563 and other galaxies displayed strong Ha emission but weak
[O 1I11], aligning with typical star-forming regions. A similar spectral profile was observed
in AM2133-384, where a relatively flat continuum and prominent hydrogen emission lines
pointed to ongoing star formation.

Some spectra instead, such as those of Arp 100 (i.e. IC 0018 and IC 0019), are quite
challenging to analyze. For these types of spectra, a more in-depth analysis is certainly
required.

The classification of these galaxies highlights the complexity of distinguishing AGN
from star-forming activity.

1.5
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Figure 4.32: An example of a BPT diagram. By studying the line ratios of [OIII]/HpA
and [NII]/Ha from the MUSE optical spectra, it is possible to classify qualitatively the
type of galaxy, based on where the point falls within the diagram. The different colors
indicate the classification type that can be assigned to a galaxy exhibiting these emission
features. From Woreta et al. 2022.

The optical spectral analysis of these sources can be further enhanced by properly
creating a BPT diagram, which is a powerful tool for classifying galaxies based on their
emission-line ratios. The classical BPT diagram plots the ratios of two pairs of emission
lines: [O III] A5007/HfB on the y-axis and [N II] A6584/Ha on the x-axis. These line
ratios allow astronomers to distinguish between various types of ionization sources within
galaxies, such as star-forming regions, AGN, and LINERs (see Fig. 4.32).

The advantage of using the BPT diagram lies in its ability to separate the emission-
line spectra from star-forming galaxies and AGN. On the one hand, star-forming galaxies
typically occupy a distinct region on the diagram, where the [O III] and [N II] emission
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lines are relatively weak compared to HB and Ha, respectively. On the other hand, AGN,
with their strong high-ionization emission lines, fall in a separate region, indicating higher
levels of ionization due to the presence of a central active nucleus. Additionally, LINERs,
which represent galaxies with lower ionization states than typical AGN, occupy a region
between star-forming galaxies and AGN.

Creating and analyzing a BPT diagram for the sources in this study would provide
a clearer understanding of the ionization mechanisms at play in the nuclear regions.
It would help confirm whether the emission lines observed are predominantly due to
star formation or whether they are signatures of AGN activity. By incorporating this
diagnostic tool, it could further possible to refine the classification of these galaxies,
providing more robust support for the conclusions drawn from the X-ray analysis and
MUSE spectral data.
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Chapter 5

Discussion and future prospects

5.1 Discussion

AGN are among the most energetic and intriguing phenomena in the Universe. They
are powered by the accretion of matter onto SMBHs located at the centers of galaxies,
producing emissions across the entire electromagnetic spectrum. These emissions are a
key tool for investigating the nature of black holes, their growth mechanisms, and their
impact on galaxy evolution. A fundamental question in modern astrophysics concerns the
role of galaxy interactions and mergers in triggering AGN activity. My thesis focuses on
unveiling the presence and properties of AGN in a sample of interacting galaxies, using
primarily X-ray observations to identify active nuclei and characterize their spectral
properties.

The study is conducted within the framework of the SoSimple project, an observa-
tional program designed to explore the properties of merging galaxies using a combi-
nation of optical and X-ray data. The optical data come from the MUSE instrument
at VLT, which provides integral field spectroscopy for spatially resolved studies of gas
and stellar kinematics. The X-ray data are obtained from the Chandra, XMM-Newton,
and NuSTAR telescopes, which allow us to probe the high-energy emission associated
with AGN. The combination of these datasets enables a comprehensive analysis of how
nuclear activity is linked to galaxy interactions.

A key focus of this work is the connection between AGN and galaxy interactions.
Galaxy mergers are expected to funnel gas into the central regions, potentially triggering
AGN activity. This process has been extensively investigated in simulations, which
predict that the fraction of AGN should increase in merging galaxies compared to isolated
ones. However, observational confirmation of this trend remains challenging due to
selection effects and the difficulty of distinguishing AGN from star formation in the host
galaxies. My thesis aims at contributing to this debate by systematically analyzing the
AGN content in a sample of interacting galaxies using X-ray observations and, in a
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preliminary way, MUSE data.

The sample consists of 11 interacting systems that span different stages of merger, and
comprises a total of 23 targets. Eight of them are in early interaction phases (d>20 kpc),
where the galaxies are still well separated, while the remaining three are in advanced
stages of merging or coalescence (d<10 kpc), where tidal forces may have significantly
altered their morphology. This diversity allows us to investigate whether AGN activity
depends on the merger stage. The sources were selected based on their inclusion in the
SoSimple catalog, ensuring the availability of both optical and X-ray data.

As an initial step, detection tools were used to identify various targets across dif-
ferent telescope observations. This analysis revealed 4 high-statistics targets (cts >
1000), which were examined using x? statistics (Gaussian regime). Additionally, 13 low-
statistics targets (5<cts<300) were analyzed using Cash statistics (Poissonian regime).
The remaining 6 targets were not detected, requiring alternative methods to estimate
upper limits on X-ray flux and luminosity. To this purpose, the aprates tool was used
for Chandra data, while the web tool FLIX was applied to XMM-Newton observations,
providing at least indicative X-ray properties, in particular upper limits on observed flux
and X-ray luminosity in 2-10 keV band.

X-ray spectral analysis forms the core of my study, with the aim of characterizing
the emission properties of the AGN. The spectra were fitted using phenomenological
models that included a power-law component to describe the primary AGN emission
(also accounting for the emission from possible unresolved X-ray binaries), an absorption
component to account for intrinsic obscuration, and, when necessary, thermal emission
components to model contributions from hot gas. The presence of Fe Ka emission lines
was also investigated, as they provide a strong indication of AGN activity.

In terms of the photon index I', excluding the six galaxies that were not detected and
therefore lack X-ray spectral analysis, an average value I' = 1.9 £ 0.9 (with a dispersion
for the photon index distribution of about 0.6) was obtained. Due to the lack of generally
good constraints on the power-law photon index (with the exception of the few sources
with the highest number of counts), it would be risky to distinguish sources as either
AGN or SFG purely on the basis of the continuum emission.

The presence of Fe Ka emission line, in particular for NGC 2992 and IC 5063 (the two
brightest galaxies in X-rays) further support the AGN classification. The iron emission
line has also been detected in NGC 0089 (EW~3 keV) and in ESO119-1G054 (EW<3
keV), but the presence of upper limit on the EW of the line prevents us from confidently
confirming the presence of an AGN in the latter galaxy.

The observed X-ray flux distribution (Fig. 5.1) reveals that the majority of the sources
exhibit flux values in the range of log(F/erg/cm?/s) ~ [-14,-12], while only two sources
display high X-ray fluxes (NGC 2992 and IC 5063).

The column density (Ng) distribution (Fig. 5.2) offers additional properties on the
nature of these X-ray sources. From X-ray spectral analysis, an absorption component
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Figure 5.1: Histogram of the X-ray observed flux distribution in the 2-10 keV band,
displaying detected sources (green bars) and all of the sources including both detections
and upper limits (black outline). The white space between the green bars and the black
outline represents the number of upper limits in each bin. The x-axis corresponds to the
logarithm of the observed flux log(F /erg/cm?/s), while the y-axis indicates the number
of sources per bin.

was measured only for five sources; all of the remaining sources have upper limits on
Ng. In particular, there are three sources with log(Ny/cm?)>22.5, indicative of a heavily
obscured AGN, including IC 5063 (Travascio et al. 2021a) and NGC 0089, which suggests
the presence of a Compton-thick AGN. The presence of these highly obscured AGN seems
to support the scenario in which merger-driven gas inflows lead to increased nuclear
obscuration before AGN feedback disperses the surrounding medium (e.g. Hopkins et al.
2006).

For what concerns the 2-10 keV luminosity (Fig. 5.3), the sources under investigation
span a large range of values, from log(L/erg/s)=39 to 43. While NGC 2992 and IC 5063,
having an X-ray luminosity above 42.5 (log), are clearly AGN, the interpretation of the
remaining sources is a bit more challenging. In particular, at values below log(Lx)=41,
low-luminosity AGN and/or emission from star forming galaxies (including unresolved
X-ray binaries) may be present.

Two sources, more specifically NGC 0089 and ESO285-G019, are in the log(L/erg/s)~
[41.0,41.5] bin, and this luminosity range likely could be a possible indication of an
actively accreting AGN.

Therefore, in conclusion, there would be two clear AGN and two potential AGN
candidates.
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Figure 5.2: Histogram of column density distribution, illustrating detected sources (blue
bars), while the black line indicates the sum of detection and upper limits (the whites-
pace, therefore, indicates the number of upper limits present in the number of sources).
The x-axis represents the logarithm of the hydrogen column density log(Ny/cm?), while
the y-axis indicates the number of sources in each bin.

X-ray Luminosity Distribution
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Figure 5.3: Histogram of the 2-10 keV luminosity distribution, showing detected sources
(red bars) and total counts including both detections and upper limits (black outline).
The white space between the red bars and the black outline represents the number of
upper limits in each bin. The x-axis corresponds to the logarithm of the X-ray luminosity
log(L/erg/s), while the y-axis indicates the number of sources per bin.
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5.1.1 MUSE Spectroscopy and AGN-SF discrimination

MUSE spectroscopic analysis may play a crucial role in differentiating AGN from star-
forming galaxies by examining optical line ratios. The presence of high-ionization lines
such as [O III], broad Ha components, and elevated [N II]/Ha ratios suggests AGN
activity (Kewley et al. 2006). In my sample, notable cases include NGC 2992 and IC
5063, which exhibit clear Seyfert-like spectral signatures consistent with their X-ray
classification. The detection of AGN indicators across multiple wavelengths strengthens
the reliability of classification and highlights the advantages of combining X-ray and
optical diagnostics.

Conversely, sources dominated by strong Ha emission and weak [O III] lines, such as
AM 0642-801 or AM 2133-384 (more details on Appendix B), are more consistent with
star formation signatures.

After a preliminary analysis of the optical spectra of a total 23 examined sources
(unfortunately, for one galaxy, IC 0267, no MUSE archive was available), the information
obtained from the X-ray spectral analysis can be “combined” with that derived from the
MUSE spectra to gently guess the classification of the galaxies analyzed in this study.
This has been enlightened in Table 5.1, where the different sources are listed along with
their X-ray indication (based on 2-10 keV luminosity) and evidences derived from optical
spectra, in particular the presence of prominent emission lines (as Ha and [OIII]). This
provides an initial overview of which sources might host a possible AGN or are more
likely to be star-forming galaxies.

In conclusion, the classification of the sources in this sample, based on their X-ray
luminosity and optical spectral features, reveals a diverse population of galaxies that
may host AGN activity, star formation, or a combination of both. As summarized in
Table 5.1, a significant fraction of the sources exhibit Ha emission, indicative of star
formation, while others (i.e., NGC 2992 and IC 5063) show high X-ray luminosities
and/or [OIII] emission, pointing to the presence of an AGN. Notably, several objects
may harbor coexisting black hole accretion and star formation processes (e.g. NGC
0089, ESO285-G019(W)).

The “overlap” between AGN and SFG classifications highlights the complex interplay
between nuclear activity and star formation, particularly in sources that may be experi-
encing concurrent growth of their central black hole and stellar component. While X-ray
observations provide crucial insight into AGN activity, optical spectral features such
as Ha and [OIII] offer complementary information that may help disentangle different
emission mechanisms.
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Target Lx MUSE AGN-like SFG-like

NGC 0087 39.440.3 Hao v
NGC 0088 39.0+0.5 Ho
NGC 0089 41.44+0.9 Ha v
NGC 0092 40.5+0.1 Ha v v
AM 0642-801 39.7£0.3 Ha v
WISEA JO < 39.4 Ha v
ESO119-1G054 40.84+0.2 Ha v v
ESO119-1G055 39.8+0.8 none
AM 2133-384 (c1)  40.8£0.2 Ha v v
AM 2133-384 (c2) 39.840.6 Ha v
ES0285-G019 (W) 41.2+1.0 Ha v v
ESO285-G019 (E) < 40.5 none
NGC 1134 40.3%+0.3 Ha v
IC 0267 < 40.2  no spectrum
UGC 05304a <404 none
UGC 05304b 40.740.2 Ha v v
IC 0563 40.1£0.4 Hao v
1C 0564 39.3+0.7 Ha v
NGC 2992 42.5+0.1 [OI11], Ha v
NGC 2993 40.1£0.1 Ha v
IC 5063 4254£0.1 [OIII], Ha v
IC 0018 < 40.9 Ha v
IC 0019 < 40.9 none

Table 5.1: Summary of the X-ray luminosities (Lx) and optical (MUSE) spectral classifi-
cations for the analyzed sample. The AGN-like classification is assigned to sources with
log(Lx /erg/s)>40.5, as high X-ray luminosities are indicative of accreting supermassive
black holes. Additionally, the presence of strong [OIII] emission line also may lead to an
AGN-like classification regardless of the X-ray luminosity. The SFG-like classification is
attributed to sources that either exhibit moderate X-ray luminosity or show prominent
Ha emission in their optical spectra, a strong indicator of intense star formation. In
the cases where both AGN and SFG indicators are present, the classification could be
AGN; star-forming galaxies or composite systems that harbor both AGN activity and
significant star formation. Entries marked as “none” indicate the absence of indicative
emission lines, most likely classifiable as passive galaxies. The green symbols are for the
two, already well-known AGN.
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5.2 Conclusion and future prospects

The analysis in my thesis work revealed a diverse range of AGN properties. In particu-
lar, one source, NGC 0089, which is part of the AM 0018-485 system, showed evidence
of being heavily obscured AGN, with extremely high column density (Ny > 10%* cm™2)
and strong Fe Ka line, suggesting, for the first time in the literature, that could be a
Compton-thick AGN. Other sources, like NGC 2992 or IC 5063, exhibited moderate-
to-high absorption and a clear AGN spectral signature, with a prominent power-law
component and reflection features indicative of X-ray reprocessing by surrounding mate-
rial; in literature classified as Seyfert-Type AGNs. In contrast, the majority of galaxies
in the sample, such as AM 0642-801, showed weak or negligible AGN activity, suggesting
that not all interacting galaxies host active nuclei. These sources could potentially be
SFGs; alternatively, the X-ray emission might be a combination of both components.

A further step has been taken by initiating a very preliminary analysis of the optical
MUSE spectra of these sources to gather more information for a more complete classi-
fication of the objects in the analyzed sample. This can be seen as a starting point to
investigate the presence of AGN in interacting systems.

In the future, an effort could be made to expand this initial catalog to obtain a larger
statistical sample, allowing for a better quantification of the AGN fraction in a completely
unbiased sample. This could then be compared with a control sample of isolated galaxies
(at the same redshift and with similar stellar mass distribution) to examine potential
differences and assess whether galaxy interactions may serve as a triggering mechanism
for AGN activity.

Additionally, with a statistically larger sample and a stricter analysis approach, a
comparison could be made with some of the most significant studies in this field, as
Koss et al. 2012, who found that approximately 10% of hard X-ray selected AGN are
in mergers, and Ellison et al. 2013, who reported a 2-3x increase in AGN activity in
closely interacting systems compared to isolated galaxies.

In addition to the detected sources, my thesis also addresses the non-detections,
for which upper limits on the X-ray luminosity were estimated. These upper limits help
constrain the AGN fraction in interacting galaxies and provide insights into whether some
AGN possibly remain hidden due to extreme obscuration. The presence of dual AGN
was also investigated, but no strong evidence was found, suggesting that simultaneous
activation of both black holes in merging systems may be rare. The limited size of the
sample prevents us from drawing firm conclusions on the increasing AGN activity at
later stages of the merger. It would be interesting to expand in the future this analysis,
since mergers are expected to play an interesting role in fueling SMBHs. It must be
said, though, that this process might be complex, since the availability of cold gas, the
efficiency of angular momentum transport, and feedback may impact AGN activation.

Furthermore, deep observations in the hard X-ray band (E > 10 keV), particularly
with NuSTAR, could help identify heavily obscured AGN that may have been missed
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in the present study. Multi-wavelength follow-ups, including radio and infrared observa-
tions, would also be valuable in further constraining the nature of the AGN population
in merging galaxies.

An essential complement to this analysis will be the use of appropriate BPT diagrams
(i.e., properly removing the stellar continuum) derived from MUSE spectroscopic data.
The BPT diagrams allow for the classification of emission-line galaxies by distinguishing
AGN from star-forming regions based on key diagnostic line ratios such as [O III]/Hp
and [N II]/Ha. This will enable a direct comparison between X-ray-detected AGN and
optically classified AGN candidates, providing a deeper understanding of the relationship
between nuclear activity and galaxy interactions. By mapping spatially resolved BPT
diagnostics across merger systems, it will be possible to investigate how AGN ionization
regions evolve during different merger stages, offering a more complete picture of AGN
triggering mechanisms.

In conclusion, my thesis provides insights-though very preliminary-into the connec-
tion between galaxy interactions and AGN activity, demonstrating that mergers are an
important driver of SMBH accretion, but that the relationship is complex and influenced
by multiple factors. The results contribute to a better understanding of the co-evolution
of galaxies and their central black holes, a key question in extragalactic astrophysics.
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Appendix A

Dataset table information

Target RA (J2000) DEC (J2000) Obsid Date Exp (ks) Off-axis angle (’)
Chandra
Arp245 09:45:45.462 -14:21:16.57 3956 2003-02-16 49.54 1.5
Arp303 09:46:20.707  403:03:42.52 15070 2013-01-19 14.96 0.2
AMO0642-801  06:38:36.050 -80:14:48.01 14925 2013-08-27 38.47 0.0
AM2026-424  20:29:32.620 -42:30:14.86 22360 2019-09-01 9.92 2.9
AMO0519-611  05:20:17.681 -61:16:40.42 13001 2011-02-06 4.90 0.3
AM2048-571  20:52:01.846 -57:04:17.40 7878 2007-06-15 34.10 0.0
XMM-Newton
Arp245 09:45:45.462 -14:21:16.57 0840920201 2019-05-07  134.30 0.0
Arp255 09:53:09.433  +07:52:07.40 0103260801  2002-05-08 84.29 3.6
AMO0642-801  06:38:36.050 -80:14:48.01 0781710101  2016-05-03 46.90 4.3
Arp100 00:28:36.727 -11:34:50.71 0742500701  2014-12-21 10.00 9.5
AMO0018-485  00:21:23.017 -48:38:02.67 0152330101  2002-12-24 47.96 0.1
Arp200 02:53:40.299  +13:00:48.17 0693540101  2012-07-19 24.77 0.1
NuSTAR
Arp245 09:45:45.462 -14:21:16.57 90501623002 2019-05-10 57.49 2.1
AM2048-571  20:52:01.846 -57:04:17.40 60061302002 2013-07-08 18.45 1.9

Table A.1: This table shows the main information about all the observations from the
three X-ray Chandra, XMM-Newton and NuSTAR telescopes that were analyzed in this
thesis work. The colored targets indicate cases of multiple observations found on more
than one telescope. Where the off-axis angle turns out to be 0.0 means that the system
is the target of the observation.
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Appendix B
MUSE spectra

The following section provides a very preliminary analysis of the MUSE spectra presented
in this study, focusing on the classification of the observed sources into AGN, SFGs, and
unclassified cases where the spectral features remain ambiguous. The classification is
based on the identification of key spectral lines, the continuum shape, and emission
line-ratios.

The spectra analyzed were extracted using the MUSE data cube, focusing on the
core region of each host galaxy to maximize the contribution from nuclear emission
while minimizing contamination from surrounding stellar populations and star-forming
regions. Given the different spatial extent of nuclear emission across different galaxies, a
variable extraction radius was employed, ranging from 1 to 3 arcseconds, depending on
the compactness of the emission in each case. The selection of the extraction aperture
was optimized to maximize nuclear emission by centering the region of the host galaxy’s
core and to minimize extended star-forming contamination, particularly in systems with
prominent tidal features or diffuse ionized gas. It should be noted that for Arp 200’s
companion galaxy (a.k.a. NGC 1134), specifically IC 0267, no available MUSE data
archive has been found. As a result, the optical spectrum of the core region is not
available for this galaxy.

Several sources in the sample exhibit strong high-ionization emission lines and broad
spectral components, indicative of AGN activity. The defining spectral features include:

e Strong [O III] A5007 emission, often exceeding H/3 in intensity.

e Presence of [N II] \6584 and Ha broad component, suggesting a significant contri-
bution from an accretion-powered ionization mechanism.

e Spectrum with a usually flat or red continuum which may be due to extinction.

The spectra of NGC 2992 (see Fig. 4.30) and IC 5063 display clear AGN signatures.
NGC 2992 exhibits a Seyfert-type spectrum, with apparent broad Ha emission and a
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strong [O III] line, classified in the literature as Seyfert-1.8/1.9, most likely due to the
fact that it exhibits a highly extinct disk continuum, typical of Seyfert Type-II galaxies.
Conversely, IC 5063 shows characteristics of a Seyfert I galaxy, with prominent narrow
emission lines indicative of AGN activity in a highly obscured nucleus.

Similarly, NGC 0089 reveal high-ionization condition that suggest AGN-like behav-
ior. Its spectrum contain narrow [O III] and [N II] lines that align with the expected
ionization mechanisms of AGN. The other galaxies in AM 0018-485 (NGC 0087, NGC
0088 and NGC 0092) also exhibit prominent emission lines, which could suggest an AGN
classification. However, their low X-ray luminosities (log(Lx) < 40 erg/s) are more con-
sistent with SF galaxies. For a more detailed analysis of these sources, which present
possible “intermediate” or uncertain classifications, a future in-depth study of their op-
tical spectra is required. This would first involve subtracting the stellar continuum (e.g.
through ppxf (Cappellari 2012)) and then evaluating the key line ratios. By using a BPT
diagram, it would be possible to determine where these sources fall within the classifica-
tion scheme, providing a clearer understanding of their nature.

In contrast, several sources show emission features typically associated with ongoing
star formation, with key indicators including;:

e Strong Ha emission, significantly exceeding [O II1].

e Weak [N II] and [O III] lines, consistent with photoionization by young stellar
populations rather than AGN activity.

e Relatively sloped or blue continuum, indicative of active star formation of young
population stars in the host galaxy; however, it can also be attributed to the
presence of an AGN (Vanden Berk et al. 2001).

Examples include AM 0642-801 (see Fig. 4.31), IC 0563, and AM 2133-384, which
all display dominant Ha emission with weak [O III] contributions. In these cases, the
spectra suggest active star formation as the primary ionization mechanism.
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Furthermore, some spectra remain ambiguous due to the presence of mixed ionization
signatures or insufficient spectral resolution. For example, Arp 100 (IC 0018 and IC 0019)
spectral features do not clearly distinguish between AGN and star-forming ionization.
Other cases present spectra which can be classified as passive galaxies: sources like UGC
05304a or ESO285-G019 (East component) that lack prominent emission lines. Passive
galaxies are galaxies that exhibit little to no ongoing star formation. They are typically

characterized by old stellar populations, low gas content, and a red

spectral continuum.

These galaxies have already exhausted or lost most of their cold gas, which is necessary
for star formation, and are often dominated by evolved stars, such as red giants and

white dwarfs.
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