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I knew exactly what to do.

But in a much more real sense, I had no idea what to do.

Michael Scott 5,13
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Abstract
Active Galactic Nuclei (AGN) represents a crucial phase in the evolution of galaxies. Their enormous
emission arises from accretion processes around a Super-Massive Black Hole at the galaxy’s core, shaping
nearby and, possibly, distant regions. Within a few parsecs in the nuclear region, optical/UV photons
from the accretion disk are Compton up-scattered towards the X-ray band within a cloud of hot electrons
referred to as the corona, resulting in the primary continuum emission (usually in the form of a power-law
with a high-energy cut-off). The corona has been extensively studied in the X-rays in the last decades.
If on one hand spectral and reverberation analyses are able to determine its physical properties (e.g.,
temperature and optical depth) and size, on the other hand they are insufficient for distinguishing between
different geometric configurations (holding clues on its physical origin), which result in equally acceptable
spectral fits. The launch of the NASA/ASI polarimeter Imaging X-ray Polarimetry Explorer (IXPE) on
December 2021 opened a new, promising window on this subject, as different geometrical configurations
lead to distinct polarization features of the primary continuum radiation (i.e., polarization degree and
angle). IXPE observed various Radio-Quiet, Compton-thin AGN so far. For this type of sources, the
energy work-band of IXPE (i.e., 2–8 keV) is usually dominated by coronal emission, making them perfect
targets to be explored.
This work primarily consists in combining the capabilities of IXPE (often in synergy with various other X-
ray spectral observatories like XMM-Newton and NuSTAR) with detailed modeling and simulations of the
expected polarization properties performed with the Monte Carlo Radiative Transfer code for Comptonized
Spectra MONK. IXPE data are analyzed from model-independent and model-dependent perspectives, while
detailed simulations are performed in order to determine the expected polarization properties of the
primary continuum from different geometrical models and physical configurations and compare them with
actual data to constrain the coronal geometry. Even if, due to the combination of a relatively low flux of
the targeted sources and the relatively low effective area of IXPE, no certain verdicts can be outlined, hints
of a general picture can be delineated. In fact, several sources point towards a radially extended coronal
geometry (i.e., slab or wedge). This result is driven by observed polarization fractions which are too high
for being produced by a lamp-post or a conical corona (which are extended in the vertical direction) and
by polarization directions which are found to be parallel to the accretion disk axis, a feature commonly
determined by a radial extension of the corona itself. This inspires confidence for future developments
of this field of research. In fact, IXPE is planned to observed more sources of this kind in the future,
hopefully obtaining more unambiguous results. Also, ongoing efforts are being made to implement new
capabilities within Monte Carlo codes (e.g., including reflection and absorption from outflowing structures
in AGN or X-ray binaries). Also, a new polarimeter (i.e., the enhanced X-ray Timing and Polarimetry:
eXTP), holding greater effective area and spectral capabilities compared to IXPE’s, is expected to be
launched by the Chinese Academy of Sciences in 2027, opening a window for further improving of IXPE’s
results.
Finally, within this work, current limitations in modeling and simulating various fundamental structures
of AGN (e.g., outflowing, partially ionized winds), which could significantly affect the overall observed
polarization, are assessed, discussing the ongoing efforts to implement them in the promising Monte Carlo
Radiative Transfer code SKIRT.
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Introduction

All galaxies in the local universe host a Super-Massive Black Hole (SMBH) at their centers, with masses
ranging from 106 to 109 solar masses (M� ; Rees 1984). In most cases, including the Milky Way, their
electro-magnetic (EM) spectrum is dominated by radiation emitted by stars, with a peak in the optical and
Infra-Red (IR) wavelengths; such galaxies are referred to as �quiescent�. Conversely, a small percentage
of galaxies (� 10%) are active, exhibiting signi�cant (10 41 � 10 48erg s�1 , possibly exceeding stars contri-
bution) emission from accretion processes within a very compact region (< 1 pc3) around their SMBHs.
These sources are named �Active Galactic Nuclei� (AGN). Being �active� means that their SMBH is
accreting matter from its surroundings very quickly, partially releasing gravitational energy into radiation
and heat through angular momentum loss, one of the most e�cient known energy conversion mechanisms.
As a result, their Spectral Energy Distribution (SED) is wider and brighter compared to standard galaxies
and it covers energies from the radio band to the X and 
-rays. The optical/UV emission is mainly due
to the conversion of gravitational energy in the gas, which takes place within an Accretion Disk (AD),
emitting as a multi-color Black-Body (BB), around the SMBH. Then, soft photons from the AD are up-
scattered towards the X-ray band through Inverse Compton (IC) processes in a cloud of hot, possibly in
thermal equilibrium, electrons called Corona, resulting in the so-called AGN high-energy continuum (con-
sisting in a power-law with a high-energy cut-o�, mainly determined by the temperature of the electrons
and the optical depth of the cloud; Fabian et al. 2015 and reference therein). The IR emission is due to
reprocessing of the primary emission by an obscuring torus, composed by gas and dust, encircling the
central region. Ultimately, Synchrotron radiation emitted by collimated jets is the primary source of the
observed radio emission, which can be relatively low, in Radio-Quiet (RQ) AGN or signi�cantly higher,
in Radio Loud ones.
AGN are classi�ed into a wide range of categories based on multiple observational properties. These
include their luminosity, with some AGN appearing optically bright while others are optically faint; spec-
tral characteristics, such as the strength of their X-ray emission, ranging from powerful X-ray emitters
to sources with weak or negligible X-ray output, and the presence and pro�les of spectral lines, which
can be extremely broad (up to thousands of km s�1 ) and vary signi�cantly among di�erent AGN types.
For example, some AGN display broad emission lines, indicating high-velocity gas close to the SMBH,
while others show only narrow lines, suggesting emission from more distant, slower-moving regions. Radio
features also play a role in classi�cation: some AGN exhibit prominent jets and lobes indicative of strong
radio activity, while others lack signi�cant radio emission. This diverse classi�cation re�ects the complex
physical processes and di�erent accretion states occurring in various AGN types. The �Uni�ed Model�
of AGN [Antonucci, 1993] provides a framework to explain these di�erences, proposing that many of the
observed variations are primarily due to orientation e�ects and to the presence of obscuring material.
According to this model, di�erent classes of AGN are intrinsically similar, with their apparent di�erences
arising from the viewing angle of the central engine and structures like the dusty torus that can obscure
certain regions, a�ecting the observed spectral lines and continuum.
The internal structure of AGN has been extensively investigated using a variety of approaches and meth-
ods, including spectroscopic analyses, gravitational micro-lensing and variability studies. Spectroscopic
techniques have revealed information about the emission line regions, such as the Broad and Narrow-Line
Regions (BLR and NLR), indicating complex gas dynamics and ionization states (e.g., �Warm Absorbers�
and �Ultra-Fast Out�ows�, possibly interacting with and a�ecting the host galaxy with feedback processes;
King and Pounds [2015]). Micro-lensing observations have o�ered unique insights into the spatial struc-
ture and size scales of the AD and emission regions [Chartas et al., 2009, 2017]. Variability studies across
di�erent wavelengths have provided clues about the timescales of the processes occurring close to the
SMBH, such as accretion and jet activity [Ulrich et al., 1997]. Despite these e�orts, many aspects of the
AGN internal structure remain elusive. Combining these approaches with new observational techniques
is essential for obtaining a more complete understanding of these complex and dynamic systems.
This work primarily focuses on the AGN hot corona. Its geometrical structure has not been su�ciently
constrained by spectroscopic observations alone. Several models proposing di�erent geometries have been
suggested; however, many of these models produce equally acceptable �ts to the observed spectra, even
when the coronal physical parameters, such as temperature and optical depth, are derived. This degen-
eracy presents a signi�cant challenge in distinguishing between competing models. X-ray polarization
measurements o�er a promising avenue to break this degeneracy, as di�erent geometrical con�gurations
lead to distinct polarization features in the comptonized radiation. Variations in symmetry and structure
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among models produce di�erent polarization degrees and angles, providing additional constraints. Ad-
dressing this challenge is among the primary goals of the National Aeronautics and Space Administration
(NASA)/Italian Space Agency (ASI) mission IXPE (Imaging X-ray Polarimetry Explorer; Weisskopf et al.
[2022]). Thanks to its enhanced sensitivity in comparison to similar previous missions, IXPE is providing
X-ray polarization data in the 2�8 keV energy range for a variety of cosmic X-ray sources, paving the way
for a better understanding of the coronal geometry and physics.
Similarly, understanding the detailed structure and origin of AGN winds remains a signi�cant challenge, as
current spectroscopic observations alone fail to de�nitively discriminate between various theoretical mod-
els. Proposed scenarios include equatorial out�ows, polar ejections or complex multi-phase structures,
but many of these can explain observed spectral features equally well, even with �tted parameters such
as velocity, density and ionization. This degeneracy hampers our ability to pinpoint the true geometry
and physical conditions of the winds. Also in this context, polarization measurements emerge as a pow-
erful tool, as di�erent wind con�gurations and viewing angles produce distinctive polarization signatures.
These polarization features are sensitive to the symmetry and kinematic properties of the out�ows, thus
providing crucial additional constraints. The XRISM (X-ray Imaging and Spectroscopy Mission, Tashiro
et al. [2021]) and IXPE missions are poised to address these issues by o�ering new insights into the wind
geometry, the mechanisms driving their launch and their broader impact on AGN feedback processes.
The main part of this PhD Thesis relies on detailed Monte Carlo (MC) simulations of the hot electron
corona in AGN, followed by comparisons with observational spectro-polarimetric data obtained from IXPE
and other X-ray observatories. Also, it explores the possibility to expand out capability in understanding
the physical structure and origin of AGN and X-ray binaries winds through the development of MC codes
able to properly model them.
The document is structured into two parts: (I) an overview of the physical context and the motivation
behind this work and (II) a presentation of the primary results obtained. Chapters are structured as
follows:

ˆ Chapter 1 introduces AGN, covering their historical discovery, main properties, classi�cation
scheme and the key regions such as the AD, X-ray corona, dusty torus and emission line regions;

ˆ Chapter 2 gives a closer look to AGN from a X-ray perspective, covering X-ray emission mechanisms
including Bremsstrahlung, Synchrotron, Compton Scattering and electronic transitions. Addition-
ally, it describes the AGN X-ray SED, with a focus on the primary continuum, re�ection features,
absorption and variability;

ˆ Chapter 3 focuses on X-ray polarimetry, giving a brief physical introduction of the topic, historical
background and detection techniques (including describing the IXPE polarimeter);

ˆ Chapter 4 discusses the properties, models and current challenges in understanding the AGN X-ray
corona, exploring geometries such as lamp-post, slab, conical out�ow and wedge;

ˆ Chapter 5 describes the MC code MONK, used to perform simulations of the polarization proper-
ties arising from di�erent con�gurations of the corona, as well as the outcomes of these numerical
calculations applied to the coronal models described in the previous chapter;

ˆ Chapter 6 discusses the spectral and polarimetric analyses of IXPE data of RQ, unobscured AGN,
often accompanied by data from various other X-ray spectral observatories (e.g., XMM-Newton and
NuSTAR);

ˆ Chapter 7 describes the MC code SKIRT, showing the ongoing e�orts to make it able to work with
partially ionized media to model AGN and X-ray binaries winds;

ˆ Chapter 8 summarizes the main scienti�c �ndings, discusses open questions and outlines future
research directions based on the results obtained.
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Chapter 1

Active Galactic Nuclei

1.1 Historical Introduction

The observational history of AGN begins in 1909, when E. Fath conducted a series of observations to
determine the true nature of the �spiral nebulae� (whether they were nearby objects or distant aggregations
of unresolved stars). In the case of Messier 77 (a.k.a. NGC 1068), he noted that its spectrum was
composite, displaying both bright optical emission lines and absorption features, which were not ascribable
to stellar sources [Fath, 1909]. This was later con�rmed by Slipher [1917] at Lowell Observatory, �nding
that the emission lines were �small disks" (i.e., spreading over a substantial range of wavelengths). During
the following years, several astronomers noted the presence of nuclear emission lines in the spectra of a few
spiral nebulae (e.g., Hubble 1926). The detailed investigation of these objects was initiated by K. Seyfert
in 1943. He focused on six galaxies (NGC 1068, 1275, 3516, 4051, 4151 and 7469) that featured nearly
stellar nuclei. The brightest, NGC 1068 and 4151, exhibited strong emission lines similar to those found
in planetary nebulae. Seyfert attributed the broad line widths, reaching up to 8500 km s�1 , to Doppler
shifts. Pro�les varied, but two patterns stood out: NGC 1068's lines (both forbidden and permitted) had
similar widths (�300 km s �1 ), while NGC 4151 showed relatively narrow forbidden lines and corresponding
narrow cores of the permitted lines, but hydrogen lines had very broad wings (up to 7500 km s�1 ) that were
absent from the forbidden lines pro�les [Seyfert, 1943]. Although these galaxies are now called �Seyfert's
galaxies�, the study of AGN became a major focus for astronomers only with the development of radio
astronomy: in fact, during the 1930s and 1940s, a series of radio observations led to the identi�cation of
several discrete radio sources in the sky (e.g., Cyg A, Cas A, etc..; Bolton 1948). Optical identi�cation
of discrete sources followed, leading to more accurate measurements of, among the others, M 87 and
NGC 5128 [Bolton et al., 1949]. Later on, Baade and Minkowski [1954] found an object at the position of
Cyg A, measuring a redshift of 16830 km s�1 , which implied a large distance (� 31 Mpc) and an enormous
luminosity (� 10 42 erg s�1 ) in the optical and radio bands. Then, astronomers also identi�ed elongated
and doubled structures in radio sources, proving them to be common features of extra-galactic objects
[Jennison and Das Gupta, 1953]. Moreover, the enormous radio luminosity was explained by Synchrotron
processes in expanding material by the end of 1950s, indicating energies up to 1060 ergs for the �double-
lobed� radio galaxies [Burbidge, 1959]. In the 1960s, a series of observations revealed extragalactic objects
with extremely high redshifts, broad emission lines and UV excess compared to normal stars: these objects
were named Quasars (Quasi-stellar sources; QSOs). Quasars exhibited extremely high luminosities and
were located at cosmological distance. Also, they showed a very compact nuclear region: as an example,
from H� luminosities and electron densities analyses, assuming a uniform spherical emission-line region,
Greenstein and Schmidt [1964] derived an emission region radii of 11 and 1.2 pc for 3C 48 and 3C 273,
respectively. This led to the conclusion that such a source was composed of a powerful central engine
(possibly a SMBH) producing an optical continuum, surrounded by an emission-line region and an even
larger radio-emitting region.
At this point, many characteristics of AGN had been recognized. The consensus was that the redshifts
observed in QSOs were due to the expansion of the universe. The similarities between Seyfert galaxies
and Quasars indicated they might be driven by the same underlying physical processes: accretion onto a
SMBH. Despite the evidences supporting it, this idea developed only gradually. This cautious progress was
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signi�cantly encouraged by the discovery of X-ray sources within our own Galaxy, known as X-ray binaries,
which provided concrete evidence that BHs could produce observable high-energy emissions. Nevertheless,
many fundamental questions remain unanswered: how SMBHs initially form and what mechanisms supply
their growth. Understanding the detailed structure and geometry of the regions surrounding the BH (such
as AD, hot electron corona, emission-line regions, winds and jets) remains a complex challenge. The study
of AGN involves many areas of research. Because AGN are key for understanding how the universe works
and how galaxies change, studying them will stay as an important part of astronomy for a long time.
With new telescopes and better models and techniques, we expect to learn a lot more about these exciting
and powerful objects in the near future.

1.2 AGN Spectral Energy Distribution

The primary way to study AGN, as for almost any other celestial object, is to observe their SED. As men-
tioned above, a typical AGN SED covers the entire EM spectrum, with spectral components determined
by the contributes of several di�erent physical processes occurring in various regions of the nucleus. Even
if di�erent sources show peculiar spectral features, the overall picture of an AGN SED is composed of four
main components:

ˆ the primary emission in the optical/UV;

ˆ the IR continuum;

ˆ the high-energy continuum in the X-rays and the 
 emission;

ˆ the radio emission.

Besides these, as illustrated in Fig. 1.1, the typical AGN spectrum exhibits numerous re�ection features,
primarily originating from the reprocessing of X-ray radiation by various structures. It also includes a
Soft (X-ray) Excess component, whose origin remains largely uncertain. In this section, a brief overview
of the main features mentioned above is provided, with a more comprehensive discussion of the X-ray
SED reserved for Sect. 2.2.

1.2.1 The Optical/UV Primary Emission

In this energy range, AGN display a broad feature referred to as the Big Blue Bump (BBB). As will be
elaborated later, this component is probably caused by gas and dust orbiting the central SMBH within
an AD [Shields, 1978, Malkan and Sargent, 1982]. As they lose angular momentum, these materials
convert a large fraction of their gravitational energy into radiation and heat. Typically, the SMBH's mass
varies from about 106 to 109M � , leading the accretion disk's emission to peak in the optical/UV energy
range, consistent with the well-known Shakura-Sunyaev �-disc relation, where the AD multi-color BB
temperature (TBB ) depends on the SMBH's mass as TBB � M �1=4

BH [Shakura and Sunyaev, 1973].

1.2.2 The Infra-Red Continuum

As discussed in the following chapters, AGN exhibit an additional emission feature resembling a BB,
typically peaking around tens of microns. This feature is likely caused by the absorption and emission
of gas and dust in a relatively distant from the SMBH region, with grains temperatures below 2000 K.
Additionally, it shows variability similar to that of the optical/UV continuum, but with a time delay that
re�ects the light travel time between the central, compact region and the more distant dust grains [Clavel
et al., 1989].

1.2.3 The High-Energy Continuum in the X-rays and the 
-ray Emission

The X-ray emission is primarily characterized by a power-law shape with a high-energy cut-o�: F (E) /

E �� e� E
E C , where � is the spectral index and EC is the cut-o� energy [George and Fabian, 1991]. This

feature is likely caused by Comptonization, speci�cally IC scatterings, of relatively cool optical/UV pho-
tons originating from the AD within a region of extremely hot electrons known as the corona [Haardt and
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Figure 1.1: A schematic illustration of the AGN SED, based on the observed SEDs of RQ quasars. The black solid
curve represents the total emission pro�le, while the various colored curves represent the individual emission components.
Additionally, a representative radio-to-UV SED of a starburst galaxy is shown in grey. The �gure is taken from [Harrison,
2014].

Maraschi, 1991]. Conversely, 
-ray emission, observed predominantly in Radio-Loud sources, is believed to
originate from Comptonization processes within relativistic jets launched from the vicinity of the SMBH.
In this band, the spectrum also takes the form of a cut-o� power-law, often with a di�erent spectral index
and cut-o� energy compared to the X-ray spectrum.

1.2.4 The Radio Emission

Radio emission in AGN is likely generated by relativistic jets composed of charged particles moving at
nearly the speed of light. These jets are thought to be launched close to the SMBH and can extend
across inter-galactic distances, producing Synchrotron radiation as the relativistic electrons spiral around
magnetic �eld lines [Blandford and Königl, 1979]. This Synchrotron emission is characterized by a broad
spectrum, but it is most prominent at radio frequencies, making AGN some of the brightest radio sources
in the universe. The morphology of radio emission varies, with some AGN displaying compact cores, while
others show extended jets and lobes, which are indicative of long-term jet activity. The radio luminosity is
often used as a marker of AGN activity and the presence of powerful jets distinguishes Radio-Loud AGN
from RQ ones. The study of radio emission helps in understanding the jet launching mechanisms, the
magnetic �eld structure and the energy transport processes close to the BH. Moreover, radio observations
have revealed phenomena such as super-luminal motion, which provide insights into the relativistic speeds
and orientation of jets relative to the line of sight [Rees, 1966].
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1.3 AGN classi�cation

AGN exhibit a wide range of observational features, resulting in di�erent classi�cation systems mainly
focused on their spectral, luminosity and morphological properties. Here, an overview of the primary
types of AGN is presented:

1.3.1 Seyfert Galaxies

Seyfert galaxies are a prominent class of lower-(bolometric) luminosity AGN (Lbol � 10 42 � 10 44 erg s�1 ;
Woo and Urry 2002). They were �rst identi�ed by K. Seyfert [Seyfert, 1943] and are characterized as RQ
systems predominantly hosted by spiral galaxies. These galaxies often feature large galactic bulges and
exhibit prominent high-ionization emission lines.
Seyfert galaxies are classi�ed into two main types:

ˆ Seyfert 1: these galaxies display both broad permitted and narrow forbidden emission lines in their
optical spectra. The broad lines, with widths reaching several thousand km s�1 , originate from the
BLR, which is a dense (ne > 109 cm�3 ) area located close to the SMBH. Conversely, the narrow
lines, with widths up to a few hundreds km s�1 , come from the NLR, which exists farther out
from the SMBH in a lower-density environment (103�10 6 cm�3 ). Seyfert 1 galaxies exhibit strong
continuum emission across X-ray, UV and optical wavelengths, along with notable variability. The
presence of broad emission lines implies an unobstructed view of the innermost AGN regions, a
topic further elaborated upon in subsequent sections. A subset of Seyfert 1 galaxies, known as
Narrow-Line Seyfert 1 (NLS1) galaxies, are distinguished by their narrower broad emission lines
(particularly H� with FWHM < 2000 km s �1 ), intense Fe II emission and rapid variability, often
indicative of a low-mass SMBH accreting at high rates [Osterbrock and Pogge, 1985];

ˆ Seyfert 2: in these galaxies, only narrow emission lines are observed, suggesting that the BLR
is obscured from the line of sight by dust or dense gas clouds. Their optical and UV spectra are
dominated by NLR emission, which often results in lower optical and UV luminosities compared
to Seyfert 1s. In X-ray observations, Seyfert 2s often exhibit signi�cant absorption, with column
densities exceeding 1023 cm�2 . When this absorption is corrected, these galaxies can show luminosi-
ties comparable to Seyfert 1s, indicating that the central engine is intrinsically similar but viewed
through di�erent lines of sight [Bassani et al., 1999]. Additionally, many Seyfert 2 galaxies display
strong Fe K� emission lines and re�ection features, which are signatures of reprocessing of X-ray
emission by circum-nuclear material.

The distinctions between narrow and broad emission regions, as well as the di�erences between Seyfert 1
and 2 galaxies, likely attributable to orientation e�ects, will be discussed in 1.4, where the AGN �Uni�ed
Model� will be introduced.

1.3.2 Quasars

Quasars, or Quasi-Stellar Objects (QSOs), are the most luminous class of AGN, characterized by their
intense continuum emission spanning from radio to X-ray frequencies [Schmidt, 1963, Schmidt and Green,
1983]. They can outshine their host galaxies and are observable across a broad range of redshifts. Quasars
exhibit broad emission lines, high luminosities (up to 1047 erg s�1 ) and signi�cant variability. Also, they
can show a strong radio emission, often linked to the presence of relativistic jets and lobes.

1.3.3 Radio Galaxies

Radio galaxies are distinguished by their powerful radio-mm emission, often associated with large-scale
jets and lobes emitting non-thermal, Synchrotron radiation. They present moderate luminosities (Lbol �
1044 � 10 47 erg s�1 ) and typically occur in elliptical galaxies. Radio galaxies provide critical insights into
jet physics and the interaction of AGN-driven out�ows with the environment. They are morphologically
classi�ed into Fanaro�-Riley Type I (FR I) and Type 2 (FR II) [Fanaro� and Riley, 1974]:

ˆ FR I: these objects feature jets that fade with distance from the nucleus and have relatively low
radio luminosity (< 10 25 W Hz �1 ). They are usually hosted by massive elliptical galaxies;
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ˆ FR II: more luminous than FR I, with bright hot-spots at the edges of radio lobes, indicative of
powerful jet activity.

From a spectroscopic standpoint, they can also be categorized as Broad Line Radio Galaxies (BLRGs) or
Narrow Line Radio Galaxies (NLRGs), depending on whether their optical-UV spectra display broad or
narrow emission lines.

1.3.4 Blazars and OVVs

Blazars are AGN characterized by highly variable, polarized emission across the EM spectrum, believed to
be due to relativistic jets aligned close to the line of sight [Blandford and Rees, 1978, Urry and Padovani,
1995].

ˆ BL Lacertae objects (BL Lacs): these objects display weak or absent emission lines, with spectra
dominated by non-thermal jet emission, rapid variability and high polarization;

ˆ Flat Spectrum Radio Quasars (FSRQs): these have strong, broad emission lines and high
variability, with their jets also aligned toward the observer, causing signi�cant Doppler boosting;

ˆ Optically Violent Variables (OVVs): this subgroup of FSRQs exhibits rapid optical variability
and high polarization, providing key insights into jet physics [Angel and Stockman, 1980].

1.3.5 LINERs (Low-Ionization Nuclear Emission-Line Regions)

LINERs, the least luminous of the classi�cation, are characterized by their emission lines from low-
ionization species such as [O I], [N II] and [S II] [Heckman, 1980]. They are prevalent in nearby galaxies,
particularly in early-type galaxies and in the center of spiral galaxies. The physical nature of LINERs
remains under debate; they may represent a class of low-luminosity AGN with low accretion rates onto the
central SMBH or their emission could be powered by alternative sources such as shocks, hot old stars (post-
AGB stars) or star formation activity [Ho, 2008]. Some LINERs exhibit weak X-ray emission consistent
with accretion onto a SMBH, supporting the idea that at least a subset of LINERs host genuine low-
luminosity active nuclei [Ho, 1999]. Others, however, might not contain active BHs and could be powered
predominantly by stellar processes or shocks in the interstellar medium. The distinction between LINERs
and more luminous AGN is important for understanding the low end of BH activity and galaxy evolution,
as LINERs may represent a dormant or fading phase of nuclear activity.

1.4 AGN structure: the �Uni�ed Model�

Although AGN display a wide range of observational features and classi�cations, these di�erences are
largely thought to result from the angle at which the object is observed, rather than from intrinsic physical
variations. The �Uni�ed Model� of AGN [Antonucci, 1993, Urry and Padovani, 1995] proposes that all
AGN share a common structure that includes SMBH, AD, BLR, NLR and a dusty torus surrounding the
nucleus. According to this model, the diverse appearances of AGN, such as the presence or absence of
broad emission lines between Seyferts, are mainly due to the orientation of this structure relative to the line
of sight (see Fig. 1.2). Supporting evidences for this include polarization measurements, variability studies
and the detection of hidden broad lines in polarized light, which indicate that some features are obscured
from direct view but visible indirectly [Antonucci and Miller, 1985]. The upcoming sections explore the
various structural components of AGN and how their geometry and physical conditions in�uence their
observed properties within this uni�ed framework.

1.4.1 The Central Engine and the Accretion Disk

It has been con�rmed, through numerous observations, that the immense energy output of AGN within
extremely con�ned regions is powered by SMBHs located at the gravitational centers of their host galaxies.
A SMBH can be characterized by a few key parameters: its mass (MBH ), typically ranging from 10 6 to
109 M � [Rees, 1984], its electric charge Q (assumed to be negligible in astrophysical BHs) and its angular
momentum J. Moreover, it is possible to de�ne the BH's dimensionless spin parameter a = J

GM 2
BH

, which
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Figure 1.2: A schematic representation of the �Uni�ed Model� of AGN. The diagram shows how the appearance of an AGN
varies depending on the observer's viewing angle. This image is sourced from Beckmann and Shrader [2012].

varies between -1 and 1. Positive values of a indicate that the BH spins in the same direction as its
AD (prograde rotation), whereas negative values signify counter-rotation (retrograde). A fundamental
concept related to BHs is the event horizon, which is the boundary beyond which nothing, not even light,
can escape. The size of this horizon critically depends on the spin: for a non-rotating (Schwarzschild) BH
(a = 0), the event horizon radius is given by the Schwarzschild radius RS = 2GM BH

c2 , while for a maximally
spinning (Kerr) BH (a = 1), it is reduced to the gravitational radius: R G = GM BH

c2 = R S
2 . As the BH's spin

approaches its maximum, the horizon radius diminishes, but the spin cannot exceed a certain limit due to
the competing e�ects of radiation and accretion processes. This upper bound, known as the Thorne limit
(approximately a � 0:998; Thorne 1974), is derived from the balance between accretion-driven spin-up
and radiation-driven spin-down e�ects. In realistic steady-state accretion, radiation emitted by the AD
carries away angular momentum, preventing the BH from reaching the theoretical maximum spin. Also,
the Innermost Stable Circular Orbit (ISCO) marks the smallest radius at which matter can orbit stably
before falling onto the BH. Its location depends on the spin: for a non-spinning BH, the ISCO radius is
3RS (or 6RG ); for a maximally spinning Kerr BH, the ISCO extends inward to 1R G ; near the Thorne
limit, the ISCO reaches approximately 1:24RG .
Thus, AGN are powered by the accretion of matter onto SMBHs. In this process, as highlighted, dust
and gas, likely due to energy dissipation through shocks and radiation without losing angular momentum,
form a geometrically thin, optically thick AD [Shakura and Sunyaev, 1973, Shields, 1978, Malkan and
Sargent, 1982]. Through angular momentum transfer, mediated by friction between adjacent annuli, the
material gradually spirals inward, eventually crossing the BH's event horizon. Turbulence is proposed as
the primary mechanism responsible for viscosity within the disk, often described by the parameterization
v = �c sh, where cs is the sound speed within the medium, h the disk's half-thickness and � a dimensionless
parameter ranging between 0 (no accretion) and 1 (maximal accretion rate). Disks characterized by this
viscosity model are referred to as ��-disks� or �Shakura-Sunyaev disks� [Shakura and Sunyaev, 1973,
Novikov and Thorne, 1973].
The mass accretion rate is de�ned as _m =dm

dt . The total energy released by this accretion is given by:

L acc =
dE
dt

= � _mc 2 (1.1)
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where � is the e�ciency of conversion of rest mass into energy. Since the potential energy of a mass m at
distance r from a central source of mass M is U =GMm

r , following the Virial theorem 1, the rate at which
it can be converted to radiation is given by:

L =
1
2

dU
dt

=
GM _m

2r
(1.2)

Comparing equations 1.1 and 1.2 the classical relation between the conversion e�ciency and the BH's
mass is obtained:

� =
GM
2rc2 (1.3)

Thus, the higher the compactness of the celestial object (Mr ), the higher the e�ciency. For a maximally
spinning BH it can reach values up to 0.42, making it one of the most e�ective energy transformation
mechanisms known in astrophysics.
The emission from the AD can be modeled as a multi-color BB, which accounts for the temperature
gradient across the disk. Assuming a geometrically thin and optically thick disk, each annulus (at a
distance r from the central source) emits BB radiation characterized by a local e�ective temperature T (r)
(see Fig. 1.3).

Figure 1.3: SED of a geometrically thin, optically
thick AGN AD. The �nal spectrum is the sum
of BB emission from di�erent disk annuli. This
image is taken from Tortosa [2018].

Combining Eq. 1.2 and the Stefan-Boltzmann law it is pos-
sible to derive the luminosity at a distance r:

L(r; T ) =
GM _m

2r
= 2�r 2� S�B T4 (1.4)

where � S�B is the Stefan-Boltzmann constant.
From here, it is possible to derive the temperature pro�le of
the disk:

T (r) =
�

GM _m
4�� S�B r 3

� 1=4

(1.5)

These equations indicate that (i) the majority of the lumi-
nosity is emitted near the central source and that (ii) the
temperature of the disk increases as one approaches closer to
the central BH. Also, since the ISCO moves farther out as the
BH mass increases, more massive objects consequently have
cooler ADs. As a result, the typical temperatures of SMBH

disks fall around T � 10 5 � 10 6 K, with their multi-color BB emission peaking in the optical/UV energy
band. In contrast, smaller objects such as Neutron Stars (NS) or stellar-mass BHs reach higher disk
temperatures, causing their emission to peak in the X-ray energy band.
Also, it is possible to de�ne the maximum luminosity that a BH can sustain when the outward radiation
pressure balances the inward gravitational attraction exerted on the accreting matter. This limit, known
as the �Eddington luminosity�, sets a fundamental constraint on the growth and brightness of AGN in
case of spherical symmetry of the accretion process. Its derivation involves equating the gravitational
force acting on a single proton to the force exerted by radiation pressure due to AGN's luminosity. The
gravitational force on a proton (mp ) at a distance r from the BH of mass M is:

FG =
GMm p

r 2 (1.6)

while the outward radiative force resulting from AGN's luminosity L, assuming Thomson scattering (� T )
dominates, is:

Frad =
� T L

4�r 2c
(1.7)

The Eddington luminosity is obtained by setting F G = F rad :

L Edd =
4�GMm pc

� T
� 1:26 � 10 38

�
M

M �

�
erg s�1 (1.8)

1Virial theorem: half of the dissipated gravitational energy is converted into kinetic energy and the other is radiated
away.
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Substituting the known constants provides an approximate expression:

L Edd � 1:26 � 10 38
�

M
M �

�
erg s�1 (1.9)

This luminosity e�ectively represents the maximum radiative output that can be achieved while still
allowing matter to accrete onto the BH without being expelled by radiation pressure. The corresponding
Eddington accretion rate _M Edd , assuming a radiative e�ciency �, is:

_M Edd =
L Edd

�c 2 : (1.10)

This rate indicates the maximum mass in�ow that can be sustained without disrupting the accretion
process [Eddington, 1925]. An important parameter describing the accretion mechanism is the Eddington
ratio, which relates the AGN bolometric luminosity with its Eddington luminosity: � Edd = L bol

L Edd
.

While the classical Eddington limit constrains the maximum stable luminosity for BH accretion, some
sources can temporarily or locally exceed this limit through mechanisms such as geometrical beaming or
photon trapping. These super-Eddington accretion �ows are thought to play a key role in rapid BH growth
and the formation of ultra-luminous X-ray sources. Also, since accretion via ADs is not spherical, this
general argument does not directly apply to BHs. In fact, many sources of this kind can easily overcome
this limit, due to the speci�c geometry of the accretion process.

1.4.2 The X-ray Corona

Part of the optical/UV photons emitted by the AD as a multi-color BB is re-processed in a cloud of
extremely energetic electrons placed in the innermost regions of the nucleus: the so-called X-ray corona.
This cloud is usually described as an optically thin plasma of very hot electrons, with temperatures (kTe)
ranging between 10�100 keV (and more in a few extreme sources) and moderate Thomson optical depths
(Dadina 2007, Fabian et al. 2015, 2017b, Tortosa et al. 2018 and reference therein). The corona and the
AD are interconnected: photons from the disk are energized into the X-ray band via IC scatterings with
coronal electrons. Simultaneously, the comptonized photons hit the dense material within the disk. The
exact place of coronal heating, representing a probe of its physical origin, remains a topic of ongoing
debate. Considering this highly e�ective cooling process (IC), there must be a correspondingly e�cient
heating mechanism that enables the corona to maintain in a relatively stable state over time. One
possible explanation suggests magnetic reconnection as the main source of energy of the corona [Haardt
and Maraschi, 1993, Merloni and Fabian, 2001, Fabian et al., 2015]. The geometry of this cloud also
remains uncertain. Understanding its morphology is especially important, as each model is closely linked
to the underlying physical process that created it. Spectroscopic techniques alone, mostly using X-ray
observatories such as the European Space Agency (ESA) X-ray Multi-Mirror Mission (XMM-Newton;
Jansen et al. 2001) and the NASA Nuclear Spectroscopic Telescope Array (NuSTAR; Harrison et al.
2013), if on one hand are able to accurately provide information on the physical properties of the corona,
such as its temperature and optical depth [Tortosa et al., 2018, Marinucci et al., 2018], on the other hand
fall short of distinguishing between di�erent geometrical con�gurations. Currently, some constraints on
the coronal morphology have been derived using time lags techniques (such as reverberation mapping;
Uttley et al. 2014, Fabian et al. 2017a, Caballero-García et al. 2020), but many aspects remain to be
determined.
Several geometrical models have been proposed so far. Here, four of them, among the most popular ones,
are listed:

ˆ Two Phases Model (Slab Corona): the hot medium is here assumed to be uniformly distributed
above the disk. This geometry can be realized in the scenario where magnetic loops rise high above
the disk plane and dissipate energy via reconnection. Here, the energy dissipation and electron's
heating occur over a large volume and the corona is assumed to be co-rotating with the Keplerian
disk [Liang, 1979, Haardt and Maraschi, 1991, Beloborodov, 2017]. Stern et al. [1995] showed that
slab models sandwiching the disk generally produce spectra steeper than observed, owing to the
substantial �ux of reprocessed photons that cool the electrons in the corona. Nevertheless, Haardt
et al. [1994] showed that a slab-like Corona consisting of localized structures (blobs) can produce
spectra as �at as required;
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ˆ Spherical Lamp-post Corona: it consists in a spherical, compact and stationary source located
along the disk axis. Its size depends on the BH's spin [Ursini et al., 2020]. It produces re�ection-
dominated spectra in AGN when the source's height is very low [Matt et al., 1991, Martocchia and
Matt, 1996, Petrucci and Henri, 1997, Wilkins and Fabian, 2012, Ursini et al., 2022];

ˆ Conical Out�ow: it can be described as a conical mass located along the symmetry axis of the
AD. It is commonly associated with an aborted jet. In fact, according to this model, RQ AGN have
central SMBHs powering out�ows and jets which may propagate only for a short distance, if the
velocity of the ejected material is sub-relativistic and smaller than the escape velocity. Hence, the
material would be able to travel only up to a certain distance before falling back and colliding with
subsequent blobs. This would result in the dissipation of kinetic energy and in the production of
high-energy emission in these objects [Petrucci and Henri, 1997, Ghisellini et al., 2004, Ursini et al.,
2022];

ˆ Wedge Corona: it is similar to the slab but with the height increasing with the radius. In this
scenario the disk is thought to be truncated at a certain radius, while the corona represents some type
of a hot accretion �ow, possibly extending to the ISCO. This model has the advantage of reducing
the disk area subtended by the hot corona, thereby overcoming the problem of excessively steep
spectra [Esin et al., 1997, 1998, Schnittman and Krolik, 2010, Poutanen et al., 2018, Tagliacozzo
et al., 2025].

Coronal geometric models can, to varying degrees, �t the observed X-ray spectra of AGN. However, iden-
tifying the most accurate model is challenged by degeneracies, making it di�cult to distinguish between
them solely based on spectral data. As discussed in subsequent chapters, X-ray polarimetry emerges
as a powerful diagnostic tool because the polarization of X-rays is strongly in�uenced by the geometry
of the emitting region. Both analytic and Monte Carlo Radiative Transfer (MCRT) simulations have
demonstrated that di�erent models produce distinct polarization signatures. For instance, vertically ex-
tended coronae, such as the spherical lamp-post and the conical out�ow, generally generate polarization
angles perpendicular to the BH's spin axis. Conversely, radially extended coronae, like the slab and the
wedge con�gurations, tend to produce polarization angles aligned parallel to the spin axis. Additionally,
the symmetry of the corona a�ects the polarization fraction of the comptonized radiation. The highly
symmetric spherical lamp-post typically results in low polarization degrees (around 0 � 2%), whereas the
more asymmetric slab corona can produce higher polarization fractions, reaching up to 14%, depending
on the speci�c physical setup. Intermediate polarization levels are associated with con�gurations like the
conical out�ow and the wedge corona [Ursini et al., 2022, Tagliacozzo et al., 2025].
Much of this work is based on the use of X-ray polarimetry in an attempt to de�nitively determine the
con�guration of the hot electrons corona in AGN.

Recently, a model has been proposed in which the X-ray emission arises from two distinct coronae: the
classical hot corona and a warm corona (optically thick and geometrically thin), which is responsible for
the UV-soft X-ray emission and correlation [Done et al., 2012, Petrucci et al., 2013, Ballantyne et al.,
2024]. The warm corona's emission is typically modeled as thermal Comptonization, with plasma temper-
atures ranging from 0.1 to 1 keV and optical depths in the range �=10�40. Given the high optical depth
observed, the most favorable con�guration involves an extended warm corona that completely blankets a
passive disk, where all the accretion power is dissipated within the warm plasma. Meanwhile, the high
temperature of the classical hot corona suggests its location in the inner regions of the accretion �ow. In
this scenario, the two coronae are highly interconnected: the seed soft photons, which are up-scattered
by the hot plasma and responsible for the primary X-ray emission, originate from the warm corona. Si-
multaneously, the hot corona illuminates the outer layers of the AD, contributing to the formation and
maintenance of the warm plasma. A tentative scheme of this model is shown in Fig. 1.4.

Since the hot electrons corona is one of the main topic of this PhD Thesis, it will be broadly described in
Chapter 4.
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Figure 1.4: A tentative schematic of the two coronae-disk system is illustrated: the warm corona is represented with a slab
geometry, enveloping the AD, whereas the hot corona is proposed to have a wedge-shaped con�guration situated closer to
the SMBH. This image is taken from Petrucci et al. [2013].

1.4.3 The Dusty Torus

According to the AGN �Uni�ed Model�, the observed dichotomy in AGN types is explained by a large-
scale toroidal structure of gas and dust in the equatorial plane, which causes line-of-sight obscuration,
depending on the observer's viewing angle [Antonucci, 1993, Urry and Padovani, 1995, Netzer, 2015].
This structure of gas and dust, extending from around 1 up to 100 pc and ranging in temperature from
approximately 100 to 1500 K, is responsible for the extinction of optical and UV photons, the thermal
dust re-emission in the IR, which can be described as a superposition of modi�ed BB peaking around
tens of micron, and reprocessing in the X-ray band. Furthermore, it explains the absence of broad optical
lines in obscured AGN and the appearance of these lines in polarized light [Antonucci and Miller, 1985].
It could further be important as an accretion reservoir fuelling the active SMBH or as a direct probe on
AGN feedback [Ramos Almeida and Ricci, 2017]. The simplest models describe the torus as having a
smooth matter distribution; however, observational evidence increasingly supports more complex, clumpy
structures, where dense clouds coexist with inter-clump material [Nenkova et al., 2008a,b, Hönig et al.,
2010, Balokovi¢ et al., 2014]. Furthermore, high-angular resolution imaging in the mid-IR has shown that
the circum-nuclear medium is also extended in the polar direction, as opposed to a purely equatorial torus
[Tristram et al., 2007, 2014, Stalevski et al., 2017]. The most prominent features of X-ray reprocessing by
the AGN torus are the narrow Fe K� line at 6.4 keV and the Compton re�ection hump peaking at about
30 keV [Nandra et al., 1989, Matt et al., 1991]. Despite, as will be discussed in the next sections, similar
features are produced within the accretion disk too via re�ection processes, if well modeled they can be
used to directly probe the cold gas and dust surrounding AGN and are commonly used to constrain the
geometry of the reprocessing medium. Indeed, recent RT studies have demonstrated that X-ray spectra
of obscured AGN carry detailed information on the 3D distribution of obscuring gas and dust, tracing
clumpy structures and polar extended material in the circum-nuclear medium, even outside of the line
of sight [Vander Meulen et al., 2023]. The gas at the innermost radius of the torus is ionized by the
intense radiation from the central source, while deeper within, the structure contains dusty molecular
gas. The inner radius of the torus is determined by the dust sublimation temperature, which sets the
minimum distance at which dust can survive without vaporizing [Netzer and Laor, 1993, Netzer, 2015].
Several formation scenarios have been proposed: one possibility involves matter originating from the
outer, relatively cold regions of the AD, which could escape as a clumped wind surrounding the disk's
perimeter; alternatively, the torus could form from ambient material accreted from the host galaxy's
interstellar medium. Additionally, out�owing clouds emerging from the AD and embedded within a
hydromagnetically driven disk wind have also been suggested as mechanisms for torus formation. These
diverse models aim to explain the observed IR emission features, variability and the partial obscuration
of the central engine that characterize AGN, underscoring the importance of understanding the origin
and the physical structure of the torus for a comprehensive picture of AGN physics. X-ray polarimetry
provided a new powerful tool to better characterize the structure of the torus. IXPE, launched in late
2021, observed two RQ, obscured AGN so far: the Circinus Galaxy [Ursini et al., 2023a] and the prototype
Compton-thick AGN NGC 1068 [Marin et al., 2024a], providing useful insights on the con�guration of
the torus.
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1.4.4 AGN Winds

A major challenge in modern astrophysics is understanding how galaxies and AGN form and evolve
together. While numerous observations suggest a close relationship, forming the foundation of co-evolution
models, the precise processes that drive this interplay are still a matter of ongoing research. AGN feedback,
which can in�uence the host galaxy and alter the surrounding Intra-Cluster Medium (ICM), mainly
operates through two distinct mechanisms [Fabian, 2012]:

ˆ the �kinetic� mode, where the key element is the radio jet. It is present in around 10-20% of AGN
(i.e., Radio-Loud AGN, when the parameter R = F5GHZ

F 2
B

1 is higher than 10) and consists in a highly
collimated, relativistic plasma emitted from the center of the source via Synchrotron radiation. It
can reach distances of hundreds of kpc and the lobes can extend up to Mpc-scales, overcoming the
radius of their host galaxies and transferring it a substantial amount of energy. This can prevent the
halo from radiatively cooling, e�ectively halting the growth of new star in the host galaxy [Krause,
2023];

ˆ the �radiative� (or �wind�) mode, characterized by winds of ionized, neutral and molecular matter.
At kpc-scales, massive and energetic out�ows have been observed. These structures can signi�cantly
in�uence galaxy evolution by regulating the cold, dense gas available in the Inter-Stellar Medium
(ISM), a�ecting star formation rates [Veilleux et al., 2020]. Ionized out�ows have been identi�ed in
AGN spectra via absorption features in the UV band (as Broad, Narrow and Intermediate Absorption
Lines, ranging from 4�10 3 to 6 �10 4 km s�1 : �BALs�, �mini-BALs� and �NALs�) and in the X-ray
band (�Warm Absorbers�, or WAs [Reynolds, 1997, Laha et al., 2014], as absorption lines and edges
in the soft X-ray spectra of AGN, ranging from 102 to 2 � 10 3 km s�1 and exhibiting variations in
ionization state in response to AGN continuum luminosity changes. �Ultra-Fast Out�ows� (UFOs;
Chartas et al. [2002], Cappi [2006], Tombesi et al. [2010]) represent an extreme category of ionized
winds, displaying midly relativistic velocities (between 0.03 and 0.6c), column densities between 1022

and 1024 cm�2 and high ionization parameter (log � = 4 � 5:6). Recently, a new category of winds
has been identi�ed in the X-ray band: the �Transient Obscuring Winds� [Kaastra et al., 2014],
exhibiting an intermediate ionization state (between WAs and UFOs) and characterized by high
column densities (up to 1023 cm�2 ) and velocities in the range 1 � 5 � 10 3 km s�1 . Di�erent winds
launching mechanisms have been proposed: thermal pressure (pressure gradient of X-ray-heated
gas as driving force; Begelman et al. 1983), radiative pressure [Everett and Ballantyne, 2004] and
Magneto-Hydrodynamic (MHD; matter is ejected by intense magnetic �elds from di�erent regions
of the AD, leading to a strati�cation characterized by an increase in column density, ionization and
velocity; Fukumura et al. 2010). The various types of ionized out�ows are shown in Fig. 1.5.

As for the X-ray corona, also AGN winds represent a topic of this PhD Thesis and they will be discussed
in Chap. 7.

1.4.5 Narrow and Broad Line Regions

One of the key early observational signatures of AGN is the presence of emission lines with Doppler
broadening ranging from about 103 to several 104 km s�1 . The most prominent of these are the hy-
drogen Balmer lines such as H� (6563 �A), H� (4861 �A) and H
 (4340 �A), as well as Ly� line at 1216
�A. Additionally, spectral lines from ionized elements like [Mg II] (2798 �A), [C III] (1909 �A) and [C IV]
(1549 �A) are commonly observed. These emission lines di�er in width: many are signi�cantly narrower
(on the order of a few hundreds km s�1 ) and lack variability, which has led to the conclusion that they
originate from a more extended and kinematically distinct region from the broad lines. This distinction
gave rise to the terms �Broad Line Region� (BLR) and �Narrow-Line Region� (NLR) [Blandford et al.,
1990]. The NLR is the largest spatial zone where the ionizing radiation from the central engine exceeds
the contribution from stellar light, making it observable in optical wavelengths. It is characterized by
an extended, roughly spherical or conical distribution of low-density (less than 106 cm�3 ), hot (about
104 K) ionized gas, which emits both permitted and forbidden lines that are generally isotropic. The
NLR spans distances from approximately 10 to 104 pc. Since these forbidden lines experience negligible
self-absorption, their emission provides crucial insights into ionized gas's properties and AGN's in�uence

1F5GHZ and F 2
B are source's 5 GHZ and B-band �ux, respectively.
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Figure 1.5: Various types of ionized out�ows observed in both UV and X-ray spectra of AGN. For each out�ow type, the
corresponding ranges of physical parameters (such as column density, ionization parameter, out�ow velocity and distance
between the SMBH and the out�ow) are provided. This �gure is adapted from Laha et al. [2021].

over large scales. Due to the large size and relatively low density, the gas velocities are here modest,
typically between 3 � 10 2 and 103 km s�1 , and the lines from this region tend to be narrow. Importantly,
variations in AGN's central continuum emission are not re�ected in the narrow lines because NLR's size
results in signi�cant light-travel times, damping short-term variability signals. In contrast, the BLR is
much closer to the central engine, measuring about 10�100 light-days in Seyfert 1 galaxies and extending
up to a few light-years in luminous Quasars. It contains highly dense gas with electron densities of at least
108 cm�3 , moving at velocities up to 104 km s�1 . The emission lines from the BLR, such as the hydrogen
Balmer lines and UV lines are permitted and broad, due to these high velocities. These broad lines are
often variable, re�ecting the rapid changes occurring in the innermost regions surrounding the SMBH.
The di�erences in line widths, densities and variability are central to the understanding of AGN structure.

In Fig. 1.6, the aforementioned and discussed structures are shown in a comprehensive view of the inner
region of an AGN.
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Figure 1.6: A closer look at an AGN as described by the �Uni�ed Model�. The main structures forming the inner region
of the galaxy are shown: SMBH, AD, X-ray corona, dusty torus, out�ows, BLR, NLR and polar dust. This image is taken
from Hickox and Alexander [2018].



Chapter 2

AGN: a X-ray perspective

X-ray observations are essential for exploring the extreme physical conditions in AGN, o�ering direct
insight into processes occurring close to the SMBH. The X-ray emission in AGN is produced by several
mechanisms: thermal Bremsstrahlung, resulting from the interaction of electrons with ions in the hot
plasma; IC scattering, where lower-energy photons (mainly from the AD) are energized toward the X-ray
band by high-energy electrons in the corona; and Synchrotron emission, generated by relativistic electrons
spiraling in magnetic �elds, particularly relevant in jetted AGN. The AGN X-ray SED (between 0.1 and
120 keV) is generally characterized by a power-law continuum, a re�ection component and features such
as the Fe K� line, providing clues about the geometry and physical conditions of the central engine.
Observing these X-ray properties requires sophisticated telescopes, which o�er high spatial and spectral
resolution to disentangle the complex processes at play. Together, these observations enable a comprehen-
sive understanding of accretion physics, relativistic e�ects and feedback mechanisms that in�uence galaxy
evolution.

2.1 Emission Mechanisms

2.1.1 Bremsstrahlung

This type of radiation, also known as �free-free emission� or �braking radiation�, is caused by the accel-
eration of a charged particle due to its passage through the Coulomb �eld of another charge [Rybicki and
Lightman, 1979]. When the moving particle is de�ected, it emits continuous radiation with frequency
depending on the energy of the incident particle. If the energy of the particle is su�ciently high, the
emitted radiation lies in the X-ray band. Let consider a plasma cloud composed of ions with charge Ze+

(density nZ ) and electrons (e� ) with velocity v and density n e. In this context, since the mass of the ions
is much larger than that of electron, we can assume the former to be at rest. The �collision time� (i.e.,
the time during which the electron is in close interaction with the ion) is tc = 2 b

v , where b is the impact
parameter between the electron and the ion. Assuming a constant acceleration within the interaction
a � e2

m eb2 , the total radiated power of the electrons, in vacuum, is given by the Larmor formula:

P = �
dE
dt

=
2e2a2

3c2 =
4Z2e6

3c3m2
eb3v

(2.1)

Since a cloud of ions with density nZ and free electrons with density ne is considered here, it is possible
to calculate the total emissivity of the cloud, which is given by:

Jbr =
32�Z 2e6nenZ

3c3m2
ev

ln
�

bmax

bmin

�
(2.2)

where bmax and bmin are the limiting values of the impact parameter beyond which the contribution to
the overall emissivity becomes negligible.
When the plasma is in thermal equilibrium (and therefore particles follow a Maxwell-Boltzmann dis-
tribution 2), the emission is called �Thermal Bremsstrahlung� and exhibits an exponential cut-o� solely

2Maxwell-Boltzmann distribution: f (v)dv = 4�
�

m e
2�k B T

� 3=2
e

� m e v 2

2k B T v2dv

17



2.1. EMISSION MECHANISMS 18

dependent on the temperature of the cloud. For a cloud in equilibrium at temperature T , the emissivity
is given by:

Jbr (T; v) =
dE

dvdV dt
= 6:8 � 10 �38 Z 2nenZ T � 1

2 e� h�
2K B T g� (T; v) (2.3)

where g� is the velocity averaged Gaunt factor (which partially corrects errors due to the classical treat-
ment of the phenomenon).
This reasoning remains valid as long as the electrons move in a relatively transparent (i.e., optically thin)
medium and the radiation can escape without disturbance. Conversely, if the medium is opaque (i.e., op-
tically thick), the radiation travels a very short path before being reabsorbed. The absorption coe�cient
is given by:

� f f
� � 3:7 � 10 8Z 2nZneT1=2� �3 (1 � e � h�

k B T ) (2.4)

When h� << k B T (Rayleigh-Jeans regime), �f f� / � �2 . When, conversely, h� >> k B T (Wien regime),
� f f

� / � �3 . In this case, the overall spectrum results from a balance between emission and absorption
processes and features a cut-o� even at low frequencies.

2.1.2 Synchrotron

Synchrotron radiation occurs when a charged particle moving at relativistic speeds alters its trajectory as
it passes through a magnetic �eld1 [Rybicki and Lightman, 1979]. The particle follows a helical trajectory
governed by the Lorentz force. As the velocity of the particle increases, so does the frequency and intensity
of the emitted radiation. In the case of a particle with charge q, moving with velocity v in a magnetic
�eld B, the emission frequency is given by:

! B =
qB


mc
(2.5)

where 
 is the Lorentz's factor.
The total emitted power is, following the relativistic extension of the Larmor's formula:

PSynch =
2q2
 4a2

3c3 (2.6)

where the acceleration a, perpendicular to the velocity, is given by:

a = ! B v =
qBv

mc

(2.7)

Since the emitted power scales with the inverse square of the particle's mass (P / a2 / m �2 ), the
radiation from heavier particles such as protons is negligible compared to that from lighter particles like
electrons. Consequently, in astrophysical plasmas, the dominant source of Synchrotron emission arises
from relativistic electrons. In these context, the mean emitted power per electron (all with the same
velocity) can be approximated by:

PSynch = 1:1 � 10 �15 � 2
 2B 2 (2.8)

where � = v=c.
Synchrotron radiation features a broad, continuous spectrum characterized by high polarization and a
distinct spectral shape. It is an emission mechanism occurring in a variety of astrophysical environments,
AGN, pulsar wind nebulae, supernova remnants and relativistic jets. The emission spans a wide frequency
range, from radio waves to X-rays, making it a key observable for probing the physical conditions of the
emitting regions. This radiation typically exhibits a power-law SED (P / � �� , where � = p�a

2 and p
typically assumes values between 2 and 3), resulting from a population of relativistic electrons following a
non-thermal energy distribution. The polarization degree and spectral shape give information about the
magnetic �eld orientation, turbulence and particle acceleration processes within these sources. Moreover,
Synchrotron cooling, where high-energy electrons rapidly lose energy, a�ects the spectral features and
enables to estimate the ages and energetics of the emitting regions.

1For non relativistic velocities, the radiation is called Cyclotron
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2.1.3 Compton Scattering

Compton scattering describes the inelastic interaction between photons and electrons, resulting in an
exchange of energy and momentum. This process is particularly signi�cant in high-energy environments
such as the corona, where disk's photons interact with hot plasma electrons [Rybicki and Lightman, 1979,
Longair, 2011, Ghisellini, 2013]. The process can be classi�ed into three main regimes based on the relative
energies of the photons and electrons involved:

ˆ Thomson Scattering: this is the low-energy limit where photon energies are much less than the
electron rest mass (h� << m ec2), so that the electrons can be treated as they were at rest. In this
regime, the scattering is elastic, meaning that the photon retains its energy, merely changing direc-
tion. The classical Thomson cross-section (�T ) describes the scattering probability. This process
dominates in circumstances where the photon energies are in the optical or UV ranges, interacting
with cold electrons;

ˆ Compton Scattering: when the photon energy becomes comparable to the electron rest energy
(h� � m ec2), the scattering is no longer elastic and quantum e�ects and electron recoil must be
considered. Both the photon and electron exchange signi�cant amounts of energy and momentum,
leading to a decrease in photon energy;

ˆ Inverse Compton Scattering: �nally, when electrons are relativistic, they can transfer a sub-
stantial fraction of their kinetic energy to photons, up-scattering them to higher frequencies (e.g.,
from optical or UV towards the X-ray or 
�ray bands). This process is known as Inverse Compton
scattering (IC), because the direction of energy transfer is reversed. Photons, not electrons, are
energized.

The IC process is especially important in high-energy astrophysical sources, such as the corona of AGN,
where hot electrons with extreme temperatures interact with lower-energy photons from the AD. The
resulting up-scattering can boost photon energies by factors proportional to 
2 (where 
 is the Lorentz
factor of the electrons), making it an e�cient mechanism for generating high-energy emission.

Now, considering a photon colliding with an electron at rest: from the conservation of momentum and
energy, one gets:

h� f =
h� i

1 + h� i
m ec2 (1 � cos �)

(2.9)

where � is the angle between the photon's propagation direction and the electron's velocity in the observer's
frame, h is the Planck's constant and �i and � f the photon's initial and �nal frequencies, respectively.
In terms of wavelengths:

� f � � i = � C (1 � cos �) (2.10)

where � C = h
m ec = 0:02426�A is the Compton wavelength. When � i >> � C (i.e., h� i << m ec2, that is the

energy of the photons is much less than that of the rest electrons) the scatterings are elastic and there is
no change in photons's energy.
Conversely, in the case of IC process, the electrons are not at rest and part of their energy can be
transferred to the photons, up-scattering them to higher frequencies.
Let's consider now an electron moving at relativistic speed (� = v=c) in the observer's frame K and a
photon with initial energy E i , forming an angle �i with the direction of propagation of the electron. In
the electron's rest frame K0, due to Doppler e�ect, one has:

E 0
i = E i 
(1 � � cos �) (2.11)

Also, from Eq. 2.9, it is possible to get the photon's �nal energy. In this frame, the scattering is elastic
(Thomson regime), h� 0

i << m ec2 and the photon's energy after scattering is approximately equal to the
incident photon's energy. Transforming back to the observer's frame, the photon's energy after scattering
is:
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E f � 
(1 + � cos � 0) (2.12)

which shows that the photon gains energy proportionally to 
2, making IC an extremely e�cient high-
energy photon production mechanism.
The maximum energy attainable by the photons is bounded by the total energy of the electrons, expressed
as:

h� max . 
m ec2 + h� i (2.13)

while, the power emitted in case of an isotropic photon's distribution characterized by a radiation energy
density Urad is very similar to that one of the Synchrotron emission (Eq. 2.8):

PComp =
4
3

c� T � 2
 2Urad (2.14)

where c�T Urad is the number of photons scattered per unit time and 4
3 
 2� 2 is the photon energy ampli�-

cation.
The power emitted per unit volume via IC scattering, for a plasma with electron number density ne,
ambient radiation energy density Urad , and electrons temperature T , can be then approximated by:

Ptot =
�

4kB T
mec2

�
c� T neUrad (2.15)

Here, 4k B T
m ec2 represents the photon's energy gain per scattering.

Now, in the case in which a population of photons faces multiple scatterings within a thermal distribution
of electrons, it is called Thermal Comptonization. The plasma must be rare�ed so that other radiation
processes, such as Bremsstrahlung, do not contribute additional photons to the system.
It is possible to de�ne here a Comptonization Parameter y as the average fractional energy change per
scattering times the mean number of scattering:

y =
��
�

=
4kB T � h�

mec2 (2.16)

When y > 1, the resulting comptonized spectrum is dominated by photons which underwent Compton
processes.
Now, as said, if the scattering electrons are relativistic, the photon energy is ampli�ed (on average) by
the factor 4
 2 � 2

3 � 4
 2

3 . The number of scattering, for a plasma of optical depth � , is approximately
� 2 + � � max(� ; � 2). So:

y =
�

4kB T
mec2

2�
� max(� ; � 2) (2.17)

where it is possible to de�ne the ampli�cation factor A =
�

4k B T
m ec2

� 2
.

ˆ For small optical depths (� < 1) one has y = ��
� � � . A fraction e �� of the seed photons escape

without doing any scattering and a fraction 1 � e �� undergoes at least one scattering. It is now
possible to repeat these fractions for all scattering orders. After k scatterings, the photons gain
energy by a factor Ak and the intensity of the emergent radiation has the form of a power-law:

F� = � �� (2.18)

where the spectral index is:

� = �
ln �
ln A

�
ln �

ln y � ln �
(2.19)

representing the fraction between the scattered photons and the energy gain. Here, when � > 1,
the spectrum is steep or soft and if � < 1 is �at or hard;
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ˆ for � > 1 the result is still a power-law, but (solving the Kompaneets equation) one gets:

� = �
3
2

+

r
9
4

+
4
y

(2.20)

ˆ for � >> 1 (saturation regime) the interaction between photons and matters is so intense that they
go to equilibrium, at the same temperature. The resulting photons spectrum has a Wien shape:

I(�) = � 3e� �
� (2.21)

where � =
p

A = kB T
m ec2 ;

ˆ quasi-saturation regime: if the source of soft photons is spread throughout the source, the photons
produced close to the surface, in a skin of optical depth � � 1, leave the source without doing any
scattering. The remaining fraction, 1 � � , remains inside. The number of photons escaping at each
scattering order is always the same: for each frequency the �ux of photons trapped inside the source
is approximately � times those escaping. This is the reason of the �at part in the left panel of
Fig. 2.1. When the photon frequency is � �, photons and electrons are in equilibrium: photons do
not change frequency any longer and therefore they form the Wien bump. Increasing � , the peak
dominates at lower frequencies, until total equilibrium is reached as in the previous case.

ˆ �nally, if the scattered photons are produced within the comptonizing source itself through Syn-
chrotron radiation, the resultant process is called �Synchrotron Self-Compton� (SSC).

Figure 2.1: Left panel: spectrum resulting from IC processes in the case of quasi-saturation regime. X 0 represents the initial
energy of the photons, while A is the ampli�cation factor. Right panel: IC spectrum in the � < 1 regime. The �gures are
taken from Ghisellini [2013].

2.1.4 Electronic Transitions

A de�ning characteristic of AGN spectra is the presence of numerous emission and absorption features,
which result from electronic transitions in ions within di�erent regions surrounding the central SMBH.
These features serve as powerful diagnostic tools that allow to probe the physical conditions, such as
temperature, density, dynamics and ionization state, of the emitting gas. Studying line transitions in
AGN is therefore fundamental for understanding the mechanisms that drive their energetic output, the
nature of feedback processes a�ecting galaxy evolution and the broader role of AGN in cosmic history
[Osterbrock, 1989, Kaastra et al., 2008, Pradhan and Nahar, 2011, Longair, 2011].
A bound electron in an ion can be brought into a higher, excited energy level through a collision with
a free electron or by absorption of a photon. In most cases, the excited state is unstable and the ion
will decay back to the ground level by means of a radiative transition. A collision between an ion and a
free electron can also bring an electron into a lower orbit: this process is called collisional de-excitation.
Collisional de-excitation is in practice important only for high density plasmas, where, due to frequent
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collisions, higher levels are populated, or for so-called metastable levels (levels that have only a small
probability to decay radiatively to a lower level).
It is well known from quantum mechanics that the occurrence of radiative transitions from one upper level
j to a lower level i cannot be predicted in advance. However, the transition probability can be calculated
(denoted by Aji , in units of s�1 ). The transition probability is related to the dimensionless absorption
oscillator strength f ij and the energy di�erence between level i and j Eij (the energy of the emitted line).
An atom or ion can also lose one of its electrons, in a process called �ionization�:

ˆ Collisional ionization (or direct ionization) occurs when a free electron interacts with an atom or
ion, transferring part of its energy to one of the bound electrons, allowing it to escape. In principle,
if the free electron has insu�cient energy, there will be no ionization. However, even in that case
it is sometimes possible to ionize: this is the so-called excitation-autoionization. The collision can
bring one of the electrons in a higher quantum level (excitation). The ion can return to its ground
level by a radiative transition, but in some cases a radiation-less Auger transition can occur: the
vacancy left behind by the excited electron is �lled by another electron from an outermost shell,
while the excited electron is able to leave the ion;

ˆ Photo-ionization is very similar to direct ionization, but a photon instead of an electron is causing
it. Contrary to the direct ionization, all the inner shells have now the largest cross-section. The
cross-section has a threshold at the ionization potential (edge) and sometimes changes rapidly just
above it (Cooper minima and maxima);

ˆ in most cases only Compton scattering on free electrons is considered, but it can also occur on bound
electrons. If the energy transfer from the photon to the electron is large enough, the ionization
potential can be overcome leading to ionization: this is the Compton ionization process. This
process is important if the ionizing spectrum contains a signi�cant hard X-ray, where the Compton
cross-section is larger than the steeply falling photo-ionization one.

The hole that is created will be �lled by a cascade from electrons in higher orbits or by electrons which
were not bound in the ion itself. This can occur in two di�erent ways:

ˆ Fluorescence: an electron from a higher shell comes down to �ll the gap, emitting at the same
time a photon with energy equal to the di�erence Eji = E j � E i . In this context, the �uorescence
yield ! is de�ned as the probability of a �uorescence transition to occur. It increases with nuclear
charge and it is larger for the innermost shells. This is why the strongest �uorescent line in X-ray
spectra is the K� emission line of iron (most abundant heavy element) at 6.4 keV;

ˆ Auger process: the hole is �lled by a radiation-less transition. An electron from a higher shell �lls
the hole, while at the same time an electron from another shell escapes from the atom or ion;

ˆ Radiative recombination: it is the reverse process of photo-ionization. A free electron is captured
by an ion while emitting a photon. The released radiation by radiative recombination is the so-called
free-bound continuum emission. The energy of the emitted photon is at least equal to the ionization
energy of the recombined ion (for recombination to the ground level) or to the ionization energy
that corresponds to the excited state (for recombination to higher levels). In collisional ionization
equilibrium, free-free emission (Bremsstrahlung) is always the most important emission mechanism
in the X-rays if k B T >> 1 keV, while, for k B T << 1 keV, free-bound emission dominates;

ˆ Dielectronic recombination: it is more or less the inverse of excitation-autoionization. A free
electron interacts with an ion, by which it is caught (in a level n2l2), exciting at the same time
an electron from nl to n1l1. In general, the ion will return to its original state by auto-ionization.
However, there is also a possibility that one of the excited electrons (usually the electron that
originally belonged to the ion) falls back by a radiative transition to the ground level, creating
therefore a stable, albeit excited state (n2l2) of the ion;

ˆ Two-photon emission: it is particularly important for hydrogen-like or helium-like ions. If an
electron from the 1s shell is collisionally excited to the 2s shell, the quantum-mechanical selection
rules do not allow it to decay back to 1s by a radiative transition. Usually the ion will then be
excited to a higher level by another collision, for example from 2s to 2p, and then it can decay
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