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Abstract

Currently, the properties and morphology of an AGN are explained by the Uni�ed
Model, which proposes that the central engine of the AGN is surrounded by a
doughnut-shaped structure located a few parsecs away from the supermassive black
hole located at the center. This structure is de�ned as the torus and according
to the Uni�ed Model, it is composed of homogeneously distributed gas and dust
that provides obscuration to the X-ray source of the AGN. This homogeneous torus
model has been challenged by infrared and X-ray studies in the last years, which
opt for a clumpy torus where the material is distributed in clouds.

Depending on its hydrogen column density NH, the torus clouds absorb part of
the emission from the X-ray corona, mainly the soft photons, while transmitting
the rest, corresponding to the hard energy photons. X-ray satellites like XMM-
Newton detect the transmitted X-ray emission. The above implies that tracking
the transmitted X-ray emission from an AGN over time provides insights into the
material absorbing it, i.e. the clouds. A decrease in the amount of soft energy
photons can be driven by a cloud entering the line of sight, while an increase in this
amount can be caused by a cloud leaving the line of sight. The amount of soft and
hard energy photons detected from an X-ray source as a function of time, i.e. its
spectrum, can be used to search for such cloud events.

Following the above, during this master’s thesis, I have reduced and analyzed
data of ten AGNs observed with the XMM-Newton satellite through the torus,
to increase the probability of observing a cloud event. Using these data, I have
created two main pipelines: XMM-DH, which automatically carries out the initial
processing of the data, time-resolves the observations by splitting them into equally
sized time bins, and extracts one single X-ray spectrum per time bin. The second
pipeline, XMM-�t, takes the previously extracted spectra per observation and �ts
them using models drawn from Laha et al. (2020). The �t allows an estimation of
the spectral model parameters, such as the photon index and the hydrogen column
density for each bin in an observation. By evaluating all results in the time domain,
a time evolution curve is created.

The behavior of the NH time evolution curve gives an insight into the material in
the torus: a curve with discrete increases and decreases of NH is the signature of an
entirely clumpy torus, while a curve that remains constant and presents increases
followed by decreases of NH to the baseline value is the signature of a clumpy torus
with homogeneous inter-cloud material. After analyzing the results for the ten
sources in the sample, no secure cloud events have been identi�ed. This result
was expected, as the probability of catching one cloud event during an observation
was estimated to be of the order of 10�2 � 10�4. Despite this, two of the sources
in the sample present signi�cant intra-observation changes of NH that classify as
candidates but not as secure cloud events. Additionally, three of the sources, namely
NGC 7172, NGC 4258, and NGC 4507, present inter-observation changes, meaning
that the average value of the column density presents a signi�cant change between
observations, proving that the material in the torus is not homogeneous.



Abstrakt

Derzeit werden die Eigenschaften und die Morphologie eines AGN durch das
Einheitsmodell erkl�art. Dieses besagt, dass der zentrale Motor des AGN von einer
donutf�ormigen Struktur umgeben ist, die einige Parsec von dem supermassereichen
Schwarzen Loch im Zentrum entfernt ist. Nach dem vereinheitlichten Modell besteht
diese Struktur (Torus) aus homogen verteiltem Gas und Staub, der die R�ontgen-
quelle des AGN verdeckt. Dieses homogene Torusmodell wurde in den letzten Jahren
durch Infrarot- und R�ontgenstudien in Frage gestellt, die auf einen klumpigen Torus
hindeuten, in dem das Material in Wolken verteilt ist.

Durch die Quanti�zierung der transmittierten R�ontgenemission eines AGN, die
von der Wassersto�s�aulendichte NH des Materials in der Sichtlinie abh�angt, k�onnen
R�uckschl�usse auf das absorbierende Material, d. h. die Wolken im Torus, gezogen
werden. Genauer gesagt kann ein Wolkenereignis durch die zeitliche Ver�anderung
der Menge an Photonen weicher und harter Energie bestimmt werden, die sich im
R�ontgenspektrum zeigt.

Im Rahmen dieser Masterarbeit habe ich daher Daten von zehn AGNs, die
mit dem XMM-Newton-Teleskop durch den Torus beobachtet wurden, reduziert
und analysiert, um die Wahrscheinlichkeit der Beobachtung eines Wolkenereignisses
zu erh�ohen. Mit diesen Daten habe ich zwei Hauptpipelines erstellt: XMM-DH,
die automatisch die anf�angliche Datenverarbeitung durchf�uhrt, die Beobachtungen
zeitlich au
�ost, indem sie in gleich gro�e Zeitabschnitte unterteilt werden, und ein
einzelnes R�ontgenspektrum pro Zeitabschnitt extrahiert. Die zweite Pipeline, XMM-
�t, nimmt die zuvor extrahierten Spektren pro Beobachtung und passt sie mit Mod-
ellen aus Laha et al. (2020) an. Der Fit erm�oglicht eine Sch�atzung der Spektralmod-
ellparameter, wie z.B. den Photonindex und die Wassersto�s�aulendichte f�ur jeden
Abschnitt einer Beobachtung. Durch die Auswertung aller Ergebnisse im Zeitbereich
wird eine Zeitentwicklungskurve erstellt.

Das Verhalten der NH-Zeitentwicklungskurve gibt Aufschluss �uber das Material
im Torus: Eine Kurve mit diskreten Anstiegen und Abnahmen von NH ist das
Kennzeichen eines vollst�andig klumpigen Torus, w�ahrend eine Kurve, die konstant
bleibt und Anstiege gefolgt von Abnahmen von NH auf den Ausgangswert zeigt,
das Kennzeichen eines klumpigen Torus mit homogenen Zwischenwolkenmaterial
ist. Nach der Analyse der Ergebnisse f�ur die zehn Quellen in der Stichprobe wurden
keine sicheren Wolkenereignisse identi�ziert. Dieses Ergebnis war zu erwarten, da
die Wahrscheinlichkeit, ein Wolkenereignis w�ahrend einer Beobachtung zu erfassen,
von der Gr�o�enordnung von 10�2 � 10�4 ist. Trotzdem zeigen zwei der Quellen in
der Stichprobe signi�kante �Anderungen von NH innerhalb einer Beobachtung, die
als Kandidaten, jedoch nicht als sichere Wolkenereignisse klassi�ziert werden. Drei
der Quellen, n�amlich NGC 7172, NGC 4258 und NGC 4507, zeigen Ver�anderungen
zwischen den Beobachtungen, was bedeutet, dass der durchschnittliche Wert der
S�aulendichte zwischen den Beobachtungen eine signi�kante �Anderung aufweist und
somit beweist, dass das Material im Torus nicht homogen ist.
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Chapter 1

Introduction

1.1 Active Galactic Nuclei

Galaxies contain a supermassive black hole (SMBH) in their center with mass rang-
ing between 106 � 109M � . This black hole is usually inactive, meaning that the
interactions with its surroundings are limited to gravitational e�ects, thereby the
energy output in galaxies is attributed only to thermal processes associated with
stars and interstellar gas. In some galaxies, however, the central SMBH is active
and accreting material from a disk surrounding it. This process causes such a highly
energetic output in the nucleus that it surpasses that caused by the thermal radia-
tion in the rest of the galaxy. Such a mechanism is called an Active Galactic Nucleus
(AGN).

The AGN evolution is closely tied to the host galaxy properties (Trump et al.,
2011). On the one hand, the rate at which the material is accreted onto the SMBH
depends on the redshift, stellar mass, and star formation rate of the AGN host
(Georgakakis et al., 2017). On the other hand, the mass of the SMBH correlates to
the host galaxy's velocity dispersion (Ferrarese & Merritt, 2000) and star formation
rate (Harrison, 2017), as well as to the AGN's luminosity and the radius of the last
stable orbit for orbiting material (Gri�n et al., 2019).

1.1.1 Zoo of AGN
Since their discovery and typi�cation, multiple types of AGNs have been observed
and classi�ed based on their characteristics, such as radio emission, spectral lines,
and the presence of jets. The classi�cation of AGNs into types is known as the Zoo
of AGNs and it is mentioned below:

Seyfert 1:

AGNs showing both narrow and broad features in their optical spectrum are classi-
�ed as Seyfert 1 or Typei. Narrow lines include permitted transitions such as H� ,
H� , HeI , HeII , MgII and CIV and forbidden such asOIII . Broad lines only include
permitted transitions and have typical velocities> 1500 km� s� 1.
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Seyfert 2:

Galaxies with AGNs showing only narrow permitted and forbidden emission lines
in their optical spectra are known as Seyfert 2 or Typeii .

Radio galaxies:

When an AGN presents a signi�cant radio emission driven by jets, it is classi�ed
as a Radio galaxy. They might present both broad and narrow features, in which
case they would be classi�ed as Broad Line Radio Galaxies (BLRG); or only narrow
lines, i.e. Narrow Line Radio Galaxies (NLRG).

Quasars:

These types of AGN are extremely luminous (L> 1044 erg� s� 1) and are mostly
located at high redshifts (z� 2).

Blazars:

This type of object shows considerable variability in the optical continuum during
short time scales. Their spectra do not present signi�cant absorption lines, possibly
because, according to the uni�ed model, they would be seen through the high-energy
jet.

1.1.2 Uni�cation Model of AGN
Despite being collectively referred to as AGNs, the multiple types of sources in the
Zoo of AGN were initially considered di�erent objects. This was until 1993 when
Robert Antonucci proposed the Uni�cation Model of AGN (Antonucci, 1993).

The Uni�cation Model of AGN provides a simple explanation for the existence of
multiple AGN types. According to this model, all AGNs share a common structure
and are fundamentally the same object, with their type and observed di�erences
determined by the viewing angle.

The AGN structure proposed by the Uni�ed Model is a central engine composed
of an SMBH and an accretion disk, surrounded by fast-moving clouds forming the
Broad Line Region (BLR) and a toroidal structure over the equatorial plane called
the torus. Additionally, slow-moving clouds form the Narrow Line Region (NLR) at
higher distances from the core. A jet might be present along the polar plane when
the AGN has a considerable radio emission. According to this model, the diversity
of AGNs can be attributed to the torus, which conceals certain features when viewed
from speci�c angles. Figure 1.1 depicts the AGN structure proposed by the Uni�ed
Model.

When an AGN is observed edge-on, the torus intersects the line of sight, ob-
scuring the BLR and leaving only the clouds in the NLR visible. Consequently,
the optical spectrum of the AGN presents only narrow features, classifying it as a
Seyfert 2. Conversely, if the AGN is observed at a lower inclination angle, where
the torus is outside the line of sight, both broad and narrow features are present in
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the optical spectrum because both the BLR and NLR are visible. In this case, the
AGN is classi�ed as a Seyfert 1.

When an AGN has high radio emission and is observed face-on through the jet,
its optical spectrum appears featureless. This classi�es it as a Blazar: either an
Optically Violent Variable AGN (OVV) or a BL Lac object, depending on its 
ux
variability. If the radio galaxy is observed at a higher inclination angle, it is classi�ed
as a Broad-Line Radio Galaxy (BLRG). If the line of sight intersects the torus, the
AGN is classi�ed as a Narrow-Line Radio Galaxy (NLRG).

Figure 1.1: Uni�ed model of AGN (Urry & Padovani, 1995). In the center, the
supermassive black hole (BH, in black) is surrounded by the X-ray corona and the
accretion disk. Two regions of clouds stand out: the Broad Line Region (BLR, in
purple) close to the central engine, and the Narrow Line Region (NLR, in pink)
further away from it. The dusty homogeneous torus obscuring the central engine is
shown in orange, while the jet emerging from it is shown in white. The green names
correspond to the type of AGN observed according to the viewing angle.
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1.1.3 Structure of a classical AGN

Supermassive black hole

Galaxies with bulges are thought to contain a supermassive black hole (SMBH) at
their center. Despite the exact formation mechanism of this type of object is not yet
well understood, di�erent theories constrain it (Volonteri, 2010; Kormendy & Ho,
2013).

ˆ Massive seed black hole Population III massive stars (� 260 M� on the
main sequence) heat up so quickly that all the energy released by previous
burning stages is used up, accelerating the collapse. The nuclear energy re-
leased by electron/positron pairs is, however, not enough to counteract the
implosion, causing the star to become a black hole. This seed black hole
accretes material at a high rate until reaching its supermassive size.

ˆ Collapse of supermassive objects Primordial proto-galaxies have a high
density and gas content. The lack of metals in these regions drives the e�cient
collection of material needed for the formation of a supermassive black hole, as
opposed to enriched halos where the cooling mechanisms favor fragmentation
and star formation.

ˆ Hierarchical buildup Intermediate mass black holes (up to 105 M � ) may
grow to be supermassive due to continuous mergers and accretion. These
primordial black holes were likely to be formed in the early universe within
regions where the large density 
uctuations cause the gravitational force to
overcome the pressure, driving the collapse.

Corona

The corona produces the X-ray emission detected from AGNs above 1� 2keV. This
structure is composed of highly energetic electrons that up-scatter the optical and
UV photons from the accretion disk via inverse Compton scattering, creating a
power law spectrum. Although some of the properties of the X-ray corona are still
not well understood, studies made with X-ray variability, quasar microlensing, and
reverberation mapping have determined this to be compact, of the order of 3� 10Rg

(whereRg = 2GMBH =c2 corresponds to the gravitational radius of a black hole) and
located around the SMBH (Kamraj et al., 2022).

Accretion disk

The central supermassive black hole of the AGN is surrounded by a disk of gas that
extends for a few light days to weeks, depending mainly on the mass of the SMBH.
As the disk rotates, the material falls into the SMBH and, according to the virial
theorem for bounded systems in equilibrium,Ekin = � Epot =2, half of its potential
energy (Epot ) is converted to kinetic energy (Ekin ). The remaining half is lost by
mass out
ow and radiation (Gaskell, 2007). As matter orbits the SMBH in the
accretion disk, the material is heated up due to friction and turbulence and ionized
by the gravitational energy and magnetic �elds. This causes the emission of thermal

6



radiation, whose wavelength depends on the temperature of the disk. Regions close
to the SMBH have a high temperature, therefore they emit high-energy radiation in
the UV range (corresponding to a mean black body temperature of around 104 K),
while optical radiation is emitted by regions further away at lower temperatures
(around 103 K). Because of this, the thermal emission from the accretion disk is
modeled as a multi-temperature blackbody (Remillard & McClintock, 2006), whose
spectral energy distribution peaks in the UV.

The distance from the disk material to the black hole, as well as the accretion
rate and mass of the SMBH, determine the optical and geometrical thickness of the
disk and the type of rotation of the material.

For AGNs below the Eddington luminosity1 (low accretion rate), the accretion
disk is well �tted by the standard thin disk model (Shakura & Sunyaev, 1973):
a geometrically thin and optically thick structure, with fully ionized material at
temperatures between 105 � 107 K, emitting multi-wavelength blackbody radiation
generated mainly in the disk's midplane. In this case, radial pressure gradients
are negligible and disks have a Keplerian rotation pro�le. Within this, angular
momentum increases and angular velocity decreases with distance from the black
hole, causing di�erential rotation. As a consequence, a large shear is created, the
subsequent e�ects of which depend on the viscosity of the disk. When there is some
viscosity, an outward transfer of angular momentum and generation of heat occurs,
otherwise, the disk would rotate forever (Paczynski, 1982).

For AGNs above the Eddington limit (high accretion rate), however, the disk
must be characterized by a more complex model called the slim model. In this
one, the accretion disk is also optically thick, but the gas is assumed to be hotter,
denser, and partially ionized. The conversion of energy to radiation in this case is
very ine�cient, due to the presence of advection: most of the photons are trapped in
the disk, not being able to escape from the surface during the accretion process. The
thermal energy is carried to the black hole with the material, rather than radiated
away (Cackett et al., 2021; Liu & Qiao, 2022).

When the accretion rate is high, the radiation pressure increases, causing the
disk to thicken to radiate away the heat generated. Consequently, the ratio of disk
thickness to its radio increases too, and the radiation pressure becomes comparable
to the gravitational acceleration in the radial direction. The rotation becomes then
non-Keplerian (Paczynski, 1982).

The size of the accretion disk, as well as the location of its inner and outer edges,
are highly dependent too on the accretion rate and the mass and spin of the black
hole. The latter determines the location of the innermost stable circular orbit, as
increased spin allows for more orbits closer to the SMBH. For high accretion rate
AGNs, the material in the disk orbits the SMBH inwards up to this innermost stable
circular orbit. Beyond that limit, it falls with a ballistic trajectory and is plunged
into the central black hole. In contrast, at a low accretion rate, the 
ow of material
is also low, causing very little energy to be radiated away and rather staying within
the disk to heat up the material. As a consequence, the inner edge of the accretion
disk is moved towards larger radii than the innermost stable circular orbit (Cackett
et al., 2021).

1The Eddington luminosity de�nes the maximum luminosity an astronomical object can emit,
governed by the equilibrium between radiation pressure and gravitational forces.
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Broad line region

The Broad Line Region (BLR) is a system of discrete clouds located at short dis-
tances from the black hole, typically between 0.01 to 0.1 pc, but further away than
the accretion disk. These clouds are predominantly composed of hydrogen and he-
lium, although other elements such as carbon, nitrogen, and oxygen are also present.

When the UV/optical radiation from the accretion disk hits the BLR clouds,
photons get photoelectrically absorbed by the atoms in the cloud, and electrons are
kicked out from their orbitals. Electrons are then re-absorbed, ionizing the hydrogen
atoms which emit radiation as a consequence of the change of energy.

The variation of the gravitational force experienced by each of the clouds causes
a velocity dispersion. The e�ect of the di�erent orbital velocities around the SMBH
combined with the Doppler e�ect due to rotation, re
ects on the width of the optical
spectral lines observed from this region. When the optical and UV radiation from
the accretion disk reaches clouds in the BLR moving in the line of sight towards the
observer, the spectral lines are blueshifted (shifted to shorter wavelengths), while
they are redshifted when the cloud is moving away. As a result of the combined e�ect,
the line undergoes Doppler broadening, resulting in typical FWHM of 104 km s� 1

(Whittle, 1985).

Narrow line region

The clouds in the Narrow Line Region (NLR) are located at distances further away
from the supermassive black hole than the BLR, and their velocities, as a conse-
quence, are lower (< 1000 km� s� 1). Due to this, the broadening of the spectral
lines produced in this region is not signi�cant, producing lines with typical FWHM
of 1000 km� s� 1 (Whittle, 1985).

Jet

The jet is a collimated stream of plasma, composed of highly energetic particles
that travel at relativistic speeds and emit synchrotron radiation. They are present
only in around 10% of all AGNs (e.g. Alexander & Hickox (2012)), speci�cally
those with strong radio emissions, as a consequence of the black hole spin and the
strong magnetization on the accretion disk. The jets are observed on scales from
astronomical units to megaparsecs, emitting in the whole electromagnetic spectrum,
from radio to gamma rays (e.g. Blandford et al. (2019)).

Torus

The central engine of an AGN (supermassive black hole and accretion disk) is sur-
rounded by gas and dust, partly located in the BLR and partly in the torus. The
torus is a doughnut-shaped structure whose inner boundary is de�ned by the subli-
mation temperature of the dust grains outside of the central engine and extends up
to a few parsecs.

The cold material in the torus absorbs the incoming radiation from the accretion
disk, heats up, and re-emits the radiation at longer wavelengths. As a consequence,
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the UV and optical radiation is reprocessed as infrared, and the AGN SED is dom-
inated by the torus from � 1 �m up to a few tens of microns. The gas in the
torus also absorbs the X-ray radiation emitted by the corona, thereby obscuring the
central engine.

Although the exact structure of the torus is not well understood yet, multiple
studies in IR and X-ray have constrained it to three main possible scenarios, sketched
in Fig. 1.2.

Figure 1.2: Torus models. a) Homogeneous torus, where the material is smoothly
distributed over a well-de�ned doughnut-shaped structure in the equatorial plane
of the AGN. b) Clumpy, well-de�ned edges torus, where the dust and gas form
clumps distributed over a well-de�ned doughnut-shaped structure in the equatorial
plane of the AGN. c) Clumpy torus, where the location of the clumps of material
is not restricted to the well-de�ned doughnut-shaped structure. d) Clumpy torus +
Inter-cloud medium, where the clumps of material in the torus are embedded in a
low-density medium. In the �gure, � represents the angular width of the torus,Ri

and Ro its inner and outer edge, respectively, andi the viewing angle of the AGN.
Type i and Type ii denote the AGN type observed according to its viewing angle.
The equatorial plane of the AGN, where the BLR is located, corresponds to the
horizontal plane from left to right. The polar plane, where the NLR is located, is
perpendicular to the equatorial plane. Modi�ed from Elitzur et al. (2003); Elitzur
(2006).

ˆ Homogeneous torus : This is the scenario proposed in the Uni�ed Model
to explain the observed di�erences in the optical spectra of di�erent AGNs.
According to this model, the fact that some spectra show only narrow lines,
while others present a combination of both narrow and broad features, is due
to a dense toroidal structure enclosing the central engine, which obscures the
region where the broad lines are produced.

The toroidal structure around the central engine has well-de�ned inner and
outer edgesRi and Ro, respectively, leading to the classi�cation of AGNs
into Seyfert 1 (Type i or unobscured) and Seyfert 2 (Typeii or obscured). A
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representation of this model is shown in Fig. 1.2, panel a. If the AGN happens
to be observed edge-on, at a viewing anglei intersecting the angular width
� of the torus, the line of sight crosses the torus and the broad line region
is concealed. In that case, only the narrow features are visible in the optical
spectrum, and the AGN is classi�ed as a Seyfert 2. On the other hand, if the
AGN is observed face-on, at an anglei not intersecting � , both narrow and
broad lines are observed in the optical spectrum. Thus, the AGN is classi�ed
as a Seyfert 1. For a comparison of the optical spectrum of Seyfert 1 and 2
AGN, see Fig. 1.3. In summary, in the Homogeneous Torus model, a Seyfert
1 AGN is observed when 0� i < � and a Seyfert 2 when� � i < 90� .

Figure 1.3: Comparison of the optical spectrum of Seyfert 1 (top) and Seyfert
2 (bottom) AGN. Emission lines such as H� and H� are broader in the Seyfert
1 than in the Seyfert 2 spectrum. Taken and modi�ed from Astronomy - Section
3: Distant and Weird Galaxies,https://sites.uni.edu/morgans/astro/course/
Notes/section3/new13.html

Although the Uni�ed Model explains multiple characteristics of the AGN
structure, new models and infrared (IR) observations challenge its de�nition
of a homogeneous torus, where the material is smoothly distributed. For
example, when resolving the heated dust structure of NGC 1068 through mid-
infrared interferometry, the temperatures obtained at given distances from the
central engine do not correspond to a homogeneous torus. At a distance of
around 1:7 pc, a temperature ofT = 320 K is reported, however, given the
bolometric luminosity of L = 2 � 1045 erg s� 1 in this Seyfert 2 galaxy, a tem-
perature of that order is just expected at a distance of around 26 pc (Ja�e
et al., 2004). This inconsistency can be explained by introducing a clumpy
structure in the torus of the AGN, as the face of the cloud being illuminated
by the AGN would have a much higher temperature than the opposite, dark
side. That way, at a distance of around 2 pc in NGC 1068, temperatures
will range from 250 K to 950 K. Taking this into account, new models lean

10



towards a clumpy torus where dust and gas are distributed in discrete clouds.
The main reason for this is that due to the high temperatures in the proximity
of the SMBH, dust would not be able to exist otherwise (Krolik & Begelman,
1988).

ˆ Clumpy, well-de�ned edges torus : According to this model, the AGN
torus is a doughnut-shaped structure with well-de�ned edges, where the ma-
terial is completely distributed in clumps (Fig. 1.2, panel b) (Garc��a-Bernete
et al., 2022). In this model, the observation of a Typei or Type ii AGN is, as
in the Uni�ed Model, dependent on the viewing angle.

Although this clumpy, well-de�ned edges torus presents a solution for the men-
tioned inconsistency between the estimated dust temperature and its distance
from the SMBH, IR observations challenge this model by comparing the emis-
sion from Seyfert 1 and Seyfert 2 AGNs. According to a well-de�ned edges
torus model, the obscuration of the central engine is highly anisotropic, how-
ever, the infrared emission seems to be isotropic and identical among Seyfert 1
and Seyfert 2 AGNs. This challenge can be explained by introducing a clumpy
torus that is not limited to the equatorial plane of the AGN.

ˆ Clumpy torus : This model proposes an AGN torus where the material is
completely distributed in clumps forming optically thick clouds (Fig. 1.2,
panel c). The distribution of these clouds is not limited to a doughnut-shaped
region with well-de�ned edges over the equatorial plane of the AGN, but it is
rather described as:

Nc(r; � ) / N 0e(� �=� )2
r � q (1.1)

whereN0 is the average number of clouds encountered along a radial equatorial
ray typically between 2 to 15 clouds (Ja�e et al., 2004; Nenkova et al., 2008;
Markowitz et al., 2014), r is the radial distance from the center, and� is the
viewing angle. The angular distribution of clouds in the torus is parametrized
as a Gaussian with width parameter� , while their radial distribution as an
inverse power law with indexq (Elitzur, 2006; Almeida et al., 2009).

The cloud distribution proposed by this clumpy torus model has implications
for the AGN obscuration and the AGN type de�nition. On the one hand, the
AGN obscuration depends on the number of clouds along the line of sight,
and it is highly anisotropic due to the Gaussian distribution, which increases
with the viewing angle � . The SED, on the other hand, does not present
signi�cant changes with the viewing angle and becomes highly isotropic for
q = 2. Therefore, this model solves the anisotropic AGN obscuration with
the viewing angle while maintaining the IR emission isotropic (Elitzur et al.,
2003).

On the other hand, as the edges of the torus are not sharp, the probability
of �nding at least one cloud causing the obscuration of the central engine in
the line of sight (eclipse event), is non-zero, regardless of the viewing angle.
As a consequence, observing a Typei or Type ii AGN following the clumpy
model does not depend on the viewing angle, but rather on the probability of
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encountering a cloud in the line of sight. This probability depends on the size
and location of the clouds. For eclipse events lasting between 0.2 days and 16
years, it has been estimated as 0:006+0 :160

� 0:003 for sources observed face-on, and
0:110+0 :461

� 0:071 for sources observed edge-on (Markowitz et al., 2014).

Following the above, there is a �nite probability of observing the AGN through
an unperturbed line of sight, even over the equatorial plane. In such a case,
when the source is observed edge-on, the central engine would not obscured
by clouds, and the AGN would be considered a Typei. In contrast, when
following the Homogeneous torus model, this same source would always be
considered as Typeii , as it is observed edge-on (Elitzur et al., 2003).

In addition to the issues that a clumpy structure of the torus naturally solves,
it also provides an explanation for one of the types of changing look AGN: the
changing-obscuration ones. These types of objects show 
ux variability over
di�erent timescales and the whole electromagnetic spectrum, more speci�cally
showing strong variability in the line of sight column densityNH . In the X-ray,
this phenomenon can be attributed to clouds entering and leaving the line of
sight, causing changes in the obscuration as the central engine is covered and
uncovered (Ricci & Trakhtenbrot, 2022).

ˆ Clumpy torus + Inter-cloud medium : According to this model, the AGN
torus consists of a multi-phase structure where high-density clumps of material
are embedded within a low-density medium (Stalevski et al., 2012; Siebenmor-
gen et al., 2015). A sketch of this model is shown in Fig. 1.2, panel d. The
characteristics of this model are the same as the clumpy model mentioned
above, with the main di�erence being that in this case, the line of sight is
constantly intersected by material from the torus, regardless of the viewing
angle. As a result, the central engine of the AGN is perpetually obscured
to a baseline level due to the inter-cloud medium, and any additional clouds
entering the line of sight further add to this baseline level of obscuration.

Torus models proposing a smooth distribution of material in a well-de�ned
toroidal structure over the equatorial plane of AGNs have been dismissed. The
scienti�c community now widely accepts clumpy torus models. However, the ques-
tion about whether the torus is entirely clumpy or if there is an inter-cloud medium
present, remains open.

1.2 X-ray astronomy

X-rays are a type of radiation in the high energy range of the electromagnetic spec-
trum. Located between the ultraviolet and
 -rays region, X-rays have extremely
small wavelengths ranging between 80 nm to 10� 5 nm, corresponding to energies
between 15 eV and 120 MeV (Lenk & Gellert, 1989).

In astrophysical sources, there are �ve mechanisms by which X-rays can be pro-
duced:

ˆ Bremsstrahlung radiation: It is produced when the trajectory of an accel-
erating electric charge, such as an electron, is de
ected by the electromagnetic
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�eld of positive ions in a gas, causing the electron to lose energy and emit
X-rays. This process is typical in the intracluster medium of galaxy clusters
or in hot plasmas such as those in the vicinity of stars.

ˆ Synchrotron radiation: This type of radiation is emitted by relativistic
electrons when accelerated by the force caused by a magnetic �eld, perpendic-
ular to their direction of motion. This mechanism is present in objects with
strong magnetic �elds such as pulsars, Blazars, and supernova remnants.

ˆ Thermal emission: This radiation is emitted by a body solely based on
its temperature. This corresponds to blackbody radiation, where the body
is assumed to absorb all the incident electromagnetic radiation. Examples of
this are found in the cores of stars, supernova remnants, or isolated neutron
stars.

ˆ Inverse Compton scattering: During this process, low-energy photons are
scattered o� high-energy electrons, gaining energy and reaching X-ray energies,
as opposed to the Compton scattering, where the energy is transferred from
the photon to the electron. This mechanism is present in AGN and in the
interaction between the photons from the cosmic microwave background and
the electrons in the hot gas of a galaxy cluster.

ˆ Characteristic X-ray excitation: This process takes place when a su�-
ciently high energetic particle collides with an atom, exciting inner-shell elec-
trons. The removal of those electrons creates vacancies that are �lled via the
de-excitation of outer-shell electrons, thereby emitting X-rays. This process is
important for the X-ray emission of the solar 
ares.

In AGN, the dominant X-ray production mechanisms are the inverse Compton
scattering and the synchrotron radiation. On the one hand, Inverse Compton scat-
tering is present when the low-energy photons emitted by the accretion disk in the
optical and UV range interact with the high-energy electrons in the X-ray corona
(Section 1.1.3). The electrons transfer part of their energy to the photons, which
are then re-emitted at higher energies in the X-ray (Dermer et al., 1992). On the
other hand, as mentioned in section 1.1.3, the jets are composed of highly energetic
particles. Due to the magnetic �eld generated by the spinning of the supermassive
black hole and the accretion disk, the particles are accelerated at relativistic speeds,
emitting synchrotron radiation.

1.2.1 X-ray spectrum in AGN
In its most fundamental structure, the X-ray spectrum of an AGN can be modeled
with two components: a primary power law and an exponential cut-o�. Fig. 1.4
shows a schematic representation of such a spectrum.
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Figure 1.4: Fundamental structure of the X-ray spectrum of an AGN. The y-axis
represents the Flux multiplied by the Energy. Modi�ed from Fabian (1999)

ˆ Power law: This component is produced by the Comptonization of photons
by energetic electrons in a hot plasma located close to the supermassive black
hole (the X-ray corona). The power law can be modeled as:

I f / f � � (1.2)

whereI f is the intensity or 
ux density of the radiation, f is the frequency of
the radiation, and � is the spectral slope, also given in terms of the photon
index as � = � + 1. For AGN, the photon index typically lies in the range of
� � 1:7 � 2:5 (Ishibashi & Courvoisier, 2010), with slight di�erences between
Seyfert 1 and Seyfert 2 galaxies.

ˆ High-energy cut-o�: The high-energy cuto�, modeled as an exponential
function, is given by the maximum energy the Comptonized photons can reach,
due to the energy distribution of the electrons scattering them in the X-ray
corona. This parameter is a direct manifestation of the temperature of the
Comptonizing plasma in the corona, and its distribution is found to be in the
range of 140� 500 keV (Balokovi�c et al., 2020).

When considering the entire set of physical processes occurring in an AGN, the
spectrum shown in Fig. 1.4 has additional components and can look as shown in
Fig 1.5.
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Figure 1.5: X-ray spectrum of an AGN. The y-axis represents the Flux multiplied
by the Energy. The solid line represents the resulting X-ray spectrum after taking
into account di�erent physical processes evidenced as spectral components such as
the Soft Excess (dash-double dotted line), primary power law (dashed line), Re
ec-
tion continuum (dash-dotted line) and the Iron Line (dotted line) (Fabian, 1999).

ˆ Soft excess: This phenomenon occurs in the majority of AGN in the low-
energy end of the X-ray spectrum, where the observed emission below 1 keV
exceeds the one expected from extrapolating the emission in the higher energy
range between 2� 10 keV. The origin of this component can be explained
by ionized material moving at relativistic speeds close to the SMBH, and
according to recent studies (Waddell et al., 2023), it is better modeled by a
power law additional to the primary one, than by thermal blackbody emission.

ˆ Photoelectric absorption: Additional to the clouds from the broad and
narrow line regions, material in the line of sight to the AGN might a�ect
the shape of the soft X-ray spectrum. Through photoelectric absorption, this
material absorbs the incoming radiation, showing di�erent e�ects at di�erent
ranges of the spectrum depending on the temperature of the medium. Thereby,
absorbers are classi�ed as warm and cold (Halpern, 1984).

{ Warm absorber: With temperatures of the order of 105 � 106 K, this
type of mediums are partially photo-ionised. The e�ect of the warm
absorbers is evidenced in the X-ray spectrum as edges and narrow ab-
sorption lines, mainly from C, N, O, Ne, and Fe, such asC v, C vi, O
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vii, O viii and Nex, among others. These features are a direct signature
of the structure and kinematics of the gas in the medium (Laha et al.,
2011).

{ Cold absorber: The e�ect of photo-electric absorption decreases with
increasing photon energy. As a consequence, cold absorbers a�ect mainly
the low energy range of the X-ray spectrum, as they absorb soft energy
photons �rst. The primary power-law becomes visible only at higher
energies. High column densities of the material lead to higher energy
photons being absorbed.

ˆ Iron K � line: This is the most prominent emission line in the X-ray spec-
trum of Compton thick AGN, observed at an energy of 6:4 keV. This line
is produced by the reprocessing of hard X-ray photons by neutral material
surrounding the SMBH, most likely the cold and dense one located in the
torus (Ricci et al., 2014). The process by which the Iron K� line is created is
the characteristic X-ray excitation of the cosmically abundant iron atoms, by
which the K-shell of the atom is photo-ionized by a su�ciently energetic pho-
ton, causing the transition of an electron from the L-shell to �ll the vacancy.

ˆ Compton-re
ection hump: This e�ect is observed in the X-ray spectrum
at energies above 20� 30 keV, as a result of a combination of photoelectric
absorption and Compton scattering in the accretion disk. Photo-electric ab-
sorption decreases with increasing photon energy. This implies that low-energy
photons (E � 20 keV) are more likely to be absorbed near the surface of the
material before they are re
ected. For high-energy photons (E� 30 keV),
however, the probability of getting absorbed in the surface is smaller, allowing
them to penetrate deeper into the material. As a consequence, these photons
undergo multiple Compton scatters before they can escape again, losing part
of their energy in each of them. Ultimately, low and high-energy incident pho-
tons are re
ected and re-emitted at roughly the same energies, creating an
excess at intermediate energies (George & Fabian, 1991).

1.2.2 E�ect of absorption in X-ray spectrum of
AGN

The material in the line of sight between the source of X-rays in the AGN and
the observer a�ects the shape of the X-ray spectrum. This is because the material
absorbs a fraction of the incident radiation via photoelectric absorption while trans-
mitting the rest. The fraction of absorbed to transmitted radiation is dependent
on the hydrogen column densityNH of the material. This variable measures the
number of hydrogen atomsH i per cm2 along the line of sight of the central X-ray
source of the AGN. The higher theNH , the more soft photons are absorbed by the
material, and the fewer are transmitted.

The absorption can be carried out by intrinsic or extrinsic structures to the AGN:

ˆ Extrinsic absorption : This is due to material external to the AGN itself,
such as that in our galaxy or the CGM. The galactic absorption, due to the
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material in the Milky Way, has been estimated asNH � 1020 cm� 2 (Kalberla
& Kerp, 2009). Comparably, studies of the CGM of multiple di�erent galaxies
(Werk et al., 2014; Voit, 2019) have estimated the material in the CGM to
have hydrogen column densities in the range 1015 � 1018 cm� 2.

ˆ Intrinsec absorption : This is due to structures surrounding and in the AGN
itself, such as the host galaxy, with column densities up to 1022 cm� 2 and the
torus, with values ofNH in the range of 1022 � 1025 cm� 2.

Comparing the NH values of the di�erent absorbing structures, it is concluded
that the intrinsic absorption is the main contributor of AGN obscuration, primor-
dially attributed to the torus, while the extrinsic absorption is negligible.

The material in the torus absorbs the X-ray radiation emitted by the corona,
thereby obscuring the central engine. As mentioned above, the column density of
this material determines the likelihood of the X-ray radiation being transmitted:
when NH < 1:5 � 1024 cm� 2 (Markowitz et al., 2014), part of the X-ray emission,
that is the soft X-ray photons, is absorbed, while the rest, corresponding to the
hard X-ray ones, is transmitted. This is due to the anti-correlation between the
photo-absorption cross-section and the photon energy. In this case, the AGN is
referred to as a `Compton-Thin' source.

As shown in Fig. 1.6, the consequence of the absorption in the X-ray spectrum is
a lack of photons in the soft energy band, while the rest of the spectrum components,
such as the power-law, remains unchanged at higher energies.

When NH > 1:5 � 1024cm� 2 (Markowitz et al., 2014), harder X-ray photons are
more likely to be absorbed, thereby the absorption component is shifted to higher
energies. In this case, the AGN is referred to as a `Compton-Thick' source, when
other physical e�ects start to govern the X-ray spectrum.
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Figure 1.6: Typical X-ray spectrum of an AGN a�ected by di�erent NH val-
ues. The spectrum includes a power law, a Compton re
ection hump peaking at
� 30 keV, a high-energy cuto� at 300 keV, and photoelectric absorption. The num-
bers in each curve correspond to logNH in units of cm� 2, evidencing the strength of
the absorption component. A higherNH is evidenced by a smaller amount of soft
photons detected. The y-axis represents the Energy density as the energy multiplied
by the luminosity per unit energy (Treister et al., 2012).

Fig. 1.6 implies that for a `Compton-Thin' AGN, the absorption component of
its X-ray spectrum contains information about the absorbing material in the torus.

1.2.3 X-ray telescopes
Due to its high penetration power, X-rays are easily transmitted through a material,
and only get re
ected at very small incident angles, of a few degrees, below the
critical angle which depends on the properties of the medium. Because of this
property, X-ray telescopes do not use mirrors or lenses to redirect and focus the
incident radiation into the focal point, as optical telescopes do, but rather utilize
grazing incidence mirrors that re
ect the X-rays at shallow angles. Additionally,
X-ray telescopes must be launched into space, as the Earth's atmosphere blocks all
X-ray radiation.

The types of mirrors used by X-ray telescopes can have geometries such as the
Wolter system. This mechanism is used by telescopes such asChandra, XMM-
Newton, and NuStar, and consists of a paraboloid primary mirror followed by a
hyperboloid secondary re
ector, forming a mirror shell (Buitrago-Casas et al., 2020).
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XMM-Newton

The X-ray Multi-Mirror Mission ( XMM-Newton) is an X-ray telescope launched by
the European Space Agency on December 10th, 1999. It is equipped with three co-
aligned telescopes with a �eld of view of 30 arcmin and spatial resolution of about
6 arcsec (FWHM). Each telescope consists of 58 Wolter I grazing-incidence mirrors,
nested in a coaxial and cofocal con�guration, with imaging CCD detectors placed in
the focal point of each of them.XMM-Newton is the most sensitive X-ray telescope
to date, as it has the highest e�ective area among all imaging X-ray instruments.

On board the XMM-Newton spacecraft there are three types of instruments,
sketched on the structure of the telescope in Fig.1.7:

Figure 1.7: Sketch of the structure of theXMM-Newton telescope, showing the
main structural components (names in red). Taken and modi�ed from ESA (2023).

ˆ European Photon Imaging Camera (EPIC) : On board XMM-Newton,
three X-ray CCD cameras operate in the energy range of 0:15� 15 keV: two
Metal Oxide Semi-conductor cameras (MOS1 and MOS2), and one pn CCD
(Charged Coupled Device). These CCD cameras rapidly detect each photon
that reaches the telescope, capturing all its information such as arrival time,
energy, and position. Thanks to this,XMM-Newton is able to collect the
information from hundreds of thousands of photons and store it into a photon
event table, which makes part of the instrument's �nal output.

The pn camera uses twelve CCDs arranged on a single wafer as shown in Fig.
1.8a. Its complete readout cycle2 is of 73:3 ms for one individual CCD subunit
(Str•uder et al., 2001). For comparison, each of the MOS cameras has seven
CCDs arranged as shown in Fig. 1.8b. Their basic readout speed is 2:6 s
(Turner et al., 2001).

2The readout time refers to the duration it takes for the detector to collect the photons and
transfer its information for processing.
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