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Abstract

It is commonly accepted that in the local Universe, nuclear obscuration in active galac-
tic nuclei (AGN) is caused by the circum-nuclear material of molecular and dusty clouds
called “torus”. However, the obscuring medium’s geometrical, physical, and chemical
properties are far from being accurately known. During my PhD, I worked on char-
acterizing the properties of this medium by analyzing the X-ray and multi-wavelength

spectral energy distributions of several accreting supermassive black holes at z ~ 0.

Diffuse X-ray emission from the central regions of accreting supermassive black holes
in AGN is responsible for most of the cosmic X-ray background (CXB) radiation from
a few keV to a few hundred keV. The contribution of unobscured AGN to the CXB
is almost completely resolved into point-like sources at E< 10 keV. Compton-thick
AGN (CT-AGN; i.e. line-of-sight (LOS) column density > 10?* cm™?2) significantly
contribute (~ 15 —20%) to the CXB around its peak (~ 20 — 30 keV). In the local
Universe (z < 0.1), the fraction of CT-AGN revealed by the X-ray observations is
found to be ~ 5% — 10%. This reveals a large discrepancy with the predictions of AGN
population synthesis models, which postulate that the fraction of local CT-AGN should
be of ~ 20% — 50% to model the CXB properly. Therefore, to fill the gap between
observations and model predictions, a complete census of obscured AGN is needed at
different wavelengths. Moreoever, one of the most efficient method of identifying AGN
is in the X-ray band, where even heavily obscured AGN gets detected. In the first part
of thesis, I have carried out a X-ray spectral analysis of seven heavily obscured AGN
candidates in the local Universe (z < 0.05). These local Seyfert 2 galaxies are observed
using sensitive E<10 keV observations with Chandra and XMM-Newton, coupled with
NuSTAR data at E>10 keV, to examine the properties (i.e., obscuration, covering
factor) of the torus from an X-ray point of view over the required broad (~ 0.5 — 50
keV) energy range. This is being done by using the most up-to-date X-ray torus
models such as MYTorus and borus02. These models allow for a proper geometrical
characterization of the obscuring material in the smooth/clumpy configurations. The
result shows, three candidates from the sample are found to be bona fide CT-AGN, i.e.,
they have LOS column density Ny 105 >10* cm™2 at the >3 o confidence level. Three
of them are classified as Compton-Thin AGN, having Ny 105 &~ 10*72* cm ™2, despite

having average torus column density Ny tor >10%* cm™2.

Finally, only one source is
found to be significantly less obscured than what was previously claimed based on
a joint Swift XRT-BAT fit, a result that further highlights the importance of using

NuSTAR and XMM-Newton to reliably constrain the properties of heavily obscured



AGN. T also found the average column density for the sources in our sample to be
~ 5 — 20 times larger than LOS column density, showing either significantly clumpy
distribution of the torus clouds along the LOS or a highly dense reflection medium
within the inner region of the torus. Combining the analysis of these seven sources
with all the previous X-ray analysis on the CT-AGN candidates at z < 0.05, the
updated census shows only 35 out of 414 (~ 8%) AGN are bona fide CT-AGN, which
is still far below than the predicted fraction from CXB population synthesis models.

In the second part of the thesis, for a more in-depth analysis of the torus in heav-
ily obscured AGN, I have selected NGC 6300, which was classified as a ‘transient’ or
changing-look AGN candidate undergoing through a period of low activity in the obser-
vations of early 2000s. This source was previously studied in Jana et al., 2020 by X-ray
spectral analysis using phenomenological torus models and MYTorus, considering nine
observations from 2007 to 2016. I have carried out a comprehensive and systematic
X-ray spectroscopic analysis of NGC 6300, including a new Chandra observation taken
in 2020. Here, we have used all the latest X-ray torus models: borus02, UXCLUMPY
and XCLUMPY for a proper geometrical characterization of the torus in both smooth
and clumpy configurations. We used X-ray observations of Suzaku and Chandra for
E< 10 keV and NuSTAR observations to fit within the energy range 3 to 50 keV. The
X-ray spectral analysis found no variability along LOS column density, but from the
last observation of 2020, an existing signature of intrinsic flux variability is found. We
also found the signature of an the inner CT-ring of gas, responsible for the reflection
dominated spectra in the hard X-ray band. Along with X-ray analysis, we used aper-
ture photometry to extract fluxes from the optical to far-infrared (FIR) band and used
it for broad-band SED fitting tool XCIGALE, using the best-fit results of X-ray spectral
fitting. We did so, to investigate the torus geometry with its host galaxy properties in
the mid-IR and X-rays, taking into account all of the physical processes and compo-
nents of AGN. We derived the optical depth, accretion rate, dust and gas influence in

obscuration, stellar properties from the SED fitting.
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1 Introduction

In 1908, Edward A. Fath made a notable discovery at the Lick Observatory, finding two
unique ”spiral nebulae” within the Milky Way— NGC 1068 and NGC 3031 (Messier
81). These objects exhibited an unusual spectrum, featuring strong emission lines
instead of the expected absorption lines associated with stellar activities (Fath, 1909).
Later, at Lowell Observatory, Vesto M. Slipher observed NGC 1068 with enhanced
quality and resolution, identifying emission lines with a broad velocity width ~ 1000
km/s (Slipher, 1917). About a decade later, Edwin P. Hubble’s work revealed that
around 400 nebulae (now recognized as galaxies) exist beyond the Milky Way, including
NGC 1068, marking the dawn of extragalactic astronomy (Hubble, 1926). Over the
next decade, more spiral nebulae with similar broad emission lines were identified by
Milton L. Humason (NGC 1275; Humason, 1932) and Nicholas U. Mayall (NGC 4151;
Mayall, 1934). Later, Carl K. Seyfert discovered more of these galaxies with similar
optical characteristics (Seyfert, 1943). In honour of Seyfert’s discoveries, these type of
galaxies are referred as “Seyfert galaxies”. Further investigations have unveiled their
distinctive characteristics, where the bolometric luminosity of the nuclei of Seyfert
galaxies surpasses the combined luminosity of the rest of the galaxies. Therefore, the
astronomy community also identifies these galaxies as “active galaxies”, in general, and

the bright nuclear regions as active galactic nuclei (AGN).

Over the time, the identification of AGN has increased with the use of modern tele-
scopes covering the electromagnetic spectra from Radio to Gamma radiation. Currently
about 10% of observed galaxies are known to carry AGN (e.g., Ho et al., 1997; Gould-
ing and Alexander, 2009; Ho, 2008). In general, these galaxies are classified into two
distinct classes, by studying their optical spectra: “type I” or “unobscured” AGN and
“type II"” or “obscured” AGN. The goal of this thesis is to investigate the obscuring
medium of the obscured AGN in the local universe. In this introductory chapter, a

concise overview of the thesis is provided.

1.1 AGN morphology and it’s multi-wavelength emission

In this section, the physical structure of AGN is outlined, following the most standard
AGN unification model of Antonucci, 1993 and Urry and Padovani, 1995. In last three

decades, the unification model has evolved with more observations (e.g., Netzer, 2015,
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Buchner et al., 2019), however the basic idea of AGN remained more or less same.
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Figure 1: Schematic representation of the structure of an AGN (in left) and spectral
energy distribution (in right) of unobscured AGN (black line), mentioning all the main
physical components (colored lines). The Starburst spectra (grey line) is presented for

comparison. The figures are taken from Hickox and Alexander, 2018.

1.1.1 Central Engine: Black Hole and Accretion Disk

The central engine is composed of the supermassive black hole (SMBH) and the accre-
tion disk. All the primary continuum radiations originates from these regions. AGN
is powered by the accreting SMBH. For a given mass of SMBH, we can calculate the

characteristic length R, or “Schwarzschild” radius:

Rg = ~ 3 km (1)

where GG is the gravitational constant, M is the mass of SMBH and c is velocity of
light in vacuum. The Schwarzschild radius is often refered as the “event horizon”
i.e., no information can emerge from a radius smaller than Ry around the black hole.
The accreting material from the host galaxy that approaches close to the SMBH, get
gravitationally bounded, forming an optically thick accretion disk (scale ~ 0.01 pc from
the SMBH). The accreting material lose angular momentum and spiral inwards. Due
to strong viscosity within the disk, electromagnetic (EM) radiation comes out forming

a shape of a multi-colored black body in the spectral energy distribution (SED; see
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Figure 1b). The spectral shape of this emitted radiation depends on the temperature
distribution of the disk. A higher temperature leads to a peak in the SED at the higher
energy, typically in the ultra-violet (UV) part (A ~ 100 — 4000A) at the inner, hottest
region (T~ 10775 K). As one moves to the outer disk, lower temperatures shift the
spectrum peak to the optical band (A ~ 4000 — QOOOA). The output spectrum is the
composition of multiple blackbody radiation coming out of different annular disk radii.
The dominant part of accretion disk SED is in the UV band, which gets absorbed by
the dust and gaseous medium of the host galaxy. Observing the escaped UV radiation

from accretion disk is also difficult due to absorption by the Earth’s atmosphere.

1
M \'/ M \N"*/r\"
T=6.3x10° | — —— — ) K (2)
(MEdd> (108M®> (RS)

Here, M is mass accretion rate through the particular annulus of the accretion disk. The

N
oo

annulus lies at a distance r and k is the Stefan-Boltzmann constant. The rate of energy
radiation from the disk, i.e., the total luminosity or “bolometric luminosity” (Lyq),
depends on the mass accretion rate M and radiative efficiency (n = 0.1, generally) of

the accretion disk:

Lot = TIMC2 (3)

By considering the accretion of exclusively ionized Hydrogen and maintaining hydro-
static equilibrium, we can compute the maximum achievable luminosity in a system
powered by accretion, called “Eddington luminosity”. In this scenario, the gravitational
force exerted by the SMBH is balanced by the radiation pressure from the accretion

disk. Mathematically, the Eddington luminosity is expressed as:

ArGM M
Lpag = 8 4 96 % 1078 i ere/s (4)

oT ®
where m,, is the mass of proton, and oy is the Thomson scattering cross-section for an
electron. The ratio Lye/Lgqq is called “Eddington ratio” (Ag4q) used to compare the
accretion rates between different mass of SMBH. AGN which have Aggq ~ 0.01—0.1 are

often considered as to have a geomterically thin accretion disk (Shakura and Sunyaev,
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1973). However, when Aggq < 0.01, a geomterically thick accretion disk is thought to
occur, which is radiatively inefficient (e.g., Narayan and Yi, 1994).

1.1.2 Hot Corona

An optically thin hot plasma consists of relativistic electrons, at temperature T ~ 108~
K, is identified as “corona”. Although the exact location, origin and structure of corona
are not properly known, but they are thought to reside close to the accretion disk
(about few tens of Ry; Chartas et al., 2016; Kara et al., 2016). The photons emitted
from the accretion disk interacts with the high energy electrons in the corona and
gets inverse-Compton scattered isotropically in all directions. These inverse-Compton
photons up-scatters the disk photons, which emits in the X-ray band (E~ 0.1-300
keV), producing the powerlaw spectral shape that is observed in X-ray SED (Figure

1b). The spectral shape of this emission has the functional forms:

F(E)x E™" (5)

where F(F) and E are the flux and energy of the photon, respectively. I"is the photon
index which is usually between 1.8-2.0. This emission from the corona is the primary X-
ray emission. The plasma particles loose their energy after certain amount of scattering
in corona, so we also need to introduce an exponential cut-off at the continuum around
few hundred KeV. Throughout this thesis, I will use the term “powerlaw emission”
to refer to the X-ray emission AGN emission emitted at these nuclear scales (i.e., the

accretion disk and corona).

1.1.3 Torus

Beyond the accretion disk of an AGN, substantial evidence (including X-ray obscu-
ration and mid-infrared interferometry) indicates a donut-shaped geometrically and
optically thick circum-nuclear medium exits, composed of gas and dust. This medium
is referred as a “torus” or “dusty torus”. It exists within the gravitational influence of
the SMBH, at a distance ~ 1 — 30 pc. The presence of such dusty torus was a funda-
mental element in AGN studies and classification history. Traditionally perceived as a

smooth azimuthally symmetric doughnut-shaped structure, it’s modeling was initiated
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in Krolik and Begelman, 1988. Later it was crucial for early unification theories, includ-
ing the work of Urry and Padovani, 1995, aiming to elucidate differences between Type
I and Type II galaxies. Depending on it’s orientation with respect to central region,
along the line-of-sight (LOS), torus can obscure our direct view towards the nucleus of
the active galaxy. The powerlaw emission and optical-UV emission from the nucleus
is absorbed by the torus, and then re-emitted at infrared (IR) wavelength via thermal
radiation, peaking in the mid-IR regime (e.g., Mullaney et al., 2011; Nenkova, Sirocky,
Ivezi¢, and Elitzur, 2008; Polletta et al., 2000). With the advancements of observation
quality in last two decades, more precise and inhomogeneous models of the obscuring
torus have become necessary (Burtscher, Meisenheimer, Tristram, Jaffe, Honig, Davies,
Kishimoto, Pott, Rottgering, Schartmann, et al., 2013b; Garcia-Burillo et al., 2021a;
Nenkova et al., 2002; Nenkova, Sirocky, Ivezi¢, and Elitzur, 2008; Nenkova, Sirocky,
Nikutta, et al., 2008; Ramos Almeida et al., 2014). Some of these models, utilizing in-
frared information ( 9.7um Silicate line, e.g., Hatziminaoglou et al., 2015), successfully
replicate the clumpiness crucial for X-ray spectral fitting (Buchner et al., 2019; Tani-
moto et al., 2019a. The current widely accepted model is the clumpy torus, comprising
clouds of overdense and underdense gas distribution at different location. This struc-
ture allows visibility of obscuring features even at lower torus density angles. Thus,
it provides with unique absorption, scattering and thermal properties in comparison

with homogeneous torus configuration.

1.1.4 Emission Line Regions

Outside the accretion disk, there is also strong evidence for two distinct regions of
gas responsible for producing highly ionized emission lines by absorbing the powerlaw
emission and disk emission from the central engine. These regions are called the broad
line region (BLR) and the narrow line region (NLR). The BLR is located at a nearer to
the SMBH (~ 0.01-1 pc; see Figure 1b), within it’s gravitational influence, in between
accretion disk and torus. The variability and broadness of the emission lines are formed
due to the high Keplerian and thermal velocities (T~ 10* K) of the gas in BLR, where
the velocity widths of the associated emission lines stretches ~ 1037% km /s (in full width
at half maximum of Gaussian line profile; FWHM). In addition, because of the high
gas cloud density (n~ 10719 cm™3), the probability of de-excitation through collision

for the ionised gas is significantly higher than through natural radiative processes.
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Thus, forbidden lines' are not so common in this region. On the other hand, both the
permitted and forbidden lines are quite common in the NLR as a result of the lower gas
density (n~ 10*75 ecm~2). NLR region resides beyond the torus, from 100 pc to few kpc
(e.g., Bennert et al., 2006; Scharwéchter et al., 2011). The widths of the emission lines
in NLR are typically around 500 — 1000 km/s (FWHM). On the basis of the standard
unification model, the different characteristics observed in the optical spectra of type
I and type II are due to the orientation of the torus along our LOS, which blocks or
obscure the view of BLR in type II AGN. The spectro-polarimetric studies support the
observational evidence of this theory, in which Seyfert II sources show broad permitted
lines in their polarised spectra (scattered flux spectra), consistent with that seen in
Seyfert I total spectra. It indicates that the nuclear regions of Seyfert I are obscured
from our direct view, but can be observed if the emission is scattered into our LOS
(e.g., Antonucci and Miller, 1985; Capetti et al., 1995).

1.1.5 Jets and Radio Lobes

Radio Loud AGN represents a small fraction of the AGN population, where these
components are observed. Studies in the optical band suggest a fraction of radio-loud
AGN ~ 15% (Kellermann et al., 1989), whereas studies at radio wavelengths suggest a
much smaller fraction < 1% (Padovani, 2011). Highly collimated pair of relativistic jets
close to the accretion disk can extend upto few kpc scale, from v to radio band. A large
fraction of the radio emission is powered by synchrotron radiation, produced through
the interaction between high-energy charged particles and nuclear magnetic fields. Jets
are thought to be produced by the spinning BH and accretion disk, coupled with the
presence of magnetic fields (Blandford and Payne, 1982; Blandford and Znajek, 1977).
However, the mechanism of the jet production at the smallest scale (i.e., at the core)
is still not well understood at present. Radio lobes are formed in kpc to Mpc scale by

the jets. These large scale structures are produced in the interaction between the jets
and the Inter Galactic Medium (IGM) or Intra Cluster Medium (ICM).

LA forbidden line is produced when an electron spontaneously jumps from an upper energy state,
where it can remain for a long time, to a lower energy state; having a very low transition probability.
In the Earth’s atmosphere, the excited atom would collide with other atoms or free electrons and
lose energy quickly in the collision, without producing a photon. However, in the low densities of

interstellar space, collisions are extremely rare and there is enough time for the spontaneous decay.
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1.2 Obscured AGN

The AGN where the accretion disk emission is not directly observed due to the presence
of material medium between the central engine and the line-of-sight of the observer,
is classified as an obscured AGN or type II AGN. The obscuration is caused by the
obscuring medium, composed of dust and/or gas, by absorbing and/or scattering a
large fraction of incident radiation away from the observer. In this section I will
briefly describe the physical nature and composition of this obscuring medium from an
observational point of view, and classify the obscured AGN. Also I will provide a brief

overview on the motivation to study obscured AGN, especially in the local universe.

1.2.1 Nature of obscuring medium

The term ‘dust’ is generally assigned to the crystal structures like carbonaceous grains
and amorphous silicate grains (Draine & Lee, 1984a). It is a dominant source of
obscuration at UV-IR wave-bands. On the other hand, the term ‘gas’ is referred to
describe a broad range of gaseous states from hot plasma (ionised gas composed of
electrons and protons) to cold neutral clouds of molecular compounds. The metals
(i.e. elements heavier than He) in the gas are responsible for the absorption at X-ray
wavelength. For majority of these obscured AGN, the obscuring medium exits within
the gravitational influence of the SMBH, surrounding the accretion disk. Following the
AGN unified model (Antonucci, 1993; Netzer, 2015; Urry and Padovani, 1995), this
obscuring medium is geometrically and optically thick clouds of dust and molecular
gas, popularly known as “torus”. It is often regarded as an extension of the accretion
disk in the cold outer regions, where dust grains and neutral molecular compounds can
retain it’s form. Apart from torus, obscuration can also come from the host galaxy i.e.
dust obscured star forming regions and dust lanes. The edge-on and inclined galaxies
have similar obscuring nature, especially for merging galaxies, with higher optical depth
(and higher absorption) compared to face-on galaxies along the line-of-sight (Buchner
and Bauer, 2017; Goulding et al., 2012). Below I explained the different obscuring

nature following the above mentioned cases.

Torus: The reverberation time lags in near-IR and mid-IR measurements (e.g., Sug-
anuma et al., 2006; Vazquez et al., 2015) and spatially resolved dust emissions from

mid-IR photometry (e.g., Lépez, 2016) suggests a compact region of the torus with
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< 1 pc radius. The inner edge of the torus is predicted to follow the relation of dust
sublimation radius with AGN UV luminosity 1, oc LYY, (Barvainis, 1987; Burtscher,
Meisenheimer, Tristram, Jaffe, Honig, Davies, Kishimoto, Pott, Rottgering, Schart-
mann, et al., 2013a; Suganuma et al., 2006). Analysing the mid-IR imaging (Asmus et
al., 2016; Garcia-Burillo et al., 2021b) and molecular lines (Garcia-Burillo et al., 2016),
the scale of the outer edge of the torus is estimated ~ 10 — 30 pc. Through X-ray ob-
servations, we can find the line-of-sight column density of the obscured AGN varies a
wide range from 10?2 cm™2 to 10% cm~2 (e.g., Marchesi et al., 2018; Ricci et al., 2015a,
2016; Zhao, Marchesi, Ajello, et al., 2019 and others). Following the observations of
last two decades, the AGN torus is found to be highly inhomogeneous in composition,
temperature and density, portraying a clumpy structure instead of the classical smooth
‘donut’ shape. The radiation from the central engine passes through the optically thin
gap between the optically thick clumps. This situation results in mid-infrared emis-
sion that exhibits significantly less dependence of torus orientation (Nenkova, Sirocky,
Nikutta, et al., 2008; Stalevski et al., 2012). Through mid-IR spectroscopy, we find Si
absorption features (9.7 and 18 micron; Draine and Lee, 1984a) which provides infor-
mation on the obscuring nature. Strong Si absorption can signify obscured AGN, but
not all exhibit this feature. Deep Si absorption is often linked to larger-scale struc-
tures or dust in host galaxies rather than smooth compact tori (Goulding et al., 2012),
highlighting the need for diverse interpretations of the obscurer. Moreover, studying
the X-ray spectra of nearby AGN through direct observations, show variability along
the line-of-sight obscuration (Elvis et al., 2004; Laha et al., 2020; Markowitz et al.,
2014; Risaliti et al., 2002). These variability scenarios strongly suggest the presence of
moving clumps. The reflected and scattered X-ray photons, coming from the torus also
carries information of the it’s structure. Recent X-ray observations of many low red-
shift AGN suggests the presence of a thick reflector in form of a ring, close to the inner
regions of torus, to produce the dominant reflection component in the X-ray spectra
(Buchner et al., 2019; Pizzetti et al., 2022; Torres-Alba et al., 2023a). It suggests a
large difference in composition of the inner regions, where the density varies 10 to 100
times the outer parts of torus. The covering factor or opening angle of the torus is
another parameter to understand the extent of the obscuring medium. The covering
factor covers a full range from 0° — 90°, even for AGN with similar mass SMBH and
luminosity (e.g., Burtscher, Meisenheimer, Tristram, Jaffe, Honig, Davies, Kishimoto,
Pott, Rottgering, Schartmann, et al., 2013a; Ramos Almeida et al., 2011). Even with

this broad diversities, some trends are noticed with covering factor and different AGN
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parameters, which helps in investigating the AGN nature.

Nuclear Starbursts: Far-infrared (FIR) observations at the galaxy scale reveal a
weak correlation between AGN luminosity and recent star formation. However, this
correlation strengthens on smaller scales (e.g., Rosario et al., 2012; Stanley et al.,
2015), confirming that accreting SMBH harbor a substantial gas reservoir within the
central 100 pc region, enough to fuel a starburst disk. The emergence of a starburst
disk on scales less than 100 pc results from a substantial inflow of gas into a galaxy’s
central regions, which is often crucial for the rapid accretion onto the SMBH (Davies
et al., 2009; Thompson et al., 2005). Such gas is kinematically decoupled from the
galactic disk, for which the radiation pressure can expand the starburst disk along the
azimuthal direction (e.g., Thompson et al., 2005, Hopkins et al., 2016). The column
density distributions of these starburst disks are often identical to those observed within
an obscured AGN population (Ballantyne, 2008, Hopkins et al., 2016). Compton-thick
obscuration from starburst disks in small-scale structures (< 1 pc for ~ 107 M, SMBH)
challenges differentiation from a torus. On the other hand, Compton-thin obscuration
in larger scales (> 10 pc) may significantly contaminate the obscured AGN population
(Hickox and Alexander, 2018).

Host Galaxy: The obscuration picture can be directly related to the accretion flows
onto the SMBH, encompassing the entire galaxy on a cosmological scale (jkpc). In
models where SMBH-galaxy coevolution is influenced by galaxy mergers, large-scale
obscuration results from gas flows onto the SMBH connected to galaxy-scale distur-
bances caused by merger-driven torques (Alexander and Hickox, 2012; Hopkins et
al., 2008). While some studies show a strong connection between merging galaxies
and hosting AGN, others suggest no relationship or a dependence on AGN luminosity
(Goulding et al., 2018; Weston et al., 2017). Low-luminosity AGN in mergers exhibit a
stronger correlation when selected in the IR with WISE telescope compared to optically
selected AGN (Satyapal et al., 2014). Reddened quasars, representing highly obscured
AGN, demonstrate a significant association with mergers and disturbances, suggest-
ing a potential link between mergers and powerful obscured AGN (Glikman et al.,
2015). FIR and submillimeter studies indicate that obscured quasars display stronger
emission from cold dust, aligning with X-ray and IR-optical observations (Chen et al.,
2015; Page et al., 2011). Spatial correlation studies, examining the large-scale struc-
tures of galaxies and AGN, reveal debates regarding host halo masses and clustering
differences between obscured and unobscured AGN (Hickox et al., 2011). Neverthe-
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less, large-scale measurements from WISE consistently show stronger clustering for the

obscured population (DiPompeo et al., 2014; Donoso et al., 2012).
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Figure 2: X-ray spectral characteristics for different line-of-sight column densities (in
cm™?). As column density increases along the LOS, the reflection component gets more
dominated over the transmitted powerlaw. Below 10 keV, the transmitted powerlaw

get completely suppressed.

1.2.2 Spectral classifications of obscured AGN

In X-rays, the obscured AGN can be classified into two categories: Compton-thick
(CT) and Compton-thin (CTn) AGN. When X-ray obscurer has a line-of-sight column

density equal to or larger than the inverse of Thomson scattering cross section, i.e.,
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Nuros > or ~ 1.5 x 10** em™2] it is classified as CT-AGN. Otherwise, for 10%2
em ™2 < Ngpog < 1.5 x 10** em™2, we classify it as an obscured CTn-AGN. AGN with

2

Nuros < 10?2 cm~2 are classified as unobscured AGN, in X-rays.

In addition to the powerlaw emission originating from the corona (see Section 1.1.2),
the X-ray spectra of AGN also exhibit a reflection component. The coronal emission
is isotropic, so a significant part of these X-ray photons gets reflected (scattered back
or absorbed and re-emitted) either from the accretion disk or inner walls of torus. It
typically includes a bump at 20-30 keV (see figure 2) and a distinct iron K, and Kg
lines at 6.4 and 7.06 keV, respectively. In an X-ray SED (see Figure 2), as the LOS col-
umn density increases, the transmitted powerlaw emission from corona get completely
suppressed below 10 keV. The fraction of powerlaw photons which experienced elastic
scattering (without loosing energy or getting absorbed) before reaching the observer,
are referred as the scattering component. This component dominate the soft X-rays,
carrying similar I" values. In hard X-rays (E > 10 keV), the reflection component dom-
inates over the primary powerlaw emission. The fluorescent iron lines can be broad or
narrow, depending on their origin. The line broadening is mainly due to special and
general relativistic effects, as the emitting material is close to the SMBH (e.g., Fabian,
2008). Also, the broad lines are commonly observed in type I AGN, where the accretion
disk come across less absorption. The obscured type I AGN, where accretion disk view
is likely blocked, the line is usually narrow, thought to originate on larger scales like
the inner torus walls. Thus, the equivalent width (EW) of K, and Kz also increases
with increasing obscuration (EW> 1 keV), due to suppression of the powerlaw contin-
uum at higher column densities. Long-term monitoring of sources with reverberating
reflection and iron lines can provide insights into the origin of these features. At lower
X-ray energies (E< 2 — 3 keV), the AGN spectrum displays another component, often
referred as “soft excess”. These soft thermal emissions rise due to electron scattering
from an ionized zone close extended outside the central engine (Bianchi and Guainazzi,
2007; Fabian, 2012), and its modeling resembles the primary powerlaw, with similar T".
These emissions can also arise from multiphase medium of starburst regions (Torres-
Alba et al., 2018). Various explanations have been proposed for the definite origin
of soft excess, but a conclusive answer still remains elusive. This thesis is focused on
studying the spectral properties to understand the complex nature of torus obscuration
and emission from the central engine, so we followed simple phenomenological models

to fit soft excess emissions.
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For a comprehensive picture of obscuration, the obscuring torus is also needed be stud-
ied in the IR band. AGN exhibit bright emissions in the mid-IR range (see Figure 1b),
attributed to thermal radiation from warm-hot dust in the torus. This dust is heated
by absorbing thermal optical-UV photons from the accretion disk and powerlaw emis-
sion from corona. The intensity of mid-IR emission relies on the covering factor of the
dust around the accretion disk, representing the proportion of accretion disk photons
absorbed by the dust. This SED peaks at A ~ 30um (e.g., Mullaney et al., 2011;
Nenkova, Sirocky, Ivezi¢, and Elitzur, 2008; Polletta et al., 2000) and dominates along
with the dust emissions from the host galaxy. The primary spectroscopic diagnostic
for assessing obscuration in AGN is the Si-based dust absorption feature at 9.7 and 18
pum (e.g., Draine and Lee, 1984b). This feature, caused by silicon dust grains, indicates
the amount of obscuration by the mid-IR emitting region of the torus. Si absorption
is prevalent in obscured AGN, while unobscured type I AGN typically exhibit Si emis-
sion features. Unlike the UV-near-IR range, mid-IR wavelengths experience low optical
depth, minimizing suppression by obscuring dust. These characteristics make mid-IR
observations crucial for studying AGN properties along side with X-rays, providing
insights into the geometry and composition of the obscuring material surrounding the

accretion disk.

1.2.3 Cosmic X-ray background problem

In the early 1960s, it was discovered that the universe showered X-ray radiation almost
isotropically (Giacconi et al., 1962). These X-ray photons are commonly known as
the cosmic X-ray background (CXB) radiation. Around similar time, the more famous
Cosmic Microwave Background (CMB, Penzias and Wilson, 1965) was discovered. Un-
like CMB, the the source of CXB radiations were not very well understood at that time,
but it became clear that they had extra-galactic origin. With the deep field surveys
of modern grazing incidence telescopes like Chandra and XMM-Newton (Alexander
et al., 2003; Jansen et al., 2001), the CXB has been resolved into discrete point sources
(Hickox and Markevitch, 2006; Xue et al., 2012). Both these telescopes surveyed the
sky for more than 20 years, especially Chandra ultra-deep surveys have resolved about
90 — 95% of the CXB at E< 10 keV. But due to the limitations of soft X-ray energies,
these observations also suffers significant absorption bias, when obscured by gas and
dust along the LOS. Only a fraction of the intrinsic photons reach us, while most of

them get scattered or photo-absorbed by the obscuring media. Therefore, despite we
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Figure 3: Cosmic X-ray Background Radiation from 0.4-500 keV from Rossland et al.,
2023.

progressed in understanding the CXB, thanks to telescopes like Chandra and XMM-
Newton, the large majority of the CXB above 10 keV remains unresolved. Due to
the technological difficulties in focusing hard X-rays, only coded mask instruments like
Swift-BAT and INTEGRAL were employed to complete the wide survey of the hard X-
ray sky. Deep surveys with these instruments were able to resolve up to few percent of
the total CXB above 10 keV (Ajello et al., 2008; Koss et al., 2016; Ricci et al., 2015b).
It was found that most of the CXB radiation from 1 keV to 100 keV is the result of
AGN emission (e.g, Gilli et al., 2007). The launch of Nuclear Spectroscopic Telescope
Array in 2012 (Harrison et al., 2013), the first hard X-ray grazing incidence telescope

operating between 3 keV and 79 keV, opened a new window for X-ray astronomy.

With the observations of all other X-ray telescopes, in last 60 years, the CXB is found
to have peaked ~ 30 keV (see Figure 3). The contribution of unobscured AGN to the
CXB at E<10 keV is almost completely resolved into point-like sources. At present,
only ~ 30% CXB has been resolved at it’s peak, thanks to several NuSTAR surveys
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(e.g., Aird et al., 2015; Harrison et al., 2016). Meanwhile the detection of obscured
AGN (Ngy > 10?2 cm™2), which are responsible for a significant fraction (~ 40% at the
peak) of the CXB emission, is found to be challenging. CT-AGN population produces
almost ~ 15 — 20% of CXB at it’s peak (Ananna et al., 2019; Gilli et al., 2007). In
local universe (for redshift z < 0.1), the observed fraction of CT-AGN is ~ 5 — 10%
(Vasudevan et al., 2013; Ricci et al., 2015b; Torres-Alba et al., 2021). However, CXB
population synthesis model predicts this CT-AGN fraction should be ~ 20 — 50%
(Ueda et al., 2014; Ananna et al., 2019) to properly fit the CXB spectra. Thus, there
is a significant gap between the observational information and the model predictions,
which is still an open question in the astronomy community. This low fraction seems
to be due to the observational bias in the detection of obscured CT-AGN in X-rays
(e.g., Burlon et al., 2011; Ricci et al., 2015b). At higher redshift, the missing fraction
decreases from 70% to 10 — 20% and the contribution of AGN with higher luminosity
is needed. A population synthesis model is generally described by the number density
of AGN as a function of their luminosity and redshift (i.e., X-ray luminosity function
or XLF). In Ueda et al., 2003, the model introduced three components: AGN template
spectrum as a function of column density and X-ray luminosity (Ls_10xev ), Space density
distribution as a function of Ls_jgeyv and an absorption function of how this space
density is distributed in column density bins. Later models used advanced statistical
tools and different parametric approach (e.g., Ueda et al., 2014, Buchner et al., 2015,
Aird et al., 2015, Ananna et al., 2019), within a same framework of observed XLF.
However, the complex obscuring and emission properties of the obscuring medium in
CT-AGN is not properly taken into account on these models, which might lead to an
over-estimation also. Therefore, a complete census of obscured AGN population in
local universe is needed to fill the gap and overcome the observational bias using multi-
wavelength techniques; photometric and spectroscopic studies in the mid-Infrared and

X-ray surveys (e.g., Comastri et al., 2015).
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2 Methodology

In this section, I have discussed briefly about the X-ray telescopes, whose observation I
have used for my analysis. I have also discussed the several spectral analytical methods
and models that I have used to classify the obscured AGN.

2.1 X-ray observations
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Mirror elements are 0.8 m long and from 0.6 m to 1.2 m diameter

Figure 4: Schematic diagram of the grazing incidence telescope in Chandra. It illus-
trates the design and functioning of the High Resolution Mirror Assembly (HRMA)
inside Chandra. The X-ray photons gets reflected, instead of getting absorbed, by the
mirrors, making very small grazing angles before reaching the focal surface. Image is
provided by Chandra X-ray Observatory, NASA.

All the X-ray telescopes are space telescopes because Earth’s atmosphere absorbs all
the cosmic X-rays. The ability to focus X-ray photons was only developed about 70
years ago by Hans Wolter, using reflective optics. The unique challenge in focusing X-
ray photons arises from their high penetrating power. To address this issue, some X-ray
telescopes use “grazing incidence” mirrors with small grazing angles. These mirrors
are aligned almost parallel to the incident X-ray emission to increase the probability

of reflection rather than absorption. The small photon collecting area is mitigated by

25



nesting multiple mirror shells together. This approach enhances the effective area for

collecting X-ray photons.

The mirrors in X-ray telescopes typically consist of two reflecting surfaces (see Fig-
ure 4): a paraboloid (primary mirror) and a hyperboloid (secondary mirror). While
a paraboloid alone effectively focuses X-ray photons to a point, it distorts off-axis ob-
jects. To address this, a hyperboloid surface is added as a secondary mirror. The
combination of paraboloid and hyperboloid optics is called Wolter Type I mirror de-
sign. This design, known for its short focal length, has been widely used, including
in the pioneering Einstein observatory (HEAD-2) and modern telescopes like NuSTAR,
Chandra, and XMM-Newton. Detectors at the focal point record detailed information
about the incident X-ray photons, facilitated by solid-state detectors or charge coupled
devices (CCD), allowing simultaneous image and spectroscopic data collection. Unlike
optical telescopes, X-ray detectors directly measure the energy of individual photons,
enabling precise counting and recording of their properties. However, these detectors
may also register non-X-ray events and particle flares. These issues are addressed
through techniques like identifying “good time intervals” (the period when the flare is

insignificant). These events can also be filtered out during the data processing steps.
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Figure 5: Effective area of Chandra, XMM-Newton and NuSTAR along the energy
band. The figure is adopted from Harrison et al., 2010.
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This section provides an overview of the X-ray telescopes that I have primarily used
in our thesis, focusing on the high (NuSTAR) and low energy (Chandra and XMM-
Newton) X-ray observatories. The high-energy data (E> 10 keV) are crucial for tracing
primary emissions from CT-AGN through obscuring layers, while low-energy observa-
tions (E< 10 keV) are essential for probing fluorescence iron line emissions and diffuse
thermal emissions. The combination of both datasets enables the creation of a broad-

band X-ray spectrum, allowing precise measurements of the obscuring properties.

2.1.1 NuSTAR
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Figure 6: A schematic design of NuSTAR telescope. Its features include two co-aligned
grazing incidence X-ray telescopes. These telescopes are equipped with state-of-the-art
CdZnTe pixel detectors, allowing NuSTAR to capture high-energy X-rays in the 3-79

keV range with exceptional sensitivity and spatial resolution. (Image credit: NASA)

NuSTAR marks a significant advancement in hard X-ray astronomy as the first focusing
hard X-ray telescope (Harrison et al., 2013), covering the energy range of 3 to 79 keV.
It carries eight Cadmium-Zinc-Telluride detectors in a 2 x 2 array of 32 x 32 pixel
chips, divided into two focal plane modules (FPM) as: FPMA and FPMB. It outlines
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the extendable mast deployed in an orbit to achieve a ~ 10 meters focal length. To
enhance reflectivity of the high energy incident photons, each of these optical modules
adopt the Wolter-I conical approximation design. It carry 133 shells of mirrors coated
with layers of Tungsten/Silicon in outer the shells and Platinum/Carbon in the inner
shells. The platinum coating starts absorbing X-ray photons for E> 79 keV, for which
NuSTAR’s energy sensitivity is limited upto that limit. These focal planes are shielded
by Cesium-Iodide (Csl) crystals, which surrounds the detector. These crystal shields
collect high energy photons and cosmic rays which cross the focal plane from directions
other than the optical axis. The sensitivity of NuSTAR is also approximately 100 times
compared to coded-mask instruments where the detection of the events are based on
the shadows instead of direct imaging. Thus a better spatial accuracy is achieved, with
a point spread function (PSF) of FWHM at 18” and a half-power diameter (HPD) of
58”. The only drawback has been the contamination of high background affecting deep
observations, caused by the metallic mast when fully deployed in orbit, preventing the

optics to get perfectly screened by the leaking photons.

One of the primary objectives of NuSTAR is to investigate both local and high redshift
AGN. The higher angular resolution and better sensitivity in that energy band helps
identifying the CXB contributors, especially at it’s peak ~ 20—30 keV. It’s high-energy
bandpass minimizes biases related to absorption, unlike soft X-ray instruments. Thus,
it provides excellent coverage for detecting characteristic signatures of obscured AGN
like CT-AGN. Properties like fluorescent iron lines at 6.4 keV and 7.06 keV, Compton
reflection hump ~ 20— 30 keV, help to characterise the spectral shape of CT-AGN and
CTn-AGN in the local Universe (e.g., Boorman et al., 2016; Marchesi, Ajello, Zhao,
Marcotulli, et al., 2019; Zhao, Marchesi, and Ajello, 2019). Moreover, it also helps
studying the X-ray variable and changing-look obscured AGN candidates.

For the data processing and reduction of NuSTAR data, I have used the NuSTAR
Data Analysis Software (nustardas) within Heasoft package, incorporating the cali-
bration database (CALDB). The data processing procedures are followed according to
the NuSTAR data analysis guide. Here, I mention briefly how I proceeded, further
details are provided in the following chapters of this thesis. The process includes gen-
erating calibrated and cleaned event files (“level 2 data”) from telemetry data (“level
17 data) through the nupipeline script. It incorporates metrology processing, altitude
correction, bad and hot pixel flagging, event reconstruction, and grade assignment.

Calibrated event files undergo screening for bad time intervals, and subsequent steps
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involve extraction of spectra (source and background) and response files using the
nuproducts task. The final net spectrum, obtained by subtracting background emis-
sion from the source spectrum. It is generated by multiplying it with response files
that include ancillary response function (ARF) and redistribution matrix file (RMF).

The final spectrum is then binned into counts per bin using the grppha task.

2.1.2 XMM-Newton
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Figure 7: The schematic design of XMM-Newton observatory. It is equipped with
three high-throughput X-ray telescopes, XMM-Newton utilizes reflection grating spec-
trometers and imaging cameras for simultaneous observations in different X-ray energy
bands. Its innovative design enables astronomers to conduct comprehensive studies of

extragalactic X-ray sources below 10 keV. (Image credit: NASA)

The X-ray Multi-Mirror Mission? (XMM-Newton) was launched in 1999. It was of
the pivotal components of the European Space Agency’s (ESA) Horizon 2000 Science
program. It is equipped with three co-aligned X-ray telescopes, each adopting the
Wolter-I design. XMM-Newton boasts 58 nested gold-coated mirrors with a 7.5 meters

focal length. These mirrors has a photon collecting area of approximately 4500 cm? at

Zhttps://www.cosmos.esa.int /web /xmm-newton

29


https://www.cosmos.esa.int/web/xmm-newton

1 keV, with a diameter 70 cm. The telescope is sensitive within the energy range 0.1
keV to 12 keV, with a spatial resolution of 6” at FWHM.

XMM-Newton incorporates three main science instrument: the European Photon
Imaging Cameras (EPIC), the Reflection Grating Spectrometers (RGS), and the Op-
tical Monitor (OM). These instruments allow for simultaneous X-ray and optical/UV
observations. In this thesis, I worked only with EPIC instrument, so I will only focus
on it. The EPIC consists of three detecting instruments: a “pn”-camera (PN) and
two identical metal-oxide-semiconductor (MOS) cameras (MOS1 and MOS2). The PN
camera features 12 arrays of back-illuminated (BI) CCD, each with 64 x 200 pixels,
making it more sensitive and has a higher effective area (1227 cm? at 1 keV) compared
to the MOS cameras (922 cm? at 1 keV). The MOS cameras consist of 7 arrays of
front-illuminated (FI) CCDs, each having 600 x 600 pixels. All three cameras offer
a field of view of approximately 30’ x 30’ and are employed simultaneously during
observations. These EPIC cameras are optimized for both high-resolution imaging and
moderate-resolution spectroscopy (about 50 eV at 1 keV).

The data processing and data reduction of XMM-Newton data is done by utilizing
XMM-Newton’s Science Analysis System (SAS). The adopted data reduction approach
is briefly outlined, with more comprehensive details available in the XMM-Newton’s
user handbook®. For each observation, we are provided with the Observation Data
Files (ODF), containing uncalibrated files. The ODF is processed by the Processing
Pipeline Subsystem (PPS), generating scientific products like event and source files,
net source spectra and source light curves. These PPS products are accessible to the
community after the completion of the observation. Subsequently, the event files from
PPS are reprocessed to incorporate updated calibration. Using the evselect task, the
event files for each EPIC camera are then screened, implementing standard filter flags
to account for factors like hot pixels, low pulse height, and undesirable “patterns”
(with ranges of 0-12, typically excluding pattern > 4 and > 12 for PN and MOS,
respectively). Additionally, the event files undergo manual filtering in case of bad time
intervals associated with particle flaring. They are identified by scrutinizing the light
curve, after binning the count rates over a given time interval. Using the tabgtigen
task, the event files are filtered by eliminating the flare contamination. The source

and background spectra for each detector are then extracted from the cleaned event

3https: //xmm-tools.cosmos.esa.int /external /xmmusersupport /documentation /uhb/XMMUHB.
html
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files, employing the ewvselect task and filtered for bad pixels using the backscale task.
The creation of ARF and RMF files is executed through arfgen and rmfgen tasks,
respectively. Finally, all net spectra are binned using the grppha task, and XMM-
Newton’s count images at various energy bands are generated with the evselect task.
The combination of XMM-Newton’s capabilities supplements NuSTAR data, allowing
not only comprehensive spectral analysis but also the resolution and identification of

X-ray sources in heavily obscured AGN.

2.1.3 Chandra
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Figure 8: The schematic design of Chandra X-ray Observatory. It features a high-
resolution X-ray telescope, with its four sets of nested mirrors. The Advanced CCD
Imaging Spectrometer (ACIS) and High-Resolution Camera (HRC) instruments, part
of Chandra’s instrumentation, allows astronomers to explore extra-galactic objects with

exceptional sensitivity. (Image credit: NASA)

The Chandra X-ray Observatory (CXO) was launched in 1999 as part of NASA’s
flagship mission. With its advanced CCD imaging spectrometer (ACIS) and high-
resolution camera (HRC), along with low and high-energy transmission gratings (LETG
and HETG), Chandra utilizes the High-Resolution Mirror Assembly (HRMA) adopting
the Wolter-I mirror design for focusing X-ray photons. Chandra’s optical prowess lies
in its HRMA, comprising a set of four grazing incidence mirrors coated with iridium (Ir)
to enhance reflectivity, having a focal length of 10 metres. These mirrors are extremely

smooth and clean, perfectly aligned making a very precise optical surface. This provides
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excellent X-ray resolution of Chandra, in which the majority of the incident photons
can be focused at 0.5” radius along the on-axis. I used only ACIS data for my thesis,
as the precise spectral resolution and sensitivity in the energy range 0.1-10 keV range
ACIS an invaluable tool for the soft X-ray spectra. So, I will not go into the technical
details of the other detectors. But in Chandra’s proposer’s observatory guide, further

details on the observatory and other instruments can be found.

Chandra’s focal plane instruments include ACIS and HRC, along with LETG and
HETG for high-resolution spectroscopy. ACIS consists of two arrays of CCD: ACIS-I
(FI; 2 x 2 array at 16" x 16") optimized for wide-field imaging and ACIS-S (FI and BI;
1 x 6) usable with the HETG transmission grating for high-resolution spectroscopy.
ACIS allows for high-resolution imaging and moderate-spectroscopic and time resolu-
tion. Two CCD (ACIS-S1 and S3) are BI, enhancing sensitivity with higher quantum
efficiency, by exposing the photo-sensitive region to the incoming photons. The rest
are FI CCD. The aimpoint of ACIS-S is ACIS-S3 CCD, which carries a small field of
view (8.3' x 8.3") with better spectral resolution (100 ev at 1 keV) among the ACIS
system, without any use of grating. Similar to XMM-Newton, Chandra with NuSTAR
also gives a better window to understand the spectral nature of the X-ray emission
from the obscured AGN.

2.2 X-ray torus models

In this chapter, I briefly describe the procedure of X-ray spectral fitting using the dif-
ferent X-ray torus models. These models will often be referred as “physically motivated
models” throughout this thesis, since they are composed of more physical and detailed

structural analysis of the torus.

2.2.1 XSPEC Spectral Fitting

The X-ray torus models are used through ‘XSPEC’ software (Arnaud, 1996), which is a
command-driven, interactive, X-ray spectral-fitting program. The spectrometer of the
telescopes captures photons, which is stored as ‘photon counts’ (C') within it’s instru-
ment channels (7). This ‘observed spectrum’ can be related with the ‘true spectrum’

using the equation:
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c() = / J(E)R(I, E)dE (6)

Here, R(I, E) is the instrumental response which is proportional to the probability of
incoming photon energy E through channel I. Therefore, the true spectrum f(E) can
be derived by inverting the equation from the observed spectrum, given as C'(I). Each
observed spectrum contains two files- data spectrum file (or source file) and background
file. XSPEC must also know the specific characteristics of the detector instruments, from
R(I, E). For that, this continuous function is converted to a discrete function by using

a response matrix, with the energy ranges Fj:

Ey
R(I,E)dE
Rp(I,J) = EE} o (7)

Here, Rp(I,J) is the response matrix. XSPEC reads both the energy and the response
matrix from a response file in a compressed format. It use an auxillary response
file (ARF) which contains an array over the energy range as Ap(J), multiplied as
Ap(J) x Rp(I,J). This array is designed to represent the efficiency of the detector
with the response file, representing a normalized Redistribution Matrix Function or
RMEF. For spectral fitting over the data points of the source, XSPEC needs these four
file to compile: source file, background file, ARF and RMF files.

2.2.2 Mytorus

The MYTorus model (Murphy and Yaqoob, 2009; Yaqoob, 2012) was developed to be
used in the XSPEC environment as a combination of additive and multiplicative ta-
bles, which represent different components of X-ray emission from the AGN. MY Torus
models the heavily obscured AGN spectra taking into account the direct powerlaw
component as MYTZ, absorbed and scattered component as MYTS, and the fluores-
cent Fe K, and Kz lines as MYTL. It is one first physically motivated models, which

used a doughnut shaped torus, with uniform gas distribution. The evolution of the
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radiative transfer through the torus is based on the a Monte Carlo code that calculate

grids of Green’s functions.

Every simulated photon is traced in its interaction with the reprocessing medium
(torus). If the photon escapes the absorbing structure, it is flagged as continuum

or as line photon, with a specific energy and direction of propagation.

2.2.3 Physical Geometry

Figure 9: MYTorus model adopted from Murphy and Yaqoob, 20009.

MYTorus can be used in two different configurations: coupled and the decoupled. In
coupled mode, the parameters such as the column density, inclination angle of the
three components (MYTZ, MYTS and MYTL) are tied together. But for our thesis,
we have used only the decoupled configuration. In this configuration, the component
MYTZ is kept free and MY'TS is tied with the MYTL, considering both the reflected
and line components originates from the similar region. MYTorus simulates the in-
teraction between input spectrum photons with the circumnuclear obscuring medium,
maintaining a classical doughnut shaped azimuthally symmetric structure. The torus
half opening angle represents the fraction of the sky as seen from the center, is defined
as a = [(m — 1) /2] = 60°, corresponding to a covering factor Ctor = 0.5. considering

Nu ros as the column density of the torus, it is calculated as:

a

e 2
Nyros = Ny [1 — (—) cos? Hobs] (8)
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Here, Ny is the equatorial column density, the distance from the BH to the center of

the torus section is ¢, and a is the radius of the section (see Figure 9).

2.2.4 Model Components

The MYTZ component is often called the zeroth order component or direct compo-
nent, as the photons are escaping the torus without being absorbed or scattered. The
component MYTS is the scattered or reprocessed continuum, which represents the
photons escaping the medium after being scattered one or more times. The scattering
probability depends on the absorption and scattering cross-sections through the single-
scattering albedo s = 05/(0s + 0,), where o4 and o, are the scattering and absorption
cross-sections, respectively. The photon’s energy get reduced after this interaction,
producing the feature of a hump around 20-30 keV (for local CT-AGN). The compo-
nent MYTL originates close to the inner side of the torus, producing fluorescent iron
lines. The decoupled configuration is done by fixing the inclination angle of MYTZ at
90° and untie the MYTS parameters from it, making MYTZ a pure LOS component.
This adjustment designates the direct continuum column density as representing the
LOS column density, while the MYTS column density signifies the “global average”
column density arriving from the scattered medium of torus. The homogeneity (or
clumpiness) of the torus can me approximated by taking the ratio of column densities
of MYTS vs MYTZ. If the ratio is close to 1, it’s homogeneous, if it’s far from 1, it
indicates the scattering region is either under-dense or over-dense than the LOS column
density. Following the approach of Yaqoob et al., 2015, the inclination angle can be set
for the scattered and fluorescent line components to either #s—; = 90° or 05—, = 0°,
replicating an edge-on and face-on geometry respectively. In XSPEC, the configurations

are written as follows:

Model MyTorusedge—on = const * phabs *
(zpow * MYTZ + Agoo* MYTS + Apgo * MYT L+ 9)
fs * zpow),

Model MyTorusg.ce—on = const x phabs x
(zpow x MYTZ + Agox MYTS + Apogx MYTL+ (10)

fs % zpow).
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Here, the galactic absorption is given as const x phabs. The Ag and A; are coeffi-
cients for corresponding MYTorus components. f, gives the fraction of the scattered

component, without getting absorbed.

2.2.5 Borus02

The BORUS (Balokovié¢ et al., 2018) is a Monte Carlo radiative transfer code, that
can be used in operating arbitrary 3-D spaces to represent matter density, by applying
mathematical functions or data cubes. This allows the calculation of output spectra for
the complex matter distributions, anticipated in hydrodynamical simulations around
the torus environment. However, for fitting limited-quality X-ray data, these structures
are simplified and parameterized. The strength of this model is that it fits the spectral
data with having free parameters such as average column density of the torus and its
covering factor. This was not possible to deduce even in the decoupled configuration
of MYTorus. Moreover, the “short” (days, week) timescales variability of the NH,los
(e.g., Risaliti et al. 2002; Ricci et al. 2016) is due to the movement of clouds through
the LOS. Whereas, the average column density vary on much longer (year) timescales,

represents a more reliable parameter to characterize the optical thickness of the torus.

Physical Geometry

This spectral template adopts a toroidal geometry similar to Brightman and Nandra,
2011 (also called BNtorus), involving a uniform-density sphere with bi-conical cutouts.
This simplification represents a smoothed distribution of individual clouds forming the
torus, assuming these clouds are much smaller than the torus itself and occupy most
of its volume. The half-opening angle of the polar cutouts (6, ) is measured from the
symmetry axis towards the equator, ranging from zero (full covering) to 84° (~ 10%
covering). The gas is assumed to be uniformly distributed with solar elemental abun-
dances, except for iron, which is a variable parameter. The LOS component (absorbed
powerlaw continuum) can possess a different column density than the average column
density of the torus. It allows the movement of clouds and variability along the LOS.

The average column density is calculated from the reflected continuum, taking into
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Figure 10: borus02 model adopted from Balokovi¢ et al., 2018.

account the fluorescent line components. Although the geometry of BORUS aligns
with Brightman and Nandra, 2011, the enhanced calculation is more detailed and flex-
ible such as, additional chemical elements included, E.,; extending to higher energies,

relative abundances of iron Ag..

Model Components

It calculates Green’s functions for initial photon energies ranging from 1 keV to 1
MeV. Post-processing involves convolving these functions with a parameterized intrin-
sic continuum. The simulated medium is assumed to be cold, neutral, and static, and
photons propagate until absorption without fluorescent re-emission or escape. Proba-
bilities of photoelectric absorption and Compton scattering at each step are computed
based on: NIST/ XCOM* elemental abundances from Anders and Grevesse, 1989, and
the Klein—Nishina scattering cross-section formula. For absorbed photons, fluorescent
emissions, including K,1, Kq2, and Kp lines up to zinc (atomic number < 31), are
generated. This comprehensive approach ensures a detailed representation of X-ray

interactions within the simulated medium.

4https: //www.nist.gov/pml/xcom-photon-cross-sections-database
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This model is composed of four components: (a) galactic absorption (const x phabs),
(b) borus02 itself, which is a reprocessed component including Compton-scattered +
fluorescent line component with fits file: borus02_v170323a.fits, (c) zphabs * cabs to
include LOS absorption with Compton scattering through the obscuring clouds; with
this component we multiply a cutof fpl; to take into account the primary power-law
continuum, and (d) finally another cutof fpls component is included separately with
fs to include a scattered unabsorbed continuum. In our analysis using XSPEC, we used

the following model configuration:

Model borus02 = Cf,,s * phabs * (atable{borus02_v170323a.fits} + zphabs
xcabs * cutof fply + fs * cutof fpls)

(11)

The borus02 v170323a.fits file is composed of eight parameters: photon index, high
energy cut-off, torus column density, torus covering factor, inclination angle, relative
abundance of iron, redshift and normalization of the intrinsic spectrum (at 1 keV). The

cutof fpl is a powerlaw with exponential cut-off, incorporated within XSPEC.

2.2.6 XClumpy

CLUMPY model was already introduced in IR-modeling (Nenkova, Sirocky, Ivezié,
and Elitzur, 2008; Nenkova, Sirocky, Nikutta, et al., 2008), which utilizes a powerlaw
distribution in the radial direction and a normal distribution in the elevation direction
to construct spectral models for clumpy tori. This model has been successfully applied
to interpret the infrared spectra of nearby AGNs, as highlighted in Ramos Almeida and
Ricci, 2017 and associated references. Stalevski et al., 2012 presented an alternative
approach, offering insights into infrared spectra from clumpy tori with a two-phase
medium and slightly different geometry compared to the CLUMPY model. More re-
cently, in the domain of X-ray spectral modeling from clumpy tori, Liu and Li, 2014
introduced the CTorus model, utilizing the Geant4 library, with a clump distribution
confined in a partial sphere. Furui et al., 2016 contributed to this endeavor with the
Furui model, incorporating a bagel-like geometry through the Monte Carlo simulation
for astrophysics and cosmology framework (MONACO: Odaka et al., 2011, 2016), op-

timizing for astrophysical applications and considering Compton down-scattering of
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fluorescence lines. These advancements contribute to a comprehensive understanding
of the diverse torus structures in different wavelengths. X-ray clumpy torus model
(XCLUMPY) is constructed in Tanimoto et al., 2019b, following these approaches.

Figure 11: Schematic representation of XCLUMPY model adopted from Tanimoto et al.,
2019b.

Physical Geometry

In XCLUMPY, the torus is also not a continuous medium but is instead comprised
of randomly distributed clumps, following a specified number density function. For
simplicity, each clump is modeled as a sphere with a radius denoted by R. with a
uniform hydrogen number density ngy. This model has similar geometric configuration
as outlined in Nenkova et al. (Nenkova, Sirocky, Ivezié¢, and Elitzur, 2008; Nenkova,

Sirocky, Nikutta, et al., 2008). It involves assuming a powerlaw distribution of clumps
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along the radial direction between inner and outer radii. Along the azimuthal axis, it
follows a Gaussian distribution of clumps (Figure 11). Therefore, the number density

function, in given as:

d(r,0,0) = a (:—n) b exp (_(9—0—7;/2)2) (12)

Here, 6 is the azimuthal angle, ¢ is the torus opening angle and « is the normalization

constant given as:

(1—q) Nea
— 13
TR (ot — 1) (13)

The number of clumps along the equatorial plane is NJ9. Thus, the number of clumps

along the LOS is calculated using equation 13 in equation 12, for a given angle:

NEOS(g) = Neexp (—M) (14

o2

The total number of clumps can be calculated as using:

NJotal — /Ou / / (1,0, ¢) r*sinfdrdfde (15)

The default parametric values of XCLUMPY (see webpage) provides us NIetal ~ 106,
In summary, this model is characterized by eight distinct parameters for the torus
properties: Tin, Tout; Re, NS, q, 0, Ni' and inclination angle (i). In Ichikawa et al.,
2015, CLUMPY model is applied in IR SED for 21 local AGN. From the result of that
SED fitting, the default values of ri,, 7out, N4, q are fixed at mean values. The clump
size R, is fixed following the theoretical estimate of Kawaguchi and Mori, 2010, 2011,
using the logarithmic average of clump diameter within torus region. This value is
compatible with the X-ray observations in low redshift AGN (Markowitz et al., 2014).
So, only three parameters are kept free to fit the observational data for this code: o,
Nt and i.
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Model components

XCLUMPY uses the MONACO framework (Odaka et al., 2011, 2016) to model the
interaction between X-rays and a clumpy torus irradiated from its central position.
For simplicity, it is assumed that all matter in the torus consists of neutral cold gas,
disregarding thermal motion. The considered physical processes include photoelectric
absorption, followed by fluorescence line emission and Compton scattering. All the
Compton scattering are assumed to be occurred with electrons bound to atoms or
molecules, instead of a medium with free electrons. Although this assumption may
not be valid in the presence of ionized plasma, any deviation would only lead to slight
energy shifts of scattered X-rays by electron binding energies. Such deviations are in-
consequential, except for high energy resolution spectroscopy, like that achieved by a
microcalorimeter (Hitomi Collaboration et al., 2016). The models are calculated by uti-
lizing the photoelectric cross sections compiled from the National Institute of Standards
and Technology database (Schoonjans et al., 2011) and adopting Solar abundances fol-
lowing Anders and Grevesse, 1989.

It consists of four components: galactic absorption (const * phabs), transmitted con-
tinuum (cabs x zphabs * zcutof fpl), reflection continuum (xclumpy_reflection) and
fluorescent line (zclumpy_reflection). We added another extra component to calcu-
late the scattered unabsorbed powerlaw emission, given as fs x zcutof fpl. The re-
flection and line component is provided by the fits files®>: xclumpy_v01 RC.fits and
xclumpy vO1 RL.fits, respectively. Both the components are made up of six parame-
ters: Ny, (2) torus angular width (o), (3) inclination angle (i), (4) photon index (T'),
(5) cutoff energy and (6) a normalization factor. The parameters of reflection and line
components are tied together, considering both the components originating from the

same region. In XSPEC the following model configuration is used:

Model XCLUMPY = const * phabs * (cabs x zphabs x zcutof fpl + fs x zcutof fpl
+atable{xclumpy vO1 RC.fits} + atable{xclumpy vO1 RL.fits})
(16)

Following the equation 14, the LOS column density (Ngros) can be calculated as
follows:

Shttps://github.com/AtsushiTanimoto/XClumpy
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Nusos = N [exp{ "3} (17)

o2

The 90% confidence error range of Ny og is calculated using the standard error prop-

agation method over the parameters Ny o, 0 and 0;, from the formula 17.

2.2.7 UXCLUMPY

The obscurer in the Unified X-ray CLUMPY (UXCLUMPY) model, by Buchner et al.,
2019, has several clumpy torus geometries of interests. Similar to XCLUMPY, the
fundamental idea has been followed from the Nenkova, Sirocky, Ivezi¢, and Elitzur,
2008; Nenkova, Sirocky, Nikutta, et al., 2008, with equation 12. But to compute
the X-ray spectra, they developed a new Python-based Monte Carlo simulation code
‘XARS’ (X-ray Absorption Re-emission Scattering), which is publicly available®. Be-
low, we discussed the geometrical model on the basis of which UXCLUMPY has been
constructed using the XARS code.

Physical Geometry

The construction of a clumpy obscurer model can have infinite degrees of freedom,
as each point of the obscuration can possesses arbitrary density. The geometrical
configuration is constrained in a realistic way, by widening the parametric space of
column density distribution. This is achieved by allowing at a given luminosity a
diversity of opening angle of torus or by giving the torus clouds a diversity in column
densities. UXCIUMPY adopted a larger parameter space for column density to take
into account the variability within the CT and CTn variations, allowing a range of
values for the column density of individual clouds N§°". However, the radial cloud
distribution is assumed to be uniform across two orders: Y = 7 /rin = 100 (in
comparison, Y = 20 for XCLUMPY). They assumed the inner ionised clouds (even
those close to the BLR) can also act as an absorber, so they introduced a longer
range of the torus width. It adopts an exponential distribution of the angular sizes
centred around #9°"! = 1°. The clouds are assumed to be spherical blobs with diameter

Deleud — d . sin(#°u) for a distance d from the observer. It is also constructed taking

Shttps://github.com/JohannesBuchner /xars
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into account the rates nucleus eclipse event. For the clumpy geometry, it assumes
for simplicity circular Keplerian orbits, on random planes of orientation. The orbital
period of the innermost cloud is set to to one day and outer-most clouds to a period of
eight years. These corresponding distances are consistent with observationally inferred
distances from Markowitz et al., 2014, in which they showed how the probability to see

a cloud event increases with longer span of observations.

To produce a better fit for all kinds of local heavily obscured AGN with high covering
fraction and column density (Nz > 10%° cm~?2), UXCLUMPY introduces an optional inner-
ring of CT reflecting ‘mirror’ to reproduce the narrow high-energy Compton hump those
CT-AGN. This reflecting mirror is assumed to be located in the inner region of the
torus, in such a way that it is unobscured along the LOS of the observer and coronal
emission, while the LOS from the observer and corona is obscured. For this inner ring,
the dispersion of the cloud population (TORsigma) and the covering factor of the CT
inner ring (CTKcover), by tuning the number of clouds. It decreases the number of
cloud by an order as NI°%! ~ 10 (check the standard equation 15) and proportionally
increases the angular size #9°"d = /10 - 1° &~ 3°, for better computational efficiency

without harming the X-ray spectra significantly.

Model components

This model is made up of three components: (a) galactic absorption (const*phabs), (b)
uxclumpy itself, which is composed of the transmitted and cold reflected component
with fluorescent lines, given as fits file uxclumpy.fits; and (c¢) uzclumpy_scattered
which takes into account the warm reflected component responsible for the scattering
of the power-law from coronal emission, given as uxclumpy-omni.fits. Both the com-
ponents are composed of seven parameters: (1) photon index (I'), (2) cutoff energy, (3)
normalization factor at 1 keV, (4) LOS column density, (5) inclination angle, (6) ver-
tical cloud dispersion (TORsigma) and (7) covering fraction of inner ring (CTKcover).

The following model configuration is used in XSPEC:

Model UXCLUMPY = const * phabs * (atable{uxclumpy.fits}+ (18)
fs x atable{uxclumpy-omni.fits}),
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Figure 12: Different model grids of UXCLUMPY for different values of TORsigma and

covering fraction of inner warm reflector, adopted from Buchner et al., 2019.

The parameters of the components are tied together, only keeping f; as free to compute

the scattering fraction.

2.3 X-Cigale and multi-band SED fitting

SED fitting is a potent technique for understanding astronomical souces. It involves
creating models that replicate observed emission spectra across various wavelengths
from X-ray to radio, providing insights into properties, such as stellar composition,
dust content, and black hole activity. SED modeling relies on the fact that different
galaxy components emit radiation at distinct wavelengths. Modeling these contribu-
tions help deducing the underlying physical characteristics, such as the presence of

specific elements, molecular compounds, and details about the stellar population’s age
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and metallicity. The first step of SED fitting involves creating a comprehensive grid of
models for comparison with observations. Since our sources are obscured AGN, it is es-
sential to generate detailed models for both the host galaxy and the AGN activity. The
Code Investigating GALaxy Emission (CIGALE)” represents a cutting-edge PYTHON
code designed for SED fitting of extragalactic sources (Boquien et al., 2019). The
updated version included with the X-ray module of Yang et al., 2020, and now called
called ‘XCIGALE’. It also utilizes physical models for both AGN and host galaxies,
and allows flexible combination between them. In this section, we will briefly discuss
the statistical approach and different modules of XCIGALE, that is used in this thesis.

2.3.1 XCIGALE: Bayesian statistics

In Bayesian statistics, the probability of a model being a good representation of the
data depends on the given prior knowledge on the observed data. The probability of
observing the given data under a specific condition or set of model parameters is called
it’s probability likelihood function. It is represented as L(D|6), where 6 represents the
model parameters and D is the observed data. Therefore, following Bayes’ theorem,
the posterior distribution L(6|D) is defined as the updated probability of the initial
conditions or input model parameters after taking into account the observed data,

formulated as:

L(D|6) - L(6)

)

(19)
Here, L(0) is the prior information on the model and L(D) is the probability of ob-
serving the data independent of the prior conditions. These likelihood functions are
expressed in y2-statistics for SED fitting. For a given observed flux f(v;) with a given

energy v, model flux fs(v;) and uncertainity o;, the x? distribution is given as:

X2 _ Z [fé)(Vz'> - f(Vz')]Q

. 72 (20)
Therefore, the likelihood function is calculated as L = e X/ 2 assuming Gaussian

distribution. For a given model parameters, the low x? values show high probability

Thttps://cigale.lam.fr
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that the model is a good representation of the observed data. The SED fitting process
aims is to find out the physical properties of the astrophysical source. It is achieved
by comparing the observed SED with a range of SED models that represent various
physical situations. The prior information (the input values) influences the likelihood
function, giving more weightage to the output paramteric values to produce a better
fit.

XCIGALE enables users to input model parameters, to generate the SED models with
all possible parameter combinations. It convolves these SED with filters to obtain
model fluxes and compare them with the observed fluxes. The comparison is done
using the likelihood function L for each model. It supports two types of statistical
analyses: maximum likelihood (with minimum y2) and Bayesian approach. In the
maximum likelihood analyses, it selects the model with highest L value to calculate
physical properties (like stellar mass, star forming rate etc.) for that model only.
In Bayesian analyses, it calculates the marginalized probability distribution function
(PDF) for each physical property based on the L value of all the models. Thereafter, it
derives the estimated value of the physical parameter from probability-weighted mean
and uncertainity from the standard deviation. In the next two section, I discussed the
prior conditions in form of different physical conditions of the input models, that is
used in XCIGALE to derive the best-fit.

2.3.2 X-ray and AGN models

The nuclear emission from an active galaxy is moduled into three components by
XCIGALE: accretion disk, torus and polar dust. The old CIGALE AGN model (Fritz
et al., 2006) employed within the range of UV-to-IR SED, assumed a smooth structure
for the dusty torus. However, recent theoretical and observational studies propose that
the torus is primarily composed of dusty clumps (e.g., Buchner et al., 2019; Stalevski
et al., 2012; Tanimoto et al., 2019a). In response, the XCIGALE framework has
introduced the ‘SKIRTOR’ model (Stalevski et al., 2012, 2016), composed of two-
phase clumpy torus model based on the 3D radiative-transfer code SKIRT (Baes et
al., 2011; Camps and Baes, 2015). Most of the dust in SKIRTOR are composed of
high density clumps (mass fraction 97%), while the remaining are smooth distribution.
In place of isotropic disk emission of Fritz’s model, SKIRTOR assumes anisotropy in

the accretion disc emission. Thus, SKIRTOR is recommended to use as it’s more
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compatible with observations, even though Fritz model is also available to be used in
XCIGALE. Additionally, it was found that SKIRTOR overestimates the fraction of far
UV luminosity in comparison with observation. To overcome this discrepancy, a new
disk SED (Feltre et al., 2012) is introduced following the observations (Duras et al.,
2017) in the updated XCIGALE code.

The polar dust model is introduced to address the dust extinction in type I AGN. It
outlines the geometry of obscuring materials, termed "polar dust,” responsible for type
I AGN obscuration. Local Seyfert galaxies have revealed polar dust through high-
resolution mid-IR (MIR) imaging. Instead of constructing a grid of physical models,
XCIGALE employs empirical extinction curves, including those from nearby star form-
ing galaxies (Calzetti et al., 2000), large dust grains (Gaskell et al., 2004) and small
magellanic clouds (SMC; Prevot et al., 1984), which users are free to choose. The ex-
tinction amplitude, parameterized as E(B-V), remains a user-defined free parameter.
Following the AGN-unification scheme, XCIGALE aligns with the model where the
AGN type depends on the viewing angle (or inclination). Type I AGN, observed in
polar directions, experience moderate extinction from polar dust. While type II (or
obscured) AGN, have disc emission significantly obscured by the torus. Users can con-
strain inclination angle based on known AGN types or adopt multiple angles, enabling
XCIGALE to freely select between them.

Along with these AGN modules, the X-ray emission from the central engine is also
responsible to drive the spectral shape. Also, host galaxies can contribute to the X-ray
emission. The X-ray module in XCIGALE is designed to work on the intrinsic X-ray
fluxes in the given energy band (including both soft and hard X-ray band). Just like

the coronal powerlaw emission from equation 5, XCIGALE adopts:

fy x E—)\+1 e—E/Ecut (21)

Here, E.,; is the high energy exponential cut-off energy. The typical value for E.,; is set
at 300 keV (Dadina, 2008; Ricci et al., 2017) from the observations of Seyfert galaxies,
keeping I' = 1.8 (Liu et al., 2017; Yang et al., 2016). It’s noteworthy that, as the cut
off energy exceeds the highest observable energy for most X-ray observatories (e.g.,
Chandra and XMM-Newton). However, the specific selection of E., has negligible
effects on the fitting with XCIGALE in the majority of cases. Besides AGN, there are

three main origins of X-ray emission from the host galaxies: low-mass X-ray binaries
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(LMXB), high-mass X-ray binaries (HMXB), and hot gas. These emissions are most of
the times, much weaker than the powerlaw emissions of AGN. The details of how these
three components are modeled will be found in Yang et al., 2020. Since this thesis is

based on AGN, I will strictly focus on the coronal emissions.

XCIGALE also includes the ay,, — Loggos relation for AGN as a prior, assuming a
universal behavior across all luminosities originating from the fundamental accretion
mechanism (e.g., Just et al., 2007; Lusso and Risaliti, 2017; Steffen et al., 2006).
It adopt this well-studied relation, where Los;04 is the AGN intrinsic luminosity at
2500A and oy, is the SED slope between UV and X-ray (at 2 keV). The code adopts

the observed o, — Loggoa relation from Just et al., 2007:

oy = —0.137log (L5004 ) + 2.638 (22)

Here the unobscured AGN emission is assumed to be isotropic at both UV /optical and
X-ray band. However, due to the dynamic nature of the accretion disk, the angular
distribution of the radiative energy is anisotropic in nature in the UV /optical band.
Thus, the disc luminosity can be approximated following the angular dependence as
Laisk o cosd(1 + 2cosd) (e.g., Netzer, 1987), where 0 is the angle from the vertical axis
of AGN. This equation was adopted within the SKIRTOR model. For simplicity, the
X-ray emission is assumed to be more isotropic than the UV /optical emission, because
it is a reprocessed emission originating from the inverse Compton scattering with the

hot plasma.

2.3.3 Dust and stellar models

Galaxies undergo complex evolutionary processes involving gas accretion-expulsion and
interactions, leading to substantial variations in their SFR over cosmic times. Con-
straining the star formation history (SFH) of galaxies is challenging due to the intri-
cate nature of these variations. With advancements in numerical simulations, more
realistic SFH derived from simulations or semi-analytic models (e.g., Boquien et al.,
2014; Pacifici et al., 2012) become feasible. CIGALE accommodates both analytical
SFH dependent on various parameters and arbitrary SFH to encompass these diverse
approaches. There are primarily three modules: SFH defined by single or double ex-
ponentials (sfh2exp), delayed SFH with an optional exponential burst (sfhdelayed),
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and periodic SFH (sfhperiodic). A straightforward approach to galaxy star formation
history (SFH) modeling involves employing one or two decaying exponentials. Follow-
ing this conceptual framework, in sfh2exp, the initial exponential characterizes the
long-term star formation responsible for the bulk of the stellar mass, while the subse-
quent exponential represents the more recent burst of star formation. For sfhdelayed
model, the SFR peaks at a particular time 7 and then exponentially decays. In con-
trast, sfhperiodic follows a periodic star formation. For stellar spectra, XCIGALE
relies on two popular single stellar population (SSP) libraries: bc03 (Bruzual and
Charlot, 2003) and m2005 (Maraston, 2005). The differential reddening between young
stellar populations within their dust clouds and older populations (e.g., Charlot and
Fall, 2000) are calcu