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Abstract

Among the most energetic sources in the Universe are the Active Galactic

Nuclei (AGNs) which are powered by accretion onto the supermassive black holes
(SMBHs) present at the center of almost every galaxy. One of the most fundamental
feature of SMBHs is the presence of winds launched off their accretion disks. Black
hole winds are high-velocity outflows made of gas and energy that emerge from
the vicinity of black holes located at the center of the galaxies. The most extreme
of these winds, called ultra-fast outflows (UFOs), are observed in X-rays and are
believed to originate in the innermost regions of the accretion disk. These powerful
winds play a crucial role in various astrophysical processes and are thought to have
significant implications for the evolution of galaxies and the regulation of the growth
of supermassive black holes. But there has yet been no conclusive picture of the
physical properties of such winds from the observations obtained so far. X-ray and
multi-wavelength observations are providing significant breakthroughs and insights
in connecting physical scales ranging from the event horizon up to the galaxy’s
outskirts.
We perform a time-averaged X-ray spectral analysis of IRAS 13224-3809 by using
XMM-Newton observations of 2016 using XSPEC. This is a low-redshift (z = 0.0658)
Narrow Line Seyfert 1 (NLS1) galaxy and is one of the most variable AGNs in the
X-ray band, with its magnitude in flux changing by a factor of 10 in 500 seconds in
the energy range 0.3 to 10 keV. It is characterized by having a relatively low-mass,
high accretion rate SMBH. X-ray spectral signatures of a highly ionized ultra-fast
outflow driven at near relativistic speeds by the accretion flow has already been
detected from this source.

Previous authors modeled the broad-band continuum (E = 0.3 - 10.5 keV) using a
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physically motivated relativistic reflection model to take into account the reflection
of the X-ray corona light from the accretion disk of the black hole. The presence of
wind is almost always associated to absorption, but emission from the plasma can
also be present and should be taken into account. To this end, we want to check if and
how wind emission can contribute to the spectrum above 2 keV, without any prior
on relativistic reflection. Our objective is to model these emission components using
WINE table models in XSPEC. Wind in Ionized Nuclear Environment (WINE) is
a photoionization code that allows the user to self-consistently calculate absorption
and emission profiles for accretion disk winds. This will provide us with better
constraints on the geometry and other physical properties of the wind.

Our analysis shows that we need to consider two layers of the wind or outflow to
model the data. Each layer of the wind has a LOS velocity of the order of 20-30%
the speed of light and the LOS inclination of ~ 50 degrees. The outflow energetics
indicate it to be fairly significant with powerful feedback effects. The high power of
the wind also suggests a possible magnetohydrodynamic (MHD) driving or at least

a contribution of magnetic fields to radiative driving.



Chapter 1

Introduction to AGN

The term “active galactic nucleus” (AGN) refers to the extremely bright and ener-
getic phenomena occurring in the central regions of galaxies that cannot be directly
linked to stars. A galaxy hosting an AGN is called an active galaxy. AGNs are
believed to be powered by accretion of infalling matter onto the supermassive black
hole (SMBH) present at the center of the host galaxy. They are amongst the most
energetic sources observed in universe, radiation from an AGN can outshine the en-
tire host galaxy. Accretion is by far the most efficient energy conversion process, and
actually represents one of the main channels for SMBHs to grow during the galaxy
lifetime. As such, AGNs can be used as a means of discovering distant objects.
They are also significant features in the study of galactic evolution and high-energy
astrophysics. The observed characteristics of an AGN depend on mass of the central
black hole (BH), the rate of gas accretion, the orientation of the accretion disk, the
degree of obscuration of the nucleus by dust, and presence or absence of jets. The
radiative output of AGN spans the entire electromagnetic spectrum, from the radio
up to the gamma-ray band. All of them share some core characteristics: extremely
high luminosity, small emitting regions in all bands, as suggested by the extreme
observed variability, highly broadened and blueshifted absorption and emission fea-

tures.

There are two main accretion mechanisms: radial accretion, in which matter radi-

ally flows onto the compact object, and disk accretion where matter spirals around



the mass before being engulfed. The simplest configuration is an approximately
spherically symmetric accretion flow onto the BH referred to as Bondi accretion
(Bondi| (1952)). But this is an idealistic scenario because the efficiency of the con-
version of gravitational potential energy into radiation is low. It is important to
note that accretion onto a compact object can be limited by the effects of the radi-
ation pressure experienced by the infalling plasma. This limit, first pointed out by
Eddington in the 1920s, depends on the mass of the compact object and the mean
opacity of the infalling material. Radiation pressure on the infalling gas can stop
spherical accretion if the radiated luminosity reaches the Eddington Limit. This
happens when the radial force due to radiation counterbalances the gravitational

force. Eddington luminosity is given by:

4nGM M M
E 13 % 107 ergs ™ & 13 x 1070

-1
ergs 1.1
or ©) Mg ( )

Lgqa =

where o7 ~ 6.65 x 1072° cm? is the Thomson cross-section, My ~ 1.99 x 1033 g is
the solar mass, and Mg = M/10%M,, is the typical mass of SMBHs in AGN. One
can define the Eddington ratio in terms of the AGN bolometric luminosity Ly, and

the Eddington luminosity Lggq as:

L bol

Lgdq

ABdd = (1.2)

The Eddington limit is reached when Aggy = 1. The mass accretion rate M can
be estimated if we know the radiative efficiency 7 of the conversion of gravitational

energy into luminosity from the following formula:

. . I
L=nMc - M=—; (1.3)
e
Similarly,
- LEaa
Vs = =% (1.4)

where M rqq 1s the Eddington accretion rate. The Eddington ratio can also be written



in terms of the accretion rate as:

My,
Npgg = 22 (1.5)
MEdd

where M, is the bolometric accretion rate.

1.1 Classification of AGN

AGNs emit across the entire electromagnetic spectrum, leading to their classifica-
tion at different wavelengths as new parts of the spectrum were investigated with
advancement of technology. This has resulted in a complex and sometimes confus-

ing classification system. The most important criteria as suggested by Tadhunter

(2008) are (Fig. [1.1)):

e the presence or absence of broad emission lines in optical spectra (e.g. SylEI/SyQ,

BLRG/NLRG),
e optical morphology (e.g. Syl/radio-loud quasar, BLRG/radio-loud quasar),
e radio morphology (FRI/FRII),
e variability (BL Lac, OVV),
e luminosity (e.g. Syl/radio-quiet quasar, WLRGE]/ NLRG),
e spectral shape (e.g. SSRLQ, FSRLQ).
Each classification method highlights different aspects of AGN, contributing to a

nuanced understanding of these powerful cosmic objects.

1.1.1 Seyfert Galaxies

Carl K. Seyfert identified a subset of galaxies with exceptionally bright nuclei that

produce broad emission lines from atoms in various ionization states, their nuclei

IThe explanation of the acronyms are described later in the text.
2Following the definition of Tadhunter et al.| (1998), Weak line radio galaxy (WLRG) are objects
with EW[OITI] < 10A. They are sometimes labelled as low excitation galaxies (LEGs).
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Figure 1.1: 3D classification for AGN, reflecting the major divisions amongst the
various classes of AGN: the presence or absence of broad permitted lines, AGN
luminosity, and radio loudness. Taken from [Tadhunter| (2008))

appearing almost stellar-like. These galaxies are now called Seyfert (Sy) galaxies.
These galaxies are the most common class of AGNs in the local Universe (z <
0.1). Seyfert galaxies have typical luminosities of Lagy ~ 10%27% erg/s, which is
comparable to that of an entire galaxy. Because of their close proximity to us, we
get the best spectra and images for them, allowing us to study in detail the physical
processes at work. Their definition as a class originates from optical spectroscopy
and Khachikian and Weedman| (1974)) categorized them into two types based on

their relative widths of narrow (forbidden) and Balmer lines.

Optical Classification

Seyfert 1 (Syl) galaxies (Fig. [1.2h,c) exhibit very broad emission lines that include
both allowed Balmer lines (H I, He I, He II) and narrower forbidden lines (e.g., [O
111}, [O I1], [N 1I], [Ne III], [Ne IV]). So both the narrow line region (NLR) and broad
line region (BLR) are observed. The broadening of these lines, attributed to Doppler
effects, suggests that the emitting sources are dense matter (n, > 10° cm™3) moving

at speeds of 1000 to 5000 km/s for allowed lines (BLR) and low-density gas with
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electron densities of n, ~ 10%—10% cm™ moving around 500 km/s for forbidden lines
(NLR). Seyfert 2 (Sy2) galaxies (Fig. [I.2b,c) have only narrow lines (both permitted
and forbidden), with characteristic speeds of about 500 km/s. So, mostly, if not only,
the NLR is observed. Some spectra display both broad and narrow permitted lines.
They are classified as intermediate and borderline objects. These objects are sorted
into the subclasses Sy1.2, Syl.5, Syl.8, and Sy1.9, according to their Balmer line
characteristics, following the scheme introduced by Osterbrock (1977).

X-Ray Classification

Syl galaxies are the ones that emit the most X-ray energy which is highly variable
and can change appreciably on timescales ranging from days to hours. On the other
hand, X-rays are less frequently measured for Sy2 galaxies. This distinction among
Seyferts in the X-ray band is based on the intrinsic absorption measurement in the
soft X-rays (E < 2 keV). The absorption is measured as the equivalent column
density of hydrogen, Ny, along the line of sight. A neutral hydrogen column density
of Ny = 10?2 cm™? is typically used as a dividing line between type 1s and type
2s in the X-rays. Most Seyfert galaxies that have an intrinsic X- ray absorption of
Ny < 10?2 cm™? are spectroscopically classified in the optical as Seyfert 1 or 1.2.

Conversely, most Seyfert galaxies with Ny > 10?2 cm ™2

in the X-rays are optically
classified as Seyfert 1.8, 1.9 or 2. Some objects exhibit variations in the intrinsic
absorption of X-rays over time, leading to different classifications for the particular
source depending on the observation. These sources, known as “changing look”
AGNs (CL-AGNs) (Matt et al. (2003); LaMassa et al.|(2014)), can transition from
one type to another. The cause of this transition can be due to changes in the

accretion disk, which impact the presence or absence of BLR lines. Some spectra

may also display a mix of broad and narrow permitted lines.

Narrow-Line Seyfert 1 galaxies

Narrow-Line Seyfert 1s (NLSyls) are a subset of the Seyfert 1 galaxies. They are
strong X-ray emitters, having broad Ha lines but narrow Hf lines (FWHM < 2000
km/s), similar to a Seyfert 1.9 (Osterbrock and Pogge (1985))). NLSyls have the

7



Seyfert 1
NGC 4151

I l‘
/ |

5000 6000
Wavelength (Angstroms)

Figure 1.2: a) NGC 4151, a Syl galaxy, by HST (WFC3). b) NGC 4941, a Sy2
galaxy, by the Hubble Space Telescope. ¢) Spectra showing the difference between
Syl and Sy2 (Courtesy: Bill Keel).


https://pages.astronomy.ua.edu/keel/agn/spectra.html

following properties:

e relatively small SMBH masses, Mp;>" ~ 10° — 107 M, than other Seyferts

but comparable bolometric luminosities,

e often high accretion rates, closer to the Eddington limit (Collin and Kawagachi

(2004)) and powerful disk winds,
e FWHM(HS) < 2000 km/s,
o [OIII|/HpBo < 3,
o Fell/HpB,, > 0.5,
e strong soft-X-ray emission,
e strong and rapid X-ray variability due to non-thermal beamed emission,
e weak optical/UV variability due to stable accretion disk,
e sometimes it can be radio-loud,
e some cases show clear radio jets (on ~1-100 pc scales),
e sometimes detected as gamma-ray sources.

Optical studies using the Hubble Space Telescope suggest that the SMBHs in NLSy1s
are still growing via secular processes (gas accretion) instead of mergers (Mathur
et al.| (2012)). Some of the peculiar properties of NLSyls can be partially explained
because of the low inclination with respect to the observer, i.e., by a near face-
on view of the AGN (Peterson| (2011)). Recently, some NLSyls have even been
detected in the gamma-rays by the Fermi satellite. This association with gamma-
ray sources suggests that some NLSyls might contain a misaligned jet, leading to

strong non-thermal emission in the radio and gamma-rays (Foschini| (2011)).
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1.1.2 Radio Galaxies

A radio galaxy (RG) is a type of galaxy with massive radio-emitting regions that ex-
tend far beyond its visible structure. The powerful radio lobes are fueled by jets from
its active galactic nucleus which is often hidden. They have large radio luminosities
reaching up to 103 W at radio wavelengths between 10 MHz and 100 GHz. The
radio emissions are caused by the synchrotron process and their structure is deter-
mined by the interaction between twin jets and the surrounding medium, modified
by relativistic beaming. Most radio galaxies are large elliptical galaxies. In the
scheme developed by [Fanaroff and Riley| (1974), these RGs are classified based on
their radio morphology into two subgroups (Fig. : the low-luminosity Faranoff-
Riley class I (FR-I) galaxies, which have a compact emission arising from close to
the core (edge darkened). The high-luminosity FR-II objects have structures dom-
inated by the radio lobes and most of the emission appears to come from the far
end of the extended emission (edge brightened). The dividing line between the two
classes is given by the luminosity of L = 1032 erg s 'Hz 'sr~! at 175 MHz. The
physical origin of the FRI vs. FRII dichotomy is still debated. One possibility can

be that jets in FRIs are not as collimated and/or powerful as in FRIIs.

The AGN cores in radio galaxies have some similarities with the cores of Seyfert
galaxies. Similar to Seyfert galaxies, they can also be categorized into two main
types: broad-line radio galaxies (BLRGs), which are analogous to Seyfert 1 galax-
ies, and narrow-line radio galaxies (NLRGs), corresponding to Seyfert 2 galaxies.
BLRGs constitute of a bright, star-like nuclei surrounded by faint, hazy envelopes.
In contrast, NLRGs are usually giant or supergiant elliptical galaxies, such as types
cD, D, and E. Despite these similarities, Seyfert nuclei are relatively subdued in
radio wavelengths compared to the more intense radio emissions of radio galaxies.
Additionally, almost all Seyfert galaxies are spiral galaxies, whereas strong radio

galaxies are not spirals.
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Figure 1.3: Powerful FR II radio jets in CygnusA (left) and the weak FRI jets in 3C
31 (right) from the VLA (Very Large Array) radio maps. Image credit: NRAO/AUL
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1.1.3 Quasars

While performing optical observations of the sources found from the large surveys
of the sky using radio telescopes, a large number of radio galaxies and supernova
remnants were discovered. However, many of the sources could not be easily identi-
fied as they appeared like blue stars in optical images. These sources were therefore
called Quasi-Stellar Objects, or Quasars (QSOs). Optical spectroscopy revealed
strong emission lines from one such source (3C 273), which were later realized to
be Balmer lines but redshifted by 16% (Schmidt 1963). Therefore, the source was
identified as extragalactic at very large redshift of z = 0.158 with an enormous lumi-
nosity. With the discovery of more number of quasars at large redshifts, researchers
realized that these sources are the more distant equivalents of nearby Seyfert galax-
ies. An arbitrary dividing line was introduced to separate Seyferts and quasars;
Seyfert galaxies with absolute magnitudes brighter than Mp < 23 mag are referred
to as quasars (Schmidt and Green| (1983)). QSOs have luminosities of Lagy > 10%
erg/s and can reach up to ~ 1047 erg/s. QSOs can be further classified into radio-
loud (RL) and radio-quiet (RQ) quasars (Fig. [L.4). Almost 90% of all quasars
are RQ-QSOs and do not produce a powerful jet. By using the redshift-corrected
monochromatic flux values at 5 GHz (radio) and 2500 A (optical/UV), it is possible

to set an observational boundary between them:

If R* > 10, then it is RL-QSO and if 0.1 < R* < 1 then it is a RQ-QSO.
Radio-loud quasars have high luminosity, a strong radio emission, and distinct spec-
troscopic features compared to radio-quiet objects. Their host galaxies tend to be
more massive than those of radio-quiet AGNs (Dunlop et al.| (2003)). The radio-loud
quasars are also sub-divided on the basis of whether they are steep radio spectrum
dominated (steep spectrum radio loud quasars: SSRLQ) or flat radio spectrum
dominated (FSRLQ). The former is dominated by the radio lobe emission of the

host galaxy. The latter have a compact radio structure and they are often referred
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Figure 1.4: PDS 456 is a bright radio-quiet quasar in the south-western part of the
constellation Serpens Cauda. Image Credit: DSS2
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to as blazars. Another type of quasar, known as Broad Absorption Line Quasars
(BAL QSOs), are radio quiet and X-ray weak. Their absorbtion lines are broad and
blueshifted. They are associated with powerful quasar winds and represent ~15-20%

of radio-quiet QSOs.

1.1.4 Other Classes

Blazars

Blazars are a special subclass of quasars with rapid variability and high linear polar-
ization at visible wavelengths. These sources are radio-loud quasars with a relativis-
tic jet pointing directly at the observer, or very close to the observer’s line of sight.
They are prominent emitters from the radio frequencies up to Very High Energies
(VHE) above 1 TeV. They are classified into BL Lac objects and Flat Spectrum
Radio Quasars (FSRQs). BL Lac objects do not have prominent features in the
optical spectrum, they are continuum dominated and almost featureless. FSRQs,
on the other hand, show broad emission lines, but the lines can disappear if the

continuum from the jet is too high.

Low-Luminosity AGNs (LL-AGNs)

According to |Greene and Ho| (2007)), the central SMBHs in AGNs undergo accretion
only for 1% of the time and spend 99% of their existence in a quiescent state.
A quiescent AGN has a bolometric luminosity of less than ~ 10%7 erg/s, whereas
AGNs with luminosities around ~ 10% erg/s do exist. A class of objects which
seems to fill in this luminosity gap are the Low-Ionization Nuclear Emission-Line
Regions (LINERs). LINERs have faint core luminosities and strong emission lines
originating from lowly ionized gas. Their properties are very similar to Seyfert 2
galaxies, but with stronger forbidden lines. LINERs mark the low-luminosity end
of the AGN phenomenon, accreting with low radiative efficiency (see Fig. .
Because of their low luminosity, the X-ray spectra of LINERs are dominated by
starburst emission from the host galaxy, rather than by the AGN core. They have

more number of highly absorbed Compton-thick sources among them compared to
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Figure 1.5: LINERs spectra can be distinguished from those of Seyfert 2s and HII
regions by a diagnostic diagram which uses two line ratios, such as the one in the
figure using [NII]/Ha vs. [OIII]/HfB. The dashed-dotted line is the criterion given
by Kauffmann et al. (2003), the dashed line is the criterion given by Kewley et al.
(2001), and the dotted line is the traditional scheme (Veilleux & Osterbrock 1987).
Taken from Toba et al.| (2014).

Seyferts, so absorption plays a major role in them.

Ultraluminous Infrared Galaxies (ULIRGs)

Galaxies usually emit infrared (IR) radiation because of their stellar population and
dust component. But there are a fraction of galaxies observed in IR that exceed the
expected infrared emission significantly. These IR bright sources are called Luminous
Infrared Galaxies (LIRGs) and are defined by a far IR luminosity exceeding Lig
> 10" L. There is also a population of galaxies with Lig > 10'2Ly called Ultra-
Luminous Infrared Galaxies (ULIRGs). Among the ULIRGs, 95% of the sources are
galaxy mergers (Sanders and Mirabel (1996))). In the case of ULIRGs, an important
contribution to the dust heating is from the AGN at the center of the galaxy. They

are more prominent at higher cosmological redshifts (Goto et al. 2011).
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Figure 1.6: Optical spectra of various kinds of active galactic nuclei. Each active
galaxy behaves peculiarly and in the bottom left panel the typical emission of a
quiescent galaxy is reported. Taken from [Peterson (1997).
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1.2 Unification of AGN

While classification of AGNs is concerned with recognizing the diversity in their
properties, some of the key insights into the nature of AGN have been gained by
considering what they have in common rather than how they differ. A fundamental
question in AGN research is whether the various appearances of the AGN phe-
nomenon can be explained by a unified model or if the different classes are intrin-
sically distinct. Unification theory propose that different observational classes of

AGN are a single type of physical object observed under different conditions.

At the 1978 BL Lac conference, Blandford & Rees proposed the beaming unifica-
tion model, suggesting that AGNs appear as blazars when their emission is beamed
along the symmetry axis of AGN toward the observer. However, this model could
not account for radio-quiet AGNs due to absence of powerful radio jets in them.
This lead to the consideration of orientation and obscuration effects as the two key

factors in explaining the different subclasses of an AGN.
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According to the most simplified picture (Fig. , AGNs are of two types
- radio-quiet and radio-loud. A range of luminosities is observed for each type,
leading to the Faranoff-Riley classes as well as the distinction between Seyferts
and quasars. All other differences would be explained by orientation effects. A
comprehensive review of AGN unification was provided by [Antonucci (1993) and
Urry and Padovani (1995)). According to them, the existence of an optically thick
torus surrounding the central AGN would lead to the absence of broad emission lines
in the case of Seyfert 2s, if they were observed edge-on, as their broad line region
(BLR) would be hidden, compared to Seyfert 1 objects, which are mostly observed
close to face-on. As the narrow line region (NLR) lies further away from the central
SMBH, it would still be observable when the BLR is obscured by the torus. Below
is a detailed discussion on the main components of an AGN. The AGN winds and

outflows have been discussed in greater detail in Chapter

1.2.1 Central Engine

The core of an active galaxy is powered by a supermassive black hole at its center. A
SMBH is a very massive body with mass ranging from approximately 10° — 10'°M.
Yet, it is so small and compact that even electromagnetic radiation, such as visible
light, cannot escape from it. Because of this combination of relatively small size
and very strong gravitational field emitted while in its accretion phase, it acts as
a key component of the central engine that powers an AGN. Indeed, the energy
generated by the accretion process onto this black hole is the only mechanism capable
of producing the observed output power. It efficiently converts the potential and
kinetic energy to radiation which explains the persistent Eddington luminosities.
However, since black holes themselves do not emit any radiation, they do not directly
contribute to the observed spectrum of the active galactic nucleus. What we can
observe is the activity just outside the event horizon where the gravitational field is
not strong enough to prevent the escape of electromagnetic radiation. The radius

of the event horizon is called the Schwarzschild radius (Rg). It is the distance at
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Figure 1.8: Conceptual view of an Active Galactic Nucleus. Bottom and top panel
refer to radio- quiet and radio-loud objects, respectively. Different components and
sight lines are indicated. Taken from Beckmann and Shrader| (2012).
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which the escape speed is just equal to the speed of light and is given by

. ZGMBH

c2

Rs (1.6)

The sphere of influence is a region around the SMBH in which the gravitational
potential of the black hole dominates over the gravitational potential of the host

galaxy. It is expressed as:
GMgpg

2

Rinf =

(1.7)

o
where Mgy is the mass of the SMBH and o is the velocity dispersion of stars in the

host galaxy bulge.

The black holes can be described by using three parameters: mass M, angular
momentum J, and electric charge Q. All other information on the matter and ra-
diation that falls through the event horizon is lost for an external observer. This
is called the “no-hair theorem” for black holes. The total net charge of a BH is
expected to be zero because it is discharged on the surrounding plasma. Depend-
ing on the angular momentum, we go from Schwarschild (non-rotating, spherical

symmetric horizon) up to Kerr (maximally spinning) black holes.

1.2.2 Accretion Disk

Matter spiraling inwards onto a black hole with a non-zero angular momentum
settle into a flattened structure called an accretion disk. Due to the dissipative
processes taking place in the accretion disk, matter is transported inwards and
angular momentum outwards, causing the accretion disk to heat up. The total
angular momentum of the system is conserved. The radiation from the accretion
disk excites cold atomic material close to the black hole and this in turn radiates
particular emission lines. The structure of the accretion disk is mainly determined

by the ratio Aggq = M / M gdd- The three main accretion disk regimes are (Fig. :

e At very low accretion rates, Aggg << 1, the disk becomes optically thin
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Figure 1.9: The schematic figure of the state of a black hole accretion disk (Miiller
(2004)). The label on the left of each model indicates the X-ray state.

(1 << 1). The inner regions can not cool efficiently. The energy is mainly
advected inwards and the radiative efficiency is very low (n << 1), forming an

Advection Dominated Accretion Flow (ADAF) (Narayan and Yi (1994)). Elec-

trons and ions decouple, forming a two-temperature structure (ion torus), with
ions reaching temperatures of T~ 102 K. The ionized torus keeps a strong an-
chored magnetic field which is able to collimate an outflow of charged particles

along rotation axis (e.g., jets and outflows/winds).

e At medium accretion rates, Aggg < 1, and high opacities (7 > 1), the accretion
disk is thin and the disk radiates efficiently (n = 0.1). The rate at which energy
is transported inwards is negligible as compared to the rate at which energy
is radiated vertically outwards. The emitted spectrum comprises of optically
thick thermal spectra over the range of temperatures through the disk. This
type of accretion disk is called standard disk, a-disk or Shakura & Sunyaev
disk (Shakura and Sunyaev]| (1973)).
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e At high accretion rates rates, Agqg >> 1, and high opacities (7 >> 1), the
radiation is partially trapped by the accreting material and the disk expands
vertically into a “radiation torus” or geometrically thick disk, which radiates
inefficiently approximately as ApL, << 1. The spectrum is approximately
given by a black-body at a single temperature T~ 10* K. Such disks are
known as super-Eddington or slim disks (Abramowicz et al| (1988); |Ohsuga
et al.| (2009).

1.2.3 X-ray Corona

The central supermassive black hole is surrounded by a hot corona which is a re-
gion of relativistic electrons responsible for generating X-ray emissions via inverse
Compton scattering of optical and UV photons from the accretion disk (Haardt and
Maraschil (1991)), Haardt and Maraschi| (1993), Maraschi and Haardt| (1997)). The
two-phase model proposes that the optically thick “cool” accretion disk emits soft
photons, which are then up-scattered by an optically thin cloud of hot electrons in

the corona.

The corona is thought to form from the acceleration and confinement of energetic
particles by magnetic fields anchored in the accretion disk (Galeev et al. (1979);
Merloni and Fabian| (2001))). Its geometry is still debated. It can be complex —
either patchy or collimated — and extend over part of the inner disk (Wilkins and
Fabian (2012))). It is often treated as a point-like source above the black hole’s
spin axis for modelling (the lamppost geometry Miniutti and Fabian| (2004)). The
actual shape of the corona is more likely to be extended or outflowing (Wilkins et al.
(2016))), rather than being a point source. The first polarimetric results exclude a
compact ‘spherical’ lamppost geometry for the corona, suggesting instead a slab-like

geometry, possibly a wedge (Gianolli et al|(2023)).
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1.2.4 Dusty Torus

AGN unification models propose a dusty toroidal structure that surrounds the cen-
tral accretion disk, obscuring the view of the central AGN and the broad line region
depending on the observer’s angle. In Type 1 AGNs, the observer has a clear view
of the inner AGN and broad line region, while in Type 2 AGNs, this view is ob-
structed by the torus, which absorbs much of the optical-UV emission. The torus
is expected to be located within the sphere of influence of the SMBH, i.e., at r < 1
parsec. From the statistics of Seyfert 1 and 2 galaxies, the torus height and radius
are in the ratio H/R ~ 1 (Schmitt et al.| (2001)). Recent studies favor a clumpy
torus structure rather than a uniform toroid (Elitzur and Shlosman| (2006))). For a
clumpy torus the distinction between Type 1 and 2 is due to orientation as well as
the probability of the observer having direct view of the AGN nucleus through the
clouds. The origin of the torus is not yet clearly understood. Some of the proposed

theories to explain its formation are:

e the clouds may be due to matter coming off the relatively cool, outer regions,

of the accretion disk,
e matter accreted from the ambient material within the host galaxy,
e outflowing clouds from the disk embedded in a disk wind.

The torus structure is dependent on luminosity. It is expected that the distance of
the torus is larger in more luminous AGN, because dust will reach the sublimation
temperature already at relatively larger distances. The dust sublimation radius is
given as:

1/2 e
r= 1‘3LC//V46T15368pC (1.8)

1.2.5 Broad and Narrow Line Regions

One of the earliest striking characteristics of AGN in the optical /UV spectrum is the
presence of redshifted, time-varying emission lines with Doppler widths ranging from
1000 to 10000 km/s. The most prominent among these are the hydrogen Balmer
series (Ha, HB, Hv), Lya, and lines like Mg II, C III, and C IV. The “broad-line
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region” (BLR) was so named because of the broader lines originating closer to the
BH. In contrast, the narrower and less variable lines originate from more distant

regions, hence the name “narrow-line region” (NLR).

The large Doppler widths of the BLR (o ~ 10000 km/s) is a strong indica-
tion that they reside deep inside the gravitational potential well of the SMBH
(Rprr ~ 1 — 100 light days), as largely demonstrated by reverberation mapping
studies. Thus, the BLR provides important insights into the central engine and a
method to estimate the SMBH mass. The suppression of forbidden lines indicates
an electron density of n, > 10° cm™3. The volume of BLR is almost empty, with a
filling factor of 1076 — 10~7. The mass of BLR is not more than a few solar mass.
The BLR is not spherically symmetric, it is likely to include disk and wind compo-

nents.

In contrast, the narrow lines, originating farther away, have Doppler widths of
around 500 km/s, indicating a more rarefied environment. Its variability suggests a
size of Ryrr 2 100 pc. The presence of both forbidden and permitted lines indi-
cates a low density n. ~ 10® — 10* cm~3. The mass of the NLR is a million times
that of solar mass. The NLR dynamics can provide information on the way the
AGN connects to the host galaxy. Observations suggest that the NLR may be an
extended AGN outflow and/or it is influenced by the AGN jet in radio-loud sources.

1.2.6 Relativistic Jets

The jets are thought to be extremely energetic and highly collimated outflows of
charged particles, originating from the innermost regions of the central SMBH. They
are an important feature in certain subclasses of AGN. These structures, far exceed-
ing the size of the active nucleus, are commonly observed in radio-loud AGN and
are the dominant component of emission in blazars. They can extend upto hundreds
of kpcs or Mpcs into the space while maintaining their collimation. Their apparent

velocities can even be “superluminal”, i.e., reaching up to 40 times the speed of
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light. Distortion of magnetic fields within the innermost accretion flow are thought
to collimate and acclerate these jets. The jets emit synchrotron radiation across op-
tical, IR, and radio bands, while blazars produce intense v-ray emissions. When the
jet ram pressure matches with that of the interstellar medium, shock fronts form,

creating radio lobes with bright hot spots.

The composition of AGN jets is still under debate. Several blazar studies show
possible correlation between X-ray and TeV v-ray flares, favoring leptonic jet models
that efficiently accelerate relativistic electrons (Mastichiadis and Kirk| (1997)). But
models involving hadronic (e.g., protons) jets are not ruled out completely (Micke
and Protheroe (2001)). The current agreement is that the AGN jets are likely
composed of a mixture of proton and lepton plasmas. The protons would comprise
most of the kinetic energy, while the electrons would be responsible for the entire

emission we observe (Sikora et al.| (2009)).

1.3 The AGN Spectral Energy Distribution

AGNs emit powerful radiation throughout the entire electromagnetic (EM) spec-
trum. The Spectral Energy Distribution (SED) of an AGN provides a comprehen-
sive view of the AGN’s emitted radiation across different wavelengths. This wide
wavelength coverage allows us to reflect on the physics of various processes occurring
in the AGN, including accretion onto the SMBH, emission from the surrounding ac-
cretion disk, and interactions with the surrounding medium. The typical AGN SED
is shown in Fig. Each spectral component arises from a particular region of
the AGN structure. Here is a breakdown of the components typically observed in

an AGN SED:

1.3.1 Radio Emission

The compact and extended components in AGNs emit synchrotron radiation which
falls in the radio band of the EM spectrum. It can be recognized in the SED by

its smooth, broad-band character and strong polarization. The extended emission
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Figure 1.10: A schematic representation of an AGN spectral energy distribution
(SED). The black solid curve represents the total emission and the various coloured
curves (shifted down for clarity) represent the individual components. The intrinsic
shape of the SED in the mm-far infrared (FIR) regime is uncertain; however, it is
widely believed to have a minimal contribution (to an overall galaxy SED) com-
pared to star formation (SF), except in the most intrinsically luminous quasars and
powerful jetted AGN. The primary emission from the AGN accretion disk peaks in
the UV region. The jet SED is also shown for a high synchrotron peaked blazar
(HSP, based on the SED of Mrk 421) and a low synchrotron peaked blazar (LSP,
based on the SED of 3C 454.3). Taken from |Harrison et al.| (2014). Image credit:
C. M. Harrison.
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arises from jets, particularly the jet lobes or hot spots formed by jet-environment
interactions. The compact core emission, unresolved at less than arcsecond scales,
is believed to be near the central SMBH where the jets become optically thin.
The synchrotron nature of the radio emission indicates the presence of relativis-
tic electrons (Lorentz factor of v ~ 10%) within the radio emitting plasma in a
magnetic field environment. The electrons follow a power-law energy distribution

@ where

as n(E)dE = kE PdE. The emission can be parametrized as S, o« v~
a = (p — 1)/2 is the spectral index of the corresponding synchrotron radiation

spectrum.

1.3.2 IR Emission

A significant portion of the bolometric output of AGN originates from the infrared
band, covering approximately 2.5 decades in the frequency range 10'? — 104 Hz.
However, only a small part of the IR spectrum is accessible from the ground due
to atmospheric limitations, even with some windows available. The majority of IR

observations are conducted using space-based observatories.

The IR emission is composed of mainly three spectral components:
e Thermal radiation from the dusty torus near the AGN.

e Thermal dust continuum associated with star formation or starburst activity
in the host galaxy. This consist of line emissions from macro-molecules known
as polycyclic aromatic hydrocarbons (PAHs) as well as continuum features

from the heated dust.

e Other line emissions emerging from molecular, atomic, and ionic species in the

AGN or host galaxy environments.

The IR spectral shape is characterized by a minimum at ~ 1pm, a bump with the
peak at ~ 20pm and a steep power-law like decline at ~ 100pm. The dusty torus
absorbs and reprocesses the UV continuum from the AGN and radiates it in IR. It

is assumed that we do not have an ideal blackbody, and the emitting matter has
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only one temperature (i.e., isotermal). We can then write the emitted luminosity as
(Soldi et al.| (2008))):
L, =47 ApustB,(T)(1 —e™™)

where Ap,g is the area of a projected surface seen by the observer, B,(T) is the
Planck function of a blackbody of temperature T and 7, is the optical depth. We

can approximate the frequency-dependent optical depth by a power-law in the form:

(i)
T, =|—
Vo
1.3.3 Optical/UV Emission

In AGNs where the nuclear continuum emission is directly visible, the optical band
dominates, having an approximate power-law dependence with wavelength. An-
other important feature is the presence of broad optical emission lines, believed to
originate from material close to the central SMBH in the BLR. These lines appear
broadened due to the Doppler effect, as the emitting material is in gravitationally

bound orbits around the SMBH.

The UV band is also very important because of the presence of rich atomic
emission and absorption lines in the spectra. The largest contribution to AGN
energy output is due to thermal emission from the accretion disk which results in

the big blue bump (BBB) with its peak in UV /optical band.

1.3.4 X-ray Emission

With increasing photon frequency, we get closer to the central engine of AGNs. The
X-ray emission extends between ~100 eV and ~100 keV. They do not effectively
penetrate Earth’s atmosphere, so we need to use space observatories. An average
X-ray SED is shown in Fig. and [I.12] The main properties of the X-ray spectra
of type I AGN are:
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Figure 1.11: Average total spectrum (thick black line) and main components in
the X-ray spectrum of a type I AGN. The main primary continuum component is
a power law with an high energy cut-off at E ~ 100 - 300 keV, absorbed at soft
energies by warm gas with Ny ~ 102! — 10?3 ecm™2. A cold reflection component is
also shown. The most relevant narrow feature is the iron Ka emission line at 6.4
keV. Finally, a “soft excess” is shown, due to thermal emission of a Compton thin
plasma with temperature kT ~ 0.1 - 1 keV. Taken from Risaliti and Elvis| (2004).
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Primary Component

The low-energy photons in the accretion disk around a black hole, responsible for
the thermal emission in the optical/UV band are scattered to X-ray energies by
relativistic electrons, such as those in a corona above the disk, through inverse
Compton scattering (Haardt and Maraschi| (1993))). This results in a power-law
continuum (N(E) oc E7') with a photon index of I' ~ 2, extending up to a few
hundred keV and a high-energy cutoff at E., ~ 100 - 300 keV due to limited
temperatures of the disk and the energy distribution of the electrons. The soft
photons originate from the cool accretion disk (kT < 50 eV), while the electron gas

in the corona has a temperature of about kT~100 keV.

Reflection Component

The primary emission of AGN can be reprocessed through absorption and reflection,
i.e., thomson scattered by ionized gas (Fig. . The main features of this reflec-
tion component are a continuum due to electron scattering (mainly direct Compton
scattering) with a peak at ~ 30 keV, and absorption and emission features typically
below ~ 10 keV (Risaliti and Elvis (2004))). The shape and strength of the hump
depend on the geometry, chemical composition, and orientation with respect to the
line of sight. The reflection efficiency is generally a few percent of the direct emission
in the 2 - 10 keV range because of photoelectric absorption and rises to ~ 30% at the
30 keV peak for a Compton-thick reflector (Ghisellini et al. (1994)). The efficiency
drops if the reflecting medium is Compton thin. This material could be the outer

accretion disk, the inner edge of the obscuring torus, or an outflowing wind.

Iron Line

Another important signature of the reflection process is the Fe Ka fluorescence
emission line at E = 6.4 keV. It is the most prominent narrow feature in the 2
- 10 keV X-ray spectra of AGN corresponding to the Fe-K n = 2 - 1 transition
of “cold” iron. It is observed in most Seyfert galaxies with a typical equivalent

width (EW) of ~50 eV (Shu et al.|(2010))). Low-luminosity sources tend to show a
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Figure 1.13: Reprocessing of X-ray radiation in AGN. Adapted from the PhD thesis
work of Claudio Ricci.

stronger narrow Fe K line compared to more luminous AGNs. The line is usually
ascribed to emission due to fluorescence in the inner part of the accretion disk.
The Fe K line can be used to examine the movement of the material producing

the line, and gravitational field at the location where the reflection takes place. A

broad “red wing” extending to lower energies (Fig. [1.14) (Tanaka et al. (1995))) has

been observed in this line profile. This is caused by the gravitational redshift and
relativistic Doppler shift of an Fe-K line originating from the cool and dense matter
in the vicinity of the central black hole. Such asymmetric broad lines are one of
the best tools to search for general relativistic effects in strong gravity. From the
observation of relativistically broadened Fe K emission lines we can measure the
SMBH spin parameter. Also, the Fe K5 line at E = 7.06 keV is often observable in
many AGNs.

A second, narrow component of the Fe-K line is also observed in most AGNs
from Fe XXV at E = 6.7 keV and Fe XXVI at E = 6.97 keV. The width of this
narrow line is a few 1000 km/s (unresolved in CCD spectra from ASCA, Chandra
ACIS, or XMM-Newton EPIC) which is similar to the width of optical and UV

broad emission lines. This narrow component does not vary when the continuum
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Figure 1.14: The line profile of iron K emission in the ASCA SIS spectrum of the
Seyfert 1 galaxy MCG-6-30-15 (Tanaka et al| (1995)). The emission line is very
broad, with full width at zero intensity of ~ 100,000 km s~*. The line shape is
skewed toward energies lower than the rest-energy of the emission line (6.35 keV at
the source redshift of 0.008). The dotted line shows the best-fit line profile from
the model of Fabian et al. (1989), an externally-illuminated accretion disk around a
Schwarzschild black hole.
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varies which suggests an origin well beyond a few Rg, although a small radius can

not be fully ruled out (Fabian et al. (2002)).

Warm Absorbers

Warm ionized absorber features are present in the soft X-ray spectra of half of the
bright Type 1 AGNs. With the availability of high resolution soft X-ray spectra,
obtained with the grating instruments onboard Chandra and XMM-Newton, it is
seen that this component is formed by an outflowing gas with column densities up

to Ny ~ 10% cm™2, and often consists of several zones of ionized gas.

Soft Excess

Besides the primary power law continuum component, Type 1 AGNs frequently ex-
hibit a strong, broad soft excess component below ~2 keV. The precise origin of this
component remains uncertain. Previously, the soft excess had often been associated
with the high-energy tail of the thermal emission of the disk, potentially through
Compton scattering within a hot accretion disk corona. Recently it was argued that
the temperature of the disk should be nearly constant (kT ~ 0.1-0.2 keV), regard-
less of the mass and luminosity of the AGN (Gierliniski and Done| (2004))). This
means some other mechanism is at work here, as the temperature of the disk should
depend on both the mass of the black hole and the accretion rate. Three different
models have been suggested in order to explain the soft excess: (a) an additional
Comptonization component (Dewangan et al. (2007)); (b) ionized reflection from
the disk (Crummy et al| (2006])); (¢) complex and/or ionized absorption (Gierlinski
and Done (2004)). In practice, a black body with a temperature between 0.1-0.2
keV is typically adopted to phenomenologically fit this component.
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Chapter 2

Outflows

AGNs are primarily fueled by accretion processes onto SMBHs. This accretion typ-
ically results in the outflow of gas in various forms. At the galactic scale (d 2 kpc),
molecular gas outflows are observed (Faucher-Giguere and Quataert| (2012); Tombesi
et al.| (2015))). Closer to the AGN (d < pc), UV outflows of weakly or moderately
ionized gas occur (Crenshaw et al.| (2003); Arav et al. (2015)). From the innermost

circumnuclear region of AGNs, X-ray winds can originate.

Outflows have been detected in vast range of accreting astrophysical objects -
from protostars to AGNs. Central SMBH interacts with its host galaxy via out-
flows from AGN. They have been detected in = 50% of nearby AGN, carrying
kinetic energy which is a significant fraction of AGN power. This is evident from
the blue-shifted absorption lines in the UV and X-ray spectra at different widths
and velocities. To understand the evolution of these accreting objects and their

interaction with local environment it is important to quantify the mass and energy

flows involved in the process.

For AGNs, the the most powerful observed outflows can be divided into two
classes: highly collimated, relativistic jets, and slower moving (v < 0.2¢), more
massive disk winds driven from the surface of the accretion disk surrounding the
central supermassive black hole (SMBH). These disk winds are responsible for many

observed AGN spectral features including the broad absorption lines seen in a sig-
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nificant proportion of QSOs, known as BALQSOs.

Improvement in the X-ray spectroscopy observations after the launch of XMM-
Newton and Chandra X-ray observatories revealed multiple absorption zones, cov-
ering a large ionization range, that are now routinely found in most bright AGNs.
Absorption lines intrinsic to the source are systematically blue-shifted compared to
the expected atomic transition levels, clearly indicating an AGN wind along our
line-of-sight. Lines from several elements, such as Ne, Mg, Al, Si, S, Ar, Ca, and Fe,

are typically present.

However, geometry of these winds and their launching mechanism are unknown.
Several mechanisms have been suggested to produce the force required to accelerate
these disk winds in AGN, such as the gas/thermal pressure, magnetocentrifugal
forces and radiation pressure acting on spectral lines (“line driving”). All of these
mechanisms can produce outflows in suitable conditions. X-ray outflows can be
broadly divided in two main families: warm absorbers (WA) and Ultra-Fast Outflows

(UFOs). They are discussed in the following sections.

2.1 Warm Absorbers

More than half of AGNs, mostly radio-quiet Seyfert 1s, exhibit X-ray winds with a
series of blueshifted absorption features because of resonant transitions from vari-
ous chemical elements at different charge states. These winds are known as warm
absorbers (WAs) (Reynolds| (1997)); |Crenshaw et al| (2003); Blustin et al.| (2005);
Tombesi et al.| (2013)); Fukumura et al.| (2018a);Laha et al| (2021)). They are so
named to denote the relatively low electron temperatures of the X-ray absorbing
gas, typically below 10° K, which is significantly cooler than collisionally ionized
thermal plasmas at similar ionization levels. These absorbers are thought to orig-
inate at distances of roughly 1-100 parsecs from the black hole, corresponding to
regions like the outer disk, the torus, or the host galaxy environment. WA are pri-

marily observed in the UV band through absorption lines associated with ions such
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Figure 2.1: The different ionized outflows detected in AGN and their average phys-
ical parameters. Taken from |Laha et al.| (2021)

as O VII, O VIII, Ne IX, Ne X and Fe L. Their origin and geometrical structure
are still not clearly understood (e.g., launching processes, nature of the outflows -

either in a continuous or discrete patchy structure). Their physical properties are

characterized by (Fukumura et al. (2022)) and references therein):

moderate hydrogen-equivalent column densities (102 < Ny[em™2] < 10%%),

wide range of ionization parameters (—1 < logé[erg cm s71]) < 4),

slow to moderate LOS velocities (v,y:/c S 0.01),

turbulent velocities vy < 1000 km st

b

variability on timescales of months or years.

Studies on X-ray WAs reveal a global nature of the uniform column density profile

as function of ionization parameter which can be observationally obtained from

the absorption measure distribution (AMD) (Holczer et al. (2007); Behar (2009);

Fukumura et al. (2018a)). This might indicate a well-organized, continuous outflow

rather than a patchy, random distribution of discrete gas clouds.
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2.2 Ultrafast Outflows

Ultra-fast outflows (UFOs) are observed in more than 40% of the local AGNs
(Tombesi et al.| (2010)). They are “extreme” type of X-ray absorbers, with mildly
relativistic velocities, reaching up to ~50% the speed of light. They are characterized

by (Fukumura et al. (2022) and references therein):

e large column density(Ng < 10%*cm™2),

higher ionization parameter (logé ~ 4 — 6),

near-relativistic velocity (voy:/c < 0.1 —0.7),

turbulent velocities vy, < 10000 km st

variability on timescales of days.

The most distinguished UFO signature in the X-ray spectrum is the highly blue-
shifted and ionized Fe K absorption lines attributed to Fe XXV /Fe XXVI ions
(Tombesi et al. (2010), [Tombesi et al.| (2015)); Nardini et al.| (2015)); Parker et al.
(2017)). They have been detected in very luminous AGNs and also in sub-Eddington
AGNSs, such as radio-quiet Seyfert 1s (Tombesi et al. (2010)). They even seem to
be present in fainter sources, such as Seyfert 2s, when the accretion rate is as low
as ~ 2% of the Eddington rate (Marinucci et al.| (2018), for NGC 2992). Studies
have also shown existence of UV /soft X-ray UFOs (e.g., C IV, O VIII, Ne IX/Ne X,
Si XIV, S XVI, and Mg XII) in addition to the canonical Fe K UFOs (e.g., |Gupta
et al.| (2013)); Reeves et al.| (2020)).

UFOs are expected to be produced well within the sphere of influence of the
BH; they are most likely launched from a nearby gas reservoir in AGNs, such as an
accretion disk in the deepest part of their gravitational potential. In general, when
the AGN luminosity increases and/or the ionization parameter increases, the UFO
velocity increases. They are considered one of the most important mechanisms of

AGN feedback because of their mildly relativistic speeds and powerful kinetic energy.
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2.3 Winds and Feedback

In addition to X-ray outflows, galactic-scale winds have been found in ionized and
molecular phases, and are observed across optical to infrared band (Fiore et al.
(2017)). These winds have lower velocities than UFOs, with maximum speeds
around ~ 10° km/s, but exhibit much higher mass outflow rates, reaching up to
~ 10*Mgyr=t. These rates often exceed the star formation rate, implying that
such outflows are primarily driven by the AGN rather than stellar activity. For
cases where the host galaxy is observationally resolvable (also thanks to radio/IR
interferometric measurements), the outflow morphology appears to be spherical or
elliptical /biconical, consistent with an AGN origin (e.g. |Cicone et al.| (2014)); Fer-
uglio et al.| (2015)); |Cresci et al. (2015) and Menci et al.| (2019)).

Recent research suggests that galaxy-scale winds may be related to UFOs. Their
interaction with surrounding interstellar medium (ISM) reduces their velocity and
increases matter in outflows (Tombesi et al.| (2015)). This hypothesis is supported by
the properties of BAL winds, exhibiting properties between UFOs and galaxy-scale
winds. Approximately 15% of optically-selected AGNs show BAL winds through
blueshifted optical/UV lines ( C IV, Si IV, N V), with My ~ 100 — 103 Mgyr~—" and
Vout ~ 10° — 10% km/s. Some of the fastest BAL winds reach speeds of 0.15 - 0.3c
(Hamann et al.| (2018); Bruni et al.| (2019)). Their location is estimated at nuclear
scales, about 1-100 pc from the center (Bruni et al. (2019)). Interestingly, some
sources display both UFO and BAL absorption features, suggesting a common ori-
gin for X-ray and UV gas phases (e.g. PG1211+143 (Danehkar et al. (2018)); Kriss
et al.| (2018)) and PDS456 (Hamann et al.|(2018)). BLR winds may also represent
an intermediate phase between nuclear, UFO-like winds and galaxy-scale outflows
(Vietri et al.| (2018]), |Vietri et al|(2020)). A composite view of the outflows at the
different scales is shown in Fig. (from |Cicone et al|(2018)).

To explore this scenario quantitatively, we compare the energy liberated by the
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<1 pc - >10 kpe
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Figure 2.2: A schematic representation of the different outflow scales, from accretion
disc to the surrounding ISM and to the boundaries of the galaxy. Taken from Cicone
et al.| (2018)

accretion process during the AGN lifetime with that of the host galaxy bulge:
Eout = ’I]MBHC2 ~ O.IMBHC2 (21)

Here, it is assumed that most of the SMBH mass comes directly from accretion
(Soltan, (1982)); Pezzulli et al. (2016)) and the efficiency 7 is fixed at 0.1 for a
Shakura and Sunyaev] (1973)) standard thin disk powered by a Schwarzschild black
hole. Note that this is a conservative choice since 1 ~ 0.5. The galaxy bulge

binding energy is shaped by its stellar velocity dispersion o, and can be written as:
’Ebulge’ ~ Mbulgeaz (22)

where the modulus is used because the bulge is a bound system. Using the Magorrian

relation (Magorrian et al.| (1998))) we have:

Mgy =~ O-OOGMbulge ~ 10_3Mbulge (23)
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Rewriting Epyge as a function of Mpy and using a typical value for o, ~ 300 km/s
~ 1073 ¢

2
Eyoo] ~ 103 Mppc? [ —2— 2.4
| Ebutgel BHE (300k3m/5) (2:4)

Comparing Eqn. and Eqn. 2.4] we get (King and Pounds (2015))):
Eout ~ 100|Elmlge’ (25)

This suggests that the energy generated during the accretion could, theoretically,
“unbind” the host galaxy bulge, assuming there is an efficient feedback mechanism
to transfer this energy to the surrounding environment. However, it’s more likely
that the evolution of the AGN and its host galaxy is correlated — a process com-

monly referred to as co-evolution.

Various observational signs suggest a co-evolution between AGNs and their host
galaxies (Fig. [2.3) (Kormendy and Ho| (2013) and [Fiore et al.| (2017) and references
therein). One of the most important evidence is the correlation between the mass
of the SMBH and several properties of the host galaxy bulge, such as its mass,
luminosity, and stellar velocity dispersion (o,). Among these, the M—o is considered

the driving relation (Ferrarese and Merritt| (2000)), Gebhardt et al.| (2000)).

Mpn o\’
a7 2.6
1050, (200km/s> (2:6)

with measured values of the constants a ~ 1, § ~ 4.

The discovery of the Magorrian and M—o relations questioned the influence that
SMBHs and the stars in the host galaxy bulges have on each other. One theory
suggests some kind of “feedback” mechanism that regulates the correlation between
black hole mass and stellar velocity dispersion. [Silk and Rees| (1998)) suggested a
feedback mechanism where they proposed that a SMBH forms first from a collapsing
gas cloud on rapid timescales before significant star formation occurs in the bulge.

The SMBH then accretes nearby matter, emitting radiation that can drive winds,
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Figure 2.3: Top: Correlations between BH mass Mpy (y-axis) and bulge mass Mpyjge
(x-axis). Bottom: Correlation BH mass Mgy (y-axis) and the bulge velocity disper-
sion o (x-axis). Solid line and shaded region represent the least-squares fit and the
associated 1o uncertainty respectively. Taken from |Kormendy and Ho (2013).
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which can regulate further accretion. This accretion flow will continue until rate of
deposition of mechanical energy into the infalling gas becomes large. This model
from Silk & Rees predicts a slope of § = 5 considering pure energy-driven feedback,
which is slightly higher than the observed one. Other models predicted a slope 5 =

4 considering momentum-driven feedback.

The relation, at its first order, can be understood by assuming that the AGN core
is accreting close to the Eddington limit (King and Pounds| (2015)). The radiation
pressure will drive out a fraction f of the gas mass My, Which is assumed to be
spherical with radius R. In steady mode, the force (or momentum rate) from the
time-average luminosity Pmd = Lpaq/c, will be equal to the gravitational force that

keeps the mass fMpuge just outside the bulge at radius R:

Lpaa _ G Myuige f Myuige
c R?

(2.7)

Substituting Lggq = 4nGem,Mpy /or and assuming that the bulge is an isothermal
sphere, i.e., p(R) = 02/2rGR? (Schneider| (2006))), the mass inside R is a function
of the velocity dispersion of the gas: M (< R) ~ 2Ro?/G. Thus:

Mbul e 20'3
Rg = (2.8)
Substituting in eqn. [2.7| we get:
4rGMprm, 202\ 2
— =G - 2.9
- ¢ (2.9)

Rearranging eqn. [2.9] we can use the velocity dispersion to measure the mass of the

central engine:

Mgy = f( or )ajf (2.10)

2
7G*m,,

Thus, it is expected that Mgy oc o, where a fraction f ~ 0.1 closely matches
the measured values. This suggests a nearly spherical geometry, with the AGN

affecting the bulge uniformly in all directions. Faber and Jackson| (1976) found a
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similar relationship between the total luminosities and stellar velocity dispersions
in elliptical galaxies. Their luminosities also exhibit a o* dependence, known as the

Faber-Jackson relation.

Murray et al.[ (2005]) pointed out that it would be remarkable if this similarity in
the M—o and L-o relations were a pure coincidence. They determined the limiting
luminosity above which the central AGN would drive away a significant amount of
gas from the galaxy and stop the accretion (and star formation) on the bulge. From

Eq. and Eq. [2.8] without substituting the Eddington luminosity, we get:
4c
L~ (=) fo! 2.11
(%) 2.11)

Also in the Faber-Jackson relation, a value of f ~ 0.1 seems to apply.

UFOs are the prime candidates to transfer the AGN energy outward and explain
the observed relations between the AGN and the host galaxy because of their kinetic
outflow rates which is of the order of 0.01-1 times the AGN luminosity. Theoretical
models suggest an initial phase of inefficient energy transfer which later evolves
into a highly efficient one (King and Pounds (2015)). When the inner disk wind
(like a UFO) interacts with the ISM of the host galaxy, it creates a shock. The
shock-heated gas reaches extremely high temperatures (up to 10'° — 10'! K) and
cools down mainly through inverse Compton scattering with the AGN’s radiation
because of its high ionization state. This happens if the shock is very close to the
core and/or if the AGN luminosity is high. For the resultant momentum-driven
galaxy-scale outflow, only the momentum rate of the inner disk wind is conserved

(“momentum-conserving phase” Fig. [2.4)):
Punock = Mypoek vs = Muro vuro = Puro (2.12)

where vg is the velocity of the shock. The observed velocity of the shocked outflow
decreases than the inner UFO ones (about ~ 50 times smaller) as we move away

from the nucleus. As a result, the mass outflow rate should increase in order to
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Figure 2.4: Shock regions in the momentum and energy-conserving cases (top and
bottom cartoons, respectively). Taken from |King and Pounds| (2015).

conserve momentum:

Mshock - %UUFO = 5OMUFO. (213)

As the shock propagates away from the AGN’s radiation field, cooling becomes less
effective, and the shocked gas conserves its energy and expands adiabatically during
an “energy-conserving phase” (Fig. . In this phase, the coupling with the ISM
becomes highly efficient, enabling the outflowing gas to expand to galactic scales.
The post-shock region then sweeps away the surrounding gas, and the outflow is
observed in ionized and molecular phases on galactic scales. During this phase, the
post-shock energy rate must be equal to the pre-shock one:
1. , 1

Eghoct = §Mshock Vg = QMUFO vtro = Euro. (2.14)

Considering the same velocities as before, the post-shock momentum rate Mshock
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must be far higher than the UFO Myro:

VUFO
vs

2
Mshock = MUFO ( ) ~ 25OOMUFO (215)

Due to this “momentum boost”, galaxy-scale winds are massive enough to exert
significant feedback on the host galaxy and alter the equilibrium of its reservoir gas.
These winds drive the swept-up ISM out of the galaxy bulge leaving it red and dead.
Therefore, it is able to quench the star formation in the host galaxy and regulate

its evolution (Zubovas and King (2012)).

It is important to notice that the correlations between SMBH and host galaxy
are affected by their complex evolutionary history, including mergers, secular in-
stabilities and the influence of the galaxy cluster. Several results suggested that
similar Mpgy-bulge relations can also be obtained if SMBH and bulges formed simul-
taneously, without a direct interaction between them (Menci et al.| (2003)). A more
promising approach is to look at “derivative” quantities, such as the cosmological
evolution of SMBH and the luminosity density of galaxies. A correspondence has
been found between AGN and galactic activity as a function of redshift (Brandt and
Alexander| (2015))), possibily driven by the AGN feedback toward its host galaxy.

2.4 Detection and Analysis of X-ray Winds

X-ray winds are primarily identified through the resonant transitions of highly ion-
ized elements whose absorption lines get blue-shifted by Doppler motions. This
blueshift of absorption features from their rest frame energy occurs when a part of
the continuum is absorbed by the layers of the wind. This happens when the wind
is positioned between the emitting source and the observer. This corresponds to
the motion of the gas outward from the nucleus of the source towards the observer,
indicating an outflow. By convention, a negative velocity indicates a blueshift of
atomic feature. On the contrary, a redshift of the atomic features indicates an in-

flowing gas and is denoted by positive velocity. The properties of these winds can

46



b=100 (black), 1000 (red), 5000 km/s (bluc)

8 T T T i =
T F <Y Only Fe XXV Hea N,, (cm?)
| — 102 cm2
v — -10% cm2
—_ \‘\
o]
TR E
2
X Only Fe XXVI Ly
£ ~
= -
o}
@
o B
%
o - |
s i I
T NIRRT T R S S T N .
2.5 3 35 4 4.5

logk (erg s™' cm)

Figure 2.5: The abundance of each ion and the relative intensity of the spectral lines
depend on the ionization parameter of the plasma, logé. For example, here we can
see Fe XXV dominates below log¢ ~ 3.5, beyond which Fe XXVI dominates. Taken
from Tombesi et al. (2011).

be studied by analyzing these lines. The most important line tracers to characterise

the observational appearance of winds or outflows are:

e Line identification is an indicator of both metallicity and the degree of ioniza-
tion. The ionization level of the plasma directly influences the ion abundances

(Fig. [2.5). The ionization status is quantified by the ionization parameter &,

defined by |Tarter et al| (1969)) as the ratio between the ionizing photon flux

and the gas surface density:
Lion
= (2.16)

nr?

where L;,, is the ionizing luminosity at energies between 13.6 eV to 13.6 keV,

r is the distance of the wind from the SMBH and n is its number density.

e Blueshifts relative to the rest-frame energy of absorption lines are proportional

to the outflow velocity along the line of sight (vymq). For motion occurring
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entirely in the LOS direction, the following relationship holds:

RO (2.17)

1-p
where 5 = vyina/c is the outflow velocity in units of speed of light ¢ and z is
the redshift.

z = (3 for vying K ¢

The broadening of spectral lines provides information about the turbulent
velocity within the absorbing gas. Higher turbulent velocities result in broader

lines. The velocity broadening parameter b is given by:

b= \/vi + Vi (2.18)

where vy, is the thermal velocity and vy, is the turbulent velocity (velocity
dispersion along the LLOS). The temperature of the gas can be further inferred

from the thermal velocity:
2kpT
m

e (2.19)

Typically, the contribution of thermal velocity to line broadening is very small
(v, ~ 50 km/s for T~ 107K for iron nuclei) compared to the observed tur-
bulent velocities (vy» ~ 1000-10000 km/s). Thus, line broadening is often

influenced by other factors like kinematics and turbulence.

The depth of absorption lines is quantified by the neutral hydrogen column
density:
T final
Ny = / n(r)dr = nAr (2.20)

Tinitial
Here, it is assumed that the density is approximately constant within the wind

layer. Ny is related to the amount of absorbing gas present in the wind.

The equivalent width (EW) of a spectral line is a measure of the strength of
that line relative to the surrounding continuum emission. It gives the area of

the line on a plot of intensity versus wavelength or frequency. It is found by
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forming a rectangle whose height equals that of the continuum emission and
the width is such that the area of the rectangle is equal to the area under the

spectral line. Mathematically, it can be expressed as:

- [ AR, o

where Fj is the line flux at a given wavelength A and F. is the continuum flux
at the same wavelength. For an emission line, EW is considered to be positive,
while for an absorption line, it is negative. The integral is taken over the entire

line profile.

The curve of growth (CoG) analysis of absorption lines illustrates the rela-
tionship between the equivalent width (EW) and the opacity (7) or column
density (Ng) of the absorbing material (Fig. [2.6). By estimating the EW

from spectral observations, we can determine Ny.

For a given turbulent velocity, the EW increases linearly with Ny until the
Gaussian line profile saturates, with saturation occurring sooner for lower vy,..
In the absence of turbulence, only photons that precisely match the energy
of the transition are absorbed. However, in a turbulent gas, the absorption
capability increases due to light being slightly blue-shifted and red-shifted,

allowing the gas to absorb a broader range of photon energies.

When a spectral line is saturated, it becomes challenging to accurately estimate
Ny from the EW, and only a lower limit can be established. This is because
the gas density is too high relative to the incident light, preventing reprocessed
radiation from emerging, which impedes accurate column density estimation.

In the initial linear regime, the relationship is:

EW o« 7 x Npg. (2.22)
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Figure 2.6: CoG of Fe XXVI Lya for different broadening (turbulent) velocities b. It
can be seen that when b increases, the linear region becomes wider. From

2.5 Photoionization modelling of Winds

Spectroscopic observations of X-ray outflows are typically analyzed using templates
from photoionization codes like Cloudy (Ferland et al.| (1998), Ferland et al, (2017)),
XSTAR (Kallman and Bautista (2001)) and PION in SPEX (Kaastra et al.[ (1996)).

Information about the gas dynamics can be inferred by assuming that the winds or
outflows are in photoionization equilibrium with the central UV and X-ray contin-
uum luminosity. The ionization state of the gas is primarily determined by radiation
rather than collisions, indicating that the gas is in an equilibrium configuration in-
fluenced by the central radiation source. Therefore, these codes assume radiation as
the primary ionization source and local thermodynamic equilibrium (LTE) to model

the physical conditions of X-ray outflows. The codes are a function of:

e the luminosity and spectral energy distribution (SED) of the incident contin-

uum,

e the distance of the wind from the BH,
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thermodynamic and geometric stratification of the clouds,

elemental abundances and atomic transitions,

radiative transfer,

e gas kinematics and turbulence.

2.5.1 XSTAR

XSTARD is a photoionization code developed by NASA and included in the Heasoft
package. We use XSTAR for our analysis because of its widespread adoption in UFO
fitting. It is also incorporated in WINE which we will discuss later. The general

working scheme of XSTAR is analogous to that of Cloudy and other similar codes.

The XSTAR code runs in two steps: determining the ionization status of the
gas based on incident luminosity and gas properties, such as its number and col-
umn densities and its distance from the source, and calculating equilibrium which
is obtained by balancing the radiative heating sources (ionization and Compton)
and cooling mechanisms (recombination, bremsstrahlung, radiative deexcitation of
bound levels). Once the gas ionic population is known, radiative transfer calcula-
tions examine the photon-matter interaction, considering all photon-related physical
processes (free-free, bound-free, free-bound, radiative recombination continua). The
details of every interaction, such as energy levels, transition probabilities, and cross
sections, are found in the atomic database (Bautista and Kallman (2001)) and Men-

doza et al. (2021)).

The input quantities in XSTAR are:

e The incident spectrum profile and its integrated luminosity in the 1-1000 Ry
energy range, i.e. the ionising luminosity Li,, entering in the definition of the

ionisation parameter &;

IXSTAR is available at the following link.
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&o, ng, where the subscript 0 indicates that they must be specified at the inner

radius of the gas. From these quantities and L., the radius rq is derived;

e «, the coefficient regulating the radial dependence of the density n: n =

no("2)%;

o Ny = fq:)l n(r)dr, the gas column density. The ending radius ; can be calcu-

lated from Ny, ng, ro, «;

e vy, the gas velocity dispersion regulating the broadening of the absorption

features.

After a simulation has converged to a solution, several key outputs are gener-
ated. The most important ones are the transmitted spectrum, which is the incident
spectrum absorbed by the gas, and the spectrum emitted by the gas itself. These
two spectra are conceptually symmetrical since the same gas produces absorption
in the transmitted spectrum and emission in the emitted spectrum, despite differ-
ences in individual radiative processes. Additionally, a list of the atomic transition

emissivities is generated as well, in units of erg s™! cm™ (luminosity density).

Even though its widespread use in astrophysics, the main physical assumptions of
XSTAR need to be addressed while dealing with the relativistically-broadened pro-
files of UFOs and with fast disk winds in general. The most important assumptions

are as follows:

e The gas is assumed to be a spherically symmetric shell centered around the
luminosity source, which is treated as a point-like object. This configuration
allows for the calculation of absorption profiles under the assumption that the

radiation field strikes the gas shell perpendicularly.

e The gas is assumed to be at rest. Atomic line absorptions are represented by
Gaussian features, whose 1 o amplitude is given by the maximum between the

local thermal velocity vy, and the turbulent velocity vium.
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e As a result, the emission spectrum is simply given by the atomic transitions,

with energies corresponding to the rest frame ones and the luminosity calcu-

3

' 4 ; 3)‘

lated from the emissivities multiplied by the shell volume, i.e., 2w (r] — rg

Spherical symmetry is not supported by the observations, which instead suggest
a more structured medium with some degree of clumpiness and a covering factor
(i.e., the fraction of solid angle covered by the outflow) smaller than one. Moreover,
it is also expected that the hemisphere beyond the accretion disk (with respect to
the line of sight) is covered by the disk itself and hence unobservable. Finally, the
theory of wind driving suggests a strong degree of spatial anisotropy for the outflow,

regardless of the driving mechanism.

The standard method to account for an outflowing velocity (voyut) is by blueshift-
ing the computed model spectra during data fitting. The best-fit blueshift, after
being adjusted for the host galaxy’s systemic redshift, gives v,.. However, there are
two key limitations: first, the real outflow velocities may be better represented by
a velocity distribution (i.e., a velocity profile) rather than a single (average) value
due to complex acceleration patterns. Second, special relativity effects significantly
alter gas opacity and the equivalent width of both absorption and emission features

in the spectrum (Marzi et al.| (2023)).

When creating photo-ionization grids for data fitting, it is common practice to
enhance the ionizing luminosity normalization to simulate reprocessing by a thin
gas layer (i.e., Ar/r < 1). Although we start with initial parameters & and ng
in the first layer, deeper into a thick shell, physical conditions change, and the
whole absorber experiences a wide range of densities and ionizations. Thus, the
final output must consider a large number of ion species and transitions, resulting
in significant computational time. Given

Ny
Lion = &nr? &~ =202 2.2
énr ~ £ (2.23)

and Lo, o< 72, if Lijoy — 00, then r &~ ry increases and Ar/r — 0. Hence, we are
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modeling the photoionization from a thin layer of gas.

2.5.2 WINE

To overcome the limitations of XSTAR, a new model called Wind in the Ionized
Nuclear Environment (WINEE[) was developed by Luminari et al. (Luminari et al.
(2018)), Luminari et al.| (2020), Luminari et al.[(2021)), Luminari (2024)). This model
integrates the XSTAR photoionization code with two new components: a Monte
Carlo approach to simulate the emitting region, which convolves line emissivities
with realistic emission templates based on the outflow geometry, and a special rel-
ativity treatment of radiative transfer to accurately represent the gas motion. The
WINE program is written in bash language, with the absorption and emission rou-
tines in Python. The program allows to explore a whole range of physical and
geometrical parameters given by the user. This is useful for analysing the param-
eter space and to minimise the fit of spectral wind features. The synthetic spectra
obtained with WINE can be submitted to spectral fitting programs, such as XSPEC
for the X-ray band. A schematic flowchart of WINE is presented in Fig. 2.7

In this model, the wind is described as a biconical region, centred on the SMBH.
The model is based on the assumption that the cone symmetry axis coincides with
the rotation axis of the accretion disc. It also retains the XSTAR approximation of
a point source luminosity located at the vertex of the cone, i.e. the centre of the
accretion disk. The rear cone is considered to be obscured by the disk (in yellow,
see Fig. . The wind is enclosed by an initial and final radius, rq, r1, and has an
inner and outer opening angle, 6;, and 6,,;, respectively (shown in red and green
in Fig. [2.8). This geometry agrees with most of the simulations on accretion disk

wind in the literature and is in analogy with galactic scale outflows.

The input parameters for WINE are (the top green box in Fig. [2.7)):

e Li,,, the incident ionizing luminosity in the 1-1000 Ry (13.6 eV - 13.6 keV)

2This section has been adapted from [Luminari (2024).
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Setup starting values:

*  Lias. 5 luminosity and spectrum of the incident continuum
Ty. starting radius

NF 8Ny maximum column density and steps

(£5im, £max), 5E,: lower and upper limits for £, and steps

r: density profile of the wind, as in eq. 1

¥, 72 initial value and radial profile of the wind velecity

Byupe By, - opening angles of the emitting region

i : the inclination of the line of sight

| Write a log nn1parmem:.m |

|

| Start the iterations |

'

For each value of £y, spanning the range [£5'"", £7*"] with steps &, :

Derive Initial density n, from the definition of £, (eq.2), using L; .. 7
Divide the wind column in M slabs, where 8N;; - M = N

ABSORPTION. Perform a loop over Ny, spanning the range 0, Nj'™ ] with steps SNy, .
For each m-th slab:

*  5et the start radius of the slab, ;.5 (= 1y for 1st slab, otherwise = to the final radius of the previous slab).
* St Lgp o Sopge (the slab incldent luminosity and spectrum) equal to the transmitted ones from the m — 1 slab
*  Calculate:

* Topnd. €nd radius of the slab, inverting eq. 4 using &N,

* Alr = ryan)

* v{r = Myar), where ry, g is the mas averaged slab radius (eq. 5)

* Enan = Laan(MyauTiias ) where Ly is in the wind reference frame (see Sect 4.2)
*  Run a special relativity corrected XSTAR run providing in input Lo, S50n. aan. Uspas SN  Epap. @
*  Copy the [brightest] atomic emissivities of the slab in emiss_m.tet
Transmitted spectrum is the absorption spectrum for £ . Ny = m - 8N,

End absorption loop. Last transmitted spectrum Is the absorption spectrum for £, N7

EMISSION. For each value 8,y € [605,,, 90 degl, § € [81,90 deg) (and 8, € [0, #_out[ ) perform a loop over Ny,

For each m-th slab:
* Calculate slab volume V as a function of Tyay, Tend. Boue. Bin
* Generate random Mente Carlo coordinates for k points inside V¥

+ For each point, calculate the emission spectrum from emiss_m.txt and accounting for relativistic
transformations

+  Assemble projections from all the paints: emission profile
The combination of the emission spectrum from the m slabs gives the emission spectrum for & . Ny, = m - 6Ny,

End emission slab loap, Last spectrum Is the emission spectrum for £, Ng'@

l

End of the program

Figure 2.7: Flowchart of the main steps of the WINE model. Taken from
(2024).
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Figure 2.8: Geometry of the WINE model. Gray shaded area indicate the wind
volume. 6;,, 0, represents the wind inner and outer opening angle with respect to
the symmetry axis (vertical dotted line). The line of sight (LOS) has an inclination
angle ¢ with respect to the axis. Accretion disc is represented with a yellow bar,
and the black and blue dots indicate respectively the supermassive black hole and
the ionising and X-ray luminosity sources, which are assumed as point like. Finally,
rg, 7 indicate the wind initial and final radius, respectively. Taken from
(2024).
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interval or, equivalently, in the 2 - 10 keV interval.

The spectrum shape Sy, which can have one of the following forms:
— A power-law with spectral index I’
— A black-body with temperature kT (in eV)

— A custom spectrum uploaded by the user

ro, the initial radius of the cone. It can be expressed in cm or in gravitational
radius rg. In the second case, the black hole mass Mgy must also be provided.

ng, in turn, can be derived from rg, &y, Lion-
N 0Ny, the maximum column density of the wind and the sampling step

min

o E5, 0&p, the minimum and maximum ionization parameter at the base

of the wind and the sampling step

«, the index of the density profile given by:
r —Q
n(r) = ng (—) (2.24)

vo, B, the starting velocity and the index of the velocity profile:

v@)—vo(ﬁ)_ﬁ (2.25)

To

[ can also be linked to « using the relations (Faucher-Giguere and Quataert

(2012))):
a— 2

= 2.26
p=" (2.26)
for momentum conserving flows, and
-2
B=a3 (2.27)

for energy conserving flows.

00,1, the sampling step for the opening angle 6,,;, which spans the interval

10, 90] deg
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e 017, the sampling step of the inclination of the LOS i, which spans the interval
[0, 90] deg

e (), the number of steps for the inner cavity 6;,, which spans the interval [0,

Hout [

A multilayer approach is used to model the scaling of the wind density n(r) and
velocity profiles v(r) along the radial distance r from the luminosity source. Dur-
ing the simulation, the outer (first level) iteration is performed over the ionization
parameter (light grey box in Fig. in the range [£7'™, £**] with steps 0&y. For
each value of &, the initial density of the wind ny is determined by inverting the

definition of &g:

Lion
= = = 2.2
&o 6(7’ TO) no(ro)z ( 8)
and the final radius of the wind r; is found by inverting the definition of Ng:
r1
Nas — / n(r)dr (2.29)
0

The wind column is divided into M shells with constant column density dNg =
N7 /M. An inner iteration (second level, blue box in Fig. is performed over
the slabs, with m ranging from 1 to M. Starting from the innermost shell, photoion-
ization and radiative transfer is performed using XSTAR. The resulting transmitted
spectrum and luminosity serve as inputs for the subsequent shells, iterating this
process across all M shells until the total column density Ny is reached. The value
of 0Ny is carefully chosen to balance computational efficiency with accuracy. It
has been observed that for a typical UFO and WA parameter space, a value of
SNy = 10%? cm~2 ensures smooth transitions between the shells so that the mul-
tilayer approximation accurately reproduces a continuous radiative transfer within
the wind. The code also updates the shell velocity to account for special relativity ef-
fects during radiative transfer. This way, the wind absorption spectrum is obtained.
The iterative procedure allows to accurately model the wind features as a function
of the density and velocity profiles, thus overcoming the XSTAR assumption of a

layer of gas at rest.

28



The emission spectrum is derived similarly. For each slab, random Monte Carlo
coordinates are assigned to a large number of points to evenly fill the slab volume,
which depends on the starting and ending radii of the slab, as well as 6;, and 0,,;.
The projection along the line of sight for each point’s luminosity and energy (i.e.,
relativistic beaming and Doppler effects) is then calculated. The combined response
of all points yields the total slab emission profile. Slab spectrum is obtained by the
convolution of the atomic emissivities with the emission profile. The wind emission
spectrum is finally obtained from the sum of all slab emission spectra. The Monte
Carlo procedure allows to overcome the XSTAR assumption of spherical symmetry,

thus enabling to directly probe the source geometry and its covering factor.

The WINE structure was designed to minimise the number of physical assump-
tions and to directly probe the most important outflow parameters. Its numerical ac-
curacy matches the spectral resolution of present day X-ray gratings and CCDs and
also next-generation microcalorimeters, such as those onboard XRISM and Athena.
Due to the modular structure of WINE, additional features, such as an angular de-
pendence of the wind properties or different velocity and density scalings, can easily

be added to the program.

2.6 Estimation of Wind Properties

Spectral fitting using a photoionization code typically provides outputs such as the
ionization parameter &, column density Ny, and the wind’s projected velocity along
the line-of-sight v,,. From these parameters, we can derive various physical prop-

erties like location and energetics of the wind or outflows.

The distance between the wind and the illuminating central source can be esti-
mated in two ways. The first method is by comparing the observed outflow velocity

along the line of sight to the escape velocity, i.e, Vs = \/% for a Keplerian
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disk. The radius at which this happens gives an estimate for the minimum radius
I'min from the source from which the outflow may have been launched. This is equal

to (in the Newtonian limit):

2GM 2

vout Vout

where Ry is the Schwarzschild radius. The second method to obtain the radial dis-

Lion
Nyr2?

tance is from the definition of the ionization parameter, £ = and by approxi-
mating the outflow as geometrically thin (Ar/r < 1), i.e., the size of the absorber
does not exceed its distance to the BH, so that Ny ~ no(r1 — 1r9) =~ nero (Behar
et al. (2003); Crenshaw and Kraemer| (2012)). This gives the maximum radius ryay

from which the outflow may have been ejected as:
Trmae = — (2.31)

where 79 < T4 (Tombesi et al.| (2013))). It is also possible to constrain r from the
time lag with which the UFO ionization status responds to changes in the illumi-

nating ionising continuum (e.g. Parker et al.| (2017)).

From the estimates of r, the wind energetics can be derived. The mass outflow
rate M,,; is usually expressed in solar masses per year, and represents the amount of
mass transported by the wind. It is computed using the following expression derived

by Krongold et al.| (2007):
Mout - f<57 gb)ﬂ—lu’rmpNHUouta (232)

where (0, ¢) is a geometric factor of the order of unity and depends on the angles §
and ¢ between the line of sight and the wind direction with the accretion disk plane
respectively. A first-order formula for M,,; widely adopted in the literature is given

in |Crenshaw and Kraemer| (2012):

Mot = A prmy Ny Crogyt, (2.33)
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where Cg is the covering fraction (fraction of solid angle 2; it ranges between

0 < Cr = % < 1) of the wind, m, the proton mass, and p is the mean atomic
mass per proton (u =~ 1.2 (Gofford et al. (2015)) for fully ionized gas and solar

abundances).

By considering the velocity of the outflow to be constant, any acceleration is

neglected, and the mechanical or kinetic power can be derived as:

Eout = EMoutUguta (234)

and the outflow momentum rate (or force):
Pout = Moutvout- (235)

Another useful quantity to compare with P, is the AGN radiation force or momen-

tum rate Pmd:

. L
Py =22 (2.36)
C

If Proa 2z Pout, then the AGN radiation alone is powerful enough to drive the observed

outflow.

2.7 Launching Mechanisms for Accretion Disk Winds
in AGN

The accretion disk wind dynamics can be expressed by the momentum equation for

fluid (Ho and Wang| (2007)) which is given as:

D_' 1 — — —
p— + pVp=—VP+ —(V x B) x B + pFr (2.37)
Dt 41

p,v, P, B, ¢, F"* are respectively the wind density, velocity, pressure, magnetic field,
gravitational potential and the radiation force determined by the AGN environment.

For successful launch of an outflow, one or combination of the right-hand terms
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should overcome gravity. Depending on the dominant term we have thermally,
magnetically or radiatively-driven outflows. For both WA and UFOs, the main

launching mechanism is yet to be well constrained observationally.

2.7.1 Thermal driven winds

If the accretion disk is in hydrostatic equilibrium, mass loss can occur if the upper
atmosphere is subjected to heating. Significant heating can occur due to irradiation
of the outer, cooler regions of the disk by intense radiation from the inner, hotter
regions. Theoretical models suggest that such heating, especially from X-rays, can
significantly impact the gas dynamics within the disk. X-rays can heat low density
gas via Compton heating, raising the temperature to around 10" K (known as the
Compton temperature). At such a high temperature, the upper atmosphere of the
disk can either expand and form a static corona or produce a thermal wind (gas-
pressure-driven wind), depending on whether the thermal velocity exceeds the local
escape velocity (e.g., Begelman et al. (1983); Ostriker et al. (1991); [Woods et al.
(1996)); |[Proga and Kallman| (2002)).

To launch a thermal-driven wind, the gas pressure must overcome gravity, i.e.,

particle’s speed must exceed the escape velocity

Ve = ,/% (2.38)

where r is the radius where heating is taking place. Since escape velocity varies
with radius, the impact of thermal driving also depends on the radius. Generally,
thermal driving is more effective at larger radii where escape velocity is lower, such
winds are expected to be responsible for the low-velocity X-ray absorption features

observed in AGN spectra (Chelouche and Netzer| (2005))).

kpTx
m

Equating the thermal velocity vy, ~ with the escape velocity v, it is
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Figure 2.9: This is a 2D simulation of the evolution of a thermal wind at parsec
scales performed by [Dorodnitsyn and Kallman| (2012). It shows a colour plot of the
density log p in (g cm™) for a model with L = 0.5 Lggq, shown at different times
given in years. Axes: z: distance from the equatorial plane in parsecs; R: distance
from the BH in parsecs.
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possible to estimate the typical thermal launching radius:

GMBHm
N — 2.
R~ S (2:39)

where m is the average mass of particles in the gas, kg = 1.38 x 10716 erg/K is the
Boltzmann constant, and Tx is the temperature of the X-ray heated gas (Ohsuga

and Mineshige| (2015))).

The efficiency of thermal launching of winds is primarily influenced by two fac-
tors: the temperature of the X-ray heated gas and the escape velocity of the system.
Since systems with lower Mgy tend to have higher disk temperatures, thermal driv-
ing is generally more effective in stellar-mass systems, such as X-ray binaries ULXs
(Tomaru et al. (2018)); [Pinto et al. (2020) and refs therein), where temperature
ranges around 10° — 107 keV. Therefore, thermal pressure can accelerate relatively
slow outflows in AGN (Done et al.| (2018))). But this mechanism is not enough to
launch outflows in the inner accretion disk. According to this, using typical values

for AGN, we get:

Ry, = 3 x 10° (10T7XK> Rg (2.40)
This indicates that this process is expected to be efficient at radii approximately
between the Broad Line Region and the dusty torus. The higher ionization WA
component seems to be well described by a thermal wind model. According to
this model, the wind is expelled from the supermassive black hole at a distance of
approximately 1 pc, with an outflow velocity of about 1000 km/s (Chelouche and
Netzer| (2005)). For temperatures below 107 K, thermal driving is less significant as

other forces may dominate. In particular, radiation forces can become important

for gas temperatures < 10° K.

2.7.2 Radiation driven winds

Radiation pressure due to UV and X-ray absorption lines plays a crucial role in
driving outflows by pushing the outer layers of the disk when the opacity of the
cloud is sufficiently high (Proga and Kallman| (2004))). However, for highly ionized
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clouds, UV and X-ray line opacities may not be sufficient in driving the outflows.
In such cases, Compton scattering can supply the additional momentum required,
especially for AGN accreting close to or at the Eddington limit (King and Pounds
(2003); King (2010)).

Given the immense luminosity output of AGNs, which can sometimes surpass
the Eddington limit in quasars, it is the most expected mechanism for powering
outflows. Thomson scattering can counteract gravity when the source is at or above
the Eddington limit. However, radiation driving can be effective even at lower lu-
minosities due to the gas opacity to resonant lines and ionization edges, a process
known as “line driving.” The relative strength of line-driving is quantified by the
ratio between the line opacity to the electron scattering, i.e. the force multiplier
M;.q (Castor et al.| (1975))). If a gas is illuminated by UV radiation, M,.q can be
very high, but it quickly drops to zero in presence of a strong X-ray flux, since it
ionizes most of the gas elements, leading to a small number of lines available. So,
the outcome of radiative driving depends on a delicate balance between the UV and

X-ray luminosities.

The hydrodynamical simulations (results in Fig. investigating radiation
launching from an AGN accretion disc show that a successful wind develops in the
equatorial region, where the gas is denser, colder and less photoionized (Proga et al.
(2000), [Proga and Kallman| (2004))). M,.q is, therefore, high here and the outflows
can reach upto velocities of 0.05c. At a distance of ~ 300Rg from the axes origin,
the X-ray flux is very intense. As a result, the gas is easily overionized and radia-
tion driving alone can not accelerate the wind, leading to a stalling outflow called
the “failed wind” (FW). This FW can act as a shield because of its high covering
factor and density. It absorbs a significant fraction of the X-ray flux and prevents
the overionization of the equatorial gas, and thereby, allowing powerful ejections
in the innermost regions with velocities reaching upto 0.2c. This mechanism can

successfully reproduce the velocity, distance and ionisation status of UV outflows,

such as BALs and BLR outflows (Nomura et al.| (2016)); Giustini and Progal (2019)).
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Figure 2.10: Physical structure of the Proga and Kallman| (2004) accretion disc
wind model. The four panels from top left to bottom right indicate the color-coded
maps of the gas density, temperature, photoionization parameter and velocity field
(poloidal component only). In all panels the rotation axis of the disk is along the
left-hand vertical frame and the midplane of the disk is along the lower horizontal
frame.
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However, the introduction of compton scattering poses a significant challenge
to the FW shielding because scattered photons can “circumvent” the FW region
and ionize gas at higher radii by their “random walk” effect, as demonstrated in
Higginbottom et al.| (2014). This indicates that radiative driving is effective only
at sufficiently large distances from the X-ray corona, such as at BLR-like distances.

These are farther than the typical UFO launching sites (~ 100Rg).

A study on thermal stability of radiation-pressure-driven winds in ultra-luminous
X- ray sources (ULXs) (Pinto et al. (2020)) found that at super-Eddington lumi-
nosity, the radiation pressure might inflate the accretion disk and drive fast winds
at a fraction of the speed of light. These winds remain in stable thermal equilib-
rium. The research confirms that radiation pressure is indeed effective in driving

high-velocity winds.

2.7.3 Magnetically driven winds

Magnetic driving is most likely a predominant mechanism for launching of winds
or outflows. No special conditions are required for the occurrence of this type of
wind, only the presence of magnetic fields. Given the presence of high-ionization and
high-temperature plasma in AGN, magnetic fields are probably ubiquitous in the
innermost part of accretion discs. The magnetorotational instability (MRI) (Balbus
and Hawley| (1991)) is a very robust and universal mechanism to produce turbulence
and transport angular momentum in disks at all radii (Balbus and Hawley| (1998));
Jiet al. (2006)). So, there is a possibility that magnetic fields control mass accretion

inside the disk and play a key role in producing a mass outflow from the disk.

There are two types of magnetically driven winds: (a) magnetocentrifugal winds
where the dominant contribution to the Lorentz force is the magnetic tension, and
(b) magnetic pressure driven winds where the dominant contribution to the Lorentz

force is the magnetic pressure.
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Figure 2.11: Left panel: poloidal component B,. Right panel: toroidal component
B, (Ohsuga and Mineshige| (2015)).

A large-scale, ordered magnetic field that is anchored to and co-rotates with
the accretion disk can effectively channel a mass outflow from the disk. Usu-
ally the rotational velocity of the disk is proportional to the Keplerian velocity,

Urot OC Ukep = where v,o; and Rg are in units of the speed of light and gravi-

1
Ro’
tational radii, respectively. As a result, a co-moving magnetic field can easily reach
relativistic velocities, and the gas carried along with it is protected from overion-
ization or inadequate radiation drag. The magnetic field is generally assumed to be

axisymmetric, with both poloidal and toroidal components, Bp and B, (Fig. [2.11]).

Blandford and Payne (1982) were the first to introduce the concept of magneto-

hydrodynamical (MHD) outflows. They suggested that a centrifugally driven wind
could emerge from a Keplerian accretion disk if the poloidal component of magnetic
field lines make an angle of less than 60 degrees with the disk surface (refer to Fig.
. At larger angles, centrifugal forces become insufficient to drive outflows. Due
to the field co-rotation with the disk, the fluid conserves its specific angular velocity.
The constraint on the line inclination ensures they provide enough centrifugal ac-
celeration to the fluid, driving it at higher radii, where the corresponding rotational
velocity is now smaller than the angular velocity. Consequently, the fluid is pushed

outward, giving rise to an outflow. In this case, the gas acceleration is due to the
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Figure 2.12: Schematic of MHD accretion disk wind. Poloidal 2D wind streamlines
(thick solid grey lines), the decreasing velocity (Vy ~ ¢) and ionization (§) with
radius is illustrated (rg ~ Rg). The hatched region represents the absorbing region
wind with velocity vying ~ 100 — 1000 km/s. Taken from [Fukumura et al.| (2017)).

magnetic tension. An alternate theory was explored by |Uchida and Shibata (1985),
who used MHD simulations to demonstrate magnetic-pressure driven jets. Recent
simulations, such as those by Kato et al. (2004)), have confirmed these ideas, showing
the formation of magnetic-tower structures resulting in jets and outflows driven by

magnetic pressure force.

Magnetic wind models are built by solving the Grad-Shafranov equation, from
which the wind density, momentum and energy can be derived (Fig. [2.13)) (Fuku-
mura et al.| (2010)), Fukumura et al. (2013); Kazanas et al.| (2012)) by considering
some initial conditions and assumptions, such as perfect MHD, axis-symmetry and
self-similarity. These models have been successfully applied to UFOs in powerful
quasars (Fukumura et al. (2015), Fukumura et al.| (2018a))). Magnetic field strength
increases with decrease in r, therefore, the fastest outflows must be accelerated in
the innermost regions, with velocities reaching upto vy ~ 0.2 - 0.3c. UFOs are,
therefore, identified by the innermost layers of gas, launched at small radii from

the SMBH as required by their fast velocities. Another interesting feature of MHD

69



Figure 2.13: Magnetic wind structure in 3D (white lines). The left and right walls
show the ionization parameter and the density of the wind, respectively. Blue(red)
corresponds to higher(lower) values. Taken from Fukumura et al.| (2018a))

models is that WAs can also fit in this picture as UFO’s high-distance, low-density
and low-velocity counterparts. Furthermore, an MHD wind is insensitive to the

ionization level.
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Chapter 3

The XMM-Newton Observatory

The X-ray Multi-Mirror Mission (XMM-Newton), also known as the High Through-
put X-ray Spectroscopy Mission, is an X-ray space observatory that was launched
by the European Space Agency in December 1999 on an Ariane 5 rocket. The
main objective of this mission was to investigate X-ray sources, perform narrow and
broad range spectroscopy, and carry out the first simultaneous imaging of objects in
both X-ray and optical (visible and ultraviolet) wavelengths. A schematic picture of
XMM-Newton is given in Fig. 3.1} The satellite is equipped with three co-aligned
telescopes focusing the photons to three independent instruments. The mechanism

of collecting and focusing of X-rays is based on the principle of grazing incidence.

3.1 Instruments

3.1.1 European Photon Imaging Cameras

The European Photon Imaging Camera (EPIC) consists of three imaging spectrom-
eters, two Metal Oxide Semiconductor (MOS) CCD arrays and one pn CCD array,
each positioned at the focus of one of the three coaligned X-ray telescopes. Two
of the cameras utilize an array of seven EPIC-MOS type Charge-Coupled Devices
(CCDs) (Turner et al.|2001)) and share their optical paths with the RGS (Den Herder
et al. (2001))). This arrangement allows about 44% of the original incident flux to
reach the EPIC-MOS cameras. The third camera employs a monolithic pn-CCD
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Figure 3.1: View of the XMM-Newton spacecraft subsystems (Credit: ESA/XMM-
Newton). It has four main components: (a) the Mirror Support Platform (MSP)
which supports the telescope assemblies along with the grating systems and the
OM; (b) the Service Module (SVM) carrying spacecraft support systems; (c) the
Focal Plane Assembly (FPA) which supports the platform carrying focal plane in-
struments; (d) the Telescope Tube which is a hollow carbon fibre that maintains the
FPA and the MSP separation. From Lumb et al. (2012)).
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array (Struder et al| (2001)) and is located at the focus of an unobstructed X-ray
telescope. Each EPIC instrument includes an identical filter wheel with various
X-ray transmissive but optical light blocking filters. It also contains the Radiation
Monitoring System to detect the ambient electron and proton fluxes. It is used as

part of the warning system to protect the cameras from harmful radiation levels.

The EPIC enables highly sensitive imaging observations across a circular field
of view (FOV) of 30 arcminutes in diameter in the energy range of 0.15 - 15 keV.
It has a moderate spectral resolution of E/AFE ~ 20 — 50 and angular resolution
of 6" FWHM point spread function (PSF). Each camera can operate with a time

resolution as fast as 7 ps.

The two MOS-CCD cameras are used for detecting low-energy X-rays. Each
EPIC-MOS camera features seven front-illuminated CCDs as illustrated in Fig. [3.2
These are three-phase frame transfer devices made of high resistivity epitaxial silicon
with an open-electrode structure. The central CCD is at the telescope focus and
the six outer CCDs are stepped towards the mirror to approximate the focal plane
curvature for better off-axis focus. The CCD imaging area is 2.5 x 2.5 ¢m with
600 x 600, 40 micron square pixels. Each pixel covers 1.1 x 1.1 arcseconds of the
FOV, with 15 pixels covering the mirror PSF half-energy width of 15”7. The seven
CCDs cover a focal plane of 62 mm, which is equivalent to 28.4” in diameter. The
two EPIC-MOS cameras are arranged orthogonally on the spacecraft to ensure that
the gaps in sky coverage between the outer CCDs of one unit are covered by the
other. The EPIC cameras allow several data acquisition modes to accommodate a
range of source fluxes and to allow for fast-timing measurements. The modes can

be applied to the central CCD of EPIC-MOS as described in Table [3.1]

The EPIC-pn detector was designed specifically for the XMM-Newton X-ray
telescope, optimizing angular resolution, field of view (FOV), and energy pass band.
The pn-CCD camera is used for detecting high-energy X-rays. The camera array

comprises of 12 independently operated 3 x 1 cm back-illuminated pn-CCDs, mono-
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Figure 3.2: Images of the CCD detectors EPIC-pn (top) and EPIC-MOS (bottom)
as well as examples of the FOVs using the different observation modes - Full Frame,
Large Window, Small Window, and Timing. From Schartel et al.| (2024)).

Central Imaging Time Max. Point
CCD Mode Area Resolution | Source Count
(Pixels) (s) Rate (flux) (s7!)
FULL FRAME 600 x 600 2.6 0.5
LARGE WINDOW | 300 x 300 0.9 1.5
SMALL WINDOW | 100 x 100 0.3 4.5
TIMING 100 x 600 ~ 1073 100

Table 3.1: Summary of the basic characteristics of the EPIC-MOS CCDs science
modes (Schartel et al.| (2024), Lumb et al.| (2012)).
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Central Imaging Time Max. Point
CCD Mode Area Resolution | Source Count
(Pixels) (ms) Rate (flux) (s7!)
FULL FRAME 376 x 384 73.4 2
EXTENDED FULL FRAME | 376 x 384 199.1 0.7
LARGE WINDOW 198 x 384 47.7 3
SMALL WINDOW 63 x 64 5.7 25
TIMING 64 x 200 0.03 800
BURST 64 x 180 7 us 60,000

Table 3.2: Summary of the basic characteristics of the EPIC-pn CCDs science modes
(Schartel et al.| (2024)), [Lumb et al.| (2012)).

lithically implanted on a single wafer (Fig. . The instrument is divided into four
quadrants, each with three pn-CCD subunits of 200 x 64 pixels operated in parallel.
The 6 x 6 cm imaging area covers about 97% of the telescope’s FOV, with around
6 cm? outside the FOV for background studies. The CCD pixel size is 150 x 150
microns (4.17), providing a position resolution of 120 microns and an equivalent
angular resolving capability for a single photon of 3.3”. The focal point of the X-ray
telescope is located on CCD 0 of quadrant 1. A summary of the basic characteristics

of the science modes is given in Table

3.1.2 Reflection Grating Spectrometers

There are two identical Reflection Grating Spectrometers (RGS) present in XMM-
Newton, located behind two of its three nested sets of Wolter I type mirrors. RGS

are made of two Focal Plane Cameras along with their associated Reflection Grating
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Figure 3.3: Optical design of the RGS (not to scale). X-rays, indicated by red
arrows, enter from the top. Numerical values for a few key dimensions and angles
are indicated (linear dimensions in mm, angles in degrees) (Den Herder et al.| (2001))).

Arrays (RGA). This system is used to generate X-ray spectral data. It can identify
the elements present in the target source, as well as determine their temperature,
quantity, and other characteristics. It operates in the 2.5 to 0.35 keV range, allow-
ing high resolution (E/AE = 100 to 500) measurements in the soft X-ray range.

This permits detection of the K-shell transitions of carbon, nitrogen, oxygen, neon,

magnesium, silicon and the L shell transitions of iron (Den Herder et al.| (2001,

Brinkman et al.| (1996)). It has a maximum effective area of about 140 cm? at 15A.

The RGS design is illustrated in Fig. |3.3

Each Focal Plane Cameras consist of nine MOS-CCD devices that are mounted
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in a row and follow a curve called the Rowland circle. Each CCD contains 384 x 1024
pixels, with a total resolution of more than 3.5 megapixels. The total length and
width of the CCD array is dictated by the wavelength range and the size of the RGS
spectrum respectively. Each array is surrounded by a massive wall to provide heat

conduction and radiation shielding.

The RGAs are mounted on two of the primary telescopes. They allow approxi-
mately 50% of the incoming X-rays to pass directly to the EPIC system and redirects
the rest 50% onto the Focal Plane Cameras. RGA1 contains 182 identical gratings,
while RGA2 has 181 gratings since it lost one due to fabrication error. The telescope
mirrors focus the X-rays at the focal point, giving each grating the same angle of
incidence, and conforming to a Rowland circle to minimize focal aberrations. Each
grating, measuring 10 x 20 cm, is made of 1 mm thick silicon carbide substrate. This
is covered with a 2000 A gold film, and is supported by five beryllium stiffeners. The

gratings have an average of 646 grooves per millimeter for X-ray deflection.

3.1.3 Optical Monitor

The Optical Monitor (OM) is a 2 m long, 30 cm diameter Ritchey-Chrétien opti-
cal/ultraviolet telescope. It offers simultaneous optical/UV coverage of sources in
the EPIC field of view. This extended the mission’s wavelength range and increased
its scientific return. The OM is sensitive in the wavelength range 170 to 650 nanome-
tres in a 17 x 17 arcminute square FOV, co-aligned with the centre of the X-ray
telescope’s FOV. It’s focal length is 3.8 m and a focal ratio of f/12.7 (Mason et al.
(2001))). Its photon-counting capability and low in-space background make it highly
sensitive for detecting faint sources, reaching about magnitude 22 (50 detection) in
the B filter with a 5 ks exposure. The UV and optical grisms allow low-resolution
spectroscopic analysis, and the fast mode timing options permit detailed studies of

temporal variability.

The instrument consists of the Telescope Module, composed of the optics, detec-

tors, processing equipment, and power supply (Fig. [3.4). The Digital Electronics
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Figure 3.4: Schematic of the Optical Monitor. From |Schartel et a1.| (]2024[).

Module contains the instrument’s control unit and data processing units. The in-
coming light is focused on one of two detector systems. This light first passes
through an 11-position filter wheel which consists of one opaque filter to block light,
six broad band filters, one white light filter, one magnifier, and two grisms. It then
goes through an intensifier which amplifies the light by one million times, then falls
onto the CCD sensor. The CCD is of 384 x 288 pixels, of which 256 x 256 pixels are
used for observations. Each pixel is further subdivided into 8 x 8 pixels, resulting

in a final product that is 2048 x 2048 pixels in size.

3.2 Telescopes

There are three telescopes feeding the EPIC and RGS systems. They were designed

to direct the X-rays into the spacecraft’s primary instruments. Each of them consist

of the following elements (Lumb et al.| (2012)) as shown in Fig. [3.5

e Mirror Assembly Door - protects the X-ray optics and interior of the telescope

against contamination until operation begins.

e Entrance Baffle - ensures effective suppression of visible stray light.
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Figure 3.5: XMM-Newton Telescope configuration (]Lumb et al.| (]2012[)).

e X-ray Baffle (XRB) - blocks X-rays coming from outside the nominal field of

view.
e Mirror Module (MM) - includes the X-ray optics.

e Electron Deflector - produces a toroidal magnetic field to divert soft electrons,

located behind the mirrors in the shadow of the MM spider.

e Reflection Grating Assembly (RGA) - deflects half of the X-ray light to a strip
of CCD detectors (RGS), offset from the focal plane. It has a mass of 60 kg
and is present on the backside of two of the three MMs.

Exit Baffle - provides a thermal environment for the gratings.

Each of the telescope assemblies have a diameter of 90 cm, are 250 cm in length,
with a base weight of 425 kg. The two telescopes with RGA has an additional weight
of 20 kg. Each individual telescope is made of 58 cylindrical, nested Wolter Type-1
mirrors. Each of these mirrors are 600 mm long with a diameter ranging from 306
to 700 mm, which gives a total collecting area of 4425 cm? at 1.5 keV and 1740 cm?
at 8 keV. The MM have a focal length of 7.5 metres and with a resolution of ~ 15

arcsec (on-axis Half Energy Width). The mirrors were built by vapour-depositing a
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250 nm layer of gold reflecting surface onto a highly polished aluminium mandrel.

This was followed by electroforming a monolithic nickel support layer onto the gold.
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Chapter 4

Data Analysis of IRAS 13224-3809

4.1 The source: IRAS 13224-3809

IRAS 13224-3809 is a bright narrow line Seyfert-1 (NLSyl) galaxy located about
1 billion light-years away from Earth at a cosmological redshift z = 0.0658 (Allen
et al.[(1991)). It is present in the Centaurus constellation and hosts a relatively low
mass supermassive black hole of mass M = 10% — 10"M,, (Zhou and Wang] (2004))).
It is a radio-quiet source (Boiler et al.[(1997)), with no evident jet emission observed

yet.

IRAS 13224-3809 has been studied in multiple bands (for e.g., radio (Boiler
et al.| (1997)), UV (Rodriguez-Pascual et al.| (1997))), optical (Young et al.| (1999)),
X-ray (Gallo et al. (2004), Fabian et al.| (2013))) previously. It has been observed
during 16 observations (~130 ks per observation) with the XMM-Newton of ESA,
totaling to 2 mega-seconds of exposure between 2002 and 2016. It has an appar-
ent optical magnitude of mp ~ 16.6 in Johnson B band and a X-ray flux value of

2 57! in the photon energy range E = 2 - 10 keV. This

Fx ~ 6 x 1071 erg cm™
active galactic nucleus (AGN) exhibits remarkable X-ray variability, fluctuating by
up to a factor of 10 within just 500 seconds across the energy range E = 0.3 - 10
keV (Alston et al. (2019)). It is known to be the most variable AGN in the X-ray
band (Ponti et al. (2012))) with the flux changing by up to two orders of magnitude

in only a few hours (see Fig. [£.1). Due to its rapid and extreme X-ray variability,

81



10

counts s

4 il

0 500000 1500000

Figure 4.1: EPIC-pn light curve of all the observations in the 0.3-10.0 keV energy
range. The vertical lines indicate the start and the end of each observation. The
horizontal lines and the colours show the thresholds of the flux intervals. Flux
thresholds for 10 flux regimes were chosen in order have comparable statistics. Time
gaps between the observations are not shown. Taken from [Pinto et al. (2018)).

the X-rays are thought to emerge from a region within a few tens of gravitational

radii. Variability in the optical band is not significantly rapid; a variability of 24%

in 3 years has been reported in the UV continuum (Rodriguez-Pascual et al.| (1997)).

Being a NLSy1l AGN, the mass accretion rate of the black hole is very high - of
the order of Eddington accretion rate:
M ~ Mpaq
As a result of these extreme accretion rates, highly ionized winds at nearly relativis-

tic speeds have been detected from this source that are driven by the accretion flow

(Parker et al.| (2017), Pinto et al.| (2018]), Chartas and Canas| (2018)), and
(2023)).

IRAS 13224-3809 was observed by the XMM-Newton satellite in 2002 and 2011,

revealing a steep X-ray spectrum with I' = 2.5 - 2.7 (Fabian et al,| (2013))) and a

significant soft excess below 1.5 keV and a sharp drop around 8 keV. Strong Fe K
and Fe L emission lines in the spectrum suggested relativistic reflection off the inner
accretion disk around a rapidly rotating black hole (a* = 0.988+0.001;
(2013)). Fitting with this relativistic reflection model required an iron overabun-

dance by a factor of 3-20 (Fabian et al.| (2013); Chiang et al.| (2015)) to account for
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the energy spectra of various objects. Analysis of the 2011 data indicates the corona
is located within a few gravitational radii. |(Chiang et al. (2015) fitted the soft excess
in the EPIC spectra with a combination of the reflection model reflionx (Ross
and Fabian| (2005)) and a blackbody. Recently, Jiang et al. (2022)) found the iron
abundance to be Zp, = 3.2 £ 0.5 on assuming a high-density disk reflection of 10%°
cm™3. The relativistic reflection model and the partial absorption model can not
often be distinguished in shape in the X-ray spectra of AGNs (Parker et al.| (2022)).
Yamasaki et al.| (2016) successfully explained the spectral variability of this source

with the 2002-2011 XMM-Newton data using the partial absorption model without

the above mentioned extreme conditions.

IRAS 13224-3809 was also recently observed with a XMM-Newton quasi-simultaneous
1.5 Ms and NuSTAR (Nuclear Spectroscopic Telescope Array) observing campaign
in 2016. Parker et al.[(2017)) discovered a series of strongly blueshifted (v = 0.236 +
0.006 c) absorption lines from O, Ne, and Fe in the EPIC-pn and RGS spectra that
indicates the presence of an ultra-fast outflow. They found that these features were
strongly dependent on the source flux, varying on time-scales as short as a few kilo-
seconds. They also reported the presence of the Mg XII, Si XIV, S XVI, Ar XVIII,
and Ca XX Ly « lines in the variability spectra. They reported an anti-correlation
between the equivalent width of the UFO absorption lines and the X-ray luminosity.
The weakening of the iron lines with increasing X-ray luminosity indicates over-
ionization of the gas. [Pinto et al. (2018))) found the line-of-sight velocity of the UFO
to be correlated with the X-ray luminosity. It is often assumed that winds in high

accretion systems are mainly radiation-driven, but this is highly debated.

4.2 XSPEC

The XSPEC (X-ray Spectral Fitting Package) software was used here to carry out
the fitting procedure. It is a software tool used for analyzing the spectra of as-

tronomical X-ray sources like black holes, active galactic nuclei, etc. XSPEC is a
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command-driven, interactive, spectral-fitting program and is independent of the de-
tector or instrument used to obtain the spectral data. It can, therefore, be used for
any spectrometer. It was developed by NASA and included in the Heasoft pack-
age. XSPEC allows researchers to fit theoretical models to observed data, thereby
enabling the interpretation of the physical properties and processes occurring in var-
ious astrophysical objects. It supports a variety of models, including thermal and
non-thermal emission, absorption, and reflection, and provides tools for complex sta-
tistical analysis and parameter estimation, making it essential for high-energy astro-
physics research. In this work we used the XSPEC version XSPECv12.14.0b. The
details about different models and their parameters are given in XSPEC MANUAL.

4.3 Data Reduction

The reduction of the raw data (P. Condo et al. in preparation) was done with the
SAS pipeline to extract and generate an event file. SAS is the ESA’s software for
the XMM-Newton data reduction and product extraction. The data was examined
for the presence of soft-proton flares as that might affect the observation, and those
spikes were removed by selecting intervals devoid of flares in each observation. It was
then checked for pile-up using the provided SAS tools and no significant pile-up was
found for the observations. Subsequent steps included source and background selec-
tion, extraction of spectra and light curves for both the source and the background,
and the combination of cleaned spectra to obtain the average spectrum utilized in

this analysis.

4.4 Data Analysis

We performed here a time averaged X-ray spectral analysis of IRAS 13224-3809 by
using XMM-Newton observations of 2016 using XSPEC. We started the analysis by
trying to model the continuum in EPIC-pn exposures. Since, the X-ray spectrum
of the TRAS 13224-3809 is very complex, along with the NuSTAR data being of low
quality and the UV data not being well-sampled (only one photometric point), we
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used the stacked data of the EPIC-pn CCD to study the average behaviour of this

source.

The energy axes shown in the plots are not corrected for redshift since the cosmo-
logical redshift value (z = 0.0658) is very small, so the energy of the X-rays emitted
at the source (rest-frame) does not change much from the observer’s frame. To see

the redshift-corrected spectra we need to multiply the energy axis by (1 + z):

Eemit - (]- + Z>Eobs- (41)

Since our source is at redshift z=0.0658, it is closer to us and lies in our local
universe. So, we anticipate minimal absorption within its host galaxy. Consequently,
the primary contribution to the neutral hydrogen column density is due to local
absorption in our own galaxy. So we used the TBabs model to account for the
Galactic extinction of X-rays. TBabs is the Tuebingen-Boulder ISM absorption
model. It is a multiplicative model in XSPEC. This model computes the cross
section for X-ray absorption by the ISM as the sum of the cross sections for X-ray
absorption due to the gas-phase ISM, the grain-phase ISM, and the molecules in
the ISM. The value for the hydrogen column density Ny is taken from the HI4PI
CollaborationHI4PI Collaboration: et al. (2016). Along the line of sight of the
source, its value is:

Ng = 4.76 x 10% ¢cm™2

4.4.1 Absorbed power law model

We start the analysis by applying a simple absorbed power-law model to the spec-
trum in the energy range E = 0.3 — 10.0 keV. We use the zpowerlw command
which is a additive model component in XSPEC. It is a simple photon power
law that takes into account the redshit of the galaxy and follows the expression
A(FE) = K[E(1+ 2)]7" where z is the redshift, " is the photon index indicating the

slope of the power-law and K is the normalization constant. The power-law model is
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Figure 4.2: Best-fit with the model TBabs (zpowerlw) (x?/d.o.f = 66203/1295).

a mathematical tool to model the X-ray “primary continuum” resulting from high-
energy processes near the SMBH, like the inverse Compton scattering occuring in
the corona of the AGN. Fitting the data with this model gives a very high value
for the photon index I' ~ 3.5. We can also see from the plot (Fig. and the fit
statistic (x?/d.o.f = 66203/1295) that a simple power law is not enough to model
both the soft (F ~ 0.3 — 2 keV) and the hard (F ~ 2 — 10 keV) spectra. We can

=

see the presence of soft-excess below E < 1 keV in the spectrum.

Next we tried to model the soft excess feature of the spectrum by adding a black

body component zbbody to the absorbed power law. It is also an additive model

component in XSPEC and follows the expression:

A(E) =

K x 8.0525[E(1 +

2)|2dE

where kT is the temperature, z is the redshift and K is the normalization constant.

This total model can be described in XSPEC as:

(14 2)(kT)*exp[E(1 +

2)/kT) — 1]

TBabs * (zbbody + zpowerlw)
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Figure 4.3: Best-fit with the model TBabs (zbbody + zpowerlw) (x?/d.o.f =
6243/1293).

. But, this model also proves to be inadequate for fitting the average data. Fit-
ting the data with this model results in the blackbody temperature to be around
kT~ 0.126 keV and the photon index of the power law model I' ~ 2.52. The best
fit gives a fit statistic of x?/d.o.f = 6243/1293 ~ 4.8 (Fig. which is very high.

Since one black body component could not adequately model the soft excess, we
introduced a second black-body component. This adjustment significantly improved

the fit, but we still did not achieve a satisfactory continuum model (x?/d.o.f =

4099/1291 ~ 3.2).

From the residuals of this test (Fig. a Gaussian-like feature is visible around
E ~ 1 keV. This is followed by a dip at slightly higher energies. We added a broad
Gaussian emission component zgauss to model this feature. This represents a
simple Gaussian line profile and is also treated as an additive model component in

XSPEC, following the expression:

. 1 ox —(E(l + Z) — El)2
AlE) = K(1 + 2)oV2r(1 — erf(—E,/(V/20))) P ( 202 >
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Component | Parameter Value Description (Unit)
zbbody kT 0.054 Blackbody temperature (keV)
zbbody norm 5.97 x 107 Blackbody normalization
zbbody kT 0.1332 Blackbody temperature (keV)
zbbody norm 6.86 x 107 Blackbody normalization

zpowerlw | PhoIndex 2.354 Photon index

zpowerlw norm 4.68 x 1074 Power law normalization

Table 4.1: Best-fit parameters for the TBabs (zbbody + zbbody + zpow-
erlw) model tested on the averaged EPIC-pn data in the energy range E =
0.3 — 10.0 keV with fit statistic x?/d.o.f = 4099/1291 ~ 3.2. This value is greater

than the maximum value of reduced chi-squared supported by XSPEC for calculat-
ing errors.

TBabs(zbbedy + zbbody + zpowearlw)
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Figure 4.4: Best-fit with the model TBabs (zbbody + zbbody + zpowerlw)
(x?/d.o.f =4099/1291).
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Component | Parameter Value Description (Unit)
zbbody kT 0.1151 £ 0.0005 Blackbody temperature (keV)
zbbody norm (6.46 +0.06) x 10~° Blackbody normalization
zbbody kT 1.71+£0.03 Blackbody temperature (keV)
zbbody norm (2.9440.11) x 1076 Blackbody normalization
zgauss LineE 0.864 =+ 0.006 Gaussian emission line energy (keV)
zgauss Sigma 0.150 = 0.004 Gaussian emission line width (keV)
zgauss norm (2.074+0.12) x 1074 Gaussian normalization
zpowerlw | PhoIndex 2.84 +£0.01 Photon index
zpowerlw norm (6.62 £0.05) x 1074 Power law normalization

Table 4.2: Best-fit parameters for the TBabs (zbbody + zbbody + zgauss +
zpowerlw) model tested on the averaged EPIC-pn data in the energy range E
= 0.3 — 10.0 keV with fit statistic x?/d.o.f = 1980/1288.

where Ej is the source frame line energy, ¢ is the source frame line width, z is the

redshift and K is the normalization constant. The total model is now represented

as:

TBabs * (zbbody + zbbody + zgauss + zpowerlw).

This improves the fit of the soft band with a fit statistic of x?/d.o.f = 1980/1288 ~

1.5.
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Figure 4.5: Best-fit with the model TBabs (zbbody + zbbody + zgauss +
zpowerlw) (x%/d.o.f =1980/1288).

4.4.2 XSTAR Modelling

The absorbed powerlaw model together with the phenomenological black body and
Gaussian emission component fits well in the soft band. But it fails to satisfac-
torily represent the hard spectrum. Residuals (Fig. show presence of strong
spectral features, particularly some absorbtion features above E = 8 keV that indi-
cates the presence of an UFO. To better characterize these additional features above
the continuum, we use pre-computed photoionization simulations (see Sec. to
load them on the spectrum and then attempt to fit them. The output of these
simulations is highly influenced by the spectral energy distribution of the incoming

radiation that illuminates the photo-ionized gas.

The ionizing luminosity of the source used for computing the XSTAR (see Sec.
2.5.1)) photoionization simulation in E = 2 - 10 keV range was computed to be
Li1000 Ry ~ 1.3 X 10* erg/s
which is of the order of the Eddington limit for a black hole of mass Mgy
~ 6x10°MyAlston et al.| (2019), where Lgqq ~ 8 x 10* erg/s. Using xstar2xspec,

a b x b grid of XSTAR simulations was computed by varying the ionization param-
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Figure 4.6: Best-fit with the model TBabs (zgauss + zpowerlw) in the energy
range E = 2 - 10 keV (x?/d.o.f = 983/949).

eter log¢ between 4 - 7 erg cm/s and column density Ng between 10*! — 10% cm ™2
The turbulent velocity was fixed at 10000 km/s and the absorber was assumed to

have solar abundances for every metal considered in XSTAR.

Initially, we focused on the hard energy spectrum (E > 2 keV) and started the
fitting process by considering the absorbed powerlaw model for the continuum and
a Gaussian component to model the broad emission features around E ~ 6.0 keV.

From the residuals (Fig. we can see some absorption features around 8 keV.

We then loaded the XSTAR absorption table in XSPEC to perform fitting in the
following way:

TBabs % XSTAR * (zpowerlw + zgauss)

. We achieved a satisfactory fit statistic of x?/d.o.f = 914/946 from this analysis
(Fig. . Subsequently, we extended the energy range of the spectrum to E = 0.3
- 10 keV to incorporate the soft X-ray band as well. We obtained the best fit by

including two black body components and a Gaussian emission component to model
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Figure 4.7: Best-fit with the model TBabs*XSTAR* (zgauss + zpowerlw) in
the energy range E = 2 - 10 keV (x?/d.o.f = 914/946).

the soft spectrum. The final best fit model is:
TBabs * XSTAR * (zbbody + zgauss + zbbody + zgauss + zpowerlw)

. With this model we obtained a good fit statistic of x?/d.o.f = 1548/1282 ~ 1.21
(Fig. [4.8)). The best fit parameters are presented in table [£.3]

4.4.3 WINE Modelling

Here, we reanalysed the X-ray spectrum with WINE (Luminari et al| (2018), |Lu-
minari et al.| (2020), Luminari et al.| (2021), |Luminari (2024)) (see Sec. for a
detailed study of the outflow signatures. Our initial focus is on the hard X-ray spec-
trum (E = 2 - 10 keV), where the Fe K lines are observed. We loaded the required
pre-computed spectra as WINE tablesﬂ within XSPEC to model the spectrum.

WINE tables are implemented as multiplicative table models in XSPEC. For the

absorption, this directly modifies the primary continuum. But for the emission, it

!The WINE table models are taken from this link. These table models are presented in Luminari
et al. 2024 (submitted) with different Spectral Energy Distributions (SEDs) and volume filling
factors C,.

92


https://baltig.infn.it/ionisation/wine

Figure 4.8: Best-fit with the model TBabs*XSTAR* (zgauss + zbbody + zb-
body + zgauss + zpowerlw) in the energy range E = 0.3 - 10 keV (x?/d.o.f
= 1548/1282). Bottom: zoomed in version of the plot showing the fit of the features
above 8 keV.
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Component | Parameter Value Description (Unit)
abs rlogé§ 5.3410-10 Absorber ionization parameter
(erg cm/s)
abs column (8.087318) x 102* | Absorber column density (cm™2)
abs z —0.15315509 Absorber outflow velocity (c)
zbbody kT 0.077 £+ 0.001 Blackbody temperature (keV)
zbbody norm (4.9140.12) x 107° Blackbody normalization
zbbody kT 0.152 £+ 0.001 Blackbody temperature (keV)
zbbody norm (5.02 +0.09) x 10~° Blackbody normalization
zgauss LineE 1.227 + 0.005 Gaussian line energy (keV)
zgauss Sigma 0.154 £ 0.005 Gaussian line width (keV)
zgauss norm (—=6.3+0.4) x 107° Gaussian normalization
zgauss LineE 6.4010 08 Gaussian line energy (keV)
zgauss Sigma 1.19+0.09 Gaussian line width (keV)
zgauss norm (6.13%5:59) x 1076 Gaussian normalization
zpowerlw | PhoIndex 2.46 + 0.02 Photon index
zpowerlw norm (5.12+£0.09) x 1074 Power law normalization

Table 4.3: Best-fit parameters for the TBabs*XSTAR* (zgauss + zbbody +
zbbody + zgauss + zpowerlw) model tested on the averaged EPIC-pn data
in the energy range E = 0.3 — 10.0 keV with fit statistic x?/d.o.f = 1548/1282.
Errors are 1o values.
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employs a numerical strategy to ensure the normalisation.

We considered a simple powerlaw continuum which gets modified by the ab-
sorption and emission from the wind. We also take into account the cold distant
galactic absorption. We create the absorption and emission models in XSPEC as
WINE.,s and WINE., respectively. We link all the powerlaw parameters between
the two powerlaw components. This is done because the emission table is built as
a set of ratios of emission-to-continuum spectra which simplifies the normalization

and makes it easier to handle.

Narrow-Line Seyfert 1 SED Tables

We started the analysis by using the NLSy1 tables since the source is a NLSyl. We
downloaded the absorption component with intrinsic turbulent velocity 3000 km/s

and the emission component for volume filling factor C,=0 and loaded the model in

XSPEC as:

TBabs * (WINE,. * zpowerlw + WINE,, * zpowerlw)

The parameter space for the free parameters are defined as follows:

Tonisation parameter log(¢/erg cm s71) € [3.0,6.0] in steps of 0.25

Outflow velocity vy € [0.0,0.4]c in steps of 0.025¢

Column density Ny € [0,2 x 10?!] cm™ in steps of 2 x 10% cm™2

Opening angle of the cone 6y, € [0,90] deg in steps of 10 deg

Line-of-sight inclination inc € [0,90] deg in steps of 30 deg

In principle, the emission and absorption parameters of WINE can be indepen-
dently adjusted. But, here we linked the column densities for the absorption and
emission components of the wind. While the outflow velocity for the absorption

component ranges between 0 to 0.4, the range of this parameter for the emission
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Figure 4.9: Best-fit with the model TBabs * (WINE,,; * zpowerlw + WINE., * zpowerlw)
with NLSyl SED tables having intrinsic turbulent velocity 3000km/s (x?/d.o.f
= 1083/945).

component is currently constrained between 0 and 0.15. Additionally, as can be seen
from the fit parameters (Table [4.4)), the hydrogen column density (Ny) reaches satu-

ration at the maximum value of 2, and the value of 6, is also saturated at 90 degree.

We also tried to fit the data using the SED table for intrinsic turbulent velocity
15000 km/s. This improves the fit statistic by Ax? = 28 but the same problem per-
sisted (Fig. . We, therefore, tried modelling the data using the pre-computed
WINE powerlaw SED tables.

Powerlaw SED Tables

Due to the limitations faced with the NLSyl SED tables, we shifted to WINE
powerlaw SED tables with photon index I' = 1.8 to perform the analysis. As before,
we downloaded the absorption and emission component for volume filling factor
Cy=0 and intrinsic turbulent velocity 3000 km/s and loaded the model in XSPEC

as before. The parameter space for the free parameters are defined as follows:

e Ionisation parameter log(¢/erg cm s™1) € [3.0,5.0] in steps of 0.25
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Component | Parameter Value Description (Unit)
zpowerlw | PhoIndex 2.421000 Photon index
zpowerlw norm (5.04759) x 1074 Power law normalization
abs logé 5.40 £0.05 Ionization parameter (erg cm/s)
abs Ny 2.00 (saturated)* | Absorber column density (10%* cm™2)
abs Vout 0.2617000s Absorber outflow velocity (c)
em logé 3.2515-02 Ionization parameter (erg cm/s)
em N 2.00 (saturated)* | Emission column density (10** cm™2)
em Vout 0.14110-007 Emission outflow velocity (c)
em inc 58.541855 LOS inclination angle (deg)
em 0ot 90 (saturated) | Opening angle of emitting region (deg)

Table 4.4: Best-fit parameters for the TBabs % (WINE,u; * zpowerlw + WINE., *
zpowerlw) model with NLSyl SED tables having intrinsic turbulent velocity
3000km/s when tested on the averaged EPIC-pn data in the energy range E
= 2.0 — 10.0 keV gives the fit statistic as x?/d.o.f = 1083/945. Errors are lo
values. * parameters are linked together.
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Figure 4.10: Best-fit with the model TBabs * (WINE,,; * zpowerlw + WINE., * zpowerlw)
with NLSyl SED tables having intrinsic turbulent velocity 15000km/s (x*/d.o.f
= 1055/945).

e Outflow velocity vou € [0.00,0.40]c in steps of 0.025¢

e Column density Ny € [0,2 x 10%*] cm~2 in steps of 2 x 103 ¢cm™2
e Opening angle of the cone 6, € [0,90] deg in steps of 10 deg

e Line-of-sight inclination inc € [0,90] deg in steps of 30 deg

Here, we linked the column density, outflow velocity and the ionization param-
eter between the absorption and emission component of the wind. The value for
Oout is kept constant at 90 degrees to consider the maximum opening angle of the
outflow. Here too, the hydrogen column density (Ny) reaches saturation at its upper
limit of 2. It is evident that the model is inadequate in fitting the data, particularly
in the spectral range of 7-9 keV, as indicated by the plot (Fig. and statistical

analysis (Table [4.5)).

To improve the fit we added a second layer of wind absorption and emission

component in the model. This is loaded in XSPEC as:

TBabs * (WINEabS * WINE,_ ps * zpowerlw + WINE., * WINE., * zpowerlw).

98



Component | Parameter Value Description (Unit)
zpowerlw | PhoIndex 2.40 £0.01 Photon index
zpowerlw norm (4.9475:58) x 1074 Power law normalization
abs logé 3.25 £ 0.01* Ionization parameter (erg cm/s)
abs Ny 2.00 (saturated)® | Absorber column density (10?4 cm=2)
abs Vout 0.221 + 0.002¢ Absorber outflow velocity (c)
em logé 3.25+0.01* Ionization parameter (erg cm/s)
em Ny 2.00 (saturated)” | Emission column density (10%* cm~2)
em Vout 0.221 + 0.002¢ Emission outflow velocity (c)
em inc 22.1371958 LOS inclination angle (deg)
em 0oue 90 (frozen) Opening angle of emitting region (deg)

Table 4.5: Best-fit parameters for the TBabs % (WINE,ps * zpowerlw + WINE., *
zpowerlw) model with powerlaw SED tables having intrinsic turbulent velocity
3000km/s when tested on the averaged EPIC-pn data in the energy range E =
2.0 — 10.0 keV gives the fit statistic as x?/d.o.f = 1098/948. Errors are 1o values.
Parameters marked ‘a’ are linked together, same for parameters marked with ‘b’

and ‘c’.
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Figure 4.11: Best-fit with the model TBabs * (WINE,,; * zpowerlw + WINE., * zpowerlw)
with powerlaw SED tables having intrinsic turbulent velocity 3000km/s (x?/d.o.f
= 1098/948).

The column density, outflow velocity and the ionization parameter of the first ab-
sorption component is linked to the first emission component, and similarly for the
second layer of wind. In addition to this, the inclination angle of the first emission
component is linked to the second emission component. The value for 6, remains
constant at 90 degrees for both the emission components. Even though the hydrogen
column density (Nyg) saturates at the maximum value of 2, this model fits the data
well with x?/d.o.f = 962.51/945 ~ 1.02. The best-fit parameters are listed in table
[1.6 From the plot (Fig. it is evident that the spectral features between 7-9
keV have been well modelled.

To check if this extra layer of wind is statistically required, we perform the partial
F-test (see Appendix with the two powerlaw SED WINE models considered
here: the first one with only one layer of wind absorption and emission and the
second model considering two layers of the wind. This test is used to evaluate if
there is a statistically significant difference between a regression model and a nested
version of that model. If the F-test probability is low then it is reasonable to add
the extra model component. The F-test can be performed in XSPEC using the
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Component | Parameter Value Description (Unit)
zpowerlw | PhoIndex 2.40 £0.02 Photon index
zpowerlw norm (5.0415:08) x 1074 Power law normalization
abs comp 1 logé 3.24 +0.02* Ionization parameter (erg cm/s)
abs comp 1 Ny 2.00 (saturated)® | Absorber column density (10** cm™2)
abs comp 1 Vout 0.219 £ 0.002¢ Absorber outflow velocity (c)
em comp 1 logé 3.24 £0.02° Ionization parameter (erg cm/s)
em comp 1 N 2.00 (saturated)’ | Emission column density (10?4 cm~2)
em comp 1 Vout 0.219 + 0.002¢ Emission outflow velocity (c)
abs comp 2 logé 3.26f8:8§d Ionization parameter (erg cm/s)
abs comp 2 Ny 2.00 (saturated)® | Absorber column density (10** cm™2)
abs comp 2 Vout 0.30979:004/ Absorber outflow velocity (c)
em comp 2 logé 3.261“8:83(1 Ionization parameter (erg cm/s)
em comp 2 N 2.00 (saturated)® | Emission column density (10?* cm™2)
em comp 2 Vout 0.309+0:0047 Emission outflow velocity (c)
em inc 49.631722 LOS inclination angle (deg)
em Oout 90 (frozen) Opening angle of emitting region (deg)

Table 4.6: Best-fit parameters for the TBabs % (WINE s * WINE ;¢ * zpowerlw +
WINE., * WINE., * zpowerlw) model with powerlaw SED tables having intrinsic
turbulent velocity 3000km/s when tested on the averaged EPIC-pn data in the
energy range E = 2.0 — 10.0 keV gives the fit statistic as x?/d.o.f = 963/945. Errors

are 1o values.

marked with ‘b’; ‘¢’, ‘d’, ‘e’ and ‘"

Parameters marked ‘a’ are linked together, same for parameters
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Figure 4.12: Best-fit with the model TBabs % (WINE_ . * WINE ¢ * zpowerlw -+
WINE., *WINE.,* zpowerlw) with powerlaw SED tables having intrinsic turbulent

velocity 3000km/s (x?/d.o.f = 963/945). Bottom: zoomed in version of the plot
showing the fit of the features above 8 keV.
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ftest command. Using these two models we get an F-test value of 44.25 and the
probability that the extra wind layer is random is 9.26 x19727, i.e., almost equal to
zero. The confidence interval within which we have a probability (1 - P) that the

extra component is not random can be expressed in terms of standard deviations as

g — OQ.

103



Chapter 5

Discussion and Conclusions

5.1 WINE Modelling

The modelling of the hard X-ray spectrum (E = 2 - 10 keV) using the WINE
powerlaw SED tables (see Sec. and Table provided us with an estimate
of some of the properties of the AGN outflow in IRAS 13224-3809 galaxy. They are

discussed below.

5.1.1 Ionization parameter

From our time-averaged analysis using the EPIC-pn data, we saw that the best fit to
the above model was obtained by considering two layers of the wind. The ionization
parameter, linked between the absorption and emission component for the first layer
of the wind, is estimated to be:
log & =3.24 £0.02 erg cm/s
Similarly, the ionization parameter for the second layer of the wind is:
log & = 3.2670 03 erg cm/s

Because of this high ionization parameter, we predominantly expect Fe XXV /Fe
XXVI absorption lines to be present. Previous studies using relativistic reflection
model estimated the ionization parameter to be around £ ~ 4 — 5 erg cm/s (e.g.,
Parker et al.| (2017)), |Chartas and Canas (2018), Pinto et al|(2018])). In comparison,

the ionization parameter value obtained with WINE modelling is notably low. Such

104



a low value would typically be accompanied by strong soft features that needs to be

deeply investigated in the future.

5.1.2 Column density

Similar to the previous case, the absorber and emission column density were linked
to each other for both layers of the wind. But, we were not able to obtain a proper
estimate of the column density because it was saturated at the maximum possible
value of the parameter space allowed for the SED table, i.e., Ng ~ 2 x 10** cm~2.
Other studies have estimated the column density to be ~ 8 x 10*2 cm™2 (Parker

et al.| (2017)) for the stacked EPIC-pn spectrum using reflection models.

5.1.3 Outflow velocity

The outflow velocity, linked between the absorption and emission component for the
first layer of the wind, is estimated to be:

Vout = 0.219 £ 0.002 ¢
Similarly, for the second layer of the wind:

Vour = 0.30970063 ¢

Parker et al.| (2017) reported an outflow velocity of ~ 0.2¢ for Fe XXV /XXVI lines
using reflection models. [Jiang et al.| (2018)) also reported the outflow velocity to be
around 20-30% the speed of light from the blueshifted absorption lines of Ne X, S
XVI, Mg XII, and Si XIV.

5.1.4 Inclination angle

The inclination of the line of sight (LOS) with respect to the symmetry axis of the
cone (referring to the shape of the wind) is given by inc. This parameter is linked
between the emission components of the two layers of the wind, giving a best fit value
of: inc = 49.6377 25 deg

This inclination is in accordance with the classification of IRAS 13224-3809 as a Type
1 object. At this angle, the dusty torus is unlikely to absorb a significant fraction

of the X-ray emission. Ponti et al.|(2010) derived a similar value of the inclination
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angle using disk relativistic reflection models. Other works found a slightly higher

value of around inc ~ 60 deg (Parker et al. (2017) and (Chiang et al| (2015)).

5.2 UFO Energetics

From the wind ionization level &, the column density Ny, and the projected velocity
along the line-of-sight v, values obtained by spectral fitting, we can obtain an
estimate about the physical properties of the wind or outflows. In Sec. we have
discussed the equations that can be used to derive the location and energetics of the
outflows. To do so, we will use the best-fit values mentioned in Table for the

above mentioned parameters. They are:

e For the first layer of the wind: log¢; ~ 3.24 erg cm/s, N1 ~ 2 x 10** cm™2,
Vout,1 ~ 0.219 ¢

e For the second layer of the wind: log¢s ~ 3.26 erg cm/s, Ny o ~ 2 x 10%* cm ™2,
Vout,2 ~ 0.309 ¢

where 1 and 2 in the subscript denotes the first and second layer of the wind respec-

tively. This notation will be followed from now on everywhere in this text.

We also consider My = 6 x 106 M, |Alston et al.| (2019), and so the gravitational

radius is Ry ~ 102 cmﬂ.

R
g 2

~ 10"cm (5.1)

From eq. we can obtain an estimate for the minimum radius from the source

from which the outflow may have been launched:

QGMBH

Tminl = —5 ~ 35Rg (52)
Uout,l
2GM

Fning = —5—0 ~ 18R, (5.3)
Uout,2

Tt corresponds to about 0.06 au which is the 15% of the Sun-Mercury distance.
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The maximum ejection radius for the outflow can be calculated by using eq.

2.31] We use the value of ionizing luminosity as Li,, ~ 1.3 x 10* erg/s:
g y g

Lion
Tmaz,1 = ~ 37403R9 (54)
§&iNma

r o Lion
max,2 —
&Nu 2

~ 35T20R, (5.5)

From the values of 1.y in eq. and we can see that the maximum ejec-
tion radius for the outflow is very large. This is because the ionization parameter
logé ~ 3.2 is relatively low for producing an inner disk outflow. This value is more

suitable for producing larger scale outflows.

The average launching radius of the wind can also be calculated from its vari-
ability. According to Parker et al. (2017), the wind is variable on timescales < 5 ks,
which corresponds to At ¢ =~ 170 R,. So we can consider an average distance for
the wind to be r ~ 100 R,. Then, using the first order formula in Eq. we can

estimate the mass-outflow rate expelled by the wind:
Myt 1 = 47 prmy N 1 Crvgue = 3.2 x 10%Cp g/s ~ 0.5Ck Mgyr™" (5.6)

Mout,2 = 47TMTmpNH,QCFUout,2 ~ 4.5 x 1025OF g/s ~ 0.7CF M@yr_l (57)

Mout,tot = Mout,l + Mout,2 ~ 12CfF M@Yl"fl (58)

where p ~ 1.2 (Gofford et al.| (2015])) for fully ionized gas and solar abundances.
To accurately calculate the mass outflow rate, we need an estimate of the cover-
ing fraction (Cg) of the wind. [Parker et al.| (2017) observed the absorption line in
stacked archival data from 2011 which indicated a persistent and relatively consis-
tent outflow feature for over five years. This hints at a significantly large covering
fraction, otherwise, any clump along the line of sight might have drifted away over
time. Cyg can also be estimated from the opening angle of the emitting region, 6,,,

but since it is frozen at 90 degree in our analysis, we can assume Cg ~ 1.
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To compare, we can calculate the Eddington accretion rate for this source using

eq. [I.4}
LEaq

Mpaq = >
nc

~ 0.4 Myyr! (5.9)

where Lggq can be calculated using eq. (Lgqa ~ 8 X 104 erg/s) and efficiency n
is assumed to be 0.3 for near-maximal spin (Parker et al.| (2017))). We can see that
the mass outflow rate is huge when compared to Eddington accretion rate. One
reason for such high mass outflow rates is the value of the column density which is
saturated at a very high value. This kind of wind could potentially remove about
half of the matter intended for accretion, propelling it into the surrounding environ-

ment. This could possibly imply super-Eddington accretion at large radii (beyond r).

Parker et al.| (2017)) also estimated a high mass outflow rate of around 0.4 times
Eddington accretion rate using disk reflection model. This case of IRAS 13224-3809
is analogous to the wind found in NGC 1313 X-1 which is an ultraluminous X-ray
source (Pinto et al.| (2016]), Walton et al.| (2016))). It also responds to changes in the
continuum (Middleton et al.| (2015))). This implies that super-Eddington relativistic

winds might be a common phenomenon in high accretion rate black holes.

The kinetic power of the outflow can be calculated using eq. as:

. 1 .

Eout1 = 3 out, 1 Uogs.1 A 6.9 x 10* erg/s =~ 86% Lpaq (5.10)

. 1.

Eouto = 5JWOM,QU('%W ~ 1.9 x 10% erg/s ~ 237% Lgaq (5.11)
Eout,tot = Eout,l + Eout,2 ~ 2.6 X 1045 erg/s (512)

Comparing the kinetic power of the outflow to the Eddington luminosity gives an
understanding of the outflow’s impact on the host galaxy and the efficiency of feed-
back processes in the AGN. If the kinetic power of the outflow is a significant fraction
of the Eddington luminosity, it indicates that the outflow exerts considerable influ-
ence on its surroundings. This can be done by potentially driving out gas from the

galaxy and quenching star formation. Therefore, this comparison provides infor-
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mation about the effectiveness of AGN feedback in regulating galaxy evolution. A
high ratio indicates that the outflow is fairly significant and can lead to powerful

feedback effects, thereby being influential in shaping the galaxy’s evolution.

We can also calculate the outflow momentum rate (or force) using eq. [2.35

Pout,l = Mout,lvout,l ~ 2.1 x 1035 dyn (513)
Pout,Q = Mout,2vout,2 ~ 4.2 x 1035 dyn (514)
Pout,tot = Pout,l + Pout,Q ~ 63 X 1035 dyﬂ (515>

and compare it with the AGN momentum rate or radiation force using eq. [2.36}

~ 1.3 x 10** dyn (5.16)

where Ly ~ 4 x 10 erg/s from Buisson et al.| (2018). Since Prod < Pout, the AGN
radiation alone is not powerful enough to drive the observed outflow. Some other
driving mechanism is also involved here which needs to be investigated. The high
power of the wind obtained in our work suggests a possible magnetohydrodynamic
(MHD) driving or at least a contribution of magnetic fields to radiative driving (e.g.,
see Tombesi et al.| (2013)), Fukumura et al.| (2018b)), [Kraemer et al. (2018), Luminari
et al.| (2021))).

5.3 Future Prospects

In our analysis using the WINE table models, we have seen that some parameters
(Ng) get saturated at their upper limits. So, our next step will be to re-analyze the
data using NLSyl SED WINE tables with the parameter range of Ny extended to
higher values. We can also try to unfreeze the 6,,; parameter to obtain the value
for the opening angle and hence, the covering fraction Cg of the wind. This will

provide a more clearer picture of the wind geometry.
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In this work we performed a time averaged spectral analysis of the source. A time
averaged spectrum provides a more stable and clearer view of the overall spectral
characteristics of the AGN, leaving out the complexities associated with short-term
variability. Also, it enhances the signal-to-noise ratio, thereby, revealing subtle
features that might be lost in shorter time segments. Furthermore, it helps in iden-
tifying long-term trends and features in the absorption and emission from AGN,
offering insights into its overall energy output and structure. But, there are certain
disadvantages of averaging. The short-term variability, such as rapid flares or dips
in luminosity, gets lost, and we can miss out on crucial details about the AGN’s
behavior. Averaging can also introduce bias and blending of different components
if the AGN undergoes significant changes during the observation period, leading to
inaccuracy in the spectral representation and misinterpretation of the physical pro-

cesses at play.

On the other hand, even though time resolved spectra are complex and has lower
signal-to-noise ratio, analysing them allows for the detection of rapid changes in the
spectral properties of the AGN. This reveals important information about the dy-
namics and physical processes at play and helps in identifying distinct spectral states
or transitions between states. It also enables to study correlations between spectral
changes and other observable properties. Therefore, our future goal is to perform a
time resolved and flux resolved analysis of this source using WINE to see how its

geometry changes with time.

If a time-dependent photoionization is incorporated into WINE (Fig. , it will
enable a precise correlation between the evolution of the outflow’s ionization state
and the variations of continuum luminosity Luminari (2024)). A time-evolving study
will allow us to perform a detailed examination of the outflow structure and track

the evolving observational appearance of the UFO, which will be very useful for a

highly variable source like IRAS 13224-3809.

The current X-ray spectrometers provide a good characterization of the outflow,
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Figure 5.1: Main features of the current photoionization codes (left) and of the
WINE model, in its actual version (center) and after future developments (right).
Taken from Luminari (2024).

but with large uncertainties. They do not have enough energy resolution to resolve
line profiles and different wind components or measure small line shifts. Accurate
characterisation of the optically thick regions often becomes impossible because of

line saturation. Due to this limitation, the key diagnostic for the origin of winds

- the density-velocity profile is still not measured (Gandhi et al. (2022)). But, all

these things can be reliably measured with use of calorimeters. They will be able
to resolve lines in crowded regions of the spectrum which will allow multiple com-

ponents of the wind to be easily disentangled.

The launch of the X-ray Imaging and Spectroscopy Mission (XRISM
(2020)) in 2023 and Athena (Nandra et al.| (2013))) in 2030s, optimised for energies

E ~ 0.5 — 10 keV and spectral resolution of & > 1000, are something to look

forward to. The Resolve microcalorimeter on XRISM has a spectral resolution of

£

Ar ~ 1200 at the fluorescence Fe line energy of 6.4 keV. Its low background is

expected to allow for the detection of significantly fainter outflows than currently

achievable (Guainazzi and Tashiro| (2018)). On the other hand, Athena’s X-IFU
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instrument (Barret et al. (2018)) aims for a high spatial resolution of approximately

2 2600. This will improve upon

~Y

5-10 arcseconds and a spectral resolution of A—EE
XRISM’s best spectral resolution by a factor of &~ 2—4 in the Fe band that will allow
investigation of additional physical conditions, such as the abundance of the material
outflowing from the torus. It will also enhance studies of X-ray reflecting clouds in
nearby galactic bulges and the complex interplay between star formation and AGN
activity (Nandra et al.| (2013)), |Garcia-Burillo et al.[(2021), Kawamuro et al.[ (2019)).
Fig. shows a comparison of joint physical constraints on a mildly ionized outflow
with a microcalorimeter (XRISM Resolve) and a CCD (XMM-Newton EPIC) done
by |Gandhi et al. (2022). It can be seen in the upper panel that the simulated CCD
emission line is considerably broader than the corresponding line as seen by the
microcalorimeter. The lower panel shows that degeneracy between two parameters
limits the constraints that can be achieved with the CCD, but this will not be
an issue with XRISM. In conclusion, with the use of microcalorimeters we expect
advances in understanding the structures of accretion environments, in solving issues
on the origins of energy and matter feedback and testing mass-scaled unification of

accretion and feedback.
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Figure 5.2: Comparison of joint physical constraints on a mild ionised outflow with
a microcalorimeter vs. a CCD. (a): X-ray spectral model of the nearby Seyfert
NGC 4388, including an additional ionised outflow in the Fe band. The ionised
outflow contributes only a small fraction of the full spectrum line flux. (b): 300
ksec XMM-Newton (CCD; red) and XRISM (microcalorimeter; black) simulated
counts spectra. A zoom-in around the Fe lines is shown, while the fit itself has
been computed over a wider energy range. Lower panel: Fit contours at 68%, 90%,
and 99% confidence levels between the ionization parameter log £ and the outflow
velocity. The red and blue contours are for XMM-Newton and XRISM, respectively.
Negative velocities indicate blueshifts. The Resolve microcalorimeter on XRISM will
be sensitive enough to decouple the degeneracy apparent with the CCD, and to pick
out fine velocity shifts that are physically relevant in the outer ramparts of the
accretion regime. Taken from (Gandhi et al. (2022).
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Appendix A

Statistics Supplements

A.1 Chi-Square Test

XSPE({] performs two operations: best-fit parameter estimation and testing if the
model and these parameters match the data. Statistics is therefore required to mea-
sure the goodness-of-fit. There are different types of statistical tests. It depends
on the probability distribution of the underlying data to determine which type of
statistical tests should be used. Users can specify the statistic of their choice by

using the statistic command.

Most of the astronomical data are drawn from one of the two distributions:
Gaussian (or normal) and Poisson. The Poisson distribution is commonly used in
counting statistics when the only source of experimental noise is due to the number
of events arriving at the detector, making it a good approximation for modern CCD
instruments. However, if other types of noise dominate, like uncertainties in back-
ground modelling, then it is usually described by the Gaussian distribution. In such
a case, the background noise requires to be modeled in some way, instead of being
directly measured. The associated uncertainty is then assumed to follow a Gaussian

distribution.

When dealing with large numbers of counts, the Poisson distribution can be well

IThis section has been adapted from XSPEC Manual.
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approximated by a Gaussian. Therefore, Gaussian distribution is often used for
detectors with high counting rates. In most cases this does not introduce any errors
and also simplifies the handling of background uncertainties. However, care should

be taken to ensure that no systematic offsets are introduced.

A.1.1 Parameter Estimation

The method of maximum likelihood is commonly used in parameter estimation. It is
based on the idea that the best values of the parameters are those that maximize the
probability of the observed data given the model. The likelihood function represents
the total probability of the observed data given the model, and the current model
parameters. In practice, the statistic employed is twice the negative logarithm of

the likelihood.

The likelihood for Gaussian data is:

o\ 2w 207

7

L:ﬁ L [M} (A1)

where y; are the observed data rates, o; their errors, and m; the values of the
predicted data rates based on the model (with current parameters) and instrumental
response. Taking twice the negative natural log of L and ignoring terms which

depend only on the data gives the statistic:
N (i — m)2
SQ — E (yl ml) (AQ)

which is commonly referred to as chi-squared y? statistic. The probability density

function (PDF) of the chi-squared distribution (Fig. |A.1]) is given by:

k
21~

[N

T

N e it z > 0;
f(a: k) (A-3)

0, otherwise.

where k is the degrees of freedom and I'(k/2) denotes the gamma function. It is
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Probability

Figure A.1: [Plot of the chi-square distribution for different values of k.

widely used in hypothesis testing, construction of confidence intervals and the com-
mon chi-squared tests for goodness of fit of an observed distribution to a theoretical

one.

A.1.2 Parameter confidence regions

XSPEC offers several methods to estimate the precision of parameter determina-
tion. One of the most reliable method for deriving parameter confidence regions is

identifying surfaces of constant delta statistic from the best-fit value, i.e. where :

Statistic = StatistiCpest_gt + A (A.4)

where A is from the Table[A.I] This is the approach used by the error command.
It searches for the parameter value where the statistic deviates from the best fit by
the A value specified in the command. The other free parameters are allowed to vary
when each value of a particular parameter is being tested. Simultaneous confidence

regions of multiple parameters can also be found using steppar command. The
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Significance Number of parameters
« 1 2 3
0.68 1.00 2.30 3.50
0.90 2.71 4.61 6.25
0.99 6.63 9.21 11.30

Table A.1: Chi-square differences A above minimum.

specific values of A corresponding to particular confidence regions are calculated by
assuming a chi-squared distribution with the number of degrees of freedom being
equal to the number of parameters that are tested. This assumption holds for the

x? statistic and is asymptotically correct for other statistics.

A.1.3 Goodness-of-fit

The standard way of checking if the model actually fits the data involves performing
a test to reject the null hypothesis that the observed data are drawn from the model.
A test statistic 1" is calculated, and if the observed statistic T, exceeds a critical
threshold T,tica;, the model is rejected at the confidence level corresponding to
Triticar- For chi squared, the value of T ;t;cq is independent of the model and there-
fore widely used. For other test statistics, the distribution of 7" needs be estimated
for the model in use and then compared with the observed value. If T,,, exceeds
90% of these simulated T values, the model can be rejected at 90% confidence. The
goodness-of-fit test only rejects a model with a certain level of confidence, it does

not give the probability for the correctness of the model.

Chi-squared is the standard goodness-of-fit test for Gaussian data. The signifi-
cance of the chi-squared values depend on the number of degrees of freedom (dof),

which is calculated as the number of data bins minus the number of free param-
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eters. Xspec reports the null hypothesis probability, which is the probability that
the observed data is drawn from the model given the value of chi-squared and the
dof. A rule of thumb is that x? ~ dof. x? >> dof means the observed data are not
likely drawn from the model and x? << dof means the Gaussian sigma associated

with the data are most likely over-estimated.

A.2 F-Test

The F-test is a statistical tool that is used to compare the variances of two samples
or the ratio of variances between multiple samples to determine if they differ signif-
icantly. It uses the F-distribution (also known as the Fisher—Snedecor distribution)
to test a hypothesis. The method involves calculating a test statistic, denoted as F,
which is used to determine whether the tested data follows an F-distribution under
the null hypothesis. This test is widely used in comparing statistical models fitted
to a data set and identifying the model that best fits the population from which the

data were sampled. The test follows three assumptions:
e cach datum is considered to be independent from another,
e data are Gaussian, i.e., uncertainties on data are normally distributed,
e homogeneity of variance, i.e., all data have same finite variance.

The F-test statistic is calculated as the ratio of two scaled sums of squares represent-
ing different sources of variability. These sums of squares are designed to increase
the test statistic when the null hypothesis is not true. A statistic will follow the
F-distribution under the null hypothesis when the sums of squares are statistically
independent, and each follows a scaled y?-distribution. Given two variables, x? and
X3, that follow the y?-distribution with vy and v, degrees of freedom respectively,

we can define the F-test statistic as:

- Xi/vi
"= )
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Figure A.2: Probability density function plots for five sample F-distributions where
x is the value of F-test statistic.

which follows the F-distribution whose PDF (Fig. |A.2) is given as:

_vitvg

p(fiv1, 1) = ﬁ <Z_;>2 31 (1 + %f) 2 (A.6)

27 2

where f, v1, v, > 0 and B (”71, ”2—2) is the Beta function.

To check if two models significantly differ in fitting the same dataset, we can

compute the probability by integrating the PDF.

Pf(fo;m,l/z) = /foo p(fiv1,ve) df (A7)

where fj is the particular value obtained for f and x% and 3 are the statistical values
for the two models. If this value of Py is below the chosen confidence level, then the

goodness of the two fits are significantly different.

If we have to decide whether a secondary nested model is statistically significant
than the initial model, the Partial F-test is used. It is a modified version of the
Fischer test and is used to evaluate if there is a statistically significant difference
between a regression model and the nested version of the same model. A nested

model is one that contains a subset of the predictor variables in the overall regres-
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sion model. To determine the significant contribution of the excluded variables to
the model, the difference in the sum of squares between the full and reduced models
is calculated. This difference corresponds to the sum of squares attributed to the
excluded variables. Next, this extra sum of squares is compared to the residual sum
of squares of the reduced model to obtain an F-statistic. The degrees of freedom of
this statistic is equal to the difference in the number of parameters between the full

and reduced models.

In practice, we use the theory developed for two models:
X%, d.O.f.l — (X% — X%), (dOfl - dOfg) .

The F-test statistic is calculated as:

f

_ X%Lest - X?‘ull X?”ull _ X%est - X?‘ull / X?cull (A8)

Av N—p - d.o.fopest —d.o.f.puu/ d.o.f. pun

where, x7..; is the statistics of the nested model, x%,, is the statistics of the full
model, Av = (d.o.f.; - d.o.f.5), N is the sample size and p is the number of parameters

of the full model. The corresponding P-value is calculated as:
P=1-p(f;Av,d.o.f.5) (A.9)

This gives the probability that the extra component is random and (1 - P) gives
the significance of the extra component. To transform the P-value into a sigma

confidence interval, we use the quantile function of the normal distribution.
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