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Perhaps the reason this night looks so beautiful,
is not because of these stars or lights,
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Abstract

Galaxies are one of the main components of our Universe and a majority of their visible light
comes from the stars they are made up of. However, there exists a small percentage of galaxies
that emit enormous amounts of energy which cannot be attributed solely to their stellar popu-
lation. These galaxies host unusually bright nuclei that can sometimes outshine the rest of the
galaxy by several orders of magnitudes. Additionally, the strong emission originating at the
center of these galaxies is spread over the entire electromagnetic spectrum. Such galaxies with
exceptionally bright nuclei are called active galaxies or Active Galactic Nuclei (AGN).

All AGN harbor a supermassive black hole (SMBH) at their center, that grows in mass
by accreting material from its surroundings. In the process, the in-falling matter transfers a
fraction of its rest mass energy into radiation, which is predominately responsible for the large
luminosities of AGN. The majority of the energy output of AGN is observed in the optical,
ultraviolet (UV), and X-rays, along with significant emission in the infrared and, for some
sources, radio. This multi-wavelength emission of AGN is attributed to its different com-
ponents, with the accretion disk producing mainly optical/UV photons and the X-rays being
generated in a hot plasma close to the central SMBH. In this context, an in-depth study of
the spectral energy distribution (SED) of AGN can prove extremely useful to understand these
extraordinary objects.

The primary objective of this thesis is to investigate the multi-wavelength emission prop-
erties of AGN present in the local Universe, with the aim to improve our understanding of
AGN accretion physics and to obtain fundamental insights into the ongoing processes in their
innermost regions. The first part of this thesis deals with exploring the X-ray properties of
obscured AGN. We used a sample of 386 hard-X-ray-selected Swift/BAT AGN to study how
the Thomson-scattered X-ray radiation in these sources relates to the physical properties of
AGN. We obtained a negative correlation of the fraction of scattered radiation (fsca) With the

X-ray column density (Ny). Using spectral simulations, we verified that this correlation was



not an outcome of degeneracy between the parameters. We show that this correlation could
either be due to the dependence of the Thomson cross-section on the inclination angle, or it
could indicate that more obscured sources are surrounded by tori with higher covering factors,
causing a decrease in the fraction of scattered radiation allowed to escape. We also found a
positive correlation between fca and the ratio of [Om] A5007 to X-ray luminosity, enabling
us to determine the region where this scattered radiation originates, i.e. the narrow-line region.

In the second part of this thesis, we present a broadband SED study of unobscured AGN fo-
cused on examining the optical/UV and X-ray emission of nearby AGN. We used the 70-month
Swift/BAT catalog consisting of hard-X-ray-selected sources to obtain an unbiased sample of
AGN, appropriate to carry out a comprehensive analysis of AGN SEDs. We compiled simul-
taneous optical, UV, and X-ray data of 236 unobscured AGN and constructed their optical-to-
X-ray SEDs, after removing any contamination due to the host galaxy and accounting for dust
extinction. We employed a multi-temperature disk model to fit the optical/UV part of the SED
and used X-ray models describing the primary as well as reprocessed X-ray emission to fit the
X-ray spectra. Based on the SED fitting, we estimated important quantities including optical-
to-X-ray spectral index (Qlyx), bolometric corrections (Kpo), bolometric luminosity (Lyep), and
Eddington ratio (Aggq) for our source sample. We reported optical/UV bolometric correction
factors in the six Swift/UVOT filters, at 4400 A, and for the entire optical/UV energy range.
We also calculated soft and hard-X-ray bolometric corrections in the 2 — 10 keV and 14 — 195
keV energy bands, respectively. These corrections are useful to convert luminosities at specific
wavelengths (L) into Ly, when multi-wavelength data is not accessible. For the same reason,
we have also presented a correlation between Ky and Oloy.

Finally, we have discussed in detail how the 2 — 10 keV X-ray bolometric correction (kK>—_1¢)
evolves with various AGN properties like luminosity, black hole mass, and Eddington ratio.
Some of our main findings are: (i) K219 does not show any dependence on the intrinsic 2 — 10
keV luminosity (Lp—19), suggesting that Ly, scales linearly with Ly _19. (i1) A positive cor-

relation exists between Kp_ 19 and Lo, implying a dominant contribution of the optical/UV
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luminosity to the total bolometric luminosity. (iii) The correlation between K10 and Ly dis-
appears at low Eddington ratios (Aggq < 0.01), indicating a possible change in AGN accretion
around these values. Numerous studies on accretion disk models have previously suggested
that the accretion rate of an AGN can influence the type of accretion flow, with the standard
disk model failing at lower accretion rates and being replaced by advection-dominated accre-
tion flows. Based on our results, we cannot comment on how the accretion flow occurs in these
sources, but we could argue that it changes around Agqq = 0.01. We also conclusively state that
the Eddington ratio of an AGN is the primary regulator of its accretion physics and emission

properties.
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is shown as grey open circles in the background (upper limits as downward ar-
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Chapter 1

Active Galactic Nuclei: An Overview

Our universe consists of many extremely energetic phenomena, and Active Galactic Nuclei
(AGN) are definitely one of them. The large amounts of energy emitted by AGN (up to
L ~ 10" L) make them one of the most luminous sources ever known. Moreover, they emit
radiation over the entire electromagnetic spectrum, from the lowest energy (radio; A ~ 10 cm)
to the highest energy (gamma rays; E ~ few MeV), making them some of the most interesting
objects to be ever discovered.

In the following sections, we will give a brief overview of the structure of an AGN (Section

1.1), their unification model (Section 1.2), and their multi-wavelength emission (Section 1.3).

1.1 Structure of AGN

AGN are believed to be constituted of various components, that occupy different physical scales
(see Figure 1.1) and are responsible for emitting radiation at different wavelengths (also see

Section 1.3).

1.1.1 Central Supermassive Black Hole

At the center of the AGN resides a supermassive black hole (SMBH), the main engine of the
system. Although the SMBH does not emit any electromagnetic radiation of its own, thanks

to its strong gravitational force due to all of its mass (~ 10° — 10'° M) being contained at a

1



1.1. Structure of AGN
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line

Gas clot
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Figure 1.1: A detailed schematic of an AGN at the center of a massive galaxy, showing an inside-out
view of the different components of the AGN: starting with a central supermassive black hole, a corona
of hot electrons, an accretion disk, a region of fast-moving gas producing broad-emission lines, a dusty,
torus-like structure surrounding the entire system, a distant region of slower-moving gas producing

narrow-emission lines, and a powerful radio jet. Image credit: Roen Kelly.

singular point (called the singularity), it accretes surrounding material onto itself and this in-
falling material emits the majority of radiation coming from the AGN. Any material within a
distance of the Schwarzschild radius (rg; marking the event horizon) from the point of singu-
larity is bound to fall into the central black hole. The Schwarzschild radius corresponds to the
distance at which even light is unable to escape the gravitational pull of the black hole and is

defined as:
GMgH

c2

(1.1)

rs = 2rg, whererg =

Here, G is the gravitational constant, c is the speed of light, and Mgy is the mass of the central
black hole. To estimate the mass of the SMBH in AGN, a bunch of different techniques are

used:

* In the presence of broad emission lines in the AGN spectra, the width of these lines is

used to estimate the black hole mass (Mppy) assuming that the motion of the gas forming
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this broad line region (BLR) is virialized. Hence, using the following relation:

2

2 (12)
'BLR 'BLR

one can calculate Mgy if the size (rgr) of the BLR is known. Thanks to reverberation
mapping experiments, based on the observed lag between the emission lines and the
continuum emission (see Figure 1.2), empirical relations between the size of the BLR
and the accretion luminosity have been devised (e.g., Kaspi et al. 2000, 2005; Bentz
et al. 2009, 2015). These relations can then be used to estimate the size of the BLR and

in turn the black hole mass.

* The most commonly used emission lines in this technique are the broad Ha and H3. For
sources with broad Ha, the following relation presented by Greene & Ho (2005) can be
employed:

0.57 2.06
Lt > [FWHM (Hoc)] M. (13)

Mpu(Ho) = 1.3 x 10% [ ————
pir(Hot) (104zergs—1 103kms—!
For sources with broad Hp, the following relation prescribed by Trakhtenbrot & Netzer

(2012) can be used:

Ls100 )0'65 [FWHM (HP

2
_ 8 )
Mgy (HP) = 1.05 x 10 (Wrgsl T ] Mo (14

* In the case of higher redshift sources, other emission lines like Mg 1 A2798 or C v A1549
are used (e.g., Vestergaard & Peterson 2006; Trakhtenbrot & Netzer 2012).

* In the absence of broad emission lines in the AGN spectra, Mgy can be estimated using
the correlation between the black hole mass and the host galaxy stellar velocity disper-

sion (Cy), as described by Kormendy & Ho (2013):

Mpn O,
log [ ZBH) —438x1 <—) 8.4 15
Og<M@> 102 (550kms 1) T84 (15)

1.1.2 Accretion Disk

The primary source of emission in AGN is the conversion of gravitational energy into elec-

tromagnetic radiation. The material surrounding the SMBH loses its angular momentum as it

A Large Multi-Wavelength Study of Local Active Galactic Nuclei 3
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Figure 1.2: Light curves for Mrk 335 showing (from top to bottom) the continuum and the broad
emission line features (He 1 and HP) that are used for reverberation mapping techniques to estimate
black hole mass and the size of the BLR (Section 1.1.4). The vertical lines have been shifted by the
measured He 11 and HP lag values (2.7 days and 13.9 days, respectively) to aid the eye in identifying the

correct lag values for each emission line. Figure from Grier et al. (2012).
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spirals inwards in the form of an accretion disk, and is eventually accreted by the black hole.
The rest mass energy of this in-falling material is converted into radiation (mainly in the optical

and UV) with efficiency 1, such that:
Lpo =nMc? (1.6)

where Ly, is the total accretion luminosity of the AGN and M is the mass inflow rate or the
accretion rate of the AGN. Additionally, an important quantity called the Eddington luminosity
(Lgqq) is defined as the luminosity at the Eddington limit when the radiation pressure balances
the gravitational force, assuming a spherically symmetric system and a fully ionized medium.

For such a scenario, the luminosity is given as:

ATGM M
Ligg = 27 BHMRC 1 55 1038 ZBH o (1.7)
GT M@

Here, my, is the mass of a proton and o is the Thomson cross-section. For a disk emitting at

the Eddington luminosity, the corresponding accretion rate can be given as:

, L
Mgy = —234 (1.8)

ne?
And finally, we can introduce the term “Eddington ratio” (Ag4q), which by definition is the ratio
of the bolometric luminosity and the Eddington luminosity of the AGN, and is commonly used
as a proxy for the accretion rate of the AGN:

Lbol
Lgaq

AEdd = (1.9)

Different accretion flow models (Figure 1.3) can be used to describe this mass accretion

onto the central SMBH in AGN (see Beloborodov 1999 for a review).

* The standard accretion disk model (see Figure 1.3a) assumes a geometrically thin and
optically thick geometry for the disk (e.g., Shakura & Sunyaev 1973), with a temperature
gradient (the innermost regions being the hottest) and emission that replicates a system
consisting of multiple blackbody components. The spin of the black hole (a,) plays an
important role here, as it affects the location of the innermost stable circular orbit (ISCO)
or the marginally stable orbit (s = 6r, for a non-rotating black hole), in turn affecting

the efficiency of the mass-to-energy conversion (e.g., Novikov & Thorne 1973). The

A Large Multi-Wavelength Study of Local Active Galactic Nuclei 5
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Figure 1.3: Different accretion disk models to describe accretion flow into the central SMBH: (a) The

standard Shakura & Sunyaev disk model and (b) The ADAFs model for sub-Eddington accretion.

highest efficiency is achieved for a maximally rotating black hole, with the stable orbit

extending much closer to the black hole up to rys = rg/2.

The slim disk or the optically thick advection-dominated accretion flow (ADAF) model,
another example of the cold accretion flow, is used to describe mass accretion onto
a SMBH when the accretion rate of the AGN exceeds Mgqq. In this case of Super-
Eddington accretion, the gas becomes too optically thick to radiate the trapped energy
which eventually flows into the black hole via advection (e.g., Katz 1977; Begelman
1978; Abramowicz et al. 1988). As a result, the mass-to-radiation efficiency factor for

this model is much lower.

In the case of quiescent SMBHs, with sub-Eddington accretion rates, radiatively inef-
ficient, optically thin ADAFs (see Figure 1.3b) provide a thermally stable solution for
a possible mode of the accretion flow (e.g., Ichimaru 1977; Narayan & Yi 1994). The
viscous energy of the low-density gas, unable to be dissipated as radiation on accretion
timescales, goes into heating the accretion flow, hence making the disk geometrically

thick (e.g., Yuan & Narayan 2014).

1.1.3 X-Ray Corona

Following the energy radiated by the accretion disk, primarily at optical and UV wavelengths,

the second main contributor to AGN emission is the high-energy radiation originating at scales

much closer to the SMBH. While the accretion disk can extend upto a few 100rg from the

6
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center, based on the variability timescales of the X-ray emission, it is believed to be produced
at much smaller scales of ~ 5 to 10rg. It has now been accepted that this X-ray emission is
due to the Comptonization of the optical/UV seed photon from the disk by a plasma of hot
electrons called the corona (e.g., Haardt & Maraschi 1991). The lower energy disk photons
are up-scattered by the high energy electrons in the corona up to X-ray energies, limited by the

temperature of the corona.

1.1.4 Broad-Line Region

Beyond the accretion disk, the AGN is surrounded by fast-rotating gas, gravitationally bound
and photoionized by the central SMBH. This region is the source of the broad-emission lines
seen in the AGN spectra and hence, is called the broad line region (BLR; Peterson 2006). The
Doppler width of the emission lines corresponds to the high velocity of the gas in this region,
reaching values of ~ 5000 to 10,000 km s~!. The distance of the BLR from the central SMBH
is estimated using reverberation mapping to range from 0.01 to 1 pc. The most prominent and
commonly observed broad-emission lines in an AGN spectrum are the hydrogen Balmer-series
lines (Ho A6563, HPB A4861, and Hy A4340), the hydrogen Lya L1216 and other lines like Mg 1t
A2798, [Cmi] A1909, and C1v L1549 (Figure 1.4).

1.1.5 Narrow-Line Region

Contrary to the BLR, the narrow-line region (NLR) has a much lower electron density making
it favorable for forbidden transitions (for e.g., [O m] A4959, [O m] A5007, [N u] A6584, [S1]
A6717, etc.). The widths of the narrow-emission lines indicate gas velocities in the range of
200 to 1000 km s~!. Thanks to its spatial extension of a few 100 pcs up to ~ kpcs, the NLR
can be easily resolved using ground-based facilities and hence, is the most extensively studied
part of the AGN (e.g., Kraemer & Crenshaw 2000). Various standard line ratios and diagnostic
diagrams are used to better understand the physical conditions of the NLR. For example, the
ratio of Balmer lines (Balmer decrement) can be used to correct for reddening. Due to a weaker

radiation field, this region can also contain some dust, unlike the BLR.

A Large Multi-Wavelength Study of Local Active Galactic Nuclei 7
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Figure 1.4: Composite AGN spectrum showing broad emission lines, such as Lyo, Ho,, Mg 11, and C1v.
Power-law fits to the estimated continuum flux are shown as dashed lines. Figure from Vanden Berk

et al. (2001).

1.1.6 Dusty Torus

The entire AGN structure including the central SMBH, the accretion disk, and the BLR, is
surrounded by a geometrically and optically thick, torus-like structure made up of dust and
molecular gas, referred to as the “dusty torus” or the “obscuring torus” (e.g., Urry & Padovani
1995). The inner radius of this dusty torus is marked by the dust sublimation radius and its
radial extent ranges from ~ 0.1 to 100 pcs. The torus is responsible for reprocessing part of the
optical/UV emission from the disk and re-emitting in the infrared (IR). Different models have
been proposed to describe the geometry and composition of the torus. While the simplest mod-
els assume a continuous density distribution throughout the torus, more complicated clumpy
torus models with high-density clumps embedded in a lower-density smooth dusty medium
have also been proposed (e.g., Krolik & Begelman 1988; Nenkova et al. 2002). An important

property of the dusty torus is its covering factor, which quantifies what fraction of the AGN
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Figure 1.5: A schematic of the dusty torus showing the effect of its covering factor and composition
on the level of obscuration observed in the line-of-sight (also see Section 1.2). The left part presents
the average torus properties of an unbiased Compton-thin AGN sample, while the right part illustrates
the AGN line-of-sight column density (NVy) distribution derived from the torus average column density

distribution when a clumpy torus is considered. Figure from Zhao et al. (2021).

sky is covered by the torus and therefore, how much of the original emission from the accretion

disk is obscured (Figure 1.5).

1.1.7 Relativistic Jets

The low energy part of AGN emission is dominated by relativistic radio jets. These are highly-
collimated streams of fast-moving particles ejected perpendicular to the accretion disk, from
regions close to the central SMBH. The jets can extend from a few parsecs to more than 100
kpcs when they are the strongest (in about 10% AGN). They mainly emit non-thermal radiation
via synchrotron (e.g., Maraschi et al. 1992) and inverse-Compton scattering processes (e.g.,

Blandford & Konigl 1979).
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1.2 AGN Unification Model

Based on their observable properties at different wavelengths, AGN have been classified into
numerous classes. A few examples include classifications based on: (i) strength of radio emis-
sion (radio-quiet and radio-loud; Kellermann et al. 1989), (ii) optical emission line ratios (type
1, 1.2, 1.5, 1.8, 1.9, and 2), (iii) presence or absence of broad emission lines (type I and type
IT; Osterbrock 1978), etc. The primary premise of the AGN unification model is that the differ-
ences observed in the properties of various types of AGN are not due to an intrinsic difference
in the structure or the physical processes in play, but rather due to orientation (e.g., Antonucci
1993; Urry & Padovani 1995). Depending on the viewing angle of the AGN, due to the pres-
ence of the dusty torus (Section 1.1.6), specific components or features get obscured and are
not observed. In this respect, the broad classification of AGN into type I and type II, where the
former’s spectrum contains both broad and narrow emission lines, while the latter is missing
broad lines, can be explained as an effect of the observer’s line of sight being obscured by the
dusty toroidal structure surrounding the inner regions of the AGN (e.g., Antonucci & Miller
1985). As shown in Figure 1.6, the unification model proposes that type Il AGN are viewed
edge-on, hence the absence of broad emission lines in their spectrum due to the obscuration
of the BLR, whereas type I AGN are viewed face-on without any disruption by the torus and

hence we get a direct, unobscured view of the BLR.

1.3 AGN Emission

AGN are mainly characterized by the large amounts of energy emitted by them, which is also
spread over multiple wavelengths. In this section, we will focus on discussing the two major

contributors to these high luminosities produced by AGN.

1.3.1 Optical/UV

As mentioned in Section 1.1.2, AGN grow by accreting the material in their surroundings in
the form of a disk and in the process emit radiation at optical and UV energies. This thermal

emission produced due to the conversion of the gravitational energy of the in-falling material
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Figure 1.6: An illustration of the AGN unification model, which proposes that the difference in the
properties of type I and type II AGN is due to their different viewing angles with respect to the obscuring

torus. Image credit: Aurore Simonnet.

into radiation is believed to constitute a significant fraction (> 50%) of an AGN’s total lumi-
nosity. In the spectral energy distribution (SED) of AGN, this translates to a broad hump-like
feature, commonly called the big blue bump (BBB), extending over the optical and UV regimes
(e.g., Shang et al. 2005). In most cases, this emission can be modeled using multi-temperature
blackbodies. The optical/UV emission of AGN is most of the time contaminated by stellar
emission from the host galaxy, more so in the case of type I AGN. Additionally, it is also
affected by extinction due to the dust present in the host galaxy. Therefore, when studying or
modeling the optical/UV part of AGN SEDs, these effects due to host galaxy contamination

and dust extinction have to be specially considered in the analysis.

1.3.2 X-Rays

X-rays are the second largest contributor to AGN emission, especially in type I AGN with
minimum obscuration due to the dusty torus in the line of sight. X-rays are believed to be
produced close to the central SMBH via Comptonization of the optical/UV photons from the

accretion disk by a plasma of hot electrons (Section 1.1.3). This primary X-ray emission
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Figure 1.7: Broadband spectral energy distribution (SED) of a radio-loud (top) and radio-quiet (bottom)
AGN showing their multi-wavelength emission from radio up to X-rays, originating in different parts of

the AGN. Figure from Shang et al. (2011).

appears in the X-ray spectrum of AGN in the form of a continuum with a high energy cutoff
(Ecyt ~ few 100 keV), most probably related to the cut-off in the energy distribution of the
electrons in the corona responsible for up-scattering the seed photons from the disk to emit

X-rays. The X-ray continuum can be modeled by a power law:

F(E)=kE " photons s ! cm 2 keV ! (1.10)

where, k is the normalization, and I" is the photon index (related to the spectral index o as

I' =1+ a. Multiple studies of large samples of AGN have narrowed down the value of I" in the

range of 1.8 to 2.0 (e.g., Nandra & Pounds 1994; Beckmann et al. 2009; Ricci et al. 2017a).
Secondary X-ray emission can also arise in AGN due to reprocessing of the primary X-

ray emission by the neutral and ionized circumnuclear material from possibly the accretion
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Figure 1.8: (a) [llustration of an AGN showing the primary X-ray emission arising from the corona and
being reprocessed by the surrounding structure. (b) A typical X-ray spectrum of an AGN with various

features corresponding to the primary and reprocessed emission. Figure from Ricci Ph.D. 2011.

disk and/or the molecular torus (see Figure 1.8a). Different features in the broadband X-ray
spectrum correspond to this reprocessed emission, such as the reflection or “Compton” hump
peaking around 30 keV and the fluorescent Fe Ko line at 6.4 keV (Figure 1.8b). Strong ab-

sorption features are also visible at softer X-rays (E < 10 keV) in the case of obscured sources.

Considering the variations in the X-ray spectra of AGN due to their different levels of ob-
scuration, AGN are classified into two types: (i) obscured and (ii) unobscured, based on their
line-of-sight column density (V7). Unobscured AGN are characterized by log (Ni/cm™2) < 22
while obscured AGN have log (N /cm~2) > 22. Generally, the optical and X-ray classification
of AGN show good agreement, with type I AGN being unobscured and type II AGN showing
evidence of obscuration. Additionally, AGN with log (Ny;/cm™2) > 24 are specifically classi-
fied into a separate class of Compton-thick sources due to the high degrees of suppression of the
primary emission (especially at energies < 10 keV) due to photoelectric absorption and Comp-
ton scattering by the surrounding material. The X-ray spectrum of these AGN is dominated
by the reprocessed emission. Thanks to their high penetration power and least host-galaxy
contamination, hard X-rays (E > 10 keV) are ideal to detect obscured as well Compton-thick
AGN, as well as to probe the innermost regions of AGN. X-rays are also useful to study the
composition and structure of the obscuring torus as they are much less affected by dust as

compared to optical/UV.
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1.4 Focus and Outline of the Thesis

This thesis focuses on studying the multi-wavelength properties of nearby AGN to better un-
derstand the physical processes at play in the inner regions of AGN. To do so, we use an almost
complete and unbiased sample of hard-X-ray-selected AGN in the local universe (z < 0.1) and
utilize their high-quality data in the optical, UV, and X-rays to get fundamental insights into
the accretion properties of AGN. The primary source of all this data is the Neil Gehrels Swift
Observatory, which is a three-telescope space observatory of NASA, with a Burst Alert Tele-
scope (BAT) for detecting bright X-ray sources in the hard-X-rays (14 — 195 keV), and an
X-ray telescope (XRT), and Ultraviolet/Optical Telescope (UVOT) for follow-up observations.

The first part of the thesis focuses on obscured AGN and using scattered X-rays radiation to
better understand the structure and geometry of the dusty torus. In the second part, we shift our
attention to the unobscured AGN class to: (i) present a large, comprehensive, multi-wavelength
study of broadband AGN SEDs using simultaneous optical, UV, and X-ray data, (ii) estimate
important quantities like intrinsic luminosities in multiple wavebands, bolometric luminosities,
and Eddington ratios for our sample, (iii) provide bolometric corrections at several energies,
that can be used to convert corresponding luminosities into bolometric luminosities without the
need of the much more expensive and time-consuming multi-wavelength data, and finally (iv)
determine the main parameter regulating and influencing AGN accretion and emission. The

outline of the thesis is as follows:

In Chapter 2, we present our study of a sample of ~ 390 obscured AGN in the local uni-
verse to explore the characteristics of Thomson-scattered X-ray radiation. We inspect possible
correlations of the fraction of scattered radiation with other physical properties of AGN and

also try to locate the region of its origin. This study has been published as Gupta et al. (2021).

Chapter 3 reports the step-by-step procedure followed to create optical-to-X-ray SEDs for
a sample of ~ 240 unobscured AGN. It explains in detail how we handled host galaxy contam-
ination and galactic dust extinction to construct clean AGN SEDs. It also describes the models

employed to fit the SEDs and other technical aspects of the whole analysis.

In Chapter 4, we discuss some important outcomes of our broadband SED fitting, in terms

of measurements of bolometric luminosity, optical-to-X-ray spectral index, and optical/UV
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bolometric corrections in 8 different energy bands. We report the median values for all bolo-
metric corrections and also discuss some significant relations between these quantities and their
implications. The main findings of this work will be reported in Gupta et al. (2023a, in prep.).

Chapter 5 is dedicated to the 2 — 10 keV X-ray bolometric correction and its correlations
with quantities like bolometric luminosity, black hole mass, and Eddington ratio. Here, we also
try to determine, based on our results, the main parameter controlling the bolometric correction
factors. These results will be presented in Gupta et al. (2023b, in prep.).

And finally, in Chapter 6, we summarize the main findings of this thesis and discuss some

important conclusions and future prospects of this work.
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Chapter 2

Scattered X-Ray Radiation in Obscured
AGN

AGN are generally surrounded by large amounts of gas and dust. This surrounding material
reprocesses the primary X-ray emission produced close to the SMBH and gives rise to several
components in the broadband X-ray spectra of AGN, including a power law possibly associated
with Thomson-scattered radiation. In this chapter, we study the properties of this scattered
component for a sample of 386 hard-X-ray-selected, nearby (z ~ 0.03) obscured AGN from the
70-month Swift/BAT catalog. We investigate how the fraction of Thomson-scattered radiation
correlates with different physical properties of AGN, such as line-of-sight column density, X-
ray luminosity, black hole mass, and Eddington ratio. We find a significant negative correlation
between the scattering fraction and the column density. Based on a large number of spectral
simulations, we exclude the possibility that this anti-correlation is due to degeneracies between
the parameters. The negative correlation also persists when considering different ranges of
luminosity, black hole mass, and Eddington ratio. We discuss how this correlation might be
either due to the angle dependence of the Thomson cross-section or to more obscured sources
having a higher covering factor of the torus. We also find a positive correlation between the
scattering fraction and the ratio of [Om] A5007 to X-ray luminosity. This result is consistent
with previous studies and suggests that the Thomson-scattered component is associated with

the narrow-line region.
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2.1 Introduction

Studies have shown that a majority of AGN are obscured (e.g., Maiolino et al. 1998; Risaliti
et al. 1999; Ricci et al. 2015; Marchesi et al. 2018) and are thus difficult to account for based
on optical or UV surveys. These obscured AGN are believed to contribute significantly to the
cosmic X-ray background (CXB; e.g., Comastri et al. 1995; Ueda et al. 2003; Gilli et al. 2007;
Ueda et al. 2014; Ananna et al. 2020). Therefore, the study of obscured SMBHEs is essential to
improve our understanding of the entire AGN population and their evolution. This can be done
by making use of a characteristic feature of AGN, which is their strong X-ray emission, which
is produced by the Comptonization of optical and UV photons in a corona of hot electrons
located close to the SMBH (e.g., Haardt & Maraschi 1991). This energetic radiation, and in
particular that emitted in the hard-X-ray band (E > 10 keV), can be used to find obscured
AGN, and to study their properties, because: (a) they are significantly less absorption-biased
than lower-energy X-rays, hence can penetrate large column densities (Nyg), up to Compton-
thick values (Ng > 10**cm™2; see Figure 1 of Ricci et al. 2015) and (b) they are substantially

less contaminated by the light associated with the host galaxy than softer X-rays.

The broadband X-ray spectra of AGN have already been analyzed in great detail in many
previous studies (e.g., Dadina 2007; Winter et al. 2009; Koss et al. 2016; Ricci et al. 2017a).
Typically, in unobscured AGN, the spectrum is dominated by a primary X-ray continuum asso-
ciated with radiation produced by the corona (e.g., Dadina 2008; Beckmann et al. 2009). Apart
from this, the spectrum also shows several distinctive features that can be attributed to the ab-
sorption and reprocessing of the primary X-ray radiation by the circumnuclear material. For
example, for column densities above 10> cm ™2, the primary X-ray continuum is significantly
suppressed due to photoelectric absorption. Signatures of reprocessed X-ray radiation by the
circumnuclear material are also seen in the X-ray spectrum in the form of a broad “Compton
hump” peaking around 30 keV (e.g., Lightman & White 1988; Ghisellini et al. 1994; Krolik
et al. 1994) and a fluorescent Fe Ko line at 6.4 keV (e.g., Fabian et al. 2000; Yaqoob & Pad-
manabhan 2004; Shu et al. 2010; Fukazawa et al. 2011; Ricci et al. 2014). These features
provide important information about the geometry, as well as the physical properties of the

circumnuclear material (e.g., George & Fabian 1991; Matt et al. 1991; Ponti et al. 2013).
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When the X-ray continuum is obscured (N > 10?>cm~2), a component possibly related to
Thomson scattering of the X-ray continuum by circumnuclear photoionized gas also becomes
visible. This component is believed to be produced in the Compton-thin circumnuclear material
and is observed as a weak, unabsorbed, power-law continuum emerging at energies lower than
the photoelectric cutoff. The scattered X-ray radiation can help us to understand the effects of
obscuration and can shed light on the structure of the inner regions of AGN. The parameter
generally used to study the scattered radiation in AGN is the “scattering fraction” (fycaw; €.2.,
Turner et al. 1997; Cappi et al. 2006; Ueda et al. 2007; Winter et al. 2009; Yamada et al. 2020).
This parameter denotes the fraction of radiation scattered with respect to the primary X-ray
emission of the AGN. Its intensity depends on both the covering angle of the surrounding torus

and the amount of gas available for scattering (e.g., Levenson et al. 2002; Eguchi et al. 2009).

Using broadband X-ray observations of hard-X-ray-selected AGN, Ueda et al. (2007) dis-
covered a new type of AGN with extremely low values of scattering fraction (fscaxe < 0.5%).
They concluded that either the central SMBH in these sources is buried in a geometrically-thick
torus with a small opening angle, or the amount of gas available for scattering is exceptionally
low, or both. Noguchi et al. (2009) later presented an improved sample of these ‘buried” AGN,
and investigated their multi-wavelength properties (Noguchi et al. 2010), finding that these ob-
jects also tend to have lower values of the ratio of [O m] A5007 to X-ray luminosity (Liom /Lx).
They interpreted this as evidence of these AGN having a small opening angle of the torus that
collimates the narrow-line region (NLR), a result further supported by Ueda et al. (2015) and
Kawamuro et al. (2016). Studies have already shown that the soft X-ray (£ < 10 keV) emission
in obscured sources can extend up to hundreds of parsecs (e.g., Sako et al. 2000; Young et al.
2001; Greene et al. 2014) and has a morphology similar to that of the optical NLR, as traced
by the [O ] A5007 emission (e.g., Bianchi et al. 2006; Dadina et al. 2010; Bianchi et al. 2010;
GoOmez-Guijarro et al. 2017; Fabbiano et al. 2018). The detailed analysis of high-resolution
X-ray spectra of obscured AGN (e.g., NGC 1068 by Kinkhabwala et al. 2002 and Brinkman
et al. 2002; Mrk 3 by Sako et al. 2000) showed that the < 3—4 keV range is dominated by
photoionization lines. This points towards both the soft X-ray and the optical emission lines
being produced in the photoionized gas of the NLR. As a result, low values of Loy /Lx for

buried AGN suggest that the possible locus of Thomson scattering of X-ray radiation is also
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in the NLR. However, Ichikawa et al. (2012), who presented a mid- to far-infrared study of a
sample of local AGN, attributed the low scattering values of AGN to strong starburst activities
of the host galaxy. On the other hand, Honig et al. (2014) found that objects with low scattering
fractions reside in high-inclination galaxies or merger systems. Therefore, they concluded that
the low values of fy.qy are related to the obscuration of scattered emission due to host galactic
gas and dust.

This work aims to study the properties of Thomson-scattered radiation in a sample of hard-
X-ray-selected AGN and to constrain the possible region of origin of this radiation. The ob-
jects in our sample were detected by the Burst Alert Telescope (BAT: Barthelmy et al. 2005;
Krimm et al. 2013) on board the NASA mission, Neil Gehrels Swift Observatory (Gehrels et al.
2004). BAT operates in the 14-195 keV energy band and is therefore sensitive to heavily ob-
scured AGN. Since 2005, BAT has been continuously surveying the entire sky and has proved
very useful to study AGN in the local Universe (z < 0.1). The BAT AGN Spectroscopic Sur-
vey (BASS!) has provided high-quality multi-wavelength data for the BAT AGN, including
black hole mass measurements (Koss et al. 2017), X-ray spectroscopy and modeling (Ricci
et al. 2017a), near-infrared (NIR; 1-2.4 u) spectra and modeling (Lamperti et al. 2017), NIR
AO imaging (Koss et al. 2018), extensive continuum modeling of the far-infrared emission
(Ichikawa et al. 2019a), radio emission (Smith et al. 2020), and molecular gas measurements
(Koss et al. 2020). From this data, numerous correlations have been found such as between
X-ray emission and high ionization optical lines (e.g., Berney et al. 2015) and outflows (e.g.,
Rojas et al. 2020) with the Eddington ratio being a key parameter in these trends (e.g. Ricci
et al. 2017b; Oh et al. 2017; Ricci et al. 2018).

We use the 70-month Swift/BAT catalog (Baumgartner et al. 2013), with revised counter-
part classifications from Ricci et al. (2017a), to understand the properties of scattered X-ray
radiation in nearby obscured AGN and how it relates with the physical properties of AGN. To
do so, we study possible correlations between scattering fraction and other physical properties
of accreting SMBHSs, such as their column density (Nyg), X-ray luminosity (Lx), black hole
mass (Mpy), and Eddington ratio (Agqq). We also investigate the dependence of fycat On the

ratio of [O m] A5007 luminosity to X-ray luminosity (Ljomy/Lx), as well as the ratio of [O 1]

Lwww. bass—-survey.com

20 A Large Multi-Wavelength Study of Local Active Galactic Nuclei


www.bass-survey.com

2.2. Sample and Data

A3727 luminosity to X-ray luminosity (Lo /Lx).

The structure of this chapter is as follows. In Section 2.2 we describe the sample used in
this work, while in Section 2.3 we present the correlation we found between scattering frac-
tion and column density. In Section 2.3.1, we simulate and fit spectra for a dummy population
of obscured AGN, to verify that the correlation found in this section is intrinsic to our sam-
ple, and not due to parameter degeneracy. The correlations with Ljgmy/Lx and Lo /Lx are
discussed in Section 2.4, while potential correlations with black hole mass, X-ray luminosity,
and Eddington ratio are investigated in Section 2.5. Finally, we discuss and summarize our
findings in Sections 2.6 and 2.7. Throughout the work, we assume a cosmological model with

Hy = 70kms™ ' Mpc™!, Qy = 0.3, and Q4 = 0.7.

2.2 Sample and Data

We use here the 70-month Swift/BAT catalog, which includes 838 hard-X-ray-selected, nearby
(median redshift = 0.037) AGN. Of these, 386 (~53%) sources are classified as obscured AGN
based on strong intrinsic absorption required in the initial absorbed power-law fits to their X-
ray spectra (Ricci et al. 2017a; see Section 2.2.1). The line-of-sight column densities (Ng)

0?!3ecm™2 to 102 cm™2. Our analysis focuses on these ob-

of these sources lie in the range 1
scured sources, which show features of Thomson-scattered radiation in their X-ray spectra. Of
these, nine sources are flagged as blazars by Ricci et al.(2017a; see also Paliya et al. 2019).
However, they are included in the analysis as their X-ray spectra showed signatures of repro-
cessed X-ray emission (Ricci et al. 2017a). The various parameters used in our work have been
obtained from the optical (Section 2.2.2) and X-ray spectroscopic analysis (Section 2.2.1) of

these sources, carried out as part of the first data release (DR1) of BASS (e.g., Koss et al. 2017;
Ricci et al. 2017a).

2.2.1 X-Ray Data

The Swift/BAT AGN have been extensively followed up by X-ray observatories covering the
0.3—10 keV energy range. By combining observations from XMM-Newton (Jansen et al. 2001),
Swift/XRT (Burrows et al. 2005), ASCA (Tanaka et al. 1994), Chandra (Weisskopf et al. 2000)
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and Suzaku (Mitsuda et al. 2007) in the soft X-ray band (£ < 10 keV), together with the
Swift/BAT data, Ricci et al. (2017a; hereafter R17) carried out a detailed broadband X-ray
(0.3-150 keV) spectral analysis of all 838 AGN from the 70-month Swift/BAT catalog, us-
ing XSPEC (Arnaud 1996; see Section 2.3.1). Firstly, they fitted the X-ray spectra of all
sources using a simple power-law model, including Galactic absorption along the line of sight
(TBABSga1.[Z2POW] in XSPEC). The residuals from these fits were then visually inspected to
check for signatures of absorption from neutral matter to classify the sources as obscured or
unobscured. After this preliminary exercise, 24 different spectral models were used for the
X-ray spectral fitting.

The sample of 386 obscured, non-blazar AGN were fitted using nine models (B1 to B9;
see R17 for more details) of increasing complexity. The different components included in
these models are: (1) an X-ray continuum with a high energy cutoff (CUTOFFPL) representing
the primary X-ray emission from the corona, (2) absorption of the X-ray radiation by neutral
material via photoelectric absorption (ZPHABS) and Compton scattering (CABS), (3) reflection
of the primary X-ray continuum by optically thick, neutral circumnuclear material (PEXRAV;
Magdziarz & Zdziarski 1995), and (4) Thomson scattering of part of the primary X-ray radia-

tion by Compton-thin circumnuclear material.

For 272/386 (70%) obscured sources, model B1 was sufficient and hence adopted by R17
for the spectral fitting. This model consisted of an absorbed primary X-ray continuum, along
with an unobscured reflection component and a Thomson-scattered component. For the latter,
a cutoff power law was used, with values of the free parameters (photon index [I'], cutoff
energy [Ec], normalization [K]) set to be the same as those of the primary X-ray continuum.
A multiplicative constant corresponding to the scattering fraction (fscarr) Was added to this
component, as a free parameter, to renormalize the flux. For the remaining objects, model B1
was modified by adding multiple collisionally ionized plasma components or partially covering

absorbers, as and when such a modified model improved the fit significantly.

The best-fit values of all free parameters in different models, employed for the spectral fit-
ting of the AGN sources, are reported by R17. They also provide absorption-corrected fluxes of
the primary continuum emission in the 2-10 keV, 14-150 keV, and 14-195 keV energy bands

(F>-10, F14—150, and F14_195, respectively) for all obscured sources. The main spectral param-
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eters used in our analysis, such as fscai, N, and Fx, have all been obtained from their fitting
analysis. Best-fit values of column densities, along with upper and lower bounds (of 90% con-
fidence level), are available for all 386 obscured sources. In the case of the scattering fraction,
best-fit values along with upper and lower errors (at 90% confidence level) are available for
250/386 (~65%) objects, while for the rest (136/386 ~ 35%), upper limits are provided. We
also calculate the intrinsic (i.e., absorption-corrected and k-corrected) luminosities for the ob-
scured sources in the 2-10 keV, 14-150 keV, and 14-195 keV energy bands (Ly—10, Li4—150,
and L14_195, respectively). Spectroscopic redshifts and corresponding distance values are avail-
able for 382/386 (~99%) sources, and therefore, we can calculate the intrinsic luminosity for

these 382 sources.

2.2.2 Optical Data

Koss et al. (2017; BASS DR1 and 2022a; BASS DR?2) analysed the optical spectra of the
838 hard-X-ray-selected AGN in the 70-month Swift/BAT catalog. They performed multiple
spectral measurements to understand the general properties of Swift/BAT AGN, such as broad
and narrow emission-line diagnostics to classify these AGN. They also fitted the host galaxies
using stellar templates to calculate their stellar velocity dispersions. They presented the fluxes
and strengths of optical emission lines, as well as black hole mass estimates and accretion
rates, for both obscured and unobscured AGN in their sample. Out of the 386 sources in our
sample, reliable black hole mass estimates that we adopt in this work are available for 273
(~71%) sources. For 261/273 (~96%) sources, the black hole masses have been derived from
the correlation between the black hole mass and the stellar velocity dispersion of the host
galaxy given by Kormendy & Ho (2013). For the remaining (12/273 ~ 4%) sources, we use
black hole mass values from the literature. We calculate the Eddington ratio (Agqq) for these
273 sources by incorporating their black hole masses and the 2—-10 keV bolometric correction

(Lpol = 20 X Ly_10) following Vasudevan et al. (2009):

20 x Ly 19 (ergs™!)

. 2.1
1.5 % 1038 XMBH (M@) ( )

AEdd =

To include the effects of using more advanced bolometric corrections in our work, we repeat

part of the analysis described in Section 2.5 with Eddington ratio-dependent bolometric cor-
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rections (Vasudevan & Fabian 2009) and obtain similar results.

Finally, in our analysis, we use the emission line measurements presented by Koss et al.
(2017) and Oh et al. (2022) using the spectral line fitting codes described by Sarzi et al. (2006)
and improved by Oh et al. (2011, 2015). We adopt a Gaussian amplitude-to-noise ratio (A/N)
of 3 as the threshold for reliable line measurements and hence, do not include line strengths
with A/N < 3 in our analysis. We use the observed fluxes of the [Ou] A3727 line to calcu-
late the observed [Ou] A3727 luminosity (Liom) for 295/386 (~ 76%) sources. We also use
equivalent widths and observed fluxes of the [Oui] A5007 line for 359/386 (~ 93%) sources
and fluxes of the narrow Ha and H lines for 318/386 (~ 82%) sources and calculate the cor-
responding observed [O ] A5007 luminosity (Liom) as well as the extinction-corrected [O m]

A5007 luminosity (Lfg‘irm) using the Balmer decrement, as described in Ueda et al. (2015).

2.3 The Correlation Between Scattering Fraction and Col-

umn Density

We study here the relation between the fraction of Thomson-scattered X-ray radiation and the
line-of-sight column density of AGN. In Figure 2.1, we plot the scattering fraction as a func-
tion of column density (in grey) for the 386 obscured sources in our sample. The figure clearly
shows a negative correlation between these parameters, which we quantify by fitting a linear re-
gression line (in red) to the data points. We initially excluded the upper limits while calculating
the regression line here since they can affect our results considerably if not handled properly.
However, we do include them in later parts of this analysis to properly quantify their contri-

2 correlation function of the scipy.stats

bution to the correlation. We use the linregress
module in Python to fit the data with linear regression. This function minimizes the sum of
squares of the difference between the actual data points and that predicted by the regression
model. Throughout this work, we use this technique to fit linear regression lines to our data.

The slope and intercept of the linear regression line, Pearson’s correlation coefficient, and the

probability of the data arising from an underlying uncorrelated distribution (null hypothesis) are

Znttps://docs.scipy.org/doc/scipy/reference/generated/scipy.stats.linregress.html
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Figure 2.1: Scattering fraction vs column density: The plot shows the scattering fraction and the
column density values (from R17) for our sample of 386 obscured AGN in the background as grey
open circles (upper limits as downward arrows and best-fit values with error bars showing errors at
90% confidence level). Black circles with error bars correspond to the survival analysis (SA) results
for each log Ny bin (fcax median calculated using the 50th percentile and the 16 uncertainty calculated
using the 16th and 84th percentile). Blue circles with error bars (16) depict the results obtained from
10,000 Monte Carlo (MC) simulations. The solid red line is the linear regression obtained from the data
points excluding upper limits, while the dashed red line is the linear regression calculated using MC
simulations. 2 sources in our sample have log(Ng/cm~2) > 25, but for display purpose only they are
plotted at log(Ny/ cm_z) = 25. The plot clearly shows a negative correlation between f;cq and log Ny.

Correlation parameters for the two methods are given in Table 2.1.
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reported in Table 2.1. To better visualize the decrease of the scattering fraction as the column
density increases, we divide the column density into six bins (of width log[Ny/cm~2] = 0.5,
except for the last one) and plot the median of the scattering fraction, along with the standard
error (in black), for each bin. The median and error in fyc, in each log Ny bin are calculated
using survival analysis (SA; e.g., Feigelson & Nelson 1985; Shimizu et al. 2017) to include the
contributions from the upper limits. The median f.a is calculated using the 50th percentile,
and the uncertainties for each bin are calculated with respect to the median value in that bin
using the 16th and 84th percentile. For log Ny, we simply plot the midpoint of each bin with
error bars = 0.5 (= 1 for the last bin).

The SA approach efficiently includes the upper limits in fs.a¢ While calculating its median
value in specified bins of column density. However, it does not take into account the errors in
Jscate and log V. In order to include these errors in our analysis, we make use of Monte Carlo
(MC) simulations. To apply this technique, we handled the best-fit values with errors and upper

limits separately, as discussed below:

1. Best-Fit Values with Errors: We created an asymmetric Gaussian distribution (normal-
ized) to simulate the values of parameters fi.ow and logNg. We used an asymmetric
distribution because the upper and lower errors in both parameters can be unequal. To
create this distribution, we first assumed two different symmetric Gaussian distributions
with the mean of both Gaussians equal to the best-fit value of the parameter, whereas the

standard deviation (16) was chosen to be Uppf r;;rmr and Lowle%grmr for the first and second

Gaussian, respectively. The errors were divided by 1.64 because they are 26 errors. The
final Gaussian was obtained by combining these two Gaussian distributions, such that the
probability distribution of values greater than the mean is governed by the first Gaussian,
while the probability distribution of values lower than the mean is decided by the second
Gaussian. Hence, corresponding to each source with a best-fit fi.q and log Ng value,
we created two asymmetric Gaussians depicting the probability distribution functions of
fscate and log Ny, by incorporating their best-fit values as well as their upper and lower

CITOrS.

2. Best-Fit Upper Limits: Throughout our analysis, upper limits are only present for scat-
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tering fraction. In this particular case, we employed a normalized uniform distribution to
describe the probability distribution of fyc,. The distribution, used for each source with
an upper limit, ranges from 0O to the corresponding upper limit value of fs.a, With each

value in the distribution assigned equal probability.

After finalizing the probability distribution functions for both parameters ( fscaic and log Nyp),
we performed 10,000 runs of MC simulations. In each run, a random value of the scattering
fraction and column density was taken for each source from the probability distributions de-
scribed above. In the case of the column density, values greater than log(Ny/cm™2) = 26 were
not permitted in the simulations, and for the scattering fraction, negative values were not con-
sidered. Thus, we end up with 10,000 simulated values of the scattering fraction and column
density for each of the 386 sources. Next, we bin the 3,860,000 simulated column density
values into six separate bins (similar to the log Ny bins created for SA) and calculate the me-
dian column density for each bin. Values of log(Ny/cm™2) > 25 are included in the last bin.
Similarly, the corresponding simulated values of fs.a are also binned, and the median value of
Jscate In each bin is calculated. The standard error in each bin is calculated using the 16th and
84th percentile, as was done during the SA method. MC results are shown in blue in Figure
2.1. As evident from the figure, median and error values from SA and MC simulations are
completely consistent within their error bars. Although, median f.a values calculated using
SA are slightly lower than those calculated from MC simulations. However, unlike SA, MC
simulations include the already calculated uncertainties in both parameters (reported by R17)
and thus give better estimates of the final median and error in each column density bin.

We also used the simulated values of scattering fraction and column density to better quan-
tify the correlation found between them. For each run of the MC simulations, we fitted a linear
regression line to the simulated data and obtained the regression parameters such as slope,
intercept, correlation coefficient, and the probability of the null hypothesis. The final slope,
intercept, and Pearson’s correlation coefficient (reported in Table 2.1) are calculated from the
median of these 10,000 values, and the corresponding regression line is shown as a dashed red
line in Figure 2.1. Compared to the linear regression line fitted initially to the data after exclud-
ing the upper limits, the regression line found through MC simulations is more accurate since

these simulations are a better representation of the range of values that the scattering fraction
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and the column density could take for each source. Hence, the corresponding regression param-
eters better define the observed negative correlation between f.qx and log Ng. To confirm the
reliability of this correlation, we examined the probability distribution of the linear regression
obtained from MC simulations. As shown in Table 2.1, for the correlation between scattering
fraction and column density, we obtain a probability = 1.5 x 1072 for the null hypothesis.
Such a low p-value further confirms the significance of the inverse correlation obtained. We
also fitted various higher-degree polynomial regressions to the data points shown in Figure 2.1
but did not find any significant improvement in the chi-square values as compared to the one

for the linear regression fit.
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Figure 2.2: Scattering fraction vs column density for objects corresponding to two bins in: (a) Top
panel: intrinsic 14-195 keV luminosity (Li4—195), (b) Middle panel: black hole mass (Mgy), and (c)
Bottom panel: Eddington ratio (Agqq). The linear regression line as well as the median fy., and log Ny
values with 16 uncertainty for each log Ny bin are calculated using MC simulations. The plots show a
distinct negative correlation between scattering fraction and column density. The correlation parameters

are given in Table 2.2.
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Table 2.1: Correlation results for Figure 2.1 (Section 2.3), Figure 2.4 (Section 2.4), and Figure 2.5¢ (Section 2.5).

Parameter (in log) Slope # Intercept ? R-Value P-Value ©
(VS fcart) Data ¢ MC¢® Data ¢ MC® Datad MC®  Datad MC®
Ny —0.52+0.04 —047+0.03 12.1£1.0 109407 -063 -050 19x1072® 1.5x1072
Liom/La-10 0.26+0.05 0.334+0.02 0.76+£0.11 0.794+0.06 035 036 25x107% 2.8x107"?
Liom/Lia—195 0224+0.05 0.27+0.02 0.75+0.15 0.764+0.07 027 028 20x10° 9.0x10°8
LGy /L2-10 0.2740.05 0.36+£0.03 0.65+£0.10 0.704£0.05 033 034 49x1077 32x1071°
LGy /L1a-195 020+0.06 0.27+0.03 0.62+0.14 0.664+0.07 023 024 60x107* 1.4x107°
Liom/La-10 0.31+£0.05 0.40+0.03 1.01£0.16 1.124+0.08 039 038 1.4x10% 1.8x107!!
Lion /L1419 0.26+0.06 0.334+0.03 0.97+£0.20 1.084+0.10 029 029 27x107 4.4x1077
AEdd —0.144+0.05 —0.16+0.02 —0.224+0.09 —0.40+0.05 -023 -020 2.1x1073 1.1x1073

4 Of the linear regression line.

b The Pearson’s correlation coefficient.

¢ The probability of the data set appearing if the null hypothesis is correct.

d Excluding upper limits.

¢ Monte Carlo simulations.
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Table 2.2: Correlation results from MC simulations for Figure 2.2 (Section 2.3).

Parameter Number of Sources Bin Slope ? Intercept ? R-Value ° P-Value ¢
. 191/382 <474 x10%%erg/s —0.40+0.04 92409 —043+0.04 85x10°1°
e 191/382 >4.74 x 108erg/s —0.544+0.04 124409 —0.57+0.04 1.2x107"
y 136/273 <107 M, —0.36+0.05 82+1.1 —0424+0.05 4.6x107’
> 137/273 > 107 M, —0.42+005 9.7+12 —0434+0.05 12x1077
N 136/273 < 10174 —0.41+£005 95+12 —0424+0.05 2.8x107’
H 137/273 > 10174 —0.32+0.05 7.1+1.1 —0384+0.05 57x107°

4 Of the linear regression line.
b The Pearson’s correlation coefficient.

¢ The probability of the data set appearing if the null hypothesis is correct.

AIISU9(T uwnjo,) pue UONOLL] SULIILIS UIIMIOg UONB[II0) YL €T



2.3. The Correlation Between Scattering Fraction and Column Density

We also check if the correlation we found between scattering fraction and column density
holds for objects in different ranges of Li4_195, Mgy, and Aggq in our sample. By specify-
ing certain constraints on these physical properties of AGN, we aim to investigate how these
external factors modify the correlation we found. To do so, we create two bins for each of
these three parameters, as follows: (a) Li4_195 < 4.74 X 104 erg/s and > 4.74 x 104 erg/s,
(b) My < 107°°M_, and > 1072°M, and (c) log(Agaq) < —1.74 and > —1.74. These ranges
were determined from the median values of these parameters. In Figure 2.2, we show the linear
regression line obtained using MC simulations for each of these intervals. We also show the
median and uncertainty in the values of scattering fraction and column density for each bin
calculated using MC simulations. The correlation parameters for these fits and the number of
sources in each parameter window are reported in Table 2.2. Very low values of probability
(of the null hypothesis) establish the significance of the negative correlation between fyca¢ and
log N even when different conditions related to the physical properties of the accreting sys-
tem are considered. Therefore, we can conclude that X-ray luminosity, black hole mass, and

Eddington rate do not affect the negative correlation we found.

The X-ray spectra of 75/386 (~ 19%) sources in our sample were also fitted using torus
models (see R17 for details). We have verified that including fi.a¢ and log Ny values obtained
from those fittings in our original data does not affect the anti-correlation found between these
parameters. One should note that scattering fraction values > 5% — 10% can arise due to
a partial covering absorber instead of Thomson scattering. To exclude their contributions,
we apply an uppercut on the value of scattering fraction at 5% and 10%. In Appendix 2.7,
we show that applying such a criterion does not modify the correlation significantly (Figure
2.7a). The correlation we found may be biased by the typically low count rates of sources with
high column densities. To make sure that these sources do not regulate the observed trend,
we impose a lower limit on the number of counts per source at 200 counts. Figure 2.7b in
Appendix 2.7 shows that, even after removing the sources with low counts, we recover the

same correlation between fica and log Ny, using MC simulations.
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Figure 2.3: (a) Distribution in values of the slope of the correlation between scattering fraction and
column density. (b) Distribution in the probability of the null hypothesis for the correlation between
scattering fraction and column density. The distribution obtained from the XSPEC simulations is shown
in grey, with the median slope marked by a dashed grey line (in the left panel). The value obtained from
the data (excluding upper limits) is shown as a dashed black line. The median value obtained from MC
simulations (including upper limits) is shown by a dashed blue line with the shaded blue region showing
the possible range of values. The difference in the values obtained from the XSPEC simulations and the
data/MC simulations, for the slope of the correlation and the probability of the null hypothesis, shows

that any degeneracy between the parameters (ficae and log Vip) does not produce an artificial correlation.

2.3.1 Testing Parameter Degeneracies

An important step in our analysis is to check if the correlation we found is due to degeneracy
between the two spectral parameters of interest, fscax and log Ng. Hence, in this section, we
perform simulations to check for the degeneracy between the scattering fraction and the col-
umn density. We simulated 100 dummy populations of obscured AGN, with the same size as
our sample, which corresponds to more than 38,000 simulations, using a predefined model to
describe the X-ray spectrum of an AGN. The model was decided based on its ability to provide
a statistically significant fit to the X-ray spectra of the majority of sources in our sample. We
used the same model to fit the simulated spectra and obtain simulated values of the parameters
column density and scattering fraction. These two parameters were then plotted against each

other to check if they show any inherent correlation and degeneracy.
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The X-ray spectra are simulated using the FAKEIT command in XSPEC v12.10.1f (Arnaud
1996). As input, this command requires a background file, a response matrix file (RMF), and an
auxiliary response file (ARF). For our analysis, we use the XMM-Newton/EPIC-pn background,
RMEF, and AREF files. As a test, we repeat a set of simulations with Swift/XRT background and
response files and obtain similar results. We also redo the simulations with multiple sets of
background and response files to accommodate any changes due to source positioning in the
field of view and obtain similar results as when we use a single set of background and response
files. FAKEIT also needs an exposure time, which we randomly select from the distribution
of the actual exposure times of the 386 sources in our sample. Finally, the FAKEIT command
requires us to specify a model that will be used to generate fake spectra. For our simulations,
we use the model B1 from R17 (described in detail in Section 2.2.1), which was used to fit
the X-ray spectra of 272/386 (~ 71%) sources of our sample (see R17 for details). In XSPEC

terminology, the model is defined by the following expression:
ZPHABS X CABS X CUTOFFPL + PEXRAV + constant X CUTOFFPL

The various parameters in the model, their priors, and the conditions applied to them are ex-

plained in detail here:

* Scattering fraction (fscat): This parameter is represented by the constant term in the
model. Its input value is selected randomly from a uniform distribution ranging from

0.1% to 5%.

* Column density (Ny): This parameter appears twice in the model (in components ZPHABS
and CABS) and its value in these two components is tied. The default range acceptable
for this parameter in the model needs to be modified to 0.1 < Nyj/10?>cm™2 < 1000 to
describe the obscured AGN in our sample. The input value of this parameter is randomly

selected from a uniform distribution of values between 1022¢cm—2 and 10245 cm 2.

* Photon index (I'): This parameter appears three times in the model (in the two power-
laws and the PEXRAV component), and its value in all three components is tied. The input
value of I' is selected randomly from a Gaussian distribution centered around 1.8, with a

standard deviation of 0.2 (Ricci et al. 2017a).
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* High energy cutoff (Ec): This parameter also appears in the same three components as
I', and its input value is selected randomly from a Gaussian distribution centered around

210 keV, with a standard deviation of 40 keV (Ricci et al. 2018). The value of this

parameter for the three components is tied and not allowed to vary.

* Normalization (K): This parameter appears in the same three components as I' and Ec,
and its value in the three components is tied. It is calculated from flux values in the 2—-10
keV band. Once the normalization values corresponding to all sources in our sample are
calculated, the input value of this parameter in the model is selected randomly from the

distribution of those values.

* Reflection parameter (R): The default range acceptable for this parameter is set to —1 <
R <0, and its value is not allowed to vary. The input value is selected randomly from a
Gaussian distribution centered around -0.4, with a standard deviation of 0.1 (Ricci et al.
2017a). The reflection parameter and luminosity could be anti-correlated (e.g. Zappa-
costa et al. 2018) with a preference for luminous AGN to have low to null reflection
parameter (e.g. Vignali et al. 1999; Reeves & Turner 2000; Page et al. 2005). Further-
more, Ricci et al. (2011) found different levels of reflection as a function of AGN type.
However, we do not consider any such correlation between R and K or R and Ny in these

simulations.

* All the remaining parameters, such as redshift, iron abundance, and inclination angle,

are set to their default values and not allowed to vary during the fitting process.

After feeding the model and the input values of all parameters to the software, we simulated
100 spectra each for all sources (total 38,600 spectra). All spectra were rebinned to have at least
20 counts per bin to use chi-squared statistics. We only generated the spectra in the 0.3-10 keV
interval, matching the energy range covered by XMM-Newton/EPIC-pn. All spectra were then
fitted using the model defined above to obtain the best-fit values of all free parameters. For
each set of simulated data, we then checked for the presence of a correlation between fca
and log Vg with a linear fit, as it was done in Section 2.3 for our sample. To do so, we create

a distribution of the slopes of the linear regression lines for all 100 fycac vs log Ny plots, as
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shown in Figure 2.3a. The figure clearly shows a large difference between the slopes obtained
from the data/MC simulations and the XSPEC simulations. Hence, we can safely infer from
this distribution that the negative correlation we found between the scattering fraction and the
column density for our sample of obscured AGN is not due to parameter degeneracy. We also
show the probability distribution of the null hypothesis in Figure 2.3b, which reinforces the
validity of the inverse correlation we found. To confirm that these simulations do not miss
sources with low fcar and low log Ny values, that are otherwise not present in the original data
(as visible in Figure 2.1), we looked at the ratio of simulated fycai to input fyca as a function of
input log Ng. The plot did not show any trend, hence, proving the ability of these simulations
to recover such sources. An example of a simulated spectrum, along with the model used and
the residuals after the fit, is shown in Figure 2.8a in Appendix 2.7. We also show an example of
a simulated correlation between scattering fraction and column density values obtained from
these simulations in Figure 2.8b in Appendix 2.7.

One should note that the scattered X-ray radiation could be absorbed by the host galaxy. To
take this into account, we repeat a set of XSPEC simulations with a modified model including
an absorbed scattered component. The column density of the absorbing material is assumed to
be randomly distributed between 10!? cm~2 and 10?! cm~2. The simulated spectral parameters,
column density, and scattering fraction, hence obtained, do not appear to be correlated, thus
confirming the lack of degeneracy between them. Since, throughout our simulations, we use the
same model to create and fit the spectra, the validity of our approach to look for degeneracies
may be debated. Therefore, we repeat a set of XSPEC simulations using two models, one to
create the spectra and another to fit them. We employ the RXTorus® model developed by Paltani
& Ricci (2017) to simulate the fake spectra and the model B1 from R17 to fit them. Since we
want to simulate the X-ray spectra of obscured sources, we assume an input value of 80° for
the viewing angle (where 0° is face-on), and the ratio of the inner-to-outer radius of the torus
is assumed to be 0.5. The input value of the equatorial column density is randomly selected
from a uniform distribution of values between 10> cm~2 to 10°*> cm~2 and is connected to the
line of sight column density via the inclination angle and the torus covering fraction. All the

other parameters and their priors are the same as model B1 (described earlier). The resultant

3https://www.astro.unige.ch/reflex/xspec-models
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simulated parameters (log Ny and fy.ai) are then checked for any correlation using a linear
regression fit, and we obtain a slope = 0.1 +0.04. Hence, we can conclusively confirm the
absence of parameter degeneracy and the validity of the anti-correlation between the scattering

fraction and column density.

2.4 The Correlation Between Scattering Fraction and Ly /Lx,

chlirn / LX and L [o11] / LX

Having confirmed the negative correlation between the scattering fraction and the column den-
sity for our sample of obscured AGN, we now investigate if the scattering fraction relates with
the ratio of [Om] A5007 to X-ray luminosity (Ljoy /Lx). In the case of buried AGN with
extremely low scattering fractions (< 0.5%), several studies have shown that these sources ex-
hibit relatively lower values of Ljoqy /Lx (e.g., Noguchi et al. 2010; Ueda et al. 2015). As a
further test, we also check for possible correlations between ficq and the ratio of [O 1] A3727
to X-ray luminosity (Ljoy /Lx), another tracer of the NLR. For our analysis, we adopt the ob-
served [Ou] A3727 luminosity (L jor]) and the observed as well as extinction-corrected [Om]
A5007 luminosity (Lo and L[grlrm respectively). For Lx, we use the intrinsic X-ray luminos-
ity in the 2-10 keV and the 14—195 keV energy bands. Although, L, 19 and L4195 are related
quantities, Lp_1o can be strongly affected by high column densities. Therefore, we include the

luminosity in the harder energy band (14195 keV) because it is less biased by high column

densities in our sample.

Figure 2.4a shows fycae as a function of L[OIH] /L>—10 for 359 sources (in grey) for which
we have the Loy and Ly 1o measurements. Similar to the procedure followed in section 2.3,
we initially fit a linear regression line (in red) to all data points, excluding the upper limits. This
fitting suggests that there might be a positive correlation between fscar and Lioy) /Lr_1¢ that
needs to be analyzed in more detail. To do so, we divide the data into six bins of Lioyy) /L2105
such that each bin contains at least 20 sources. The median and standard error of fs..¢ in each
bin (shown in black), after including the upper limits, is calculated using the SA method. For

the x-axis, we just plot the midpoint of each bin with error bars = 0.25 or 0.5, depending on the
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Figure 2.4: Scattering fraction vs (a) Ljom/L2-10, (b) Liomr/L14-195, (C) fgﬁl] /La—10, (d)
coIr

o /L1a—195, (&) Lion /Li12-10, and (f) Liom /L14—195. Our data is shown as grey open circles in

the background (upper limits as downward arrows and best-fit values with error bars showing errors at
90% confidence level). The black and blue circles with error bars correspond to the median and 16 un-
certainty in fycan calculated using SA and MC simulations, respectively. The solid red linear regression
line is obtained from the data by excluding upper limits, while the dashed red regression line is obtained
from MC simulations. The plots show a positive correlation between fy.qc and Liomy /Lx,

Ligy /Lx and

Lion /Lx. Correlation parameters are presented in Table 2.1.
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size of the bin. Furthermore, for better estimates of the median and standard deviation in fga
in each bin, we use MC simulations. As described in detail in Section 2.3, these simulations
include the already calculated errors in the parameters to generate their probability distribution
functions. However, it is important to note that we do not have error estimates for Loy /La—1p.
Therefore, in this case, we only created these probability distributions for fia. Whereas,
for Liomy/La—10, We just represent the midpoints and the size of each bin, as done for the
SA method. Following the procedure in Section 2.3, we obtained 10,000 values of scattering
fraction for each source. For each run, depending on the L[OIH] /Ly 10 bins, we classify the fyca
values and calculate their median in each bin. The resulting median of each bin is the average
of all 10,000 medians in that bin. The error in fi. in each bin is the standard deviation in
the median values with respect to the final median (shown in blue). Therefore, these errors
calculated from MC simulations are significantly smaller (by a factor of v/N, where N is the
sample size in each bin) compared to those calculated from SA. Apart from this, the results
from the two methods are consistent with each other. We also show the linear regression line
calculated from the MC simulations (as a dashed line) in Figure 2.4a. All the correlation

parameters are reported in Table 2.1.

In a similar manner as described above, the correlation between scattering fraction and
Liom /L14—19s is also inspected and is shown in Figure 2.4b. It is clear from both plots (Figure
2.4a and 2.4b) that scattering fraction correlates with Loy /Lx (where, X =2-10 and 14-195).
The significance of these two correlations is determined from their low p-values (=~ 10~!? for
Liomy/L2—10 and = 1078 for Liom/L14-195). We also explore if this correlation persists when
we correct the [Om] A5007 luminosities for reddening from the Balmer decrement (e.g., Ueda
et al. 2015). The relation between the scattering fraction and Lfgrlru] /Lx for 318 sources is
shown in Figure 2.4c and 2.4d. The figures show a positive correlation similar to the one found

between the scattering fraction and the ratio of the observed [Oui] A5007 to X-ray luminosity.

CcoIr
(oI

(= 10719 for X = 2-10 and ~ 107 for X = 14-195; see Table 2.1). Thereby, highlighting the

The null hypothesis probabilities for the correlation between fycq and L | /Lx are quite low
significance of the positive correlation between these two parameters. Finally, we examine the
dependence of scattering fraction on the ratio of the observed [On] A3727 to X-ray luminosity

for 295 sources in our sample for which we could simultaneously get values of the observed
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[On] A3727 luminosity and the intrinsic X-ray luminosity in the 2-10 and 14-195 keV bands.
(Figure 2.4e and 2.4f). As reported in Table 2.1, the correlations observed in this case have
slightly higher slopes compared to those with Loy /Lx. However, for both sets of correlations

we obtain similar p-values (< 1073), which confirms their significance.

For the three sets of correlations evaluated in this section, it is worth noting that not always
the narrow emission lines, such as [On] A3727, [Om] A5007, Ha and HP can be ascribed
solely to the AGN. In some AGN hosts, there might be a non-negligible contribution from
star formation that cannot be ignored (e.g., Maddox 2018). To solve this issue, we checked
the emission-line classification of all sources in our sample from Koss et al. (2017). We used
the [Om] A5007/HP versus [Nu] A6583/Ha and [Si] A6717/Ha classifications of Veilleux &
Osterbrock (1987), revised by Kewley et al. (2006), to determine which sources lie in the star-
forming regions of these line diagnostics diagrams. After removing those sources (~ 15%), we

recovered all the positive correlations between fscan and Loy /Lx, L‘[“'grlrm /Lx, and Lo /Lx.

2.5 The Relation Between Scattering Fraction and Mgy, Lx

and }\«Edd

In this section, we investigate how the scattering fraction evolves with different physical prop-
erties of AGN, such as X-ray luminosity, black hole mass, and Eddington ratio (Equation 2.1).
We have already seen that the correlation between scattering fraction and column density is not
affected by any of these parameters. However, we want to check if the fraction of Thomson-
scattered radiation is influenced by these properties. In Figure 2.5a, we show the scattering
fraction as a function of the intrinsic 14—195 keV luminosity (Lj4_195), for 382 sources (in
grey). Following the procedure described in Section 2.4, we have divided the x-axis into six
logarithmic bins of L4195 and plotted the median and error in fy.a, calculated using SA (in
black) and MC simulations (in blue), for each bin. The plot shows no correlation (p-value =
0.11) between fscae and Li4_195. Figure 2.5b shows scattering fraction as a function of black
hole mass for 273 sources, for which we used black hole mass estimates from the BASS DR2

(Section 2.2.2). The plot clearly shows a lack of correlation between fycqx and Mpy (p-value =
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Figure 2.5: (a) Scattering fraction vs intrinsic 14-195 keV luminosity. (b) Scattering fraction vs black
hole mass. (c) Scattering fraction vs Eddington ratio. Our data is shown as grey open circles in the
background (upper limits as downward arrows and best-fit values with error bars showing error at 90%
confidence level). The black and blue circles with error bars correspond to the median and 16 un-
certainty in fsay calculated using SA and MC simulations, respectively. The solid red line (only in
the bottom panel) depicts the linear regression fit to the data, excluding upper limits. The dashed red
line (only in the bottom panel) is the regression fit obtained from MC simulations. The plots show no
correlation between fyca and Li4—_195 (r-value = 0.081) and Mgy (r-value = 0.071). A weak negative

correlation is detected between ficay and Aggq. Correlation parameters are reported in Table 2.1.
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0.24).

Finally, we plot the scattering fraction as a function of the Eddington ratio for 273 sources
in our sample (Figure 2.5c). The Eddington ratio for these sources is calculated from Equation
2.1, using the 2-10 keV bolometric correction from Vasudevan et al. (2009) and the black
hole masses. We find a weak negative correlation between fcare and Agqq (p-value = 0.001).
Similar to the methods employed previously, we fit two linear regression lines to the data, one
excluding the upper limits in fcac and the other including upper limits and errors in fycai using
MC simulations. We have reported the regression parameters calculated from both methods
in Table 2.1. Vasudevan & Fabian (2009) showed that bolometric correction factors could be
a function of the Eddington ratio. However, the correlation we found between fyca and Aggq

does not change if we take into account such dependence.

2.6 Discussion

In the previous sections, we found various correlations between the scattering fraction and
some physical properties of AGN, such as the line-of-sight column density, the ratio of the
observed and extinction-corrected [Om] A5007 luminosity to X-ray luminosity, the ratio of the
observed [Ou] A3727 luminosity to X-ray luminosity, and Eddington ratio. In the following, we
explore various interpretations of these correlations. In Section 2.6.1, we discuss two possible
reasons behind the negative correlation between fy.a and log Nyg. In Section 2.6.2, we discuss
the dependence of fycair ON L[O 111] /Lx and other similar relations. We also explain how these
correlations could shed light on the possible locus of Thomson scattering. And finally, in

Section 2.6.3, we discuss the weak negative correlation between fyca and Agqgq.

2.6.1 The Effect of Inclination Angle and Torus Covering Factor on Scat-
tering Fraction
For our sample of 386 hard-X-ray-selected, nearby, obscured AGN from the 70-month Swift/BAT

catalog, we find a negative correlation between the scattering fraction and the column den-

sity (Section 2.3 and Figure 2.1). This trend is consistently observed even when we consider

A Large Multi-Wavelength Study of Local Active Galactic Nuclei 4 1



2.6. Discussion
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Figure 2.6: Schematic representation of an AGN showing a particular structure and geometry of the
torus (also see Figure 4[b] of Ramos Almeida & Ricci 2017). The inclination angle is measured from the
normal to the accretion disk and relative to the observer. The intrinsic column density of the obscuring
torus increases with inclination. The torus covering factor is determined from the fraction of sources
within a specific column density range (details are given in Ricci et al. 2015 and Ramos Almeida &

Ricci 2017).

splitting the sample into different ranges of some of the fundamental parameters of accreting
SMBHEs, such as their X-ray luminosity, black hole mass, and Eddington ratio (Figure 2.2). We
exclude the possibility that this correlation is due to the degeneracy between different spectral
parameters by simulating dummy populations of obscured AGN (Section 2.3.1). We fitted all
38,600 simulated spectra and explored possible correlations between fgcar and Nyg. The slope
and probability distributions (Figure 2.3) confirm the absence of any correlation between the
simulated values, thereby implying that the correlation we found is intrinsic. Very high values
of scattering fraction (> 5% — 10%) can be either due to partially covering absorbers or due
to significant contributions from radio jets (see Ricci et al. 2017a for a discussion). Therefore,

we also check and confirm the existence of this correlation when an uppercut at foca = 5%
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and 10% is applied (Figure 2.7a). We also verify that this trend is not due to sources with low
counts: by considering a lower limit of 200 counts per source, we recover the same correlation
we find for the complete sample (Figure 2.7b).

We can, therefore, confirm the existence of a significant negative correlation (p-value
~ 1072) between the scattering fraction and the column density. We can also infer from
our analysis that the dependence of the scattering fraction on the column density is not, in any
way, affected by the X-ray luminosity of the accreting system, the mass of the central SMBH,
or the Eddington ratio (Table 2.2). This implies that the main parameter driving the correlation
is indeed the column density. To explain this inverse correlation between the scattering frac-
tion and column density, we discuss here two possible explanations: (a) the inclination angle
dependence of the Thomson cross-section and (b) the covering factor of the surrounding torus

of AGN.

Inclination Angle

To comprehend the reason behind the anti-correlation between scattering fraction and column
density, we first consider the inclination angle dependence of the Thomson cross-section. The
cross-section of Thomson scattering has a cosine square dependence on the inclination angle
(e.g., Rybicki & Lightman 1986). We also assume an average AGN model where the torus
geometries and properties are similar for all sources, and the only parameter changing between
the different sources is the inclination angle. A schematic of the assumed structure of the
torus is shown in Figure 2.6, where the column density increases with the inclination angle.
We can also predict the covering factor (f.oy) of different layers of the torus, based on the
fraction of sources with line-of-sight column density in a specific range, following statistical
arguments given by Ricci et al. (2015) and Ramos Almeida & Ricci (2017). We start with
a covering factor of 70% for the torus, corresponding to a column density of 10%2-9%0- ¢m—2
and calculate the inclination angle (0;,.) to be approximately 46° (where, 0;,c = cos™! Jfeov)-
As we consider higher values for the column density of the obscurer, at 102303 c¢m~2 and
102451095 cm=2 the covering factor of the torus relative to that column density reduces to 52%

and 27%. Therefore, the viewing angles corresponding to those column densities increase

to 59° and 74°. Since the fraction of Thomson-scattered radiation (denoted by ficat) Will be
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proportional to the cross-section of Thomson scattering ([j—g]unpol = r—z‘z’ x [1 4+ cos?8yyc], where
ro = €% /mc?), we used cos?0y,. as a proxy for the scattering fraction and plotted it against
the column density of the torus. We obtained an inverse correlation between these parameters
with a slope = —0.42 £0.07. This slope is consistent with what we found from our data
using the MC simulations (—0.47 +-0.03). Hence, we can conclude that the observed trend
could be explained by the inclination angle dependence of the Thomson cross-section. Some
studies have shown that the equivalent width of the [Om] A5007 line could be an indicator of
inclination (e.g., Risaliti et al. 2011; Bisogni et al. 2017; Vietri et al. 2018). As a further test,
we checked for a possible relation between the scattering fraction and the equivalent width of

the [O ] A5007 line and did not find them to be correlated with each other.

Torus Covering Factor

Another possible explanation for the anti-correlation between f,« and log Ny could be that
sources with high column densities tend to have, on average, a higher covering factor of the
torus (e.g., Ricci et al. 2011 Elitzur 2012; Mateos et al. 2016; Tanimoto et al. 2018; Panagiotou
& Walter 2019). This would reduce the fraction of Thomson-scattered radiation and result in
lower values of scattering fraction. This interpretation also puts into perspective the conclu-
sions made for the population of buried AGN identified by Ueda et al. (2007). They suggested
that one of the plausible explanations for such low values of scattering fraction (< 0.5%) would
be the presence of an obscuring torus with a very high covering factor. However, we also need
to keep in mind the inherent degeneracy between the torus covering factor and the amount
of material available for Thomson scattering. Due to this degeneracy, a low scattering fraction
can also arise due to the deficiency of circumnuclear material needed for the scattering to occur

(e.g., Ueda et al. 2007).

2.6.2 X-ray Scattering in the Narrow-Line Region

In Section 2.4, we detect a positive correlation between the scattering fraction and the ratio of
the observed [Om] AS007 luminosity to the intrinsic X-ray luminosity (Figure 2.4a and 2.4b).

This correlation also persists when the [Om] A5007 luminosity is corrected for extinction (Fig-
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ure 2.4c and 2.4d). Therefore, suggesting that the soft scattered X-ray radiation observed in ob-
scured AGN may originate in the narrow-line region (NLR). It is well-established that emission
lines present in the soft X-ray spectrum of obscured AGN are produced in a gas photoionized
by the central active nucleus, rather than a collisionally ionized gas (e.g., Kinkhabwala et al.
2002; Schurch et al. 2004; Guainazzi & Bianchi 2007; Bianchi et al. 2010; Nucita et al. 2010;
Braito et al. 2017). We also know that the NLR is composed of material produced by photoion-
ization, based on which, Bianchi et al. (2006) conducted a high-resolution spectral analysis of
a sample of Seyfert 2 galaxies and found a striking similarity in the extension and the overall
morphology of the soft X-ray and the [Om] A5007 emission. They showed, using photoion-
ization models, that it is possible to have a gas photoionized by the central AGN, extending
over hundreds of parsec and producing both the [O m] A5007 and the soft X-ray emission. The
correlation we found further supports the claim that the soft X-rays and the [O m] A5007 emis-
sion are produced by the same gas, i.e., the NLR. This correlation is also in agreement with
previous results in the literature that found low values of Loy /Lx for sources with very low

scattering fractions (e.g., Noguchi et al. 2010; Ueda et al. 2015).

Compared to Ljoqy /Lx (slope = 0.33 £0.02), we recover a slightly steeper correlation
(slope = 0.40 +0.03) when we consider Loy /Lx (Figure 2.4e and 2.4f). An even steeper
dependence (slope = 0.98) is quoted by Kawamuro et al. (2016) for the ratio of [O1v] A24.89u
luminosity to 10-50 keV X-ray luminosity. Considering the fact that the [O v] A24.89 u emis-
sion is less extinct by dust, compared to the [Our] A5007 emission, it is expected that the
scattering fraction correlates more with its ratio to the X-ray luminosity. Consequently, the
various correlations of fy.q With ratios of optical line luminosities to X-ray luminosity further
strengthen our conclusion that Thomson scattering occurs in the NLR. We also investigated
if the correlations we found are affected by the different aperture sizes of the sources in our
sample (Appendix 2.7). To do so, we checked if the Loy /Lx correlates with the redshift or
the physical width of the slits used for [O ur] A5007 measurements (reported by Koss et al.
2017 and Oh et al. 2022). As shown in Figure 2.9 in Appendix 2.7, we do not find any sig-
nificant correlation between Loy /Lx and redshift or Loy /Lx and slit sizes. Therefore, we
can exclude any aperture effects on the trends we observe. As the column density is much

better constrained compared to the scattering fraction, we also checked if the ratio of the [O mi]
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A5007 to X-ray luminosity is correlated with the column density. However, we only obtain a
very weak negative correlation between log Ny and Liopy /Lx, with a slope = —0.20 +0.01
and p-value = 1.1 x 10~ for the 2—10 keV band, and a slope = —0.12+0.01 and p-value =
2.0 x 1072 for the 14-195 keV range. This weak correlation disappears when we consider two
bins in fy around median fi..e = 1.3. Hence, we can conclude that the ratio of the [Omi]
A5007 to X-ray luminosity is indeed correlated with the scattering fraction and not with the

column density.

The scatter visible in all plots of Figure 2.4 could be attributed to different variability
timescales of the X-rays and the optical emission lines (e.g., Mushotzky et al. 1993; Schawinski
etal. 2015; Oh et al. 2017; Ichikawa et al. 2019b). This correlation between scattering fraction
and [O m] A5007 to X-ray luminosity ratio could be useful in removing the large scatter in the
Lx versus Lig ) relation (e.g., Ueda et al. 2015). Figure 2.4a shows that the ratio of the optical
to X-ray bolometric corrections could change by a factor of ~1000 since a change in scattering
fraction from 0.1% to 5% causes a variation of almost three orders of magnitude in Loy /Lx.
As we show in Section 2.4 and 2.5, it is L[O 111] which changes with fi.a and not Ly, therefore,
the ratio between the [O m] A5007 and the X-ray bolometric corrections for different objects
could vary depending on their scattering fractions. However, exploring these effects in detail is
beyond the scope of this work. Finally, given the fact that low ficax AGN, which have higher
column densities, have typically low ionized optical line luminosity with respect to the X-ray
luminosity, we would expect optical surveys, which rely on narrow emission lines to identify

obscured AGN, could miss a significant fraction of the population of heavily obscured AGN.

2.6.3 The Role of Eddington Ratio

For our sample, we find a weak negative correlation between the scattering fraction and the
Eddington ratio (Section 2.5 and Figure 2.5c). A possible interpretation of this correlation can
be acquired from the inverse correlation between fy.a and log Ng. We discuss in Section 2.6.1
that the low scattering fractions could be, at least in part, due to a higher covering factor of the
torus. This would imply that sources with high accretion rates having lower scattering fractions

tend to be surrounded by a thicker torus. A similar argument was proposed by Noguchi et al.
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(2010), who also found the Eddington ratio to be anti-correlated with the scattering fraction.
Another potential explanation of this inverse correlation is explored by Ricci et al. (2017b),
who presented a negative correlation between the covering factor of the Compton-thin material
and Aggq. As a result, we would expect the scattering fraction to also decrease with increasing
accretion rates since Thomson scattering occurs in the Compton-thin circumnuclear material.
This explanation is supported by the idea that the amount of material surrounding an AGN is
regulated by the radiation pressure (e.g., Fabian et al. 2006; Fabian et al. 2008; Fabian et al.
2009). Hence, it is possible that more rapidly accreting AGN tend to have a lower fraction of
Thomson-scattered radiation, either due to removal of Compton-thin circumnuclear material

by radiation pressure or due to a geometrically thick torus.

2.7 Summary and Conclusion

In this work, we used the 70-month Swift/BAT catalog to study the properties of Thomson-
scattered X-ray radiation in a sample of 386 hard-X-ray-selected, obscured AGN in the local
Universe. We used X-ray spectral parameters reported by Ricci et al. (2017a), black hole
masses estimated by Koss et al. (2017, 2022b), and narrow-line fluxes calculated by Oh et al.
(2022) to investigate possible correlations between the fraction of Thomson-scattered radiation
and other physical properties of SMBHs, such as the line-of-sight column density, X-ray lu-
minosity, black hole mass, Eddington ratio, [Om] A5007 to X-ray luminosity ratio, and [O1]

A3727 to X-ray luminosity ratio. Here, we summarize our main findings:

* We found a significant negative correlation between the scattering fraction and the col-
umn density (see Section 2.3 and Figure 2.1), with a slope = —0.47 4 0.03 (Table 2.1).
We excluded the possibility that this correlation is due to sources with lower counts (Fig-
ure 2.7b) or due to partially covering absorbers ( fscar > 5% — 10%; Figure 2.7a). We also
verified that the correlation persists when considering different bins of X-ray luminosity,

black hole mass, and accretion rate (Figure 2.2 and Table 2.2).

* To confirm that the correlation we found is intrinsic to our sample and not due to de-

generacy between the parameters, we simulated and fitted more than 38,000 obscured
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AGN spectra (see Section 2.3.1 and Figure 2.8a). We then checked for possible corre-
lations between the simulated parameters. The probability and slope distribution plots
(Figure 2.3) demonstrate that parameter degeneracy is not responsible for the observed

trend (Figure 2.8b).

To understand the physical mechanism responsible for the anti-correlation between scat-
tering fraction and column density, we discussed two possible explanations. First, we
considered the inclination angle dependence of the Thomson cross-section and assumed
a certain average geometry of the circumnuclear material for all AGN (see Figure 2.6 and
Section 2.6). Based on these assumptions, we were able to explain the trend we observe.
A second explanation for this trend is that, in general, sources with high line-of-sight
column densities tend to have higher covering factors of the surrounding torus. As a
result, the amount of Thomson-scattered radiation could decrease, in turn reducing the

scattering fraction for these sources.

We found a positive correlation between the scattering fraction and the ratio of [Omi]
A5007 to X-ray luminosity (see Section 2.4 and Figure 2.4), with a slope = 0.33 +
0.02 (0.27 £0.02) for the intrinsic 2-10 (14-195) keV X-ray luminosity. A similar,
but slightly steeper, correlation was observed for the ratio of [Ou] A3727 to X-ray lumi-
nosity. Both the trends suggest that Thomson-scattered radiation could originate in the
same region responsible for the optical [Omr] A5007 and [Ou] A3727 emission, i.e., the
NLR. This conclusion is also supported by several previous studies (e.g., Bianchi et al.

2006; Ueda et al. 2015; Kawamuro et al. 2016).

We did not find any dependence of the fraction of Thomson-scattered radiation on the
X-ray luminosity or black hole mass of the AGN. However, we detected a weak negative
correlation between scattering fraction and Eddington ratio (see Section 2.5 and Figure
2.5) with a slope = —0.16+0.02. This relation could imply that rapidly growing SMBHs
are either surrounded by a thicker torus (Noguchi et al. 2010) or have radiatively driven

away the Compton-thin material needed for scattering (Ricci et al. 2017b).
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Appendix

A: The ficat — Ny Correlation with Different Cuts

High values of scattering fraction (> 5% — 10%) in obscured AGN can be attributed to partially
covering absorbers or to jet emission (Ricci et al. 2017a). To assure that these sources do not
affect our analysis, we apply an uppercut on the values of scattering fraction at 5% and 10%
and hence drop 67 and 38 sources, respectively. We plot the remaining sources as a function
of column density in Figure 2.7a. Using MC simulations (see Section 2.3), we calculate the
correlation parameters and obtain a linear regression line with a slope = —0.40 + 0.03 for both
cases and p-value = 6.5 x 10717 (2.5 x 10~19), for the 5% (10%) cut on fscatt- As evident from
the plot, we find a trend similar to the one we obtain for the entire sample.

To verify that the anti-correlation we find between scattering fraction and column density

A Large Multi-Wavelength Study of Local Active Galactic Nuclei 49



2.7. Summary and Conclusion

102 ¢

fscatt (%)
fscatt (%)

o foart < 5% Binning
1072L o fian < 10% Binning

. . . . . . . . -2 L, . . . . . . .
21.5 22.0 225 23.0 235 24.0 245 25.0 10 215 22.0 225 23.0 235 24.0 245 25.0

log (Ny/cm™2) log (Ny/cm™2)
(a) (b)

Figure 2.7: (a) Scattering fraction vs column density with an uppercut on fy.a at 5% (blue) and 10%
(black). The grey open circles in the background show the data points (with error bars showing errors
at 90% confidence level) for objects with ficax < 10%. The black and blue circles are the median
and uncertainty (10) in fsa and log Ny calculated using MC simulations for each log Ny bin and both
the linear regression lines are also obtained using the same method. (b) Scattering fraction vs column
density for objects with > 200 counts. The data points for these objects are shown as grey open circles
in the background (error bars show values in the 90% confidence level). The black circles correspond
to the median and uncertainty (16) in fs,« and log Ng calculated using MC simulations for each log Ny

bin, while the black line is the linear regression line obtained using the same method.

is not due to sources with low counts, we apply a cut at 200 counts per source on our sample.
It implies removing 136 sources from our original sample of 386 sources. We use MC sim-
ulations to quantify the dependence of fy.4 on log Ny for the modified sample. Figure 2.7b
demonstrates that these sources do not affect the original correlation, as we recover a similar

correlation with a linear regression slope = 0.44 4= 0.03 and p-value = 7.0 x 10716,

B: X-ray Spectral Simulations

We ran multiple spectral simulations to exclude the possibility that the inverse correlation we
find between the fraction of Thomson-scattered radiation and the line-of-sight column density
is due to the degeneracy between these parameters (discussed in Section 2.3.1). In Figure 2.8a,

we show an example of a simulated spectrum, along with the model used for simulating and
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Figure 2.8: (a) An example of a simulated spectrum created using XSPEC. The model used to simulate
and fit the spectrum is shown in red. The text box shows the best-fit values obtained for the various free
parameters, while the bottom panel shows the fit residuals. (b) An example of a correlation between
the simulated values of scattering fraction and column density obtained from XSPEC simulations. The

black line shows the linear regression fit to the simulated dataset.

fitting it and the residuals after the fitting. We also show in Figure 2.8b a correlation between

the set of simulated parameters.

C: Aperture Effects on [Om] A5007 Measurements

We have adopted observed flux measurements of the [Omr] AS007 emission line in our analysis.
To eliminate possible aperture effects on these measurements, we investigated potential corre-
lations between the ratio of observed [Om] A5007 to intrinsic X-ray luminosity and the redshift
(Figure 2.9a). We find a linear regression with slope = 0.14 +0.10 for both energy bands and
p-value = 0.18 (0.13), for 2—-10 keV (14-195 keV) X-ray luminosity. We also checked, in
Figure 2.9b, if Loy /Lx correlates with the physical size of the slits used for the [Om] A5007
measurements (reported in Koss et al. 2017 and 2022b). We obtain a linear regression line with
slope = 0.13+0.0.09 (0.12£0.09) for 2—10 keV (14-195 keV) X-ray luminosity and p-value
= 0.16 for both cases. Based on these results, we can conclude that no significant correlation

exists between the parameters, and we can exclude aperture effects from our analysis.
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Figure 2.9: (a) The ratio of observed [O11] A5007 luminosity to intrinsic X-ray luminosity vs redshift.

(b) The ratio of observed [O 1] A5007 luminosity to intrinsic X-ray luminosity vs physical slit size (kpc)

used for [Om1] A5007 measurements. The blue and black lines show the linear regression fit to our data

for intrinsic X-ray luminosity in the 2-10 keV and 14-195 keV energy bands, respectively. The shaded

regions show uncertainty in the regression lines. The lack of correlation in both cases (r-value = 0.087

and 0.077, respectively) suggests that the [O11] A5007 measurements are not significantly affected by

the aperture size of the sources.

52

A Large Multi-Wavelength Study of Local Active Galactic Nuclei




Chapter 3

Optical-to-X-ray SEDs of Unobscured
AGN

3.1 Introduction

While most of the light coming from a galaxy can be attributed to its stellar population that
emits radiations primarily in the ultraviolet (UV) band and extends up to the optical and near-
infrared energies, AGN are characterized by their multi-wavelength emission spanning the
entire electromagnetic spectrum. This multi-wavelength emission is generated in different re-
gions of the AGN via various physical processes (e.g., Netzer 2013). A detailed analysis of the
broadband spectral energy distribution (SED; Figure 3.1) of a representative sample of AGN
can therefore provide useful insights into the different physical processes at play. It can fur-
ther be used to investigate relations between emissions at different wavelengths originating in
different regions of the SMBH. Additionally, a complete and consistent study of broadband
AGN SEDs can be used to constrain different AGN accretion models and compute various im-
portant quantities such as luminosities in different energy bands (L, ), optical-to-X-ray spectral
index (0ox), bolometric luminosity (Lpo)), mass accretion rate (M,c.), Eddington ratio (Aggq),
etc (e.g., Vasudevan & Fabian 2009; Vasudevan et al. 2010; Lusso et al. 2012; Marshall et al.
2022). Moreover, one can also estimate what fraction of the total luminosity of the AGN is
emitted at different wavelengths, in terms of bolometric corrections (Kpo; €.g2., Marconi et al.

2004; Lusso et al. 2010; Duras et al. 2020; Saccheo et al. 2023). However, the construction and

53



3.1. Introduction

3cm  300um  3um 300A  4kev  400keV
2 Tomm | MIR-NIR '
>E—D>€—>€

1
Soft X-ray Gamma]
DD

" Radio Sub-mm/FIR Optical-Uv Hard X-ray

logvFv (relative)
|
N

Q
&
& 1
=
-0
-4 I e —— - Accretion disc .
s @ Hot corona -
-------------- ﬁsefl‘?ction .
T [P PP v oft excess -
" | mm—————— Dusty torus
- Non thermal radio )
—6 PR el —
10 12 14 16 18 20
logv (Hz)

Figure 3.1: A schematic representation of the spectral energy distribution (SED) of an unobscured
AGN. The colored curves depict the main physical components of AGN emission, while the SED of a

star-forming galaxy is shown in grey. Figure from Harrison (2014).

fitting of AGN SED:s is not trivial and there are several key points that need to be considered,

including:

» Effects of obscuration: AGN are majorly classified into two types: (a) type I and (b)
type 11, based on the presence and absence of broad emission lines in their optical spec-
tra. According to the unified AGN model, these two classes of AGN are fundamentally
similar and their observed optical properties simply reflect their different viewing angles
(e.g., Urry & Padovani 1995). Type I AGN are viewed face-on and hence, are less af-
fected by obscuration in the line of sight of the observer, whereas the type II AGN are
viewed edge-on, through the dusty toroidal structure, due to which the optical emission
lines are missing in their spectra. Therefore, we can evidently conclude from observa-
tions that type II AGN are more affected by obscuration by the circumnuclear material

as compared to the type Is. This is also confirmed by the detection of strong absorption

54 A Large Multi-Wavelength Study of Local Active Galactic Nuclei



3.1. Introduction

in the X-ray band in type II AGN (e.g., Awaki et al. 1991). Consequently, the SEDs of
these two classes of AGN have different shapes, with the type IIs showing higher levels
of absorption, which needs to be considered when doing a comprehensive study of AGN

SEDs (e.g., Lusso et al. 2012; Duras et al. 2020).

Host galaxy contamination: While analyzing multiband AGN SEDs, one needs to take
into account the contribution from the host galaxy, especially in the optical and UV en-
ergy bands (see Figure 3.1). Almost always, we can expect mild to severe contamination
from the host galaxy light, specifically in the case of low luminosity sources. Therefore,
to obtain reliable measurements of the total AGN luminosity, one must separate the AGN
light from the galaxy light. Over the years, different works have employed different tech-
niques to handle host galaxy contamination in their SED fitting, based on their specific
science goals. Some tend to get rid of the host galaxy light before the SED fitting, either
by using an image decomposition software like GALFIT (e.g., Vasudevan & Fabian 2009;
Shang et al. 2011), or by using empirical correction factors based on quantities like the 4000 A
break (e.g., Marchese et al. 2012) or the 5100 A luminosity (e.g., Saccheo et al. 2023). While
others follow a different approach of fitting the entire SED with galaxy + AGN templates to also

extract host galaxy properties (e.g., Lusso et al. 2012; Duras et al. 2020; Marshall et al. 2022).

Galactic dust extinction: While studying the SEDs of distant objects, one also needs to account
for Galactic extinction. This is usually handled by including different dust extinction curves
during the fitting process like the Cardelli et al. (1989) extinction curve (e.g., Shang et al. 2011),
the Calzetti et al. (2000) reddening curve (e.g., Duras et al. 2020), etc. Additionally, intrinsic
extinction at the redshift of the source due to the host galaxy can also affect the final estimates of

the AGN luminosity and must be included accordingly (e.g., Temple et al. 2021).

Variability: Considering that the multi-wavelength emission in AGN originates in different re-
gions of the AGN located at different physical scales (the optical/UV arising from the sub-parsec
accretion disk and the X-rays originating much closer to the central SMBH), their variability
timescales can range from hours to days to years. These flux variations can have large amplitude
and be associated with strong spectral variability (e.g., Ricci et al. 2021 and references therein).
Hence, to obtain a consistent picture of the total emission from the AGN at a certain time, simul-

taneous observations in different bands are required to construct simultaneous broadband SEDs
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of AGN. However, due to the difficulties associated with obtaining simultaneous observations,
previous works have often either included an error term to account for the effects of variability in
the SED (e.g., Marchese et al. 2012) or used quasi-simultaneous observations (e.g., Shang et al.

2011; Runnoe et al. 2012a).

The need to study the SED of AGN to better understand the details of the physical mech-
anisms powering these objects has long been accepted. However, the lack of simultaneous,
high-resolution, multi-wavelength data constrained much advancement in this area in the early
20th century. Several pioneering works on AGN SEDs were done in the 1980s (e.g., Edel-
son & Malkan 1986; Ward et al. 1987; Sanders et al. 1989; Sun & Malkan 1989), but all of
them relied on narrow-band AGN detections, and concentrated on limited regions of the en-
ergy spectrum for their analysis of the observed emission. The first large, high-quality atlas of
quasar (high-luminosity AGN) SEDs over the whole accessible range of the electromagnetic
spectrum, from radio to X-rays, was reported by Elvis et al. (1994). In this paper, they pre-
sented multi-wavelength SEDs of 47 quasars, including corrections due to dust extinction and
contamination to the quasar SEDs due to the starburst emission from the host galaxy. From the
SEDs, they calculated the bolometric luminosity for their sample by integrating over the full
SED, considering the contribution from the IR emission as well. They also derived mean bolo-
metric corrections in different bands, and mean energy distributions (MED) for their sample.
They concluded that while their MED is a good description of a typical quasar, the full range
of SEDs contains considerable variety.

Following this milestone work, many significant contributions were made to the investiga-
tion of multi-wavelength SEDs of AGN. It was also realized that some wavebands provide a
better representative sample of the AGN population compared to others (e.g., hard X-rays are
unbiased by the effects of obscuration and reprocessing along the line of sight, far-IR is inde-
pendent of orientation). In this context, Kuraszkiewicz et al. (2003) presented the far-IR SEDs
of 21 X-ray-selected AGN and discovered that type I and type II AGN, although differentiated
by near-IR colors, have similar mid-IR flux ratios. They also concluded that an AGN-heated,
dusty disk, extending up to a few hundred parsecs is capable of generating the observed wide
range in their AGN SEDs. Risaliti & Elvis (2004) and Marconi et al. (2004), improved on

the work of Elvis et al. (1994) by treating their selection effects in the X-rays and removing
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the contribution of the reprocessed IR emission in the total accretion luminosity of AGN, re-
spectively. They presented an updated quasar SED and derived bolometric corrections in the
optical, IR, and soft-to-hard X-ray bands. Moving forward in this direction, Richards et al.
(2006) covered the entire electromagnetic spectrum to construct the SEDs for 259 type I AGN.
They found that the wide range of SED shapes influences the determination of bolometric lu-
minosities and that assuming a mean SED can lead to errors as high as 50% when inferring the

bolometric luminosity.

Vasudevan & Fabian (2009) and Vasudevan et al. (2009) used simultaneous optical, UV, and
X-ray data, to present optical to X-ray SEDs of nearby hard-X-ray-selected low-absorption
AGN. They successfully estimated the 2 — 10 keV bolometric corrections (K»_1¢g) for their
sample and found a strong dependence of K,_1o on the Eddington ratio. Lusso et al. (2010)
presented the X-ray to optical SEDs of a significantly large sample of 545 X-ray-selected type
I AGN from the XMM-COSMOS survey, over a wide range of redshifts (0.04 < z < 4.25) and
X-ray luminosities, and calculated the X-ray bolometric corrections for the whole sample and
the Eddington ratios for a sub-sample of 150 objects for which black hole mass estimates were
available. They obtained a tight correlation between the optical to X-ray spectral index (Olox)
and K;_19, which can be employed to estimate bolometric corrections using just optical and
X-ray data. Shang et al. (2011) contributed to this field by using data from various space- and
ground-based telescopes with improved spectral resolutions and constructed composite SEDs
for quasars. Although the overall shape of these SEDs was similar to that obtained by Elvis
et al. (1994), they revealed more detailed structures owing to better-quality data. However,
even after all these efforts, the main parameter controlling the SED shapes and the bolometric

corrections could not be determined.

About two decades after the first multi-wavelength SED study, Elvis et al. (2012) presented
another SED catalog of 413 X-ray-selected type I AGN. The mean SED for the entire sample,
as well as the dispersion SEDs, were presented, and it was concluded that reddening and host
galaxy contamination were responsible for a large fraction of the observed SED variety. Lusso
et al. (2012) analyzed an even larger sample of 929 AGN (including both type I and type II)
from the XMM-Newton survey, complemented with IR to optical/UV data, and derived their

bolometric luminosities and corrections, confirming the dependence of Kpo on Agqq for both
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classes of AGN. Marchese et al. (2012) also presented X-ray to optical SEDs of a sample of
195 X-ray-selected type I AGN belonging to the XMM-Newton bright serendipitous survey and
found a tight correlation between 0l,x and K19, concluding that both the X-ray spectral index
(I'>—10) and 0k can be used as a proxy for K2_19. A noteworthy contribution in the calculation
of bolometric corrections was made by Runnoe et al. (2012a) and Runnoe et al. (2012b), who
provided a new set of optical and IR bolometric corrections respectively, derived from the
SEDs of Shang et al. (2011). On a similar footing, Krawczyk et al. (2013) constructed mid-IR
to the far-UV SEDs of AGN in a wide range of redshift (0.064 < z < 5.46), and computed
their bolometric corrections relative to 2500 A using different models. However, all these
studies majorly focused on calculating bolometric corrections for type I AGN. For the first
time, Brightman et al. (2017) presented X-ray bolometric corrections for Compton-thick AGN
(Ng > 10**cm™2). They employed four different torus models to fit the SEDs and obtained
consistent results, and hence, calculated the k,_1¢ for their sample, which could prove useful
to compute the bolometric luminosity of extremely obscured AGN, which is otherwise difficult

to estimate.

A very different approach was taken by Netzer (2019), who focused on estimating optical,
UV, and X-ray bolometric correction factors from theoretical calculations of geometrically
thin, optically thick accretion disks and the observed X-ray properties of AGN. More recently,
Duras et al. (2020) analyzed ~ 1000 AGN SEDs, including both type Is and type IIs and
provided optical and X-ray bolometric corrections for their sample. They found that while
the X-ray bolometric correction is correlated with Ly, Aggqa and Mpy, the optical bolometric
correction tends to remain constant with all these parameters (see Figure 3.2). Azadi et al.
(2022) presented accretion disk SEDs for a sample of type I AGN (both radio-quiet and radio-
loud) and inferred strong dependence of the corresponding bolometric corrections on the spin,
Mgy, and Agqq. Marshall et al. (2022) performed SED fitting of 711 luminous X-ray AGN
at 0.7 < z < 4.5 using Temple et al. (2021) AGN SED templates and reconfirmed the tight
correlation between the X-ray luminosity and the optical 3000 A luminosity. And finally,
Kumar et al. (2023) studied the accretion disk emission in the FUV from eight type I AGN and
emphasized the need for joint spectral modeling of simultaneously acquired UV/X-ray data to

further investigate the nature of accretion disks in AGN.
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Figure 3.2: Several multi-wavelength SED studies of AGN have shown that the X-ray bolometric
corrections correlate strongly with the bolometric luminosity and the Eddington ratio. Whereas, optical
bolometric correction remains constant with these properties. Here we show results from some of these

studies. Figure from Duras et al. (2020).

Following all the research that has been done so far to construct and fit AGN SEDs and
calculate quantities like Olox, Lpol, and Kpo, significant advancements has been made in our
understanding of AGN accretion. However, some questions still remain regarding the vari-
ety of AGN SEDs observed and the large scatter present in bolometric corrections. Opinions
of AGN experts still do not converge on the primary parameter that regulates AGN accretion
and influences the observed physical properties. With this work, we aim to contribute to this
field a large and comprehensive multi-wavelength study of an almost complete sample of un-
obscured, hard-X-ray-selected type I AGN in the local universe (z < 0.1). We also want to
provide the astronomy community with bolometric corrections at multiple energies, which are
extremely important to estimate the bolometric luminosity of AGN when the entire broadband
SED is unavailable. Through this study, we expect to get useful insights into AGN accretion
occurring in the innermost regions which are difficult to probe and resolve. To do so, we have
created and modeled optical-to-X-ray SEDs of a sample of ~ 250 nearby, unobscured AGN

using simultaneous optical, UV, and X-ray data. A similar effort in this direction was made
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by Vasudevan et al. (2009), who fitted the optical-to-X-ray SEDs of 26 hard-X-ray-selected
AGN and reported their X-ray bolometric corrections. More than 10 years later, we have suc-
cessfully improved the sample size by one dex. To date, this is one of the largest samples of
hard-X-ray-selected AGN for which such an analysis has been carried out in a consistent way.
Our analysis includes all the necessary corrections for host galaxy contamination, Galactic ab-
sorption, and intrinsic extinction. Based on our analysis, we present multi-wavelength fluxes
and luminosities, along with estimates of the total accretion luminosity, Eddington ratio, Oy,
and bolometric corrections at multiple energies for our final sample of 236 unobscured, nearby
AGN. We also discuss some important correlations between these quantities that help us better
understand the accretion physics of unobscured AGN in the local universe (Chapters 4 and 5).

The structure of this chapter is as follows: in Section 3.2 we describe the sample used in this
work, while Section 3.3 provides the data reduction process for the optical/UV (3.3.1) and X-
ray data (3.3.2). In Sections 3.4 and 3.5 we explain the fitting analysis of the X-ray spectra and
the image decomposition of the optical/UV images to correct for host galaxy contamination,
respectively. And finally, Section 3.6 describes in detail the broadband SED fitting procedure.
Throughout this work, we assume a cosmological model with Hy = 70kms~! Mpc™!, Qy =

0.3,and Q5 =0.7.

3.2 Sample

Unlike the optical/UV and soft X-ray radiation (E < 10 keV), which is highly sensitive to
extinction by the circumnuclear and interstellar dust, the hard X-rays (E > 10 keV) are much
less affected by obscuration (up to Ny ~ 10**cm~2; see Figure 1 of Ricci et al. 2015) due to
their high penetration power. They are also less contaminated by stellar emission from the host
galaxy and can, therefore, be used to create a complete, unbiased sample of AGN including
the most obscured sources which could be missed by optical/UV surveys. In this work, we use
a sample of hard-X-ray-selected AGN detected by the Burst Alert Telescope (BAT: Barthelmy
et al. 2005; Krimm et al. 2013) on board the NASA mission, Neil Gehrels Swift Observatory
(Gehrels et al. 2004). The 14 — 195 keV hard-X-ray detector of Swift/BAT is highly sensitive

to the most obscured sources and provides an almost complete sample of AGN in the local
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Universe. Swift is a multi-wavelength space observatory with two additional instruments: the
X-ray Telescope (XRT; Burrows et al. 2005) that operates in the 0.3 — 10 keV energy range,
and the UV/Optical Telescope (UVOT; Poole et al. 2008; Breeveld et al. 2010) observing the
sky in 6 filters ranging from 170 to 650nm. Most of the sources detected by BAT in the hard
X-rays are simultaneously observed in the soft X-rays by Swift/XRT and in the optical/UV
band by Swift/UVOT.

A systematic multi-wavelength study of all the Swift/BAT sources has been carried out by
the BAT AGN Spectroscopic Survey (BASS'). BASS recently published their data release 2
(DR2; Koss et al. 2022a) with a complete, optical spectroscopic analysis of all the Swift/BAT
AGN in the 70-month catalog (Koss et al. 2022b), thanks to their dedicated optical campaign
for these sources. BASS also provides a comprehensive spectroscopic study of the Swift/BAT
AGN in the X-rays (Ricci et al. 2017a), near-IR (Lamperti et al. 2017), mid-IR (Ichikawa et al.
2019a) and radio (Baek et al. 2019). Other data products from this release include measure-
ments of the broad emission lines (Mejia-Restrepo et al. 2022), narrow emission line (Oh et al.
2022), velocity dispersions (Koss et al. 2022c), and the NIR spectroscopy (Ricci et al. 2022;
den Brok et al. 2022).

For this study, we use the 70-month Swift/BAT catalog (Baumgartner et al. 2013) consisting
of 838 hard-X-ray-selected AGN residing in the local universe (median redshift = 0.037). We
focus on type I AGN to avoid the effects of obscuration, specifically on the optical and UV
emission from the central AGN, and to have a sample of sources with optical/UV emission
dominated by the AGN and not from the host galaxy. We start with an X-ray-selected sample
of type I AGN, to have minimum obscuration due to the material in the line of sight. To do
so, we use the X-ray column densities (Ny) to create a sample of unobscured AGN. As part of
the first data release (DR1) of BASS, Ricci et al. (2017a; hereafter R17) performed detailed
X-ray spectral analysis of all BAT AGN and reported the Ny values for 836/838 sources. For
our primary sample, we shortlist all AGN with Ny < 10?2cm™2, which gives us a set of 367
unobscured AGN. This sample excludes all the sources that are flagged as blazars following
the spectroscopic classification of the Roma Blazar Catalog (BZCAT; Massaro et al. 2009).

We also have black hole mass estimates for most of these sources from the BASS DR2 (Mejia-

Lwww. bass—-survey.com
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Table 3.1: Characteristics of Swift/UVOT Filters. The central wavelength corresponds to the
mid-point between the wavelengths at the FWHM. The zeropoint magnitude indicates the mag-
nitude of a source producing one count per second. The counts to flux conversion factor, when

multiplied with the count rate, gives the flux (F) in erg s~'cm™2 AL

Filter =~ Central Wavelength FWHM AB Zeropoint Counts to Flux () Ratio

(A) (A) (mag) (1016 erg count™! cmfzzsfl)
Uuvw2 1928 657 19.11 £0.03 6.225 £ 0.1300
UVM2 2246 498 18.54 +0.03 8.489 £ 0.0530
UVWI1 2600 693 18.95 £ 0.03 4.623 + 0.1400
U 3465 785 19.36 = 0.02 1.663 + 0.0250
B 4392 975 18.98 +£ 0.02 1.480 + 0.0056
\Y% 5468 769 17.88 + 0.01 2.611 £+ 0.0087

Restrepo et al. 2022), useful to calculate the Eddington ratios for all the AGN in our sample.

We use the HEASARC archive’ to check for available Swift observations for our AGN
sample. For best possible estimates of the optical/UV fluxes, we use the observation with the
maximum exposure and coverage in all the six Swift/UVOT filters (V, B, U, UVW1, UVM2,
UVW2; see Table 3.1). 226/367 (~ 62%) sources have Swift observations in all UVOT fil-
ters plus simultaneous X-ray observations using Swift/XRT. For the remaining 141 (~ 38%)
sources, we check for Swift observations with the best possible wavelength coverage. 67/141
(~ 47%) sources have Swift observations with at least one optical and one UV filter in addition
to simultaneous X-ray observations. So we have a total of 293/367 (~ 80%) sources (see Table
3.2 for the source list) with simultaneous optical/UV and X-ray observations (see Table 3.3)
that can be used to extract their multi-wavelength fluxes, with ~ 76% sources having observa-
tions in all Swift/UVOT filters. And we perform the broadband SED fitting for a final sample
of 236/293 (~ 80%) sources. We show the range of redshift, black hole mass, and X-ray lumi-

nosity covered by our final sample, as well as by the total unobscured, Swift/BAT AGN sample

2nttps://heasarc.gsfc.nasa.gov/cgi-bin/W3Browse/w3browse.pl

62 A Large Multi-Wavelength Study of Local Active Galactic Nuclei


https://heasarc.gsfc.nasa.gov/cgi-bin/W3Browse/w3browse.pl

3.2. Sample

0.175 } ;=== 23 All Unobscured AGN { 0.16 == =21 All Unobscured AGN
[ 2253 Final Sample . CIZ3 Final Sample
0.150 0.14
0.12
= =
© 0.125 o)
< <o.10f
— “
© 0.100 o
c c L
S 5 0.08
+ 0.075 k]
3 ©0.06}
o o
*0.050} =
' 0.04
0025} 1 o002} i
NI 1 I I P .
40 41 42 43 44 45 46 5.5 6.0 6.5 7.0 7.5 8.0 8.5 9.0 9.5 10.0
log (L2-10/ergs™) log (Mgt | Mo)
(a) (b)
016 [ All Unobscured AGN

CZ23 Final Sample

Fraction of AGN

Figure 3.3: Distribution plots of the (a) black hole mass, (b) 2 — 10 keV intrinsic, X-ray luminosity,
and (c) redshift of the total sample of unobscured Swift/BAT AGN (in grey) and our final sample of
236 unobscured AGN (dashed green histogram). The figures show that our sample covers the parameter

space probed by the complete sample of unobscured Swift/BAT AGN, in terms of redshift, black hole

mass, and luminosity.

in Figure 3.3. It is evident that our sample successfully spans the range explored by the original

Swift/BAT sample in terms of black hole mass, luminosity, and redshift.
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Table 3.2: The list of sources in our sample, along with their BAT and Swift IDs, counterpart names, coordinates (in degrees, J2000),
redshifts, luminosity distances in Mpc (Koss et al. 2022b), and X-ray column density values from R17. The full version of this table is

given in the appendix (Table 1).

BAT ID Swift ID Counterpart Name R.A. Dec.  Redshift Distance (Mpc) log(Ny/cm™?2)
2 SWIFTJ0001.6-7701 2MASXJ00014596-7657144  0.4420 -76.9540 0.0584 261.7 20.00
3 SWIFTJ0002.5+0323 NGC7811 0.6103  3.3519 0.0255 111.2 20.00
6 SWIFTJ0006.2+2012 Mrk335 1.5814 20.2030 0.0258 113.2 20.48
10 SWIFTJ0021.2-1909 LEDA1348 5.2814 -19.1682 0.0956 439.9 21.98
14 SWIFTJ0026.5-5308 LEDA433346 6.6695 -53.1633 0.0629 283.7 20.00
16 SWIFTJ0029.2+1319 PG0026+129 7.3071 13.2678 0.1420 671.7 20.00
19 SWIFTJ0034.5-7904 RHS3 8.5697 -79.0890 0.0740 3359 20.00
34  SWIFTJ0051.6+2928 UGC524 12.8959 29.4013 0.0360 157.9 20.00
36  SWIFTJ0051.9+1724 Mrk1148 12.9782 17.4329 0.0640 287.5 20.30

39 SWIFTJ0054.9+2524 PG0052+251 13.7172  25.4275 0.1550 739.5 20.00
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3.3 Data Reduction

33.1 Swift/'UVOT

In order to take into account the changes in the data analysis due to the recent 2020 update in the
Swift calibration database (CALDB), we carry out the UVOT data reduction for all our sources
from scratch. We use the raw files in all available filters as the starting point and carry out
the prescribed reduction techniques and procedures to create the final sky images that are later
used to extract the preliminary flux and magnitudes of the sources. We only use image/event
files in pointing mode. We follow the steps recommended by the Swift/UVOT Software Guide
Version 2.2 (released in March 2008) to reduce the optical/UV data for our unobscured AGN.
We start with the raw image HDUs in each filter provided in the HEASARC archive and create
the corresponding bad pixel maps using the latest UVOT CALDB (uvotbadpix). Next, the flat
field images are created for each filter using the attitude file and CALDB (uvotflatfield).
The bad pixel maps and the flat field images are both used to create the sky images in each
filter (swiftxform). One must note that some raw images might consist of multiple image
HDUs corresponding to multiple exposures in the same filter that need to be summed to get
the final, deeper image. In the case of single HDUs, the resultant sky image is used to extract
the source and sky region with radii ~ 5 and ~ 20 arcsecs, respectively to calculate the source
and background flux/magnitudes and errors (uvotsource). For source images with crowded
fields, smaller background regions (~ 10 arcsecs) were selected accordingly. In the case of
multiple image HDUs in the same filter, all the image HDUs are summed using the uvot imsum
tool. This requires each of the image HDUs to be aspect corrected to be summed together
(uvotskycorr). The final combined images were all visually inspected to make sure that the
source of interest was perfectly aligned. The summed image was then used to extract the
source and background regions as before to compute the source and background fluxes and
magnitudes along with statistical errors. The uvotsource command includes corrections for
coincidence loss, which becomes significant for sources with > 20 counts s~!. All the source
fluxes and magnitudes thus measured are listed in Tables 3.4 and 3.8 and their distributions are
shown in Figures 3.4 and 3.5.

One source in our sample, SWIFTJ1940.4-3015 (BAT ID = 1045), has a very bright star
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close to it, within the 5 arcsecs region. Due to strong contamination from the star to our source
of interest, we are unable to extract reliable fluxes for this source in any of the Swift/UVOT
filters. Hence, moving forward we remove this source from our sample, giving us a sample of

292 sources.

332 Swift/’XRT

We downloaded the level 2 event files in photon counting mode from the HEASARC archive to
extract the X-ray spectra for our sources. Following the procedure stated in the Swift/XRT Data
Reduction Guide Version 1.2 (April 2005), we used the xselect package to select the source
and background regions of radii ~ 50 and ~ 150 arcsecs, respectively from the event files.
These regions were then used to extract the source and background spectra. The xrtmkarf
tool was used to create the ARF (ancillary response file) and the RMF (response matrix file).
The source spectra were linked with the background spectra, the ARF, and the RMF using
grppha and binned with a minimum of one count/bin. All the source spectra were visually
examined to check that the background counts were overall lower than the source counts.

One AGN in our sample, SWIFTJ1043.4+1105 (BAT ID = 512), shows two X-ray sources
at the position of its optical counterpart. Since it is not possible to identify which of the two
corresponds to our source of interest, we remove this source from our sample, giving us an

updated sample size of 291 sources.
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Table 3.3: The list of observation IDs of the observations used for each source, along with their exposure times with Swift/UVOT and

Swift/XRT, and the available Swift/UVOT filters.

BAT ID Swift ID Obs. ID UVOT Exposure (s) XRT Exposure (s) UVOT Filters
2 SWIFTJ0001.6-7701 00080854001 4419 4485 Only UV
3 SWIFTJ0002.5+0323 00047107014 1600 1625 All
6 SWIFTJ0006.2+2012 00090006004 7917 8136 All
10 SWIFTJ0021.2-1909 00040691001 6485 6493 U, UVWI
14 SWIFTJ0026.5-5308 00041141001 2669 2670 UVW1, UVM2
16 SWIFTJ0029.2+1319 00080859001 5976 6000 All
19 SWIFTJ0034.5-7904 00080861001 4782 4806 All
34 SWIFTJ0051.6+2928 00080867001 6222 6297 All
36 SWIFTJ0051.9+1724 00080868001 6696 6800 All
39 SWIFTJ0054.9+2524 00080869001 6117 6146 All
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Figure 3.4: Pipeline estimated flux distribution for the 6 Swift/UVOT filters.
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Table 3.4: List of source fluxes as calculated by the Swift/UVOT command uvotsource via 5 arcsecs aperture photometry, along with

statistical errors (Section 3.3.1). Flux units: 10~1° erg em 2s 1AL

BAT ID Swift ID F F Fa Fwi Fw> P
2 SWIFTJ0001.6-7701 - - — 2404021 330402 2.4940.15
3 SWIFTJ0002.5+0323 3.1840.12 3.660.15 3.29+£0.11 4.03£0.13 4.73+£0.14 4.11+0.12
6  SWIFTJ0006.2+2012 16.16+0.36 7.43+0.17 9.86+£0.19 22.65+£0.45 28.354+0.56 23.56+0.51
10 SWIFTJ0021.2-1909  0.19+0.02 - - 0.06+0.01 - -

14  SWIFTJ0026.5-5308 - - - 1.334£0.17 - 1.06+0.07
16  SWIFTJ0029.2+1319 4.93+£0.11 2.56+0.10 3.2620.09 5.974+0.16 8.16+£0.20 5.93+0.18
19  SWIFTJ0034.5-7904 9.65+0.25 4.64+0.15 5.79+0.15 12.81+0.25 17.38+0.38 13.74+0.35
34  SWIFTJ0051.642928 1.74+0.07 3.414+0.12 2.754+0.08 1.644+0.07 1.614£0.04 1.3640.07
36  SWIFTJ0051.9+1724 6.084+0.13 2.46+0.11 3.244+0.11 7.83£0.22 10.082£0.21 7.3940.23
39 SWIFTJ0054.9+2524 5.25+0.15 2.12+0.09 3.05+0.09 6.53+0.18 10.49+0.25 6.63+0.14
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3.4 X-Ray Spectral Fitting

In this section, we describe in detail the fitting procedure for the 0.3 — 10 keV X-ray spectra of
the sources in our sample. A detailed broadband X-ray (0.3 — 150 keV) spectral analysis of all
the 838 AGN in the 70-month Swift/BAT catalog was carried out using XSPEC (Arnaud 1996)
as part of the BASS DRI and is presented in R17). Following their analysis, we employed the models
they used to fit the unobscured AGN in their catalog to fit the AGN in our sample. We used the models
Al and A2, which were used by R17 to fit a majority of the unobscured AGN in their sample. These

two models are defined as follows:

* Model Al (TBABSg.; X ZPHABS X CABS X PEXRAV): This model has a component that accounts
for the primary X-ray emission along with reflection by optically thick, neutral circumnuclear
material (PEXRAV; Magdziarz & Zdziarski 1995). It also includes Galactic absorption (TBABSGa1),
and absorption by neutral material via photoelectric absorption (ZPHABS) and Compton scattering

(CABS).

e Model A2 [TBABSg.1 X ZPHABS X CABS X (PEXRAV + BB)]: This model is the same as model A1l

with an additional blackbody component (BB) to account for the soft excess below 1 keV.

We begin the fitting for the 291 sources in our sample by using the best-fit values estimated by R17
as starting values for all the free parameters. These include Ny for ZPHABS and CABS, photon index (I'),
high-energy cutoff (E.), and reflection parameter (R) for PEXRAV, and the temperature (kT;y,) for the BB
component. In the cases where values for R, E. or kT, were not reported by R17, either because they
were not constrained or a different model was used to fit the source, we used as starting values R = 0.0,
E. =200 keV, and kT, = 0.1 keV, respectively. The redshift parameter for both ZPHABS and PEXRAV
was fixed at the respective redshift of the source. The inclination was fixed to 30°, the metallicity (Z)
was fixed to solar, and the iron abundance was fixed at its default value, as done in R17. Parameters E,
and R were also frozen to the values reported by R17. Hence, only the column densities (which was tied
to have the same value for ZPHABS and CABS), the photon index, and the normalization (Kx: for PEXRAV)
were the free parameters in the fitting process. The Ny for Galactic absorption was also fixed at the
value obtained for each source based on their sky coordinates from the HI 4-PI Survey (HI4PI; HI4PI
Collaboration et al. 2016), which is a 21-cm all-sky survey of neutral atomic Hydrogen. In the case of
model A2, both the additional parameters, temperature (kTy,) and normalization (Kpp) of the blackbody

component, were allowed to vary during the fitting.
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The spectra were fitted using Cash statistics (C-stat; Cash 1979). The best-fit values of all free
parameters were checked using the steppar command in XSPEC. Additionally, the 90% confidence
intervals for all parameters were estimated using the error command in XSPEC. All the fit residuals
were visually inspected and for ~ 90% of the sources we obtained good fits using either model A1 or
A2. For the remaining 10% of the sources, we investigated the best-fit model and the fits individually.
A component to account for absorption by ionized gas, ZXIPCF (Reeves et al. 2008), was added to the
model to improve the fits. This component assumes a partial covering geometry of a partially ionized
warm absorber. In the first step of the fitting, all the parameters except for the photon index and normal-
ization of the power law were fixed to their best-fit values estimated by R17. After obtaining a decent fit

with these conditions, the three parameters [column density (NPV[v ), ionization parameter (), and the cov-

W

ering factor (f.g,

) of the warm absorber] corresponding to the ZXIPCF component were allowed to vary
to improve the fit. After the fitting, the best-fit values of all the free parameters were checked using the
steppar command to avoid local minima in the fitting. One of the sources, SWIFTJ1844.5-6221 (BAT
ID = 995; commonly known as Fiarall 51), is known to show spectral variability on small timescales,
due to the presence of a variable absorber, probably located in the BLR (see Svoboda et al. 2015 and
the references within). We found features of a possible changing-look AGN in its spectrum with a very
low photon index (I ~ 0.4). Detailed analysis of the X-ray spectrum is beyond the scope of this work,
hence, we decided to remove it from the final sample. One source, SWIFTJ0335.4+1907 (BAT ID =
187), was fitted using just a power law due to a low number of counts. Four sources (SWIFTJ0021.2-
1909, SWIFTJ0945.6-1420, SWIFTJ1334.8-2328D2, and SWIFTJ1345.5+4139) showed signatures of
strong obscuration in their spectra, corresponding to them being at the high end of the column density
distribution of our sample. Hence, for these sources, we used model B1 from R17, which was specif-

ically used to fit obscured sources. This model consists of additional components to account for the

reprocessed primary X-ray emission and Thomson-scattered X-ray radiation (Gupta et al. 2021).

Finally, we obtained the best-fit values for parameters including, photon index (Figure 3.6a) and
normalization of the primary power-law, line-of-sight column density of the neutral material respon-
sible for absorption, and temperature, and normalization of the blackbody component (see Table 3.5),
from the X-ray spectral fits. We calculated the observed and intrinsic 2 — 10 keV and 14 — 195 keV
fluxes (Figure 3.6b) and luminosities for all our sources. All luminosities were estimated using redshift-
independent distances listed in Table 3.2. The upper and lower uncertainties in the flux were estimated
using the cflux command in XSPEC and these were then used to calculate the fractional errors in all

the future calculations of X-ray fluxes and luminosities. In Figure 3.7, we show a comparison between
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the 2 — 10 keV fluxes from this work and those estimated by R17 to confirm that we obtain similar val-

ues. The total X-ray luminosity was estimated from the 0.1 to 500 keV energy bin. The lower bound of

this energy bin was determined based on the X-ray spectrum generated by the thermal model NTHCOMP

(Zdziarski et al. 1996; Zycki et al. 1999), which describes the X-ray corona. We assumed a photon index

of 1.8 (Ricci et al. 2018), coronal or electron temperature (k7;) of 100 keV (Ricci et al. 2018), and seed

photon temperature (kTyp) of 0.032 keV based on the median black hole mass (log [Mpu/Ms] = 7.9) of

our sample. The X-ray spectrum thus created, showed a sharp drop at 0.1 keV, indicating the lack of

significant X-ray emission beyond those energies.

Table 3.5: Results of the X-ray spectral fitting (Section 3.4), with best-fit values of the photon

index, the 2 — 10 keV intrinsic fluxes with errors, and the model used to attain the best fit

(described in detail in R17). Flux units: 10~ ?erg cm™

2s_l.

BAT ID Swift ID I P Model
2 SWIFTJ0001.6-7701  1.55 2.90704% Al + zXIpCF
3 SWIFTJ0002.5+0323 1.97 3.19703] A2
6  SWIFTJ0006.2+2012 2.34 10.8707; Al
10 SWIFTJ0021.2-1909 1.60 9.03™039 Bl
14 SWIFTJ0026.5-5308 1.70 1.971033 Al
16 SWIFTJ0029.2+1319 2.20 5.4410-2 A2
19 SWIFTJ0034.5-7904 236 6.147032 A2
34 SWIFTJ0051.6+2928 1.99 1.717013 A2
36 SWIFTJ0051.9+1724 191 16.670%0 A2
39 SWIFTJ0054.9+2524 197 5.58703 A2
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Figure 3.6: (a) Distribution of the best-fit values of photon index (I") obtained after the 0.3 — 10 keV
X-ray spectral fitting (Section 3.4). The vertical line marks the median value of I' = 1.77. (b) Histogram

of the intrinsic 2 — 10 keV flux for our AGN sample.
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Figure 3.7: A comparison between the 2 — 10 keV intrinsic fluxes calculated from this work and those
obtained by R17 following a detailed broadband X-ray spectral analysis. The black line shows the linear

regression fit, while the red dashed line is x = y.
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3.5 GALFIT Analysis

When estimating the optical/UV fluxes and magnitudes for AGN, one needs to correct for contamination
due to the host galaxy light. Even though our sample consists of nearby unobscured AGN, where most
of the time the central AGN is much brighter than the host galaxy in the optical/UV wavelengths, the
magnitudes calculated by selecting 5 arcsecs regions around the AGN can have a significant contribution
from the host galaxy starlight. To accurately measure the AGN flux devoid of any host galaxy light, we
employ GALFIT? (Peng et al. 2002; Peng et al. 2010) to fit the 2D surface brightness of the sources
and decompose it into AGN and galaxy light. GALFIT is an image analysis tool that can be used to
model light profiles of galaxies by separating them into different parts such as disk, bulge, point source,
etc., and using different functions like point spread function (PSF), Sérsic profile, Gaussian function,
etc. to fit them. For our analysis, we use a PSF profile to fit the AGN at the center of our sources and
a Sérsic profile to fit the host galaxy, if and when needed, along with fitting the sky background. The
size of the Swift/UVOT PSF ranges within 2—3 arcsecs, which translates to physical scales of ~ 40 pcs
— 4 kpcs for the redshift range of the sources in our sample. This is comparable to the typical sizes of
the bulge of a galaxy and the majority of the optical/UV emission from this region can be attributed to
the central AGN. For some of the nearby sources with extended galaxy features, we used two Sérsic
profiles to better estimate the AGN flux, while in most of the faintest sources, GALFIT was not able to
fit a Sérsic profile to the images, and hence, we only used the PSF profile to estimate their AGN flux.
Due to the flux-limited nature of the Swift/BAT AGN sample, the sources with the lowest fluxes are also

the farthest with high redshift and are point-like in the images, suitable to be fitted with a PSF profile.

GALFIT purely consists of a function-fitting algorithm and gives the best-fit results based on least-
squares statistics. Therefore, the user has to provide all the inputs needed to do the fitting. GALFIT
requires a template file that consists of all the details about the input image including, name, location,
size of the image region to fit, bad-pixel mask, zero-point magnitude, plate scale, etc. GALFIT needs
some specific information for the input source image and looks for these in the image header correspond-
ing to keywords EXPTIME (the exposure time), GAIN (electrons/counts), and NCOMBINE (number
of images combined to create the source image). Therefore, the input image file has to be edited to
include these keywords and their values in the image header. There is also the option to add a bad-pixel
mask which is useful to discard very nearby sources like bright stars, stray objects, etc. contaminating

the source of interest or its immediate surroundings.

3https://users.obs.carnegiescience.edu/peng/work/galfit/galfit.html
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In case the user wishes to fit a PSF to the image, they have to provide the PSF image as well as the
PSF fine sampling factor relative to the data in this template file. Additionally, all the functions/profiles
corresponding to different parts of the galaxy that the user wants to fit along with the initial values of
their fitting parameters are also defined in this template file. The user can also specify if a particular
parameter is fixed or free to vary during the fitting. In the next section (Section 3.5.1), we describe in

detail the different components we used for the image decomposition.

3.5.1 Light Profiles used in GALFIT

In our work, we use three different profiles/components to fit the source images. For most of the sources,
this three-component fit works and we obtain good fit residuals. Using more than three components
results in overfitting of the images and over-subtracted residuals. The three components used for the

fitting are described as follows:

1. Background SKy: The background in the Swift/UVOT images is quite uniform for all the filters.
Hence, we use a constant sky value to fit it. For the starting value, we use the background value
as estimated by the Astropy (Astropy Collaboration et al. 2022) package photutils® (used for
photometry; Bradley et al. 2021), using the sigma-clipping method. By using a source detec-
tion threshold specified by the user, the median background value is calculated by removing the
sources with source counts above the threshold and recalculating the background. Since this is
just an input estimation for the background to be better fit by GALFIT, we use a value of 2 sigma
(instead of the more widely used value of 3 sigma) above the median for source clipping. As in-
put, GALFIT requires the user to provide an image region of the background without any sources
to fit the sky. Wherever possible, we use background regions in close proximity to the source of
interest to reduce small deviations across the area of the detector. For most of the sources, a re-
gion of 100 x 100 pixels was selected, which was otherwise modified according to the availability
of larger regions in the image without any detections. Additionally, if the sky is not uniform, one

can specify values for the sky gradient in the x and y directions, which we fix at zero.

2. PSF Profile for the AGN: To fit a PSF profile in GALFIT, one needs to provide as input a
PSF image which is then convoluted to create the PSF function used to fit the point source in

the image. For our analysis, we created the PSF images for each source in each filter using

*https://photutils.readthedocs.io/en/stable/index.html
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the EPSFBuilder task in the photutils Astropy package, which uses bright, background stars
in the source image to create an effective PSF. This method involves a series of steps, starting
from finding the appropriate stars to create the PSF, extracting them, and finally iterating over
the selected stars to build the PSF. Firstly, a few stars within a certain range of the count rate
of the source of interest are selected. We use the find_peaks function to do this by specifying
a threshold count rate slightly below that of the source, such that we have at least 5-10 stars
with count rates similar to that of the source to begin with. We then use the extract_stars
function to extract 25 x 25 pixel cutouts of these stars that are visually inspected for distortions,
fake detections, and bad quality and to ensure that they are sufficiently isolated. Finally, 3—6 stars
are selected to create the PSF using the epsf_builder function with an oversampling factor of
unity and 10 iterations. The PSF image thus created is used as input in GALFIT along with the
input source image and the bad-pixel mask. One needs to specify the region of the source image
to be fitted in the GALFIT template file. For the majority of sources, we used a 100 x 100 pixel
image region around the source, which is almost 25 times the size of the PSF and is sufficient
to include the extended wings of the PSF. In the case of more extended sources, we used image
regions large enough to include the source as well as some background. The PSF profile has
only three free parameters in the GALFIT template file: the x and y coordinates and the total PSF
magnitude. We specify the x and y coordinates based on the location of the center of the source
and the input magnitude value as the one calculated for each source within the 5 arcsecs aperture

using the uvotsource command of the Swift/UVOT data reduction pipeline.

. Sérsic Profile for the Host Galaxy: The host galaxy light in our sources, if and when needed, is

fitted using a Sérsic profile. The free parameters for this profile include the x and y coordinates
of the source, the integrated magnitude, the Sérsic index, the effective radius, the axis ratio, and
the position angle. In most cases, we leave all the parameters free to vary, unless the fit does
not converge due to one specific parameter going out of bounds, then we fix that parameter to an
appropriate value. For most of the sources, a single Sérsic profile along with a PSF was sufficient
to account for all the light coming from the galaxy. However, for some extended sources, we
employed two Sérsic profiles, one for the bulge and one for the disk, to fit the overall host galaxy
light. On the contrary, for most of the distant sources (z > 0.05), the PSF was almost as large as

the host galaxy, and hence, we only used a PSF profile to fit the source.
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3.5.2 GALFIT Fitting Procedure

For our sample of 290 unobscured AGN across the six Swift/UVOT filters, we perform their image
decomposition into the galaxy and AGN light profiles using GALFIT, following the procedure stated

below:

1. We first fit a 100 x 100 pixel region of the blank sky in the source image with a constant sky

background.

2. Next, we select a 100 x 100 pixel (or larger if needed) region around the source of interest to fit
the central AGN and the background together using a sky + PSF profile. The input value for the
sky is kept the same as the one obtained from the previous step and is allowed to vary within the
error bars. If after the fit the sky is significantly different from the value obtained in the last step,
then it is kept fixed and we run the fit again for the sky + PSF profile. For the PSF profile, all the

parameters are kept free during the fit.

3. Finally, we fit the same source region as the previous step with a sky + PSF + Sérsic profile. The
best-fit values estimated in the second step are used as input values for the sky and PSF parameters
in this step, and they are allowed to vary. This is mainly done because in almost all the cases the
residuals from the second step showed over-fitting, especially in the central pixels. Hence, in this
step we allow the PSF and the Sérsic profiles to adjust to each other and simultaneously fit the
source light profile. For the Sérsic profile, the starting values for the x and y coordinates and the
integrated magnitude are kept the same as those of the PSF profile. The input value for the Sérsic
index (n) is kept at 2.5, the axis ratio (b/a) at 1.0, the effective radius (half-light radius; R.) at
5.0 pix, and the position angle (PA) at 0.0 deg. On most occasions, if the fit does not converge,
it is either due to the Sérsic index or the effective radius reaching its upper or lower limits. In
the case when it was the Sérsic index reaching its limit, we repeated the fit with different values,
going in the following order: n = 2.0, 1.5, 1.0, 0.5, 3.0, 3.5, 4.0. In the case of the effective radius
going out of bounds, we repeated the fit with values depending on the size of the source but also
noticed that the input value of R, does not affect the PSF (AGN) magnitude. And since this work
aims to construct and fit AGN SEDs to measure quantities describing AGN physics, we focus
on extracting reliable measurements of the AGN magnitudes through this image decomposition
process. Hence, during the fitting, the Sérsic profile is primarily used to apply constraints on

the PSF profile, instead of exactly describing the host galaxy light profile. So the input values
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used for parameters like R, b/a, and PA are always kept the same as they do not affect the final
estimates of the PSF magnitude. In this respect, in cases when the fit with sky 4+ PSF + Sérsic
profile does not converge due to one of the Sérsic profile parameters going out of bounds, we
still obtain reliable estimates for the PSF magnitude that we can use for constructing the SEDs
(see Figure 3.14 in Appendix 3.7). We have flagged such cases while reporting the best-fit values

from the fitting.

We visually inspected all the residuals from the sky + PSF fit and the sky 4+ PSF + Sérsic profile
fit. We show a few examples of the fits with GALFIT and the obtained residuals in Figures 3.8 and
3.9. As expected from any fitting software, considering the wide variety of light profiles in our source
sample in terms of spatial extension, brightness, etc., there were sources for which the fit residuals were
not good or some parameters like the Sérsic index or the effective radius were not constrained. There
were cases when either the residuals still contained some source emission which GALFIT was not able
to model or the three component fit resulted in over-fitting of the source. For example, in the case of the
farthest sources (z > 0.01) with very faint host galaxy profiles as compared to the central AGN, the fit
residuals with GALFIT were negative at the central pixels, showing over-subtraction from the fitting. In
such cases, we just used the magnitudes estimated using the uvot source command of the Swift/UVOT
data reduction pipeline for an aperture of 5 arcsecs around the source, since within the defined region the
flux was dominated by the central AGN. To be consistent with our image decomposition, and to quantify
GALFIT’s response to Swift/UVOT images, we carried out numerous simulations to check the reliability
of PSF magnitudes estimated by GALFIT. As described in detail in Appendix 3.7, we simulated a
fake population of type I AGN by placing a star with varying magnitudes at the center of a type II
AGN. We then fitted these fake type Is with GALFIT and compared the PSF magnitudes computed
by GALFIT with the initial magnitude of the star. We did this for a total of 10 sources spanning the
redshift range of our sample and also including different galaxy morphologies, and with 10 different
star magnitudes to achieve 10 different AGN light-to-host light ratios (5% to 95%). Based on these
simulations, we concluded that for sources at redshifts > 0.05 and with fluxes < 1013 erg cm2s A1 ,
the AGN magnitudes reported by GALFIT were lower (hence larger fluxes) than the actual values (see
Figures 3.15, 3.17 and 3.16). This was primarily attributed to the fact that GALFIT was not able to fit
a Sérsic profile for these sources and as a result, the PSF magnitudes and fluxes estimated by GALFIT
also included contributions from the host galaxy. From these simulations, we calculated the necessary
corrections needed to obtain improved estimates of PSF magnitudes for these sources (Figure 3.10). In

section 3.5.3, we describe in detail how we estimated and employed these corrections in this work.
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Figure 3.8: A few examples of source image fitting with GALFIT using a sky + PSF + Sérsic profile
(Section 3.5): (a) SWIFTJ2226.8+3628 and (b) SWIFTJ0640.4-2554. In each panel, the left image is
the source image, the middle one is the model, and the right one is the fit-residual. We show the fit in

all six Swift/UVOT filters from top to bottom in order (U, V, B, UVW1, UVW2, and UVM2).
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Figure 3.9: A few examples of source image fitting with GALFIT using a sky + PSF profile for high
redshift sources: (a) SWIFTJ1723.24+3418 and (b) SWIFTJ1421.4+4747. We corrected the GALFIT-
estimated fluxes for such sources (Section 3.5.3) as GALFIT was unable to fit a Sérsic profile to these
sources and hence, missed some AGN flux. In each panel, the left image is the source image, the middle
one is the model, and the right one is the fit-residual. We show the fit in all six Swift/UVOT filters from

top to bottom in order (U, V, B, UVW1, UVW2, and UVM2).
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We also did some tests to check how the GALFIT-estimated AGN magnitudes for our Swift/UVOT
images compare with those obtained by fitting the Hubble Space Telescope (HST) images for the same
sources. In Appendix 3.7, we describe these tests in detail. Our main conclusion from these tests was
that, even if the HST images show detailed and extended host galaxy profiles, if we just fit a small region
around the PSF with GALFIT, the estimated magnitudes are within 0.1 mags of those calculated using
the lower resolution Swift/UVOT images. This is acceptable considering the difference in the central

wavelengths of the overlapping HST and UVOT filters.

3.5.3 Corrections to GALFIT-estimated PSF Magnitudes

Based on the simulations (described in Appendix 3.7) performed to understand how GALFIT decom-
poses the Swift/UVOT images and how reliable the estimated fluxes are, we reached some important
conclusions. Firstly, for sources with very high counts (> 1000 counts/pixel), GALFIT was unable to
account for all the flux in the central pixels. However, the fit residuals in these cases were mostly <
20% of the source image, and therefore, the estimated PSF magnitudes were consistent with the expected
AGN magnitudes within their error range. Secondly, in the case of higher redshift sources (> 0.05) with
lower fluxes (< 10~ erg cm 25! A=), most of the time GALFIT was unable to converge while fitting
a sky + PSF + Sérsic profile to the source image. As a result, the estimated PSF fluxes were higher than
usual. Even in cases when GALFIT successfully fitted a Sérsic profile to the source, the estimated PSF
fluxes were higher than the expected values. We flagged such high redshift sources from our sample, to

eventually be corrected before the final broadband SED fitting.

To calculate the appropriate corrections for different sources in different optical and UV filters, we
first plotted the difference in the PSF magnitudes estimated by GALFIT and the actual magnitude of
the star used to replicate the AGN at the center of the simulated type I AGN population (AMgjer) With
respect to the AGN light ratio [R{iigﬁf = AGN Lightgyer/(AGN Lightgyer + Host Lightgieer)]. As shown
in Figure 3.10, it is evident that the cases in which GALFIT was able to fit a Sérsic profile, occupy
a different parameter space compared to those where a Sérsic profile fit was not achieved. Therefore,
we used two separate functions to fit these two trends for all six filters. Compared to a second-degree
polynomial, a cubic polynomial provided a better fit as it was able to better cover the sources at the
higher end of Rﬂgﬁ{ Based on these fits, we derived equations to calculate the value of AM for every

filter corresponding to the two scenarios, whether a Sérsic fit was available or not. In the case of optical

filters U, V, and B, the corrections from these equations were employed only for AGN light ratios of
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25% to 715%, < 715%, and < 95%, respectively.
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Figure 3.10: Plots showing the difference in the PSF magnitudes estimated by GALFIT and the actual
magnitude of the star used to replicate the AGN at the center of the simulated type I AGN population
(AMgjter) vs the AGN light ratio (Rﬂgﬁtr ) for all six Swift/UVOT filters, (a) UVWI1, (b) UVW2, (c) UVM2,
(d U, (e) V, and (f) B, based on simulations (described in Appendix 3.7). The plots also show the best-fit
function and their equations for both cases: when a Sérsic profile fit was obtained (in red) and when a fit
with a Sérsic profile fit was not possible (in green). The equations mentioned in each figure were then

used to calculate the corresponding corrections to improve the PSF magnitudes estimated by GALFIT

during the source image decomposition to compute the AGN light devoid of host galaxy contamination.
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Table 3.6: List of AGN fluxes (corrected) as estimated by GALFIT image decomposition (Section 3.5). The last column shows, in the form

of flags, if the GALFIT-estimated flux was corrected (c) and if the UVOT pipeline estimated flux was used (for any of the filters) to create the final

SEDs (p). Flux units: 10~ P ergecm2s 1AL,

BAT ID Swift ID Fy Fy Fs Fw Fwa Fn  Flag
3 SWIFTJ0002.5+0323 1.59+0.10 0.75+0.07 0.824+0.06 1.5940.14 224+0.15 2.17+0.11 -
6  SWIFTJ0006.2+2012 10.89+£0.46 5.82+0.13 6.7040.15 19.63+1.14 24.60+1.19 22.33+0.76 -
16 SWIFTJ0029.2+1319 3.77+0.16 3.17+0.15 3.07+£0.08 4.90+0.35 596+0.52 6.50+0.25 c
19 SWIFTJ0034.5-7904 2.53+0.21 0.89+0.07 1.09+0.05 10.28+0.75 12.30+£1.09 13.9940.60 c
34 SWIFTJ0051.6+2928 1.16+£0.07 1.17+0.06 1.1140.05 1.1440.10 1.23+0.07 1.00+0.06 -
36 SWIFTJ0051.9+1724 4.55+0.20 3.45+024 3.01+0.07 6.91+0.44 626+0.58 7.60+031 c
39 SWIFTJ0054.942524 4764021 1.68+0.05 2.80+0.06 540+0.38 7.60+0.66 7.24+0.38 c
43 SWIFTJ0059.443150 0.97+0.14 1.1740.07 046+0.90 4.00+£0.30 3.55+0.17 3.64+0.16 p
45  SWIFTJ0101.5-0308 0.39+0.02 0.36+0.02 0.08+£0.01 0.45+0.07 0.35+0.02 0364002 -
51  SWIFTJ0105.7-1414 3.5740.12 1.93+0.14 250+021 6.084+0.43 8.87+0.54 11.56+2.29 ¢
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In our final sample, for 46 sources (~ 20%) we used the corrections defined above to improve the
PSF magnitudes estimated by GALFIT image decomposition. For 33 sources (~ 14%), we used the
magnitudes estimated during the data reduction process instead of the GALFIT estimated PSF magni-
tudes due to over-subtracted residuals in at least one of the optical/UV filters. The final AGN magni-
tudes, fluxes, and errors are listed in Tables 3.6 and 3.9. The sources for which GALFIT magnitudes
were corrected and the sources for which we used the UVOT pipeline magnitudes are flagged accord-
ingly in the tables. As mentioned in Section 3.5.2, we do not report the values for the Sérsic profile
(host galaxy) parameters, as the focus of this work is to solely constrain the AGN light to construct the

corresponding AGN SEDs.

3.6 Broadband SED Fitting

In this final part of the analysis, we use the optical and UV magnitudes calculated for each source to
create their optical/UV part of the SED. We start by using the PSF magnitudes estimated by GALFIT
after the source image decomposition. We do not include the corrections computed on these magnitudes
for the high redshift sources (z > 0.05) just yet, to understand how the results change before and after
applying the corrections. As mentioned in the previous section, for 33 sources (~ 14%), we use the
UVOT pipeline estimated magnitudes due to minimum contribution from the host galaxy. The original
source PHA files for each source in each filter were edited to include the AGN magnitudes instead
of the total source magnitudes estimated during the data reduction. The background PHA files were
edited to have a value = 0.0 since the final magnitudes estimated by GALFIT are already corrected
for the background in the first step of the decomposition (see Section 3.5). The response files from
Swift/lUVOT were edited to include the appropriate energy ranges (see Table 3.1) for respective filters.
The optical/UV part of the SED is fitted in XSPEC (Arnaud 1996) using the DISKPN model, which
is a thermal accretion disk model comprising multiple blackbody components (e.g., Mitsuda et al. 1984;
Makishima et al. 1986). We would like to mention here some caveats of the accretion disk model that
could affect our analysis. Although it successfully describes the optical/UV disk emission in many AGN
sources (e.g., Malkan & Sargent 1982; Malkan 1983), the multi-temperature accretion disk model, that
is otherwise assumed to be in a quasi-steady state equilibrium (e.g., Shakura & Sunyaev 1973; Thorne
1974), is inadequate to explain the observed variability timescales in the UV (e.g., Alloin et al. 1985;
Collier & Peterson 2001; Lawrence 2012). We also acknowledge that by using a common disk model

for all sources, we are making an assumption regarding the type of accretion flow in these sources.
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Numerous studies have shown that accretion in an AGN changes with its accretion rate, from possible
ADAFs to standard thin disks to slim disks, as the accretion rate increases (see Beloborodov 1999 for a
review). However, at this point, we cannot assume or define specifically how the surrounding material
is accreted onto the central SMBH. Hence, it is reasonable to fit all the SEDs with the widely acceptable
thermal disk model, so that we can later evaluate our results in a consistent way. In addition to the disk
model, we include two components of the ZDUST model to account for extinction due to dust grains
(Pei 1992) in the optical and UV bands, due to the Milky Way (ZDUSTyy) and the host galaxy of the
AGN (ZDUSTyg), respectively. We use the convolution model ZASHIFT to shift the disk spectrum to the

redshift of the respective source. Hence, the final model used to fit the optical/UV SED is:
ZDUSTyy X ZDUSTyg X ZASHIFT X DISKPN

For the two reddening components, we adopt a Milky Way (MW) extinction curve (method = 1) and
R, = 3.08. In the case of dust extinction due to our galaxy, we fix the E(B — V) value to those estimated
by Schlegel et al. (1998), who combined the results of IRAS and COBE/DIRBE to create a 100-micron
intensity map of the sky. The E(B — V) for the AGN host galaxy is allowed to vary during the fitting.
The redshifts for the two components are fixed to 0.0 and the redshift of the source, respectively. For
the DISKPN, the free parameters include the normalization (Kyy,) and the maximum temperature of the

disk (kTyhax; in units of keV). Here, the normalization is defined as:
M?cos(i)/(D* x B (3.1)

where M is the mass of the central body (the SMBH in our case) in solar masses, i is the inclination
angle of the disk, D is the distance to the source in kpc, and [ is the color to effective temperature ratio.
The inner radius of the disk (R;y; in units of R, = GM/ c?) is fixed to 6.0 gravitational radii.

After compiling and preparing all the source PHA files, and defining the model to be used, we begin
by fitting 223/290 (~ 77%) sources that have observations in all the six Swift/UVOT filters. The best
fit is obtained based on the reduced chi-square and visually inspecting the fit residuals. In cases when
the host galaxy E(B — V) was of the order 10~* or less or when it was not constrained, we repeated
the fit by fixing it to 0.0. The best-fit values of all free parameters were checked using the steppar
command. The errors in all the free parameters (E[B — V|yg, kTmax, and Kyyo) were calculated using the
error command. For one source, SWIFTJ0753.1+4559 (BAT ID = 395), the error on the flux in the
B band was large, in turn affecting the goodness of the overall fit. Hence, we removed the B filter for

this specific source and redid the fit. Next, we fitted the sources with observations in at least four of the
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Swift/UVOT filters (13/290 ~ 4.5% sources) following the same procedure as before. For the remaining
54/290 (~ 18.5%) sources, we had observations in less than four filters. Considering the three free
parameters in the model used for fitting, it was not possible to fit these sources (with three or fewer
data points), and to accurately estimate all the fit parameters. Therefore, we did not fit the optical/UV
SEDs for these sources due to missing observations in more than two Swift/UVOT filters. We show a

few examples of our SED fits, along with the best-fit model and residuals, in Figures 3.12 and 3.13

Out of the 236 sources for which we performed the optical/UV SED fits, the parameter correspond-
ing to the maximum temperature of the accretion disk (kTm,x) was not constrained for 27 (~ 11%)
sources. To solve this issue, we fixed kTpax to its median value (2.7 eV) obtained from the sources that
were successfully fitted while constraining the disk temperature. In Figure 3.11, we show the distribu-
tion in kT« for all the sources in our sample. The final best fits were used to calculate the observed and
intrinsic fluxes and luminosities in all the six Swift/UVOT filters. The total intrinsic optical + UV flux
and luminosity were estimated in the energy range from 10~7 to 100 keV, since the standard Shakura
& Sunyaev disk typically has very little to no emission above a few keV. The luminosity thus computed
will later be used to estimate the total accretion luminosities (Lyo;) of the AGN in our sample. The
upper and lower limits of these fluxes were calculated using the 90% confidence intervals of Ky, and
E(B—V)ug. The lower limit in the flux of each source corresponds to the best-fit model of that source
with the highest E(B —V)yg (most dust-extinct) and lowest Kyy, as estimated during the fitting, and
vice-versa. All the errors in subsequent flux calculations were mainly extensions of the fractional errors

computed in this way (see Table 3.7).

We repeat the optical/UV SED fitting, as stated above, for the high redshift (z > 0.05) sources
after applying the corrections to their GALFIT-estimated PSF magnitudes (described in Section 3.5.3).
For a total of 46 (~ 20%) sources, we redo the SED fitting after editing their source PHA files to
include the corrected GALFIT PSF magnitudes. We report the best-fit values of kTjx and E(B —V)yg
along with the various flags regarding the SED fitting in Table 3.7. We show all the broadband SED
fits along with their best-fit SED models and residuals in Appendix 6.2. In the next two chapters,
we discuss in detail the results we found for all three samples: (a) the total sample of 236 sources
without applying corrections to the magnitudes necessary for high redshift sources, (b) a sub-sample of
190 sources, removing the sources that need to be corrected, and (c) the total sample of 236 sources

including corrections to the magnitudes estimated by GALFIT for the high redshift sources.
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Figure 3.11: A distribution in the value of the maximum disk temperature as obtained after fitting the
optical/UV SEDs of our source sample with a dust-extinction corrected thermal disk model (described
in Section 3.6). The median value of kT,,,x from this distribution is 2.7 eV. This value was used to

improve the optical/UV SED fits for sources whose disk temperatures could not be constrained.
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Table 3.7: Results of the optical/UV SED fitting (Section 3.6), with the best-fit values of the

disk temperature (kTax in e€V), the extinction due to the host galaxy E(B —V)yg, and the

total, intrinsic optical/UV flux (from 10-7 - 100 keV) with errors. The last column shows, in

the form of flags, if the disk temperature was fixed to its median value of 2.7 eV (t) and if the

host galaxy extinction was fixed to 0.0 or was constrained as an upper limit during the fitting

(). Flux units: 10~ ergecm ‘s

2.1

BAT ID Swift ID kTmax E(B—V)uc  Fao  Flag
3 SWIFTJ0002.5+0323 2.8 0.058  1.8570%% -
6  SWIFTJ0006.2+2012 3.9 0014  17.6755 e
16  SWIFTJ0029.2+1319 6.1 0117 240733 -
19 SWIFTJ0034.5-7904 2.7 0.001  3.05M073 et
34 SWIFTJ0051.6+2928 3.7 0298 828772 -
36 SWIFTJ0051.9+1724 2.9 0012 6137035 e
39 SWIFTJ0054.9+2524 6.4 0.058 157038 -
43 SWIFTJ0059.4+3150 5.5 0.007  3.8970% e
45 SWIFTJ0101.5-0308 2.8 0.268 145755 -
51  SWIFTJ0105.7-1414 4.0 0.000 5501013 e
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Figure 3.12: A few examples of the optical-to-X-ray SED fits. From top to bottom, the fits are for
sources: SWIFTJ0208.2+4452, SWIFTJ0630.7+6342, and SWIFTJ1421.4+4747. The left panel shows
the counts in the optical/UV filters (black points) and the 0.3 — 10 keV X-ray spectrum (cyan points). It
also shows the fit obtained using the optical/UV disk model including dust extinction (in red) and the

X-ray model (in blue), along with the fit residuals. The right panel shows the best-fit SED model for

each source.
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Figure 3.13: A few examples of the optical-to-X-ray SED fits. From top to bottom, the fits are for
sources: SWIFTJ0002.5+0323, SWIFTJ0654.6+0700, and SWIFTJ1316.9-7155. The left panel shows
the counts in the optical/UV filters (black points) and the 0.3 — 10 keV X-ray spectrum (cyan points). It
also shows the fit obtained using the optical/UV disk model including dust extinction (in red) and the

X-ray model (in blue), along with the fit residuals. The right panel shows the best-fit SED model for

each source.
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3.7 Summary

In this chapter, we have presented one of the largest studies, to date, of the broadband AGN SEDs from
optical to X-ray wavelengths, for a sample of 236 unobscured, hard-X-ray-selected, nearby AGN from
the 70-month Swift/BAT catalog. We compiled simultaneous, optical, UV, and X-ray observations for
our sources to avoid any issues arising due to differences in the variability timescales at different wave-
lengths. We extracted the 0.3 — 10 keV X-ray spectra and magnitudes and fluxes in the six Swift/UVOT
filters: U, V, B, UVYW1, UVW2, and UVM?2 for all our sources. We corrected the optical/UV fluxes
for galactic dust extinction as well as host galaxy contamination. The latter was done by fitting the 2D
surface brightness of the source images using a PSF and a Sérsic profile with GALFIT to fit the AGN
and the host galaxy, respectively. We also performed numerous simulations by creating fake popula-
tions of type I AGN and fitting them using GALFIT, to quantitatively inspect the reliability of the AGN
magnitudes calculated by GALFIT. As a result of these simulations, we were able to calculate correc-
tion factors in each of the six Swift/UVOT filters, that can be used to correct the GALFIT-estimated
PSF fluxes. We constructed and fit the multi-wavelength AGN SEDs (10~ to 500 keV) using a dust-
reddened multi-temperature blackbody to model the optical/UV accretion disk and a variety of X-ray
models consisting of multiple components to account for the primary X-ray emission and the repro-
cessed secondary emission. The main outcomes and findings of this analysis are discussed in detail in

the next part of this thesis (Chapters 4 and 5).
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Appendix

A: GALFIT Simulations

AGN flux can be contaminated by the host galaxy’s light. To extract reliable AGN flux measurements,
we used GALFIT to fit the two-dimensional surface brightness of our sources. However, considering
the wide variety of sources in our sample, varying over redshift, morphology, total magnitude, etc.,
we carried out some simulations to check the reliability of the flux values estimated by GALFIT. We
simulated a population of fake type I AGN covering the same redshift range as our original sample
(0.001 < z < 0.3). We used 10 Seyfert 2 galaxies, classified so by the optical classification provided
by Koss et al. (2017), with X-ray column densities above 10>3cm™2 to eliminate the possibility of
any significant optical/UV radiation coming from the SMBH at the center. We pre-processed, aspect
corrected, and reduced the raw Swift/UVOT images of these 10 sources in the three UV filters (UVWI,
UVW2, UVM2). The final sky images were then used to extract the total galaxy magnitudes of these
sources to be used in GALFIT later. We then randomly selected a field star from our images and
placed it at the center of the galaxy to replicate an unobscured type I AGN. The magnitude of the star
was varied by changing its normalization to reciprocate different AGN light ratios (AGN magnitude to
total magnitude), ranging from 10% to 95%. We calculated the star’s magnitude using GALFIT before
placing it on the galaxy to estimate the star flux that would later be compared to the PSF flux estimated
by GALFIT. We also included different possible morphologies in this sample of 10 galaxies: edge-
on galaxies, face-on galaxies, and indeterminate. We did not go with the traditional galaxy morphology
classification of elliptical and spiral galaxies because on scales as small as the ones in our UVOT images,
GALFIT cannot distinguish between bulge-dominated and disk-dominated morphologies. Also, we are
not interested in fitting the extended features, like spiral arms, starburst regions, clumps, etc. of the host
galaxy. Instead, we included Seyfert 2s with different orientations to understand GALFIT’s response
to circular (face-on) vs elliptical (edge-on) galaxy shapes in two-dimension. In total, we simulated 270
type I AGN across the three Swift/UVOT UV filters with 10 different AGN light ratios.

The GALFIT analysis of these 270 simulated AGN was done following the same procedure as the

one followed for our original sample (described in Section 3.5):

1. A relatively empty region was selected from the image to fit the background using the sky com-
ponent in GALFIT. In the case of crowded fields, a bad pixel mask was incorporated into the

GALFIT parameter file to mask the background sources.
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2. A region around the source with the same dimension as the one used in the previous step was
selected and fitted using the sky and PSF component in GALFIT. Like before, a bad pixel mask
was used to mask the light from all the extra sources around our galaxy of interest. The sky
estimated in the previous step was used as the input sky value in this step. However, we left the
sky value to vary in general and fixed it only in cases when it was significantly different from the
one estimated in the previous step. To fit the PSF component, GALFIT requires a PSF image that
it, in turn, fits to the image. The PSF image was created using the photutils package in Python.
This package uses a defined set of stars from the field of the source and reiterates over these star
profiles to produce a PSF image. We used 3-6 bright background stars to create a PSF image for
each of our 10 sources in each UV filter. The input value used for the PSF magnitude was the one
calculated by GALFIT previously for the star in the absence of any host galaxy. All the residuals

were visually examined for any flux remaining from the source.

3. Finally, the same source region as before was fitted using the sky, PSF, and Sérsic profile com-
ponent in GALFIT. The sky and PSF input parameters used were the ones we obtained from the
previous step. The input Sérsic magnitude was defined as the galaxy magnitude obtained from
the UVOT pipeline. The input value for effective Sérsic radius was visually determined from the
source images. The input values for the coordinates of the Sérsic profile were put as the ones
for the PSF profile from the results of the previous step. We started with an input Sérsic index
value of 2.5 and moved to 2.0, 1.5, 1.0, 0.5, 3.0, 3.5, and 4.0 in cases when GALFIT was not able
to converge. All the other parameters of the Sérsic profile were left to their default values. In
multiple cases, when GALFIT was unable to converge with these input parameters, we fixed the
controversial parameters (generally, axis ratio or effective radius, sometimes the coordinates of
the Sérsic profile) to specific acceptable values so as to allow GALFIT to converge and produce
reliable fits, estimates, and residuals. All the residuals were visually inspected to confirm the
reliability of the fits. In some cases, even after multiple repetitions, when GALFIT was not able
to fit all the three components to the source, we quote results from step two, i.e., just the sky +

PSF fits.

In Figures 3.15, 3.16, and 3.17, we plot our results from the GALFIT analysis of these 300 simulated
type I AGN for the UVW1, UVW2, and UVM2 filters, respectively. In each case, the plot on the left
shows the AGN (PSF) flux estimated by GALFIT with respect to the actual flux of the star used as

an AGN replica in these fake type I galaxies, while the plot on the right shows the same information
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but segregated into different redshift bins. The symbols are color-coded based on the AGN to total
light ratio. In general, the figures show a pretty good agreement between the AGN fluxes estimated by
GALFIT and the actual star flux. We start seeing some significant difference only as we move to lower
fluxes (< 10~ ergem 257! A~"yand specifically in AGN light ratios below 80% in that flux regime.
Some smaller deviations from the x = y line are seen at the highest fluxes (> 103 ergcm 257! A
and AGN light ratios around and above 90%. The differences at higher fluxes are more prominent for
filters UVW2 and UVM2 as compared to the UVW1 filter. However, looking at the redshift-specific
plots, it is evident that the large differences in the GALFIT estimates when compared to the star flux
are restricted to the highest redshift range (0.05 < z < 0.3). On further inspection, we found that these
are, without exception, the sources for which GALFIT was not able to fit a Sérsic profile to the source,
and the flux estimates are thereby from the sky -+ PSF fit only. This could be because of very faint
detections of the host galaxy at such large distances, a consequence of the flux-limited nature of the
Swift/BAT AGN sample. The significant difference in the fluxes is, therefore, quite understandable,
considering the fact that GALFIT tried to fit the host as well the AGN light at the center with only the
PSF component and hence gives much larger flux values for the AGN as compared to the expected star’s
flux at the center. In the case of small deviations seen at the highest flux and AGN light ratios above
90%, in filters UVW2 and UVM2 for redshift range 0.01 < z < 0.05, these cases again correspond to
scenarios where GALFIT was not able to attain reliable Sérsic fits for the source images. This could be
because the AGN, in these cases, is responsible for most of the light coming from the galaxy, and hence,
the AGN flux is extremely high when compared to the host galaxy flux. As a result, GALFIT is not able
to fit the host galaxy in the background of such a strong central AGN light source that dominates the

entire galaxy. Therefore, we obtain GALFIT flux estimates that are lower than the actual AGN flux.

In Figure 3.18, we have plotted the star flux vs the GALFIT estimated PSF flux for the three UV
filters in different morphology classes. We have also included redshift information in these plots in the
form of different symbols. At first look, based on these plots, it might seem like GALFIT works much
better for edge-on galaxies as compared to the indeterminates and face-on galaxies in filters UVW1 and
UVM2, and for filter UVW?2, it works quite nicely for both edge-ons and face-ons. However, if we take
a look at the redshift distribution in all these plots, it is abundantly clear that the differences in the flux
estimates are strongly dependent on the redshift. The simulated edge-on galaxies of our test sample are
all lying in the lower redshift bins and hence give good fit results. Whereas, the indeterminates belong
to the highest redshift range. The few sources that show significant deviations from the x = y line with

face-on orientation are also part of the highest redshift bin.
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Based on the results we obtained from these simulations in the UV filters, we repeat a similar
analysis for the three Swift/UVOT optical filters but only in the highest redshift bin. This is a reasonable
approach, considering that the sources in our sample are brighter in the optical compared to the UV (see
in Figure 3.19). And as the UV simulations show that it is only the faintest sources that the GALFIT-
estimated magnitudes are not reliable, we calculate the optical corrections for the same set of sources

(z > 0.05).

B: Comparison with the HST

Thanks to the follow-up observations of Swift/BAT AGN by HST (as part of the optical campaign of
BASS), we have high-quality HST images in filter F225W (similar to UVM2) for several sources in
our sample. We use simultaneous HST observations in the F225W filter for two AGN in our sample
(SWIFTJ1708.6+2155 and SWIFTJ1925.0+5041). We fit these images with GALFIT following the
procedure mentioned in Section 3.5.2 and extract their AGN flux to compare with those obtained from
the Swift/UVOT images in the UV filter M2. Considering the high resolution of HST images with
detailed and extended galaxy profiles, we focus on fitting just a small region around the PSF to estimate
the AGN flux. For both sources, the magnitudes estimated from the HST images are within 0.1 mags of
the ones from the UVOT images. This is acceptable, since the central wavelengths of the two filters are
slightly different (F225W: 2371 A and UVM2: 2246 A). Therefore, we can conclude that the GALFIT-

estimated AGN magnitudes for our Swift/UVOT images are consistent with those from the HST images.
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Table 3.8: List of source magnitudes as calculated by the Swift/UVOT command uvotsource via 5 arcsecs aperture photometry, along

with statistical errors (Section 3.3.1).

BAT ID Swift ID My My Mg Mw: Mw> My
2 SWIFTJ0001.6-7701 - - - 17.164+0.03 17.3040.03 17.37+0.03
3 SWIFTJ0002.5+0323 16.16+0.04 15.01+£0.05 15.61+0.04 16.60+0.03 16.914+0.03 16.83+0.03
6  SWIFTJ0006.2+42012 14.3940.02 14.24:0.02 14.424+0.02 14.724£0.02 14.96+0.02 14.9340.02
10 SWIFTJ0021.2-1909  19.21+0.06 - - 21.2040.08 - -

14 SWIFTJ0026.5-5308 - - - 17.80+0.08 - 18.30+£0.03
16  SWIFTJ0029.2+1319 15.68+£0.02 15.40+0.04 15.624+0.03 16.1740.03 16.32+£0.03 16.43+0.03
19  SWIFTJ0034.5-7904 14.95+0.03 14.7640.04 15.00£0.03 15.3440.02 15.50£0.02 15.524+0.03
34 SWIFTJ0051.6+2928 16.814£0.04 15.09+£0.04 15.814+0.03 17.57+£0.05 18.08+0.02 18.03+0.05
36 SWIFTJ0051.9+1724 15.454+0.02 15.44+0.05 15.634+0.04 15.88+0.03 16.09+0.02 16.1940.03
39 SWIFTJ0054.942524 15.61+0.03 15.61+£0.05 15.69+0.03 16.07+0.03 16.0440.03 16.31+0.02
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Table 3.9: List of AGN magnitudes (corrected) as estimated by GALFIT image decomposition (Section 3.5). The last column shows in the

form of flags if the GALFIT-estimated magnitude was corrected (c) and if the UVOT pipeline estimated magnitude was used (for any of the filters) to

create the final SEDs (p).
BAT ID Swift ID My My Mp Mw Mw> Mz Flag
3 SWIFTJ0002.5+0323 16.91+£0.03 16.74+£0.09 17.12+0.05 17.61+0.03 17.724+0.02 17.524+0.02 -
6 SWIFTJ0006.2+2012 14.82+0.01 14.51+£0.01 14.84+0.00 14.884+0.00 15.124+0.00 14.994+0.00 -
16  SWIFTJ0029.2+1319 1597£0.01 15.17+£0.04 15.694+0.00 16.39+£0.01 16.66+0.04 16.33+0.00 ¢
19 SWIFTJ0034.5-7904 16.40+0.05 16.54+£0.08 16.81+0.03 15.58+0.02 15.87£0.04 15.50+0.01 <c
34  SWIFTJ0051.6+2928 17.25£0.03 16.25+0.04 16.79+0.03 17.97+£0.03 18.37+0.01 18.36+0.03 -
36 SWIFTJ0051.9+1724 15.77£0.01 15.08+0.06 15.71+0.00 16.01£0.01 16.60+0.05 16.16£0.01 ¢
39  SWIFTJ0054.9+2524 15.72+£0.01 15.86+0.02 15.794+0.00 16.28+£0.01 16.394+0.04 16.21£0.00 ¢
43 SWIFTJ0059.4+3150 17.454+0.12 16.254+0.05 17.75£0.18 16.61£0.02 17.22+£0.00 16.96+0.01 p
45 SWIFTJ0101.5-0308 18.44+0.02 17.54+0.04 19.64+0.04 18.99+0.10 19.734+0.02 19.474+0.03 -
51 SWIFTJ0105.7-1414 16.03+£0.00 15.71+£0.07 1591+0.07 16.15+0.01 16.234+0.01 15.70+0.18 ¢
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Figure 3.18: Comparing the expected AGN (star) flux to the PSF flux estimated by GALFIT for filters
(top to bottom) UVW1, UVW2, and UVM2. The three subplots in each figure show the three different
morphologies considered and the different symbols correspond to the redshift range. The x = y line is

shown in red. The color bar indicates the AGN light ratio.
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band. It is evident from this figure that the AGN in our sample are brighter in the optical when compared
to the UV and even the faintest optical band is brighter than the brightest UV band. Therefore, based
on the GALFIT simulations carried out in the UV band to calculate the correction factors for GALFIT-
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Chapter 4

Optical, UV and X-ray Emission
Properties of Unobscured AGN

In the previous chapter, we explained in detail the various steps we followed to systematically construct
and fit the optical-to-X-ray SEDs of a sample of ~ 240 unobscured AGN. In this chapter, we focus on
the outputs of our SED fitting and explore some important correlations between them. We also report
the main correlations we found for these quantities with various physical properties of AGN, such as
their black hole mass, bolometric luminosity, Eddington ratio, etc. All the results reported in this and
the following chapter are for the final sample of 236 unobscured AGN with GALFIT fluxes corrected
as explained in Section 3.5.3 for the high redshift sources. However, we did check all our results for
the sample without employing these corrections and did not find any significant differences. We also
confirmed all our results to hold for a cleaner sample of 190 AGN excluding the high redshift sources
that need to be corrected. In Section 4.1, we present the median SED model for our sample, along with a
couple of examples of typical SEDs with and without dust extinction. In section 4.2, we look at some of
the parameters useful to describe the optical/UV disk emission of AGN. And finally, in sections 4.3, 4.4,
and 4.5, we present the optical-to-X-ray spectral index (0lx), the X-ray and the optical/UV bolometric
corrections (Kpo1), respectively, and explore their dependence on different physical properties of AGN,

like the black hole mass, bolometric luminosity, Eddington ratio, etc.
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Figure 4.1: Rest frame optical-to-X-ray best-fit SED models (a) with absorption and (b) without ab-
sorption, for the 236 unobscured, nearby AGN in our sample (in grey). The median SED model is shown

as the black solid line.

4.1 Median SED Models

In Figure 4.1a, we show all the optical-to-X-ray SED models for our sample, as well as the median
SED (MSED) model, in the rest frame (in solid black). Next to it (Figure 4.1b), we show the intrinsic,
absorption-corrected SED models for our sample along with the median, absorption-corrected SED (in
solid black). Between the two figures, we can clearly see the absorption features due to the host galaxy
and the Milky Way in the optical/UV and soft X-rays. A reflection feature around 7 keV is visible in
both cases. As mentioned in many previous works on broadband SED fitting (e.g., Elvis et al. 1994;
Richards et al. 2006; Vasudevan et al. 2009), and also visible in Figure 4.1, the median SED does not
necessarily represent the full range of properties exhibited by the AGN population and there exists a

large variety in the shapes of AGN SEDs.

Next, we plotted the median SEDs in bins of X-ray luminosity, bolometric luminosity, black hole
mass, and Eddington ratio (Figure 4.2). We use the median value of each parameter in our sample
to divide the sample into two bins and visualize the differences, if any, in the SED shapes. We have
normalized all the MSEDs at 1eV to compare them. The variation in the MSED shape for different
luminosity bins is prominent in the top two panels of Figure 4.2. For larger bolometric luminosities,
the MSED in the optical/UV extends to higher energies and represents higher disk temperatures (also

discussed in Section 4.2.1 and 4.5). The lack of any change in the X-ray part of the MSED suggests
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Figure 4.2: The absorption corrected, median SED (normalized at 1 eV) in bins of (a) 2 — 10 keV
X-ray luminosity, (b) bolometric luminosity, (c) black hole mass, and (d) Eddington ratio. The black

solid curve shows the lower value bin and the red dashed curve is the higher value bin, for each panel.

that an increase in the bolometric luminosity does not necessarily imply a direct increase in the X-ray
fraction of the AGN luminosity. Furthermore, we see an overall change in the MSED shape between
the two X-ray luminosity bins. Increasing the X-ray luminosity affects not only the X-ray flux but also
the optical/UV part of the SED. This can be explained as a consequence of the X-ray luminosity scaling

the bolometric luminosity. Implications of this will be discussed in more detail later in Section 5.1.

In terms of black hole mass and Eddington ratio (bottom two panels of Figure 4.2), we do not see
any significant changes in the MSED shapes for the two bins. The absence of any differences in SED
shapes for lower and higher black hole masses indicates that it is not a dominating factor influencing the
total AGN emission or the fractions of emission at different energies contributing to the total emission.
In the case of the Eddington ratio, although we do not see any considerable variation in the MSED
shapes when we divide the sample into two bins, we will revisit this point and discuss it further in

Section 5.2.1.
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4.2. Optical/UV Disk Emission

4.2 Optical/UV Disk Emission

The optical/UV part of the multi-wavelength AGN SED corresponds to the emission that is believed to
be originating in the disk at different radii, as material spirals into the central SMBH. This emission is
the largest contributor to the total accretion luminosity of the AGN. In the following two sections, we

look in detail at the three parameters obtained from the optical/UV SED fitting.

4.2.1 Disk Temperature and Normalization

If we consider the standard accretion disk model suggested by Shakura & Sunyaev (1973), it assumes a
geometrically thin and optically thick structure for the disk with a temperature gradient, such that higher
temperatures are expected at closer proximities to the SMBH, until the innermost stable circular orbit.
Based on our SED fitting analysis, we obtained a distribution of the maximum temperatures of the disk
for our sample of unobscured AGN with a median k7j,.x = 2.70£0.01 eV. We show kT« as a function
of redshift in Figure 4.3a. The positive correlation between kT, and z does not necessarily imply that
higher redshift sources have higher disk temperatures. Since our SED models already included a term
to account for the redshift of the source, this dependence should come from something intrinsic to the
fitting procedure. To investigate this further, we inspected the other parameter that plays an important
role in the fitting, i.e. the normalization of the disk component (Kyy,). We plot kT,.x as a function
of Ky in Figure 4.3b and obtain a strong anti-correlation between the two parameters (also see Table
4.1). A possible explanation for this could be that standard disks with higher values of kT,,x would tend
to have bluer spectra, which could, in turn, force the normalization to go down so as to fit the defined
energy range in our SEDs. This is also visible in Figure 4.1, where the SED models with higher disk
normalization are redder compared to the ones with lower disk normalization. As stated in Eq. 3.1,
Kuvo 1s a function of the black hole mass and the distance to the source, and therefore, we expect it to
anti-correlate with redshift (see Table 4.1). As a result, this positive trend between kT« and redshift,
could just be a consequence of the inverse correlations of Ky, with both redshift and kT,x-

One might also argue that the positive trend between kT, and redshift could just be a reflection of
the luminosity distribution of our sample with respect to redshift, where we have the largest luminosity
sources at the highest redshifts. To check this scenario, we repeated the SED fitting for our entire sample
following the procedure stated by Vasudevan et al. (2009), where they fixed the disk normalization using
their black hole mass estimates. As part of the BASS DR2, Mejia-Restrepo et al. (2022) presented virial

black hole mass estimates for almost all Swift/BAT type I AGN in the 70-month catalog using broad-
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Figure 4.3: The maximum disk temperature (kTyax) as a function of (a) the redshift of the source, and

(b) the disk normalization (K,y,). The black solid line shows the best-fit relation.

emission line measurements. Assuming the virialized motion of the gas in the broad line region (BLR)
and employing the empirical relations between the continuum luminosity and the size of the BLR (from
reverberation mapping), the mass of the black hole can be calculated using the width of certain broad
emission lines. They specifically used the Ho,, HB, Mg A2798 and/or C1v A1549 broad emission lines
and followed the respective prescriptions described by Greene & Ho (2005), Trakhtenbrot & Netzer
(2012), and Mejia-Restrepo et al. (2016). We use these black hole mass estimates provided by Mejia-
Restrepo et al. (2022) throughout this work. Similar to the approach taken by Vasudevan et al. (2009),
we calculated the disk normalizations from Eq. 3.1, using M = Mpy, our redshift-independent distances
for D, inclination angle (i = 0) corresponding to face-on disks for our unobscured AGN sample, and a
color-to-temperature ratio (B) of unity. We fixed Ky, to this value and redid the SED fitting. We then
checked how the new kT« evolved with redshift and obtained an inverse correlation. The fact that
the original relation not only disappeared but also inverted suggests that it is not related to the redshift-
luminosity distribution of our sources. We then checked if the dependence of the normalization on
redshift changed and in fact, found an inversion relative to the original trend and a positive correlation
between the two. This was mainly due to the black hole mass of our sample increasing with redshift.
Finally, only the anti-correlation between kT« and Ky, Was retained, which further confirmed that the

disk normalization was indeed the deciding factor here.

Aside from the dependence of kT« on redshift, which, as we discussed, was not linked to AGN

physics but instead was an outcome of the SED fitting technique, we also found strong positive correla-
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Figure 4.4: The maximum disk temperature (k7 ,,x) as a function of (a) the bolometric luminosity, and

(b) the Eddington ratio. The black solid line shows the best-fit relation.

tions of the disk temperature with both Ly, and Agqq (Figure 4.4), defined below:
log (kTinax) = (0.152 £0.020) x log (Lyol) + (—6.379+0.881) 4.1)

log (kTiax) = (0.178 +0.025) x log (Agaa) + (0.6524+0.0.038) 4.2)

This is not surprising, as we would expect sources with larger luminosities and accretion rates to have
hotter disks, under the assumption of the standard disk model (e.g., Shakura & Sunyaev 1973; Novikov
& Thorne 1973). Since our sample does not probe higher Eddington ratios (Agqq < 1), this is a reason-

able assumption. We also checked if kTp,« relates with Mgy, but did not find any correlation.

4.2.2 Host Galaxy Dust Extinction

One of the components (ZDUST) in our optical/UV SED model accounts for the intrinsic dust extinction
of the source emission due to its host galaxy. This is quantified by the parameter E(B —V )yg. In Figure
4.5, we show the distribution of E(B —V)yg and also how it evolves with redshift. We do not find
any dependence of the intrinsic dust extinction observed by the disk emission on the redshift. We also
checked if E(B —V )yg correlates with any other physical properties of the AGN, such as Lo, Mpg, and
Agdq but did not find any significant trends.

The analog of E(B — V)yg in the X-rays could be the line-of-sight column density (Ny) causing
obscuration of the X-ray emission from the AGN. We plot the two quantities against each other in
Figure 4.6 and obtain a weak positive correlation between them (see Table 4.1). Even if both parameters

quantify the level of obscuration of the emission at respective energies, considering that this emission
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Figure 4.5: (a) Distribution of E(B — V )ug, that quantifies the intrinsic dust extinction of the AGN
emission in the optical/UV due to the host galaxy. (b) E(B —V)yg as a function of the redshift. The

black solid line shows the best-fit relation.
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Figure 4.6: The host galaxy dust extinction in the optical/UV [E(B —V )yc] as a function of the X-ray

column density (Ng). The black line shows the weak correlation between the two quantities.
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Table 4.1: Correlation results for Figures 4.3, 4.4, 4.5, and 4.6, described in Section 4.2.

Correlation R-Value? P-Value®
kTmax — 2 0.32 2.31x107°
kTmax — Kuvo -0.88  4.05x 10768
Kuvo —2 -0.38 6.20 x 107
kTmax — Lbol 0.47 5.18 x 10713
kTimax — Mgdd 0.45 1.47 x 10~ 11
E(B—V)uc—z -0.14 0.05
E(B—V)uc —Nu 0.25 0.02

@ The Pearson’s correlation coefficient.

b The probability of the data set appearing if the null hypothesis is correct.

originates in different regions of the AGN (at different physical scales), the material responsible for the
extinction or obscuration is different. Since the X-rays are produced much closer to the central SMBH,
they are also obscured by the gas and dust surrounding the AGN, apart from just the host galaxy. Hence,

we do not expect the two quantities to be very strongly correlated.
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Table 4.2: List of outputs from the broadband SED fitting, including the 2500 A, 2 keV, and the bolometric luminosities in units of

log (L/ergs™!). We also present the black hole masses (Mpy) of our sources as estimated by Mejia-Restrepo et al. (2022) in units of

log (Mg /Mg). Finally, we list the estimated value of the optical-to-X-ray spectral indices (Qlox; Section 4.3), the soft X-ray (k»—10;

Section 4.4) and 4400 A optical bolometric corrections (K445 Section 4.5), and the Eddington ratios (Ag4q in log). The full version of

this table is given in the appendix (Table 2).

BAT ID Swift ID log(Lysgos) log(Lokev) log(Lpol) log(Meu/Meo) Oox  ®Kyu00a K2-10  log(Agda)
3 SWIFTJ0002.5+0323 43.07 42.35 43.68 6.70 -1.27 5.59 10.09 -1.20
6 SWIFTJ0006.2+2012 43.99 43.11 44.57 7.23 -1.34 586 22.26 -0.84
16 SWIFTJ0029.2+1319 45.49 44.32 46.16 8.49 -1.45 8.12 49.53 -0.50
19 SWIFTJ0034.5-7904 44.26 43.78 44 .95 8.02 -1.19  6.56 10.70 -1.25
34 SWIFTJ0051.6+2928 43.96 42.49 44 .44 7.62 -1.56 4.63 53.75 -1.36
36 SWIFTJ0051.9+1724 44 .43 4391 45.15 7.75 -1.20  7.38 8.66 -0.77
39 SWIFTJ0054.9+2524 45.36 44.28 46.08 8.46 -1.41  9.13  32.70 -0.56
43 SWIFTJ0059.4+3150 42.69 41.96 43.42 7.56 -1.28 896 14.26 -2.32
45 SWIFTJ0101.5-0308 43.90 42.75 44.38 8.13 -1.44 419 23.78 -1.93
51 SWIFTJ0105.7-1414 44.30 43.48 45.03 7.88 -1.32 837 16.79 -1.03

uoIssIug ysiq A/eondo 'y



4.3. Optical-to-X-ray Spectral Index (Olox)

4.3 Optical-to-X-ray Spectral Index (o)

The relation between the optical/UV and X-ray emission of AGN has long been an area of extensive
investigation to better understand the energy generation mechanism in AGN (e.g., Tananbaum et al.
1979). In this context, the optical-to-X-ray spectral index or 0,x is widely used to explore how the
optical/UV disk emission couples with the X-ray coronal emission of AGN. It is mainly used to quantify
the shape of the AGN SED and also used as a proxy for bolometric corrections as it is relatively easier

to calculate from limited data. 0.y is defined as:
—0.3838 x log [LV(ZSOOA) /Ly(2keV)] 4.3)

where Ly is the luminosity at the specific wavelength or energy in units of ergs~ ' Hz~! (e.g., Strateva
et al. 2005, Steffen et al. 2006). Over the years, many studies have been carried out focusing on how 0o
evolves with redshift, and the AGN luminosity. Although no strong dependence has been reported with
redshift, studies have shown that 0,,x has a significant anti-correlation with luminosity (e.g., Strateva
et al. 2005, Steffen et al. 2006, Lusso et al. 2010). In this section, we check if we get similar results for
our sample of hard-X-ray-selected local, unobscured AGN.

To calculate 0ox using Eq. (4.3), we estimate the monochromatic fluxes and luminosities at 2500 A
and 2 keV using the best-fit models obtained from the broadband SED fitting. We first have a look at the
well-known correlation between the two luminosities (L, 4 and Loxev). Most studies have defined the

correlation between the UV and X-ray luminosity as Lykey o< P

5500 4° Where P ranges between 0.7 to 0.8.

In Figure 4.7, we plot the rest-frame monochromatic luminosity at 2 keV as a function of the rest-frame

monochromatic luminosity at 2500 A along with the best-fit relation we found:
log (Lokev) = (0.726 £0.029) x log (L5 4) + (4.544 £0.821) 4.4)

For comparison, we show the correlation obtained by Lusso et al. (2010). We also show how our best-fit
relation is consistent with the ones reported by works like Steffen et al. (2006) and Lusso & Risaliti
(2016) that used optically-selected AGN for their analysis.

Next, we show the distribution of 0l,x for our AGN sample in Figure 4.8a. Our ox values range
from -2.0 to -0.7 with a median at -1.28 (also see Table 4.2). We do not see any significant trend of
Oox with redshift (Figure 4.8b, Table 4.3) as confirmed by previous works (but see Yuan et al. 1998
and Bechtold et al. 2003). In Figure 4.9a, we show 0,x as a function of the monochromatic 2500 A

luminosity and the best-fit relation:

Olox = (—0.10540.011) x log (Lygyy 1) + (1.7454+0.315) (4.5)
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Figure 4.7: The monochromatic luminosity at 2500 A vs the monochromatic luminosity at 2 keV. The
best-fit relation from our work is shown as a black solid line, while the grey-shaded region shows the
one-sigma confidence interval for the best fit. We also show the relation reported by Steffen et al. (2006),
Lusso et al. (2010), and Lusso & Risaliti (2016) as a blue dash-dotted line, red dashed line, and green

dotted line, respectively.
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Figure 4.8: (a) A distribution plot of the optical-to-X-ray spectral index (0lox) for our sample of hard-
X-ray-selected nearby, unobscured AGN. (b) A plot showing 0o as a function of redshift, but we do not

find any significant correlation between the two parameters (black solid line shows the best-fit relation).

A Large Multi-Wavelength Study of Local Active Galactic Nuclei 1 1 3



4.3. Optical-to-X-ray Spectral Index (Olox)

————— Lusso et al. 2010 * * - Lusso et al. 2010

-~ Steffen et al. 2006 —0.8} . ——~ Steffen et al. 2006
*  This work 1

. *
—0.8 e e .

= This work

Qox
Qox

-1.8¢ *
*

_2'07w L L L * L L L ] _207 L * L L L L
25 26 27 28 29 30 31 22 23 24 25 26 27
log (Laseoa / erg s~ Hz™1) log (Lokev / €rg s™* Hz™?)
(a) (b)

Figure 4.9: 0, as a function of the rest-frame monochromatic luminosity at (a) 2500 A (UV) and (b)
2 keV (X-ray). We find a tight anti-correlation between 0lox and L,z (shown as the black solid line
in the left panel) but no significant relation with L.y (shown as a black solid line in the right panel),
as confirmed by previous works. For comparison, we also plot the best-fit relations from Steffen et al.
(2006; blue dash-dotted line) and Lusso et al. (2010; red dashed line). The grey-shaded region shows

the one-sigma confidence interval for our best-fit relation.

Compared to the slopes estimated by Steffen et al. (2006; -0.137) and Lusso et al. (2010; -0.154), we
measure a shallower slope which could be attributed to the fact that we cover lower luminosity regimes.
We have a few sources going down to 10%° ergs~! Hz~!, which is 1 — 2 orders of magnitude below the
luminosity range covered by the other two works. This effect is also prominent in Figure 4.9b, where
we plot 0, as a function of the 2 keV monochromatic luminosity. Although in agreement with other

works, we also do not find any significant correlation between Olox and Loyev:
Olox = (—0.004+0.015) x log (Lykev) + (—1.172£0.388) 4.6)

However, even in this case, we go down to luminosity values of 10*?ergs~' Hz~!, which is up to 2
orders magnitudes lower compared to Steffen et al. (2006) and Lusso et al. (2010). This could explain
the higher value we obtain for the slope of our best-fit relation compared to those obtained by Steffen
etal. (2006; -0.077) and Lusso et al. (2010; -0.019). It is also worth mentioning here that the optical/UV
and X-ray observations used by Steffen et al. (2006) were not simultaneous, which could be a leading
cause of the discrepancies between their results and ours.

Lastly, in this part, we specifically investigate some correlations presented by Lusso et al. (2010) for
the first time. They found that for their sample o,x showed a correlation with Eddington ratio (Agdq),

unlike Vasudevan et al. (2009). Although they do comment that this could simply be due to better
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Figure 4.10: (a) aox as a function of Eddington ratio. We find a weak anti-correlation between the
two parameters (black solid line), unlike the strong anti-correlation reported by Lusso et al. (2010;
red dashed line). (b) 0lox as a function of bolometric luminosity. We find a significant anti-correlation

between the two quantities (see Table 4.3). The black solid line shows the best-fit relation.

statistics since the dispersion was also very large. We show the plot of 0, against Agqq for our sample

in Figure 4.10a, where we find a weak negative correlation between the two quantities:
Oox = (—0.075+£0.017) x log (Agaq) + (—1.374 £0.026) 4.7)

Unlike Lusso et al. (2010), the correlation we find is relatively weaker but significant (p-value = 2.42 x
1073; see Table 4.3). However, compared to Vasudevan et al. (2009), we have much better statistics that
allow us to constrain this possible anti-correlation better (but with a large scatter). Lusso et al. (2010)
also reported a strong correlation between the 2 — 10 keV bolometric correction (K>_0) and 0oy, which
in principle could be used to estimate bolometric corrections and in turn, bolometric luminosities from
just Olox values. In Figure 4.11, we show the same 0l,x — Kp—1¢ relation obtained from our work, which
agrees extremely well with the one that Lusso et al. (2010) found. The best-fit relation between 0tox and

Kz 10 is represented by a second-degree polynomial as follows:
log (2_10) = (1.33940.143) x 02, + (2.267 £0.370) X Otox + (1.91140.239) (4.8)

We also investigated if 0ok correlates with any other physical properties of AGN, like their black
hole mass (Mpy) and bolometric luminosity (Lpo;). We do not find any significant correlation of Olox

with Mgy. However, we do find an anti-correlation with Ly (Figure 4.10b):
Olox = (—0.062 £0.014) x log (Lyo) + (1.486 +0.617) 4.9)

Although the anti-correlation is significant (p-value = 4.253 x 10~3; see Table 4.3), the scatter is large.
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Figure 4.11: Plot of the 2 — 10 keV bolometric correction (k;_10) against dox. The black solid line
shows the best-fit relation we obtained, which is in good agreement with the one estimated by Lusso

et al. (2010; red dashed line).

Table 4.3: Correlation results for Figures 4.7, 4.8, 4.9, 4.10, and 4.11, described in Section 4.3.

Correlation R-Value? P-Value®

Loxev —Lysgozx 086 4.29x107%

Olox — 2 -0.11 0.09

Oox —Lysgoa 053 1.46x 10718

Olox — Lokev -0.02 0.80
Clox — MEdd -0.27 2.42x 107
Clox — Lol -0.28 1.21 x 1073

Olox — K210 0.86 6.51 x 10797

2 The Pearson’s correlation coefficient.

b The probability of the data set appearing if the null hypothesis is correct.
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Figure 4.12: (a) A distribution plot of the soft X-ray bolometric correction (k_19) for our sample
of hard-X-ray-selected nearby, unobscured AGN. (b) A plot showing how K;,_1¢ evolves with redshift,
and we do not find any significant dependence of k;_1¢ on redshift (black solid line shows the best-fit

relation).

4.4 X-Ray Bolometric Corrections

Following the broadband SED fitting, we use the X-ray flux from 0.1 to 500 keV and the optical/UV
flux from 10~7 to 100 keV to estimate the total accretion luminosity or the bolometric luminosity for
our unobscured AGN sample (see Table 4.2). All luminosities are calculated using redshift-independent
distances listed in Table 3.2. We then calculate the bolometric corrections in different energy bands
by taking a ratio of the bolometric luminosity and the luminosity in the specific energy range. For the
X-rays, we report bolometric corrections in two energy bins, the 2 — 10 keV (soft X-rays; K>_9) and the
14 — 195 keV (hard X-rays; Kj4—195). In Figure 4.12a we show the distribution in the values of k;_1¢ for
our sample (also see Table 4.2). We do not find any dependence of K;_1¢ on the redshift (Figure 4.12b).
We report a median value of k19 = 15.9 £ 0.2, which can be used to roughly estimate the bolometric
luminosity from the intrinsic 2 — 10 keV luminosity. However, this value changes with the bolometric
luminosity and the Eddington ratio of the source, also confirmed by previous works (e.g., Vasudevan
et al. 2009; Lusso et al. 2010; Duras et al. 2020). A detailed study of the main parameters regulating
K2—10 and how it correlates with various physical properties of AGN has been discussed in Chapter 5.
We report the values of the hard X-ray bolometric correction K495 based on our analysis in Table
4.5. We obtain a median value of Kj4_j95 = 6.0 £ 0.1, that can be used to convert the intrinsic 14 —
195 keV luminosity into bolometric luminosity. An anti-correlation is recovered between Kj4_195 and

L14_195 (Figure 4.13a), probably an obvious consequence of how we define bolometric corrections. We
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Figure 4.13: Plot of the 14 — 195 keV bolometric correction (K14 19s) against (a) Lj4—195 and (b) Aggq.

The black solid line shows the best-fit relation we obtained.

also checked if k14195 correlates with any other physical properties of AGN, such as Lo, Mgy, and

AEdd- K14 195 shows a postive correlation with Agqq, as follows (see Figure 4.13b and Table 4.4):
log (K14-195) = (0.132+£0.035) x log (Agdq) + (1.035+£0.053) 4.10)

It also shows a weak correlation with Ly,. However, we did not find any significant dependence of

K14—195 on Mgy.

4.5 Optical/UV Bolometric Corrections

Based on the optical/UV wavelength regime of the broadband SED, we also calculated bolometric cor-
rections in the optical and UV energy bands. In Table 4.5, we list the optical/UV bolometric corrections
in the six Swift/UVOT filters (U, V, B, UVW1, UVW2, UVM2) and in the energy band 10~7 to 100
keV (kuvo). We also report the 4400 A bolometric correction (K4400 45 1n the optical B-band) as done
by many previous works (e.g., Hopkins et al. 2007; Lusso et al. 2012; Shen et al. 2020; Duras et al.
2020). First, we explore how these bolometric corrections evolve with redshift and if our analysis had
any artifacts due to redshift. We do not find any relation with redshift for any of the optical/UV bolo-
metric correction factors. The absence of any dependence on redshift confirms that our SED analysis
is consistent throughout the redshift range of our sample. Even though the Swift/BAT AGN sample is
flux-limited, due to which the farthest sources are typically very faint and we had to apply corrections to

the GALFIT-estimated AGN fluxes (described in Section 3.5.3) for the high redshift sources, our results
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Figure 4.14: 4400 A bolometric correction as a function of (a) the 4400 A monochromatic luminosity
and (b) the bolometric luminosity. We find a very weak correlation in both cases (Section 4.5, Table 4.4)
shown as the black line. Hence, we show the best fit with a constant value as well (red dashed line). For

both cases, we obtain a value of K5,z = 7.9 &= 0.3.

are not influenced by it. This also verifies that the corrections that we calculated for GALFIT fluxes did
not introduce any biases to our analysis.

Next, we check if any of the optical/UV bolometric correction factors show any dependence on L,
Lo, Mpy or Agqq. Starting with Ku4004» 10 Figure 4.14 we show it as a function of L4y, 1 and Lpol.
Similar to other studies (e.g., Lusso et al. 2012; Duras et al. 2020), we did not find any significant
correlation of K,z With either the intrinsic monochromatic luminosity at 4400 A or the bolometric
luminosity (see Table 4.4). Hence, we recommend the constant value fit which gives a value of k5,4 =
7.940.3. Additionally, k,,,, 4 also does not show any dependence on Mgy or Agqq. We investigate the
same trends for the bolometric corrections in the six Swift/UVOT filters (Ky, Kv, KB, Kw1i, Kw2, and

Kwmp2) and in the energy bin 1077 to 100 keV (Kuyo). We summarize our results below:

As expected, similar to K, x> KB also does not show any correlation with Lg, Lyoi, My Or AEdd.

* Bolometric corrections of the highest energy optical filter U and the lowest energy UV filter W1
show a strong negative correlation with the intrinsic luminosities in their respective bands. They

do not show dependence on any other properties of the AGN.

The V filter bolometric correction factor shows a weak positive correlation with the bolometric

luminosity but with a large scatter. It does not relate to any other parameter.

The bolometric corrections for the high energy UV filters: M2 and W2, and the one for the entire

A Large Multi-Wavelength Study of Local Active Galactic Nuclei 1 1 9
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Table 4.4: Correlation results for Figures 4.13a and 4.14, described in Sections 4.4 and 4.5.

Correlation R-Value? P-Value?

Kia—105 — Lia—1905  -0.25  1.20x 1074

K14—195 — Lpol 0.19  3.79x1073

K14—195 — Aedd 024 191x10°*
K44004 ~ Lasoo -0.14 0.03

K004 — Lbol 0.17 0.01

4 The Pearson’s correlation coefficient.

b The probability of the data set appearing if the null hypothesis is correct.

optical/UV energy range show significant anti-correlations with the intrinsic luminosities in their
respective energy bands, as well as with Lo and Aggg. They do not show any dependence on

Based on the individual trends mentioned above, we can draw some important conclusions. Firstly,
we should pay attention to how the lowest energy bolometric corrections (Ky and kg) do not correlate
with any physical properties of the AGN. While the ones at the highest energies (Ky» and Kwz) show
strong correlations with all our parameters of interest, except black hole mass. Studies have shown that
compared to a disk model based on single-temperature blackbody emission, a multi-temperature accre-
tion disk model better describes the optical/UV spectrum of AGN (e.g., Shields 1978; Malkan 1983).
Assuming the disk to have a radial temperature profile [Tef(R) o< R™7; p = 0.75 for the standard Shakura
& Sunyaev disk], with smaller radi being at higher temperatures, we expect the highest energy photons
to originate in the inner regions of the accretion disk, much closer to the central SMBH. Therefore, it
is not surprising that the corresponding Ky, correlate with quantities like Aggq (proxy of the accretion
rate) and Ly, (total emission of the AGN). The observed negative correlations suggest that as the ac-
cretion luminosity of the AGN increases, so does the contribution from these high-energy disk photons.
Hence, the decrease in the Ky, for these energies is expected. Secondly, we consistently do not find
a dependence on Mgy for any of the optical/UV (or X-ray) bolometric corrections. This indicates that
the mass of the central SMBH does not control or influence the total radiation emitted by the accreting

material at different wavelengths. The main driving factor here is in fact the Eddington ratio or the
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Table 4.5: A list of the estimated values of the optical, UV, and hard X-ray bolometric correc-

tions (described in Sections 4.4 and 4.5).

BAT ID Swift ID Ku Kv KB Kwi Kw2 Km2 Kuvo Ki4—195

3 SWIFTJ0002.5+0323 21.04 50.67 26.02 14.94 10.68 1698 7.15 1.74

6 SWIFTJ0006.2+2012 21.09 54.23 27.10 14.00 8.98 15.22 31.73 1.37

16 SWIFTJ0029.2+1319 28.12 76.37 37.31 17.68 10.40 18.57 49.89 1.12

19 SWIFTJ0034.5-7904 24.84 59.30 30.56 17.82 1293 20.36 17.20 2.16

34 SWIFTJ0051.6+2928 16.75 4270 21.41 11.22 7.30 12.27 3227 1.11

36 SWIFTJ0051.9+1724 27.61 67.06 3431 19.44 13.70 21.96 4.84 2.34

39 SWIFTJ0054.9+2524 31.51 85.93 41.90 19.72 11.53 20.66 21.44 1.16

43 SWIFTJ0059.4+3150 31.22 83.93 41.17 19.83 11.85 20.95 12.71 1.39

45 SWIFTJO0101.5-0308 15.78 38.02 19.52 11.21 8.01 12.74 832 141

51 SWIFTJ0105.7-1414 30.01 77.48 38.66 19.85 12.65 21.52 5.03 1.79

accretion rate. This emphasizes the importance and requirement of detailed studies of AGN physics in
different regimes of Agqq. We report the median values for all the optical/UV bolometric corrections,

with uncertainties, in Table 4.6.

4.6 Summary and Conclusion

In this chapter, we have discussed some of the main findings of our large, multi-wavelength study of
optical-to-X-ray SEDs of hard-X-ray-selected, unobscured, nearby AGN. Based on the broadband SED
fitting, we calculated some important quantities used to describe AGN properties, such as the total
accretion luminosity or bolometric luminosity of AGN, intrinsic optical, UV, and X-ray luminosities,
optical-to-X-ray spectral indices, multi-wavelength bolometric corrections, and Eddington ratios. In the

following, we summarize our main results:

1. The X-ray luminosity and the bolometric luminosity are the primary factors influencing the shape
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Table 4.6: Median values of the optical/UV bolometric corrections with respective uncertain-

ties (Section 4.5).

Median Value Errors

Ky 29.3 0.2

Ky 65.4 0.5

KB 35.5 0.2
Kw1 21.4 0.3
Kw2 15.0 0.9
v 24.0 0.6
Kuvo 2.0 0.02

of AGN SEDs (Figure 4.2). Since the X-ray luminosity scales with the bolometric luminosity,
it alters the optical/UV part of the SED as well. On the other hand, between higher and lower
values of bolometric luminosity, we do not see any corresponding effect on the shape of the X-ray
spectrum, suggesting that there is no direct correlation between the total AGN luminosity and the

X-ray contribution to this luminosity.

. We obtained a strong correlation of the maximum disk temperature with the bolometric luminos-

ity and the Eddington ratio, which can be explained by the standard, multi-blackbody disk model
(used to fit the optical/UV SED), as hotter disks are expected to emit more radiation at higher

energies.

. We confirmed previous results on the strong correlation between the monochromatic luminosity

at 2 keV and 2500 A, with Lyey o< LP

2500 A’ where = 0.073 +0.03 (Figure 4.7).

We calculated the optical-to-X-ray spectral index for our AGN sample and obtained a median
Oox = —1.28. We did not find any dependence of 0, on redshift or Ly v (Figures 4.8b and 4.9b),
in agreement with previous works. We also reconfirmed the strong anti-correlation between Olox
and L, 4 (Figure 4.9a). We also investigated if 0lox correlates with Lyo|, Mpy Or AEdd, and found

weak anti-correlations with both Ly, and Aggq (Figure 4.10).
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5. We computed the 2 — 10 keV soft X-ray bolometric corrections for our unobscured AGN sample
and found a median k,_19 = 15.9 +0.2. This value can be used to convert the 2 — 10 keV lumi-
nosity into bolometric luminosity. However, we would like to add that k,_1¢ depends strongly on
Lpor and Agqq. Therefore, one should be cautious when using the median value for a sample with

a large range in luminosity. More findings related to k;_1¢ have been presented in Chapter 5.

6. We presented K> 19 as a second-order function of 0, a relation that can be used to calculate Ly
from just optical/UV data, in the absence of high-quality X-ray data (Eq. 4.8, Figure 4.11). This

relation is in good agreement with those found in the literature.

7. We also calculated the 14 — 195 keV hard-X-ray bolometric corrections for our sample and re-
ported a median Kj4—195 = 6.0+ 0.1 for conversions from intrinsic Li4—195 to Lye. We found a
strong correlation between K14 195 and Agqq (Eq. 4.10, Figure 4.13b), which must be considered

when using the median value to estimate L.

8. With respect to the optical/UV energies, we listed eight different bolometric corrections: the
4400 A optical bolometric correction, one for each of the six Swift/UVOT filters, and one in
the 1077 to 100 keV energy range. None of these Kyo; show any dependence on reshift, hence
negating any biases due to redshift in our SED fitting analysis. We explored if and how these
optical/UV bolometric corrections correlate with different physical properties of AGN. Our re-
sults showed that the highest energy bolomteric corrections (K and Kwp) showed significant
negative correlations with both Ly, and Agqq, while the lowest energy ones (Kvy, kg, and Kya004)
show no dependence on any of the AGN accretion properties. Assuming the standard disk model
with a multi-temperature blackbody emission, such that the innermost regions are at the highest
temperatures and consequently emit higher energy photons, we expect them to have stronger cor-
relations with the accretion properties of the AGN and the disk. Furthermore, the lack of any kind
of dependence of Ky on black hole mass implies that it is not, in any way, a controlling factor

for the radiation emitted via accretion at different energies and wavelengths.
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Chapter 5

2 — 10 keV X-Ray Bolometric Correction
for Unobscured AGN

In this chapter, we present our main findings for the 2 — 10 keV bolometric correction (k,_19), following
the broadband SED analysis of 236 hard-X-ray-selected, nearby, unobscured Swift/BAT AGN (discussed
in Chapter 3). We have listed the values of K,_1g for all the sources in our sample in Section 4.4,
Table 4.2. We also showed the distribution we obtain in K»_19 values for our sample with a median
Ky—10 ~ 16.0 (Figure 4.12a). We did not see any dependence of k;_j¢ on redshift (Figure 4.12b),
confirming that our analysis does not include any caveats due to redshift, even if the Swift/BAT AGN
sample is flux-limited in nature and we applied corrections to the AGN fluxes estimated by GALFIT
for the highest redshift sources (details in Section 3.5.3). In the following sections, we investigate how
Ky 10 correlates with the other physical properties of AGN. The structure of this chapter is as follows.
In Section 5.1, we show K;_1¢ as a function of the 2 — 10 keV X-ray luminosity (Section 5.1.1) and the
total bolometric luminosity (Section 5.1.2) and state some key results of our analysis. In Section 5.2, we
discuss the dependence of K, _ 19 on the Eddington ratio (Section 5.2.1) and the black hole mass (Section

5.2.2). And finally, in Section 5.3, we summarize our main results and their implications.

5.1 The Correlation of k, ;¢ with Luminosity

We calculated the 2 — 10 keV bolometric correction for our sample of unobscured AGN by dividing
the total bolometric luminosity (L) with the intrinsic X-ray luminosity in the 2 — 10 keV energy band

(Lp—10)- In this section, we explore how K,_ g correlates with both L, 19 and Lpoj.
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Figure 5.1: (a) k,_19 as a function of L, 9. The data points from this work are shown in the back-
ground as grey circles. The red points show the binned data and the black line is the best linear fit
relation. (b) k;_¢ as a function of L, ;¢ in bins of (from top to bottom) Lyo, Mgy, and Agqq. The
black points represent the lower-value bin and the blue points correspond to the higher-value bin in each

panel.

511 wx_10vsLlo_jo

We first plot K¢ as a function of the L,_o (Figure 5.1a). The data points from this work are shown as
grey circles with error bars in the background. The binned data in red shows the median value of x;_1¢
in each luminosity bin (with a minimum of six sources) and the best-fit relation is shown in black. We do
not find any dependence of k1o on Lo (see Table 5.1), even though it is calculated from L,_;o and
mathematically one would expect an inverse correlation between the two quantities. We also show k;_1¢
against L 1o in different bins of Lyo, Mgy, and Agqq in Figure 5.1b. These bins are created based on the
median value of each parameter for our sample. Even after dividing the sample into these bins, we do not
obtain any significant relation of k,_1o with L,_19. The lack of any correlation implies that an increase
in the X-ray emission does not translate to a lower value of K,_1¢ and vice-versa. This indicates that the
bolometric luminosity scales with L,_jg and as L,_1¢ increases, so does the bolometric luminosity, in
turn keeping K,_1¢ constant. If we fit a constant to the data shown in Figure 5.1a, we obtain a value of

Ko—_10 = 17.6+£0.8.
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Figure 5.2: (a) x,_1 as a function of Ly,. The data points from this work are shown in the background
as grey circles. The red points show the binned data and the black line is the best-fit relation. (b)
Comparison plot of the relation between K, _1¢ and Ly from various works. The black points show the
binned data from this work along with the best-fit relation as the black solid line. The green dashed line
is the best-fit relation from Duras et al. (2020) and the blue dash-dotted line shows the result of Lusso

et al. (2012).

5.1.2 Ky 10 VS Lo

Next, we study the dependence of k;_1¢ on the bolometric luminosity. As shown in Figure 5.2a, x,_1¢

increases with Ly following a 2nd-order polynomial equation, given as:
log (12 10) = (0.021£0.013) x (10g [Lbol] )2 4 (—1.75541.179) x log (Lyo)) + (37.746426.151) (5.1)

The grey points in the background are the data set from this work. The red points show the median
of Kp_10 in each of the bolometric luminosity bins, with a minimum of six sources per bin. We also
show the best fit to the data as the black solid line. This strong correlation between Kp_19 and Lo
(see Table 5.1) and the absence of any relation between K, 1o and Ly_ g, further confirms that a higher
bolometric luminosity does not necessarily imply more contribution from the X-rays. On the contrary,
sources with large accretion luminosities could still have lower X-ray emission in the 2 — 10 keV en-
ergy band, resulting in an overall increase in K;_1¢. This also puts into perspective the anti-correlation
between UV bolometric corrections and Ly, (discussed in Section 4.5). From both results combined,
we can speculate that as the bolometric luminosity increase, the contribution from the UV to Ly also
increases, whereas the X-rays do not show similar behavior. Many previous works have reported the

strong correlation between K;_1g and Ly (e.g. Lusso et al. 2012; Duras et al. 2020) and we plot them,
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for comparison, against the fit we obtained, in Figure 5.2b. The relation from Duras et al. (2020) is
shown as the green dashed line and it agrees well with our best-fit relation up to Lyo ~ 10*ergs™!. The
slight deviation above those values could be a consequence of the small number of sources in our sample
in that last bin. We also over-plot the relation obtained by Lusso et al. (2012; as the blue dash-dotted
line), and it is consistent (within the uncertainties shown as the blue shaded region) with our results

within the luminosity window that contains most of the sources from our sample.

Thanks to the large sample size, we could also examine if the correlation between K19 and Lpoj
sustains if we limit the sample based on other properties like X-ray luminosity, black hole mass, and
Eddington ratio. In Figure 5.3a, we show K,_19 against Ly, for sources with lower and higher values
of L, 19, Mgy, and Aggq, divided so based on their median values for the entire sample. We clearly
recover the positive correlation when we divide the sample based on L,_jo and Mpy. However, a
noteworthy observation here is that the strong dependence of K,_19 on Ly, completely disappears for
the log (Apaq) < —1.3 bin, while it still exists for the higher value bin. To investigate this further, and
determine the exact value of Agqq Where the correlation ceases to exist, we divide the sample into three
bins of Eddington ratio. As shown in Figure 5.3b, the black diamonds correspond to the Aggg < 0.01 bin,
the blue circles represent the sources with 0.01 < Aggqq < 0.1, and the red squares are for the Aggq > 0.1
bin. For each Ly bin, we make sure that it contains a minimum of six sources and then plot the median
value of K»_1g in that bin. The resultant figure clearly shows an increment in K,_19 with Ly for the
largest as well as the intermediate value bin. We obtain an increase from almost 10 to 35 in k,_j¢ for
the largest Agqq bin. In the case of Agqq ranging between 0.01 and 0.1, ;19 changes from around 12
up to 22 for a four-order of magnitude increase in the bolometric luminosity. However, for the lowest
Eddington ratio bin (below 0.01), the value of K,_19 oscillates between 10 to 15, not showing any

significant positive trend with Ly.

Based on the above results, we can draw some important conclusions. Firstly, the lack of any
correlation between K, 19 and Ly, specifically below A = 0.01, suggests a prominent change in AGN
accretion around this value. It is reasonable to claim that this change is not solely related to the X-ray
emission of AGN since we do not see any change in the K,_19 vs Ly_j¢ plot for sources with low values
of the Eddington ratio. Moreover, numerous studies on accretion disk models have argued that the
standard disk model (e.g., Shakura & Sunyaev 1973; Novikov & Thorne 1973) seems to fail for sources
with sub-Eddington accretion rates (e.g., Koratkar & Blaes 1999; Narayan 2005; Yuan & Narayan 2014).
In such sources with very low accretion rates, radiatively inefficient, advection-dominant accretion flow

(ADAF; Ichimaru 1977) models have been proposed to describe AGN accretion. Many authors have
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Figure 5.3: (a) k210 as a function of Ly, in bins of (from top to bottom) L, 19, Mpy, and Aggg. The
black points represent the lower-value bin and the blue points correspond to the higher-value bin in each
panel. (b) K219 as a function of Ly, in 3 bins of Agqq. The lowest bin of Aggg < 0.01 is shown as black
diamonds, the 0.01 < Agqq < 0.1 bin is shown as blue circles, and the highest Aggq > 0.1 bin is shown

by red squares.

employed ADAF models to explain the observed emission properties of X-ray binaries (e.g., Esin et al.
1997), low-luminosity AGN (e.g., Fabian & Rees 1995), quiescent black holes (e.g., Reynolds et al.
1996 for the black hole in M87; Di Matteo & Fabian 1997 for the black hole in M60 (NGC 4649);
Narayan & Yi 1995 for underfed black holes) and also Sagittarius A* (Sgr A*), the SMBH at our
Galactic center (e.g., Narayan et al. 1995). However, on the contrary, studies have also shown that
ADAFs alone cannot account for all the emission in these sources, such as their compact radio emission
(e.g., Herrnstein et al. 1998 for NGC 4258; Bietenholz et al. 2000 for M81; Falcke & Markoff 2000
for Sgr A*). Instead, for these sources dominated by jet emission, jet models are believed to be more
suitable (e.g., Falcke et al. 2000; Markoff et al. 2001). But at the same time, ADAFs are needed to
explain the decrease in disk emission in these sources. To resolve this dilemma, some attempts have
also been made to combine the ADAF and jet models to explain the emission in low-luminosity AGN
(e.g., Ulvestad & Ho 2001; Yuan et al. 2002 for Sgr A*; Anderson et al. 2004). The primary difference
between ADAFs and the standard thin disk arises due to the low density of electrons in ADAFs that
causes the heat generated due to turbulence to be advected towards the central SMBH along with the
accretion flow, instead of being radiated outwards. This causes the disk to have higher temperatures
and also a geometrically thick structure compared to the standard geometrically thin accretion disk (see

Beloborodov 1999 for a review). The optical/UV spectrum of these sources is not expected to show the
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Figure 5.4: The absorption corrected median SED (normalized at 1eV) in three bins of Eddington ratio.

The black solid curve shows the lowest value bin, the red dashed curve is the intermediate value bin and

the blue dash-dotted curve is the highest value bin.

obvious UV bump (BBB), which could be a possible explanation of why the correlation between k;_1¢
and Ly, disappears for these sources. We individually inspected the optical spectra of the 36 sources in
the Agag < 0.01 bin and most of the sources did not show a blue continuum. In Figure 5.4, we show the
median SEDs (normalized at 1 eV) for the three Eddington ratio bins, where the difference in the SED
shape for the lowest bin is apparent. The black curve, representing the sources with Agqq < 0.01, has
a relatively lower flux in the optical/UV, accompanied by a systematic increase in the X-ray emission,
while the red (0.01 < Aggq < 0.1) and the blue (Agqq > 0.1) SEDs do not show significant variations
with respect to each other.

Additionally, the sources with low accretion rates are also expected to have low luminosities due to
inefficient accretion to radiation conversion. Therefore, it is evident that the lack of any trend between
K210 and Lyg for Aggg < 0.01, indicates a change in the accretion physics of these sources relative to
those with higher Eddington ratios. We would also like to mention here that the reason no previous

studies on AGN SEDs or bolometric corrections have been able to make such claims, is either due to

130

A Large Multi-Wavelength Study of Local Active Galactic Nuclei



5.1. The Correlation of ;19 with Luminosity

a lack of sources and poor statistics below Aggg = 0.01 or because of different science goals. Most
of the research done in this field has not explicitly investigated the relationship between k;_1¢ and
Ly for different values of the Eddington ratio. But our representative sample of hard-X-ray-selected

unobscured nearby AGN, spanning over five dex in Aggq and six dex in Ly, is ideal to do such a study.

The disappearance of the trend between k19 and Ly for lower values of Agqq also suggests that
the Eddington ratio is the primary factor regulating the bolometric corrections, if not the only one, since
the bolometric luminosity also plays a role, particularly for high Eddington ratio sources. Numerous
studies have shown that the 2 — 10 keV X-ray bolometric correction correlates with both, the bolometric
luminosity and the Eddington ratio (e.g., Vasudevan & Fabian 2007; Vasudevan & Fabian 2009; Va-
sudevan et al. 2009; Lusso et al. 2012; Duras et al. 2020). However, taking into consideration that these
two quantities are interlinked (Agqg = Lpo1/Lgad), it has been almost impossible to disentangle their ef-
fects on the bolometric corrections. A possible way to do so is to study the two correlations separately
by adjusting the third parameter. But one needs to have enough sources over the entire range covered
by both quantities to carry out such an analysis. Our sample size of ~ 240 sources, spanning multiple
decades in both Ly and Agqgq, allows us to perform a detailed study of the two trends. We discuss the
dependence of K, 19 on Agqq in detail in the next section (Section 5.2.1). However, based on the results

so far, the direct effect of the Eddington ratio on k;_j¢ is very prominent.

Table 5.1: Correlation results for Figures 5.1a, 5.2a, 5.5a, and 5.6a, described in Sections 5.1

and 5.2.

Correlation  R-Value? P-Value

Ko_10—Lr_10 0.01 0.84
K2-10 — Lbol 0.34 2.52x 1077
K210 — Aedd 034  3.28x1077

Ko—10 — Mgy 0.11 0.07

2 The Pearson’s correlation coefficient.

b The probability of the data set appearing if the null hypothesis is correct.
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5.2 The Correlation of x, ;o with Eddington Ratio and Black
Hole Mass

In this section, we look at the possible impact of changing the Eddington ratio and the black hole
mass on the 2 — 10 keV X-ray bolometric correction. We have virial black hole mass estimates for
235/236 sources in our sample, provided by Mejia-Restrepo et al. (2022). The Eddington ratios for
these sources have been calculated by dividing the bolomteric luminosity with the Eddington luminosity
(Lgdq), calculated using the black hole masses as follows:

M
Liqd = 1.5 x 10°® x %ergs’1 (5.2)
o]

5.2.1 ®>_10 VS AEqd

We show K9 as a function of the Eddington ratio in Figure 5.5a and obtain a significant positive
correlation (see Table 5.1). The data from this work is shown as grey points in the background, while
the red points are the median values of k1o in each of the Agqq bins. The bins are created such that we
have a minimum of six sources per bin. The black line shows the best-fit relation to the data in the form

of a second-degree polynomial equation, given by:
log (k3_10) = (0.054 40.034) x (log [Agaa])* + (0.309 40.095) x log (Agaa) + (1.538 0.063) (5.3)

The above relation is computed by fitting only the sources with Aggg > 0.001. For visual purposes, in
Figure 5.5a, we show the fit obtained after fitting all the sources. But the visible increase in k;_1¢ as
AEdq decreases is merely an effect of the low statistics in the last bin spanning two dex of Eddington
ratio. To exclude the influence of these five sources on the overall correlation, we report the above
equation that describes the actual dependence of K, 19 on Agqq Without being affected by bins with low
source count. For comparison, we show the best-fit relations obtained by Lusso et al.(2012; blue dash-
dotted line) and Duras et al.(2020; green dashed line) along with our results (black solid line) in Figure
5.5b. Our correlation is relatively less steep compared to the one reported by Duras et al. (2020) due
to the additional sources in the last 0.5 dex bin not covered by Duras et al. (2020). Otherwise, the two
correlations are consistent for sources with Aggq between 0.01 and 1.

Similar to the procedure followed in Section 5.1, we study the dependence of k519 on Agqq in dif-
ferent bins of L;_10, Lyvol, and Mpy. The bins are created to distinguish the sources with values greater

than and less than the median value of each of the parameters. As shown in Figure 5.5¢, dividing our
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Figure 5.5: (a) k5_j9 as a function of the Aggg. The data points from this work are shown in the
background as grey circles. The red points show the binned data and the black line is our best linear
fit relation. (b) Comparison plot of the relation between k1o and Aggq from various works. The black
points show the binned data from this work along with the best-fit relation as the black solid line. The
green dashed line is the best-fit relation from Duras et al. (2020) and the blue dash-dotted line shows the
result of Lusso et al. (2012). (¢) K>_ 10 as a function of the Agqq in bins of (from top to bottom) L, 19,
Lyo1, and Mpy. The black points represent the lower-value bin and the blue points correspond to the

higher-value bin in each panel.
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Figure 5.6: (a) x_10 as a function of the Mpy. The data points from this work are shown in the
background as grey circles. The red points show the binned data and the black line is our best linear fit
relation. For comparison, we also show the best-fit relation from Duras et al. (2020) as a green dashed
line. (b) K»_10 as a function of the Mgy in bins of (from top to bottom) Ly 19, Lyol, and Agqq. The
black points represent the lower-value bin and the blue points correspond to the higher-value bin in each

panel.

sample based on luminosity and black hole mass does not affect the positive trend between K19 and
Agdd. This further confirms our second conclusion drawn from the results presented in Section 5.1, that
the Eddington ratio (or the accretion rate) of an AGN is indeed the key parameter regulating its X-ray
bolometric correction. And hence, it is also the dominant property influencing the accretion physics and
emission of AGN. Although it has already been claimed by many previous theoretical studies on AGN
accretion models (e.g., Koratkar & Blaes 1999; Yuan & Narayan 2014), we can empirically conclude
based on our analysis that the Eddington ratio, and in turn the accretion rate determines how the sur-
rounding material is accreted onto the central SMBH. It governs the type of accretion flow occurring in

an AGN and dictates the resultant fraction of radiation emitted in the optical/UV and the X-rays.

5.2.2 Kr_10 VS MpH

Lastly, we look at how k;_1¢ changes with the mass of the SMBH located at the center of the AGN.
Figure 5.6a shows k,_1¢ against black hole mass for the 235/236 sources in our sample with black hole
mass estimates (Mejia-Restrepo et al. 2022). We do not obtain any significant correlation between the
two properties (see Table 5.1). Duras et al. (2020) reported an increase in K,_19 with black hole mass,

which we show for comparison in Figure 5.6a. However, it is apparent that the correlation they found is
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mainly due to the last Mgy bin (Mpy = 109_10M@). Since we only have a few sources in that bin, we
cannot make any similar claims. Over the remaining parameter space, our results agree. Unlike Duras
et al. (2020), Vasudevan et al. (2009) found an inverse dependence of K,_19 on Mpy. But considering
their small sample size of 26 sources, the anti-correlation could just be the result of low statistics. We
further divide our sample into two bins each of L, ¢, Lyol, and Agqq and revisit the evolution of &, ¢
with Mgy. However, as visible in Figure 5.6b, we still do not see any significant trends between k;_1¢
and Mgy. Therefore, we can conclusively state that the black hole mass does not play a very crucial role

in governing the accretion and emission properties of AGN.

5.3 Summary and Conclusion

In this chapter, we have examined in detail how the 2 — 10 keV X-ray bolometric correction correlates
with the physical properties of AGN. Our sample of 236 hard-X-ray-selected nearby unobscured AGN,
spanning 5-6 decades in luminosity, Eddington ratio, and black hole mass, allows us to further evaluate
how these correlations evolve with respect to modifications in other parameters used to describe AGN

physics. We summarize some of the key findings of our study here:

1. We do not record any dependence of the X-ray bolometric correction on the intrinsic X-ray lu-
minosity for our sample of unobscured AGN (Figure 5.1). Therefore, we can claim that the
total accretion luminosity of an AGN scales with its X-ray luminosity, hence keeping x;_1¢ con-
stant. In fact, a constant value of K,_1¢ over five dex of L,_1o (as well as Mgy and Agqq), is a
very robust indicator of the linear relation between the X-ray emission and the total emission of
an AGN. Based on a constant value fit of the xo_1¢ vs Lo_1¢ distribution, we obtain a value of

Ky—10 = 17.6 0.8, independent of L,_jg.

2. Kz-10 shows a strong positive correlation with the bolometric AGN luminosity (Equation 5.1,
Figure 5.2). This correlation persists for the entire range of black hole masses in our sample,
extending from ~ 10° — 1010M@. The consistent increase in K19 with Lo suggests that larger
bolometric luminosities do not necessarily translate into a higher faction of X-ray emission. And
hence, the optical/UV disk emission contributes a significant proportion to the total radiation
emitted by an AGN. However, if we divide AGN based on their Eddington ratio or accretion

rates, the above is applicable only for sources with Agqq > 0.01.
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3. Our analysis shows that for sources with Agqq < 0.01, the correlation between k;_ 19 and Ly com-

pletely disappears (Figure 5.3b), suggesting a change in accretion physics of AGN around this
value. Many theoretical studies on accretion disk models have argued that the accretion rate pri-
marily determines the type of accretion flow in AGN. It has been proposed that for sources with
low, sub-Eddington accretion rates, the standard geometrically thin optically thick disk model
fails and instead a radiatively inefficient, advection-dominated accretion flow model is more suit-
able to describe their overall emission properties. Although providing an accurate description
of the type of accretion flow in these low Eddington ratio sources is beyond the scope of this
work, we can still draw some important conclusions regarding their observed emission properties
from this empirical study. Firstly, the median SEDs clearly show a decrease in the optical/UV
disk emission for these sources, accompanied by a systematic increase in their X-ray emission.
Secondly, the optical spectrum of these sources does not show a blue continuum corresponding
to the disk emission. And lastly, the lack of any correlation between K;_19 and Ly, for these
sources further implies a decrease in the otherwise dominant optical/UV emission. Collectively,
all these observations point towards a prominent change in the accretion mechanism of AGN

around Aggq = 0.01.

4. We found a significant dependence of K,_19 on the Eddington ratio for our source sample (Equa-

tion 5.3, Figure 5.5). Also supported by literature, the 2 — 10 keV bolometric correction consis-
tently increases with the Eddington ratio. This trend exists throughout the range of black hole

masses and luminosities spanned by our sample.

. Based on the above two findings, we infer that the Eddington ratio (or the accretion rate) is indeed

the main regulator of the 2 — 10 keV bolometric correction. Consequentially, the accretion rate

of an AGN is the principal parameter that governs its accretion and emission properties.

We do not obtain any correlation between K»_19 and Mgy for our unobscured AGN sample.
Further division of the sample on the basis of luminosity and Eddington ratio confirms the absence
of any correlation between these two properties. As a result, we propose that the mass of the

central black hole is not a primary factor controlling AGN emission and accretion mechanisms.
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Chapter 6

Concluding Remarks

In this dissertation, we have explored the multi-wavelength emission properties of local AGN, with the
aim to gain fundamental insights into their accretion physics and to develop a better understanding of
their inner regions, which are otherwise difficult to probe. We exploited the hard X-ray emission of AGN
to detect them in an unbiased way and to obtain an almost complete sample of nearby AGN. The high
penetration power and low host galaxy contamination of the hard X-rays allow them to identify both un-
obscured as well as obscured AGN. In this respect, the Swift/BAT catalog of hard-X-ray-selected sources
provides a representative sample of AGN suitable to investigate their accretion properties. Additionally,
simultaneous follow-up observations of Swift/BAT AGN in the optical/UV (by Swift/UVOT) and the
X-rays (by Swift/XRT) present the perfect opportunity to study AGN at multiple wavelengths, without
encountering issues related to dissimilar variability timescales of the optical/UV and X-ray emission.
We would also like to highlight here the important role played by the BAT AGN Spectroscopic Survey
(BASS) in contributing to the plethora of data available for studying Swift/BAT AGN across the entire
electromagnetic spectrum. Thanks to their dedicated optical campaign and additional observations of
Swift/BAT AGN with various other instruments and missions (HST, NuSTAR, XMM-Newton, ESO-VLT,
to name a few), we have reliable spectroscopic measurements of quantities like, emission line ratios, ve-
locity dispersions, black hole masses, etc. for these sources. As a result, we were able to perform one
of the largest multi-wavelength studies of AGN in the local Universe, which allowed us to make some
important predictions about the structure of AGN and their accretion and emission processes. In Sec-
tion 6.1, we summarize some of the main results of this thesis, and in Section 6.2, we discuss the future

prospects of this work.
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6.1 Key Findings

We carried out a comprehensive study of hard-X-ray-selected obscured and unobscured nearby AGN

(z < 0.1) and performed an in-depth analysis of their radiation spanning five orders of magnitudes in

energy (a few eVs to a few 100 keVs). Here, we list the key outcomes of our research:

1. Obscured AGN show signatures of Thomson-scattered X-ray radiation in their broadband X-

ray spectrum. We used a sample of 386 obscured AGN to investigate how the scattered X-ray
radiation correlates with other physical properties of AGN such as its column density, luminosity,
black hole mass, etc (Chapter 2). We found a strong inverse correlation between the fraction of
scattered radiation (ficar) and the line-of-sight column density (Ng). We confirmed that this
correlation is not due to any degeneracy between the two parameters and exists over the entire
range of luminosities and black hole masses covered by our sample. We proposed that this anti-
correlation either could be a consequence of the inclination angle dependence of the Thomson
cross-section or it indicates that more obscured sources host a torus with a higher covering factor,
which in turn reduces the amount of scattered radiation that can escape out. We also obtained a
positive correlation of the scattered fraction with the [O 11] A5007 to X-ray luminosity ratio, which
allowed us to predict the possible region of origin of the scattered radiation to be somewhere in

the narrow-line region.

In the second part of the thesis (Chapters 3 to 5), we presented an optical-to-X-ray SED study
of unobscured AGN. We compiled high-quality, simultaneous, photometric (in optical/UV) and
spectroscopic (in X-rays) data of 236 AGN to construct and model their broadband SEDs after
removing any contamination due to the host galaxy and including the effects of dust reddening.
Based on this work, we reported AGN bolometric correction factors in the optical, UV, and X-ray
bands (Tables 4.2 and 4.5). We have provided median values of Ky in all the six Swift/UVOT fil-
ters, at 4400 A, in the 1077 to 100 keV optical/UV energy band and the 2 — 10 keV and 14 — 195
keV X-ray energy bands. These values can be used by the AGN community to convert lumi-
nosities in various bands to bolometric luminosity when multi-wavelength data is unavailable.
We have also calculated the optical-to-X-ray spectral index (0lox) for our sources and reported a

relation between Olyx and ;19 (Eq. 4.8), also useful to estimate the AGN bolometric luminosity.

We have presented an elaborate discussion on the 2 — 10 keV X-ray bolometric corrections in

Chapter 5. We checked for possible correlations between K»_19 and other properties useful to
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quantify AGN accretion and emission, including their X-ray and bolometric luminosity, and Ed-
dington ratio (a proxy for accretion rate), all computed from our SED fitting analysis. We found
that K, _ 1 remains constant with the intrinsic 2 — 10 keV X-ray luminosity. We also verified that
other AGN properties like the mass of the central SMBH or the accretion rate do not change the
constant behavior of k;_19 with L;_jo. This could imply that the total bolometric luminosity of
AGN scales with its X-ray luminosity and an increase in L, directly translates into an increase

in Ly, thus keeping their ratio constant at K19 ~ 17.6.

. Next, we obtained a positive correlation between k,_ 1o and Ly, consistent with previous works.
This correlation persists for all black hole masses spanned by our sample and suggests a dom-
inant contribution from the optical/UV to the total accretion luminosity of AGN. However, the
strong dependence of k1o on Ly, vanishes for sources with low Eddington ratios (Agqq < 0.01),
indicating an obvious change in the accretion mechanism of these sources, relative to higher ac-
cretion rate AGN. Studies on accretion disk models have long stated that accretion rate influences
the type of accretion flow in AGN. Many attempts were made in the late 1990s and early 2000s
to describe the accretion flow in AGN with low accretion rates (using ADAFs or jet models).
However, for the first time, we have reached this conclusion empirically and can argue that a def-
inite distinction exists in the accretion physics of AGN below and above Eddington ratios ~ 0.01.
The primary reason we could make such a claim was because our sample spans five decades of

Eddington ratios, enabling us to compare the properties of low and high Eddington ratio sources.

. As an extension of the previous result, we have also proposed that the Eddington ratio of an AGN
is the property that mainly regulates its emission and accretion. Over the years, many researchers
have shown the dependence of k,_jo on both Ly, and Agqq. However, considering that the two
quantities are interlinked, it was almost impossible to disentangle their effects on K,_19. Through
the work presented in this thesis, we were able to separately examine the correlation of k1o with
both these parameters. And therefore, we could conclusively show that it is indeed the Eddington
ratio, and in turn, the accretion rate of an AGN that determines its accretion process and emission

properties.
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6.2 Future Prospects

With this work, we have made an attempt to contribute to the AGN community a preliminary study of
AGN SEDs and their multi-wavelength emission, that allowed us to make some important predictions
about AGN accretion. By utilizing, what we believe is, the best available sample of hard-X-ray-selected
AGN in the local Universe, we were able to provide bolomteric correction factors for unobscured AGN,
that could be useful to fellow astronomers for their research. However, our analysis can still be improved
in many ways. Firstly, we acknowledge that much better and more sophisticated AGN models exist, that
can be used to fit our broadband SEDs, especially in the optical/UV. Considering that we used a multi-
temperature blackbody model to fit all the sources in our sample, is in contradiction with our main result
that clearly shows that low Eddington ratio AGN exhibit a different type of accretion flow compared to
those with higher accretion rates. In the future, we hope a similar analysis can be done but with disk
models that include ADAFs or slim disk assumptions based on the accretion rate of the source.
Secondly, as a direct outcome of our study, it would be interesting to individually analyze the 36 low
Eddington ratio sources in our sample. Thanks to Swift, we have multiple observations of these sources
over a span of at least 10 years, along with observations from other missions, such as XMM-Newton. A
detailed analysis of the evolution of the SEDs of these sources could provide useful insights into their
accretion properties and if and how they changed over time. Lastly, although in our study we made extra
efforts to remove any contribution from the host galaxy to our AGN SEDs, it would be useful if one
could focus on characterizing the host galaxy properties of these AGN by including its contribution to
the SEDs and fitting them accordingly. It is well established that the growth of the SMBHs at the center
of massive galaxies is connected to the evolution of the host galaxy. However, considering the small
size of the AGN and its sphere of influence relative to the vast galaxies it resides in, this co-evolution is
still not properly understood. Hence, an exhaustive study of AGN + galaxy SEDs would be extremely
useful for the community to improve our knowledge about how the AGN affects its host galaxy and

vice-versa.
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Appendix A: Broadband SED Fits
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Figure 1: Continued from Figure 3.13, showing broadband SED fits, best-fit SED models, and

fit residuals for all the sources in our sample.
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Appendix B: Long Tables

Table 1: Full version of Table 3.2.

BAT ID Swift ID Counterpart Name R.A. Dec.  Redshift Distance (Mpc) log(Ny/cm™?2)
3 SWIFTJ0002.5+0323 NGC7811 0.6103  3.3519 0.0250 111.2 20.00
6 SWIFTJ0006.2+2012 Mrk335 1.5814 20.2029 0.0250 113.2 20.48
16 SWIFTJ0029.2+1319 PG0026+129 7.3071 13.2678 0.1420 671.7 20.00
19 SWIFTJ0034.5-7904 RHS3 8.5697 -79.0890 0.0740 335.9 20.00
34 SWIFTJ0051.6+2928 UGC524 12.8959 29.4013 0.0360 157.9 20.00
36 SWIFTJ0051.9+1724 Mrk1148 12.9782 17.4329 0.0640 2817.5 20.30
39 SWIFTJ0054.9+2524 PG0052+251 13.7172  25.4275 0.1550 739.5 20.00
43 SWIFTJ0059.4+3150 Mrk352 14.9720 31.8270 0.0140 63.4 20.00
45 SWIFTJ0101.5-0308 2MASXJ01012440-0308399 15.3517 -3.1445 0.0690 313.2 20.00
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BAT ID Swift ID Counterpart Name R.A. Dec.  Redshift Distance (Mpc) log(Ny/cm™2)
51 SWIFTJ0105.7-1414 RBS149 16.4117 -14.2704 0.0660 300.4 20.00
61 SWIFTJ0113.8-1450 Mrk1152 18.4586 -14.8457 0.0520 234.1 20.00
69  SWIFTJ0122.0-2818 Q0119-286 20.4646 -28.3494 0.1160 537.6 20.00
73 SWIFTJ0123.9-5846 Fairall9 20.9407 -58.8058 0.0470 203.3 20.00
77 SWIFTJ0127.5+1910 Mrk359 21.8855 19.1788 0.0170 72.8 20.61
78 SWIFTJ0128.0-1850 MCG-3-4-72 22.0280 -18.8086 0.0460 189.8 20.00
82 SWIFTJ0130.2-4552 2MASXJ01302127-4601448 22.5887 -46.0292 0.1115 517.3 20.00
85 SWIFTJ0134.8-0430 LEDA1057320 23.6901 -4.5036 0.0790 359.7 20.00
95 SWIFTJ0151.3-3610 ESO354-4 27.9244 -36.1879 0.0330 146.2 20.00
98 SWIFTJ0155.4+0228 RBS255 28.8538 2.4712  0.0820 3859 20.00
106  SWIFTJ0206.2-0019 Mrk1018 31.5666 -0.2914 0.0420 188.5 20.00
110  SWIFTJ0208.2+4452 UGC1609 31.9649 44.8438 0.0210 94.3 21.97
113 SWIFTJ0209.7+5226 LEDA138501 32,4059 52.4443 0.0490 221.0 20.00
116 ~ SWIFTJ0214.6-0049 Mrk590 33.6398 -0.7667  0.0260 115.7 20.00
117  SWIFTJ0214.9-6432 RBS295 33.6558 -64.5014 0.0740 335.0 20.00
122 SWIFTJ0222.3+2509 2MASXJ02223523+2508143 35.6467 25.1374 0.0620 276.2 20.00
124 SWIFTJ0225.0-2312 LEDA?2823078 36.2612 -23.2133 0.2320 1158.0 20.00
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127  SWIFTJ0226.4-2821 AMO0224-283 36.6072 -28.3497 0.0590 268.0 20.57
129  SWIFTJ0228.1+3118 Mrk1040 37.0603 31.3115 0.0160 70.7 21.09
130  SWIFTJ0230.2-0900 Mrk1044 37.5230 -8.9981 0.0160 75.0 20.00
134 SWIFTJ0234.6-0848 NGC985 38.6578 -8.7881 0.0430 190.3 20.92
135  SWIFTJ0235.3-2934 ESO416-2 38.8061 -29.6048 0.0590 265.1 20.00
138  SWIFTJ0238.8-4039 LEDA74091 39.7041 -40.6439 0.0610 274.8 2041
141  SWIFTJ0241.6+0711 Mrk595 40.3953 7.1872  0.0270 119.4 20.92
147  SWIFTJ0244.8+6227 Q0241+622 41.2404 62.4685 0.0490 197.9 20.92
161  SWIFTJ0259.9+4419 2MASXJ02593756+4417180 44.9064 44.2883 0.0310 137.2 20.00
164  SWIFTJ0308.5-7251 ESO31-8 46.8973 -72.8341 0.0270 121.5 20.30
167  SWIFTJ0311.5-2045 HE0309-2057 47.8284 -20.7717 0.0670 299.5 20.82
175  SWIFTJ0325.0-4154 LEDA12773 51.2595 -41.9049 0.0580 263.0 20.00
185  SWIFTJ0334.4-1515 LEDA2816367 53.6021 -15.2278 0.0340 153.0 20.00
191  SWIFTJ0347.0-3027 HE0345-3033 56.7729 -30.3969 0.0950 434.1 20.00
194  SWIFTJ0351.7-4030 Fairall1116 57.9237 -40.4665 0.0580 262.5 20.00
197  SWIFTJ0354.2+0250 HE0351+0240 58.5394 2.8252  0.0360 156.4 20.00
207  SWIFTJ0405.3-3707 Fairall1119 61.2570 -37.1875 0.0550 245.1 20.00
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214 SWIFTJ0418.3+3800 3C111 64.5887 38.0266 0.0480 221.1 21.87
216  SWIFTJ0420.0-5457 NGC1566 65.0017 -54.9380 0.0050 17.9 20.00
220  SWIFTJ0426.2-5711 RBS542 66.5030 -57.2005 0.1040 480.5 20.00
228  SWIFTJ0436.3-1022 Mrk618 69.0929 -10.3761 0.0350 152.2 20.95
229  SWIFTJ0437.4-4713 HE0436-4717 69.3673 -47.1915 0.0530 229.0 20.00
234 SWIFTJ0441.2-2704 IRAS04392-2713 70.3439 -27.1387 0.0830 383.2 20.74
244  SWIFTJ0452.2+4933 LEDA168563 73.0199 49.5458 0.0290 124.0 21.23
252 SWIFTJ0502.1+0332 LEDA75258 75.5377 3.5305 0.0160 68.9 21.04
256  SWIFTJ0504.6-7345 2MASXJ05043414-7349269 76.1428 -73.8243 0.0450 198.9 21.91
266  SWIFTJ0516.2-0009 Ark120 79.0475 -0.1498 0.0320 143.0 20.00
268  SWIFTJ0516.4-1034 MCG-2-14-9 79.0884 -10.5615 0.0280 122.7 20.70
269  SWIFTJ0501.9-3239 ES0362-18 79.8992 -32.6578 0.0120 53.9 20.00
270  SWIFTJ0519.5-4545 PictorA 79.9572 -45.7788 0.0350 153.8 20.49
280  SWIFTJ0528.1-3933 LEDA17320 82.0086 -39.5791 0.0360 161.7 21.68
310  SWIFTJ0554.8+4625 UGC3374 88.7234 46.4393  0.0200 87.7 20.46
314  SWIFTJ0559.8-5028 Q0558-504 89.9475 -50.4478 0.1370 648.6 20.00
316  SWIFTJ0602.2+2829 IRAS05589+2828 90.5436 28.4721 0.0330 145.3 20.81
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333 SWIFTJ0626.6+0729 LEDA136513 96.6126  7.4579  0.0432 187.7 20.00
335  SWIFTJ0630.7+6342 UGC3478 98.1966 63.6737 0.0120 55.0 21.18
342 SWIFTJ0640.4-2554 ES0490-26 100.0487 -25.8953 0.0240 110.2 21.48
347  SWIFTJ0651.9+7426 Mrk6 103.0513 74.4270 0.0180 82.7 20.76
348  SWIFTJ0654.6+0700 2MASSJ06543417+0703210 103.6424 7.0558  0.0240 104.2 21.32
378  SWIFTJ0736.9+5846 Mrk9 114.2376 58.7704 0.0390 176.0 20.46
382  SWIFTJ0742.5+4948 Mrk79 115.6368 49.8097 0.0220 96.3 20.00
395  SWIFTJ0753.1+4559 LEDA2272950 118.1842 45.9493 0.0510 2299 20.00
397  SWIFTJ0756.3-4137 2MASXJ07561963-4137420 119.0818 -41.6284 0.0210 92.0 21.77
398  SWIFTJ0759.8-3844 2MASSJ07594181-3843560 119.9243 -38.7322 0.0400 176.4 20.00
402  SWIFTJ0801.9-4946 ES0209-12 120.4916 -49.7784 0.0400 176.9 21.18
409  SWIFTJ0810.9+7602 PG0804+761 122.7444 76.0451 0.1000 454.4 20.64
414  SWIFTJ0819.2-2259 LEDAS80921 124.7405 -22.8767 0.0340 150.3 20.00
420  SWIFTJ0832.5+3703 RBS707 128.1056 37.1267 0.0910 421.2 20.00
423 SWIFTJ0838.4-3557 Fairall1146 129.6282 -35.9926 0.0310 139.6 20.00
425  SWIFTJ0839.6-1213 3C206 129.9608 -12.2429 0.1970 967.4 20.00
431 SWIFTJ0845.0-3531 IRXSJ084521.7-353048  131.3391 -35.5067 0.1370 647.1 20.00
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432 SWIFTJ0845.3+1420 SDSSJ084518.51+142034.1 131.3271 14.3428 0.0600 272.1 21.85
447 SWIFTJ0917.2-6221 IRAS09149-6206 139.0390 -62.3249 0.0570 254.7 20.00
449  SWIFTJ0918.5+1618 Mrk704 139.6083 16.3055 0.0290 129.0 20.00
458  SWIFTJ0925.0+5218 Mrk110 141.3035 52.2862 0.0350 154.9 20.00
460 SWIFTJ0926.2+1244 Mrk705 141.5136 12.7344  0.0290 125.3 20.00
471 SWIFTJ0945.6-1420 NGC2992 146.4252 -14.3264 0.0070 38.0 21.72
473 SWIFTJ0947.7+0726 3C227 146.9381 7.4224  0.0850 392.7 20.00
477 SWIFTJ0955.5+6907 M81 148.8882 69.0653  0.0000 3.7 19.95
481 SWIFTJ0959.9+1303 NGC3080 149.9827 13.0438 0.0350 155.7 20.00
482 SWIFTJ0959.7-3112 LEDA154502 149.9277 -31.2162 0.0370 164.6 20.00
485 SWIFTJ1003.4-3726 ESO374-25 150.8483 -37.3958 0.0230 99.7 20.00
487  SWIFTJ1007.4+6534  1RXSJ100712.6+653511  151.8071 65.5836 0.1260 593.0 20.00
496 SWIFTJ1021.7-0327 Ark241 155.4177 -3.4538  0.0400 181.0 20.00
497  SWIFTJ1023.5+1952 NGC3227 155.8774 19.8651 0.0030 229 20.95
501 SWIFTJ1031.9-1418 HE1029-1401 157.9763 -14.2809 0.0860 388.2 20.00
521  SWIFTJ1051.2-1704B LEDA32573 162.9061 -17.1247 0.0180 80.6 21.51
529  SWIFTJ1105.7+5854B 2MASXJ11053754+5851206 166.4068 58.8558 0.1910 932.2 20.00

g xipuaddy



119NN d3IVIDD) 2412 [P0 Jo ApniS Y1Su|IAM -y 2540 v

¢ee

BAT ID Swift ID Counterpart Name  R.A. Dec.  Redshift Distance (Mpc) log (Ny/cm~2)
530  SWIFTJ1106.5+7234 NGC3516 166.6977 72.5687 0.0080 38.9 20.00
531 SWIFTJ1110.6-2832 ES0O438-9 167.7000 -28.5010 0.0240 103.9 20.00
532 SWIFTJ1113.6+0936 Mrk732 168.4573 9.5863  0.0290 128.2 20.00
537  SWIFTJ1119.5+5132  SBS1116+518  169.9084 51.5543 0.1070 495.8 -
542 SWIFTJ1125.6+5423 Arpl51 171.4006 54.3825 0.0210 89.7 20.48
549  SWIFTJ1132.9+1019A 1C2921 173.2053 10.2965 0.0430 193.5 21.52
556 SWIFTJ1139.1+5913 LEDA36114 1747874 59.1985 0.0600 274.3 20.00
557 SWIFTJ1139.0-2323 HE1136-2304  174.7125 -23.3598 0.0270 118.8 21.30
558 SWIFTJ1139.0-3743 NGC3783 174.77571 -37.7386 0.0090 38.5 20.49
561 SWIFTJ1141.34+2156 PG1138+222 175.3173 21.9393  0.0630 283.7 20.00
562 SWIFTJ1142.2+1021 NGC3822 175.5463 10.2778 0.0200 84.7 20.00
565 SWIFTJ1144.143652  KUGI1141+371 176.1245 36.8857 0.0380 168.7 21.40
566  SWIFTJ1143.7+7942 UGC6728 176.3164 79.6815  0.0060 25.7 20.00
567 SWIFTJ1145.6-1819 HE1143-1810  176.4186 -18.4542 0.0320 143.2 20.00
572 SWIFTJ1148.3+0901 RBS1035 176.9795 9.0413  0.0680 310.7 20.00
574 SWIFTJ1149.3-0414 LEDA1060433  177.3278 -4.2808 0.0840 383.5 20.00
576 SWIFTJ1152.1-1122 PG1149-110 178.0148 -11.3734 0.0490 215.7 20.79
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579  SWIFTJ1157.8+5529 NGC3998 179.4839 55.4536  0.0030 15.3 20.66
583  SWIFTJ1201.2-0341 Mrk1310 180.3098 -3.6781 0.0190 84.6 20.00
585  SWIFTJ1203.0+4433 NGC4051 180.7900 44.5313  0.0020 11.0 20.00
587  SWIFTJ1204.8+2758 PG1202+282 181.1755 27.9033  0.1650 794.6 20.00
589  SWIFTJ1205.8+4959 LEDA2359832 181.4834 49.9990 0.0630 283.3 20.00
594  SWIFTJ1210.1-4637 CSRG644 182.5169 -46.6075 0.0310 137.2 20.00
604  SWIFTJ1213.9-0531 HE1211-0513 183.4775 -5.5054 0.0660 308.5 20.78
607  SWIFTJ1217.3+0714 NGC4235 184.2912 7.1916  0.0080 26.6 21.26
608  SWIFTJ1218.5+2952 NGC4253 184.6105 29.8129 0.0120 55.9 20.32
611  SWIFTJ1222.4+7520 Mrk205 185.4336 75.3106 0.0700 316.9 20.00
613  SWIFTJ1223.7+0238 Mrk50 185.8506 2.6790  0.0230 103.3 20.00
616  SWIFTJ1202.5+3332 NGC4395 186.4536 33.5469 0.0010 4.8 21.04
622  SWIFTJ1232.0-4802 2MASXJ12313717-4758019 187.9048 -47.9672 0.0270 122.6 20.59
623  SWIFTJ1232.1+2009 Mrk771 188.0151 20.1582  0.0630 286.7 20.00
631  SWIFTJ1239.6-0519 NGC4593 189.9143 -5.3442  0.0090 37.2 20.00
634  SWIFTJ1240.9-3331 ESO381-7 190.1957 -33.5700 0.0550 2439 20.00
636  SWIFTJ1241.6-5748 LEDA166252 190.3574 -57.8343 0.0240 108.7 21.12
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641 SWIFTJ1252.3-1323 NGC4748 193.0519 -13.4148 0.0140 61.2 20.00
644 SWIFTJ1255.0-2657 CTS18 193.7348 -26.9505 0.0590 264.3 20.00
651 SWIFTJ1302.9+1620 Mrk783 195.7449 16.4077 0.0670 301.5 20.78
652 SWIFTJ1303.8+5345 MCG+9-21-96 195.9979 53.7916 0.0290 132.0 20.00
658 SWIFTJ1306.4-4025B ESO323-81 196.8003 -40.4077 0.0171 70.2 20.00
663 SWIFTJ1313.1-1108 HE1310-1051 198.2741 -11.1284 0.0340 152.0 20.00
664  SWIFTJ1313.6+3650A RXJ1313.8+3653 198.4540 36.8994 0.0660 301.2 -

665  SWIFTJ1313.6+3650B NGC5033 198.3647 36.5936 0.0020 19.1 20.00
667 SWIFTJ1316.9-7155 2MASXJ13165424-7155270 199.2263 -71.9242 0.0700 317.0 20.00
678  SWIFTJ1334.8-2328D2 LEDA47848 203.6652 -23.4465 0.0340 150.5 21.65
680 SWIFTJ1335.8-3416 MCG-6-30-15 203.9740 -34.2956 0.0070 30.4 20.85
686 SWIFTJ1341.9+3537 NGC5273 205.5349 35.6542 0.0030 16.6 20.59
688 SWIFTJ1345.5+4139 NGC5290 206.3298 41.7124  0.0080 34.5 21.96
694 SWIFTJ1349.3-3018 IC4329A 207.3303 -30.3095 0.0160 69.3 21.52
696 SWIFTJ1351.5-1814 CTS103 207.8729 -18.2295 0.0120 52.2 20.18
697 SWIFTJ1352.8+6917 Mrk279 208.2643 69.3082 0.0300 132.1 20.43
704 SWIFTJ1356.6-1932 ESO578-9 209.1530 -19.5291 0.0350 153.8 20.95
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713 SWIFTJ1416.9-1158 LEDA126226 214.2083 -11.9828 0.0980 455.9 20.00
715 SWIFTJ1417.7+6143 SDSSJ141742.94+614152.5 214.4289 61.6979 0.1180 5529 20.00
717 SWIFTJ1417.942507 NGC5548 214.4981 25.1368 0.0170 72.4 20.69
719 SWIFTJ1419.0-2639 ESO511-30 214.8434 -26.6448 0.0220 100.0 20.00
722 SWIFTJ1421.4+4747 LEDA140305 215.3739 47.7901 0.0720 327.1 20.00
726 SWIFTJ1427.5+1949 Mrk813 216.8544 19.8312 0.1100 5134 20.85
728 SWIFTJ1429.2+0118 Mrk1383 217.2774 1.2850  0.0860 391.7 20.00
730 SWIFTJ1431.2+2816 Mrk684 217.7699 28.2873  0.0460 203.9 20.00
734 SWIFTJ1434.9+4837 NGC5683 218.7186 48.6619 0.0360 160.6 20.00
735 SWIFTJ1436.4+5846 Mrk817 219.0920 58.7943 0.0310 136.8 20.00
748  SWIFTJ1453.342558 SDSSJ145307.92+255433.0 223.2830 25.9092 0.0490 215.8 20.00
750 SWIFTJ1454.9-5133 LEDA3076910 223.8230 -51.5709 0.0160 69.8 20.92
753 SWIFTJ1504.2+1025 Mrk841 226.0050 10.4377 0.0360 161.2 20.00
754  SWIFTJ1506.7+0353A Mrk1392 226.4856 3.7073  0.0360 158.5 20.00
757 SWIFTJ1508.8-0013 Mrk1393 227.2248 -0.1969 0.0540 242.5 20.28
760 SWIFTJ1512.0-2119 IRAS15091-2107 227.9992 -21.3171 0.0440 196.9 21.28
765 SWIFTJ1513.8-8125 2MASXJ15144217-8123377 228.6748 -81.3939 0.0680 309.5 20.00
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770 SWIFTJ1523.5+6340 LEDA2821626 230.9411 63.6567 0.2040 1003.8 20.00
771 SWIFTJ1530.0-1300 LEDA944345 232.4929 -13.0110 0.1030 479.4 20.00
774  SWIFTJ1535.9+5751 Mrk290 233.9683 57.9026 0.0290 133.2 20.00
779  SWIFTJ1547.5+2050 3C323.1 236.9314 20.8713  0.2640 1342.9 20.00
783 SWIFTJ1548.5-1344 NGC5995 237.1040 -13.7576 0.0250 108.3 21.97
795 SWIFTJ1613.2-6043 LEDA?2793282 242.9641 -60.6320 0.0150 66.8 20.00
797 SWIFTJ1614.0+6544 Mrk876 243.4882 65.7194 0.1290 606.1 20.00
801 SWIFTJ1618.7-5930 LEDA3078020 244.6519 -59.4548 0.0350 150.9 20.00
810 SWIFTJ1626.7+8530 VIIZw653 246.3581 85.4949 0.0630 292.0 20.58
815 SWIFTJ1629.9+6722 Mrk885 247.4516 67.3783 0.0250 118.1 20.00
833  SWIFTJ1648.0-3037 2MASXJ16481523-3035037 252.0635 -30.5844 0.0310 138.3 21.40
838  SWIFTJ1652.0-5915B NGC6221 253.1930 -59.2169 0.0050 11.9 21.15
862  SWIFTJ1708.6+2155 SDSSJ170859.13+215308.1 257.2464 21.8856 0.0720 327.6 20.00
876  SWIFTJ1719.7+4900 ARP102B 259.8104 48.9804 0.0240 108.5 21.32
882 SWIFTJ1723.243418 4C+34.47 260.8366 34.2994  0.2060 1013.1 20.00
888 SWIFTJ1731.3+1442 2MASXJ17311341+1442561 262.8058 14.7155 0.0827 374.3 20.00
898  SWIFTJ1737.7-5956B ESO139-12 264.4128 -59.9407 0.0170 73.4 20.00

g xipuaddy



0€¢

119NN d3IVIDD) 2412 [P0 Jo ApniS Y1Su|IAM -y 2540 v

BAT ID Swift ID Counterpart Name R.A. Dec.  Redshift Distance (Mpc) log(Ny/cm~?)
905 SWIFTJ1741.9-1211 IRXSJ174155.3-121157 265.4802 -12.1991 0.0370 165.7 21.40
907  SWIFTJ1742.2+1833 Q1739+184 265.5289 18.4558 0.1860 902.4 20.00
912  SWIFTJ1745.4+2906 IRXSJ174538.1+290823  266.4094 29.1395 0.1100 511.1 20.00
924  SWIFTJ1747.8+6837A Mrk507 267.1601 68.7045 0.0550 245.6 20.00
925  SWIFTJ1747.8+6837B  2XMMJ174659.4+683631  266.7481 68.6084 0.0630 286.4 20.00
929 SWIFTJ1748.8-3257  2MASSJ17485512-3254521 267.2297 -32.9145 0.0200 89.9 21.38
950 SWIFTJ1807.9+1124 LEDA?2808003 271.9580 11.3470 0.0800 354.6 21.54
967 SWIFTJ1822.0+6421 Q18214643 275.4885 64.3434 0.2970 1533.7 20.00
984 SWIFTJ1835.04+3240 3C382 278.7641 32.6963 0.0570 258.9 20.00
994 SWIFTJ1842.04+7945 3C390.3 280.5375 79.7714  0.0560 248.4 20.85
1002 SWIFTJ1848.0-7832 LEDA89032 281.7612 -78.5304 0.0740 334.4 20.00
1009  SWIFTJ1856.5-7851 Fairall189 283.6678 -78.8984 0.0280 123.8 20.00
1013 SWIFTJ1856.1+1539 SSTSL2J185600.55+153758.4 284.0023 15.6329 0.0840 384.5 21.36
1021  SWIFTJ1905.4+4231 7229-15 286.3581 42.4610 0.0270 120.5 20.76
1031 SWIFTJ1919.4-2958 LEDA2829969 289.8668 -29.9689 0.1660 801.6 20.00
1032 SWIFTJ1921.1-5842 ESO141-55 290.3089 -58.6703 0.0360 163.2 20.00
1036  SWIFTJ1925.0+5041 2E1923.7+5037 291.2591 50.7205 0.0670 304.2 20.70
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1037  SWIFTJ1926.9+4140 2MASXJ19263018+4133053 291.6259 41.5514 0.0710 323.6 20.49
1041  SWIFTJ1933.9+3258 2MASSJ19334715+3254259 293.4465 32.9072 0.0570 262.5 20.00
1042 SWIFTJ1937.5-0613 LEDA90334 294.3876 -6.2180 0.0100 44.7 20.85
1043 SWIFTJ1938.1-5108 CTS61 294.5183 -51.1637 0.0400 176.4 20.00
1046  SWIFTJ1942.6-1024 NGC6814 295.6691 -10.3236 0.0050 22.8 20.97
1064  SWIFTJ2009.0-6103 NGC6860 302.1954 -61.0999 0.0140 63.6 21.08
1084 SWIFTJ2035.2+2604 2MASXJ20350566+2603301 308.7735 26.0583 0.0480 216.0 21.30
1088  SWIFTJ2042.3+7507 4C+74.26 310.6555 75.1340 0.1040 484.9 21.36
1089  SWIFTJ2044.0+2832  1RXSJ204404.0+283303  311.0177 28.5526 0.0500 2189 21.15
1090  SWIFTJ2044.2-1045 Mrk509 311.0406 -10.7235 0.0340 152.5 20.00
1099  SWIFTJ2109.1-0942 H2106-099 317.2915 -9.6708 0.0260 117.0 21.20
1100 SWIFTJ2109.2+3531  1RXSJ210932.5+353245  317.3828 35.5493 0.2020 985.4 20.00
1102 SWIFTJ2114.4+8206 S52116+81 318.5049 82.0801 0.0840 378.7 20.00
1106 SWIFTJ2118.9+3336 2MASXJ21192912+3332566 319.8714 33.5491 0.0500 226.4 21.57
1114 SWIFTJ2132.0-3343 CTS109 323.0092 -33.7149 0.0290 131.5 20.70
1116  SWIFTJ2134.9-2729 2MASXIJ21344509-2725557 323.6881 -27.4321 0.0670 300.7 21.43
1117  SWIFTJ2156.1+4728 2MASXJ21355399+4728217 323.9751 47.4727 0.0250 112.5 21.28
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BAT ID Swift ID Counterpart Name R.A. Dec.  Redshift Distance (Mpc) log(Ny/cm~2)
1118  SWIFTJ2135.5-6222 LEDAg9176 324.0963 -62.4001 0.0580 263.2 20.00
1120  SWIFTJ2137.8-1433 Q2135-147 3244383 -14.5488 0.2000 980.2 20.00
1125 SWIFTJ2145.5+1101 1RXSJ214532.2+110255 326.3868 11.0486 0.2090 1027.6 20.00
1128  SWIFTJ2150.2-1855 LEDA2831062 327.4920 -18.9899 0.1580 752.0 20.00
1131  SWIFTJ2157.2-6942 ESO75-41 329.2749 -69.6899 0.0280 122.4 20.00
1141  SWIFTJ2209.1-2747 NGC7214 332.2819 -27.8095 0.0230 98.8 20.00
1150 SWIFTJ2223.8+1143 MCG+2-57-2 335.9376 11.8359 0.0290 130.1 20.00
1152 SWIFTJ2226.8+3628 UGC12040 336.7740 36.3616 0.0210 90.7 20.00
1161  SWIFTJ2236.7-1233 Mrk915 339.1937 -12.5452 0.0240 104.4 20.00
1162 SWIFTJ2240.2+0801 UGC12138 340.0711 8.0538  0.0250 108.8 20.00
1172 SWIFTJ2254.1-1734 MR2251-178 343.5245 -17.5821 0.0640 289.7 20.00
1176  SWIFTJ2256.5+0526 RBS1917 344.1519 5.4214  0.0660 296.5 20.00
1178  SWIFTJ2259.7+2458 LEDA70195 344.8871 249183 0.0340 148.1 20.00
1179  SWIFTJ2301.4-5916 RBS1931 345.4010 -59.2225 0.1490 713.2 20.73
1181 SWIFTJ2303.1-1837 PKS2300-18 345.7624 -18.6905 0.1280 601.3 20.26
1182  SWIFTJ2303.3+0852 NGC7469 345.8153 8.8737  0.0160 69.4 20.53
1183  SWIFTJ2304.8-0843 Mrk926 346.1812 -8.6857 0.0460 211.9 20.00
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BAT ID Swift ID Counterpart Name R.A. Dec.  Redshift Distance (Mpc) log (Ny/cm™?)
1185 SWIFTJ2307.1+0433 PG2304+042 346.7621 4.5492  0.0420 188.2 20.00
1187 SWIFTJ2308.1+4014 2MASXIJ23075724+4016393 346.9886 40.2775 0.0740 328.3 21.64
1189  SWIFTJ2318.9+0013 NGC7603 349.7361 0.2439  0.0290 125.7 20.00
1194  SWIFTJ2325.5-3827 IRAS23226-3843 351.3508 -38.4470 0.0350 158.7 20.00
1195 SWIFTJ2325.6+2157 RHS61 351.4760 21.8872 0.1200 560.6 20.00
1206  SWIFTJ2351.9-0109 PG2349-014 357.9838 -1.1537 0.1740 839.6 20.00
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Table 2: Full version of Table 4.2.

BAT ID Swift ID log(Lysgoa) log(Lakev) log(Lpol) log(Mpu/Mo) Oox  Kyyp0a Ko—10  10g(Agda)
3 SWIFTJ0002.5+0323 43.07 42.35 43.68 6.70 -1.28 5.59 10.09 -1.20
6 SWIFTJ0006.2+2012 43.99 43.11 44.57 7.23 -1.34  5.86 22.26 -0.84
16 SWIFTJ0029.2+1319 45.49 44.32 46.16 8.49 -145 8.12 4953 -0.50
19 SWIFTJ0034.5-7904 44.26 43.78 44.95 8.02 -1.19  6.56 10.70 -1.25
34 SWIFTJ0051.6+2928 43.96 42.49 44 .44 7.62 -1.56  4.63 53.75 -1.36
36 SWIFTJ0051.9+1724 44.43 4391 45.15 7.75 -1.20  7.38 8.66 -0.77
39 SWIFTJ0054.9+2524 45.36 4428 46.08 8.46 -1.42  9.13 32.70 -0.56
43 SWIFTJ0059.4+3150 42.69 41.96 43.42 7.56 -1.28  8.96 14.26 -2.32
45 SWIFTJ0101.5-0308 43.90 42.75 44 .38 8.13 -1.44  4.19 23.78 -1.93
51 SWIFTJ0105.7-1414 44.30 43.48 45.03 7.88 -1.32  8.37 16.79 -1.03
61 SWIFTJ0113.8-1450 43.42 43.42 4471 8.33 -1.00 14.59 8.40 -1.79
69 SWIFTJ0122.0-2818 45.38 43.70 46.29 8.18 -1.64 15.07 194.03 -0.07
73 SWIFTJ0123.9-5846 44.67 43.88 45.55 8.30 -1.31 1347 2447 -0.93
77 SWIFTJ0127.5+1910 43.02 42.46 43.78 6.05 -1.22  9.66 13.30 -0.45
78 SWIFTJ0128.0-1850 44.05 43.29 44.63 7.03 -1.29 431 12.30 -0.57
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BAT ID Swift ID log(Lysgos) 10g(Lakev) log(Lvot) log(Meu/Mao) —Oox  Kyup0a K2—10  l0g(Agda)
82 SWIFTJ0130.2-4552 44.26 43.39 44,97 7.90 -1.33 8.60 25.81 -1.11
85 SWIFTJ0134.8-0430 43.56 43.42 4476 8.40 -1.06 13.56 10.12 -1.82
95 SWIFTJ0151.3-3610 42.88 42.77 43.85 7.89 -1.04 6.08 9.59 -2.22
98 SWIFTJ0155.4+0228 43.83 43.62 44.77 8.29 -1.08 4.13 6.40 -1.70
106 SWIFTJ0206.2-0019 43.81 43.33 44.63 7.81 -1.18  9.15 9.72 -1.35
110 SWIFTJ0208.2+4452 43.71 42.31 44.15 7.74 -1.54 3773 34.22 -1.76
113 SWIFTJ0209.7+5226 43.94 43.52 44.96 8.01 -1.16 1423 12.40 -1.22
116 SWIFTJ0214.6-0049 42.59 42.11 43.31 7.57 -1.19  5.17 6.05 -2.43
117 SWIFTJ0214.9-6432 44 .46 43.39 44 91 8.07 -1.41 371 21.02 -1.33
122 SWIFTJ0222.3+2509 45.11 43.27 45.53 8.07 -1.71  3.57 53.60 -0.71
124 SWIFTJ0225.0-2312 4492 44 .35 45.82 8.88 -1.22 11.37 12.38 -1.24
127 SWIFTJ0226.4-2821 43.26 43.45 44.67 7.98 -0.93 7.63 9.11 -1.49
129 SWIFTJ0228.1+3118 42.89 42.64 4424 7.41 -1.09 1091 15.83 -1.34
130 SWIFTJ0230.2-0900 43.46 42.21 44.04 6.45 -148 620 35.34 -0.58
134 SWIFTJ0234.6-0848 44.28 43.45 4498 8.11 -1.32  7.86 16.55 -1.31
135 SWIFTJ0235.3-2934 43.25 42.73 44.14 8.84 -1.20 691 11.05 -2.87
138 SWIFTJ0238.8-4039 43.85 43.24 44.54 7.45 -1.23 592  10.52 -1.09

g xipuaddy



9¢¢

119NN d3IVIDD) 2412 [P0 Jo ApniS Y1Su|IAM -y 2540 v

BAT ID Swift ID log(Lysgos) 10g(Lakev) log(Lvot) log(Meu/Mao) —Oox  ®Kuup0a K2—10  10g(Agda)
141 SWIFTJ0241.6+0711 43.07 42.03 43.74 7.41 -140 564 1995 -1.85
147 SWIFTJ0244.8+6227 43.82 43.69 44.93 nan -1.05 842 8.55 nan
161  SWIFTJ0259.9+4419 42.61 42.33 43.44 6.68 -1.11 - 6.775 795 -1.41
164 SWIFTJ0308.5-7251 43.42 42.74 44.10 6.70 -1.26  7.66  19.02 -0.78
167 SWIFTJ0311.5-2045 44.51 43.55 45.21 7.79 -1.37 830  20.50 -0.76
175 SWIFTJ0325.0-4154 44.28 43.26 45.34 7.70 -1.39 2192 70.36 -0.53
185 SWIFTJ0334.4-1515 43.48 42.57 44.03 7.08 -1.35 484 14.29 -1.22
191 SWIFTJ0347.0-3027 43.44 42.99 44.18 7.55 -1.17  3.57 8.89 -1.54
194 SWIFTJ0351.7-4030 44 .47 43.37 45.03 8.09 -142 585 30.96 -1.24
197 SWIFTJ0354.2+0250 43.99 43.13 44.70 7.18 -1.33 634 18.19 -0.65
207 SWIFTJ0405.3-3707 42.82 42.78 43.80 8.57 -1.02  9.01 7.03 -2.94
214 SWIFTJ0418.3+3800 44.66 43.96 45.68 8.45 -1.27 13.50 19.61 -0.95
216 SWIFTJ0420.0-5457 42.76 41.26 43.49 6.83 -1.58 952 74.17 -1.52
220 SWIFTJ0426.2-5711 45.14 44.37 4591 8.34 -1.29 986 16.55 -0.61
228 SWIFTJ0436.3-1022 43.84 42.92 44.51 7.72 -1.35  7.68 20.51 -1.39
229 SWIFTJ0437.4-4713 44.44 43.28 45.16 7.87 -1.45  9.17 42.61 -0.89
234 SWIFTJ0441.2-2704 44.15 43.78 44.93 8.04 -1.14  6.89 8.05 -1.28

g xipuaddy



119NN d3IVIDD) 2412 [P0 Jo ApniS Y1Su|IAM -y 2540 v

LET

BAT ID Swift ID log(Lysooa) log(Lakev) log(Lpol) log(Mpu/Mo) Oox  Kyyp0a Ko—10  10g(Agdd)
244 SWIFTJ0452.2+4933 44.60 43.61 45.19 7.88 -1.38  5.24 18.30 -0.87
252 SWIFTJ0502.1+0332 42.35 42.39 43.84 7.02 -0.98 59.25 10.69 -1.36
256 SWIFTJ0504.6-7345 43.92 42.58 44.51 7.93 -1.51  5.31 32.11 -1.60
266 SWIFTJ0516.2-0009 44.45 43.54 45.02 8.07 -1.35  5.03 14.47 -1.22
268 SWIFTJ0516.4-1034 43.96 42.69 44.53 7.02 -1.49  6.04 37.18 -0.67
269 SWIFTJ0501.9-3239 43.35 42.55 44.12 7.11 -1.31  9.55 16.56 -1.16
270 SWIFTJ0519.5-4545 43.17 43.19 44 .51 6.77 -0.99 27.20 9.15 -0.44
280 SWIFTJ0528.1-3933 44.36 42.26 44.77 7.34 -1.81 347 119.80 -0.75
310 SWIFTJ0554.8+4625 43.82 43.35 44 .85 6.61 -1.18 13771 1349 0.07
314 SWIFTJ0559.8-5028 45.35 44 .45 46.11 7.62 -1.35 10.00 36.08 0.31
316 SWIFTJ0602.2+2829 44.32 43.27 45.06 8.00 -1.40 6.75 23.25 -1.12
333 SWIFTJ0626.6+0729 43.61 43.21 44 .46 7.80 -1.15 9.63 9.08 -1.52
335 SWIFTJ0630.7+6342 42.32 42.02 43.26 6.06 -1.12 4.20 8.37 -0.97
342 SWIFTJ0640.4-2554 43.19 43.04 44.30 7.15 -1.06 12.24 8.26 -1.02
347 SWIFTJ0651.9+7426 43.38 42.83 44.63 8.10 -1.21  8.53 24.58 -1.64
348 SWIFTJ0654.6+0700 43.36 42.76 44.22 6.74 -1.23 940 12.95 -0.70
378 SWIFTJ0736.9+5846 44.05 42.51 44 .45 7.60 -1.59  3.11 34.20 -1.33
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BAT ID Swift ID log(Lysooa) log(Lakev) log(Lpol) log(Mpu/Mo) Oox  Kyyp0a Ko—10  10g(Agdd)
382 SWIFTJ0742.5+4948 43.65 42.84 44.36 7.61 -1.31 7.01 14.34 -1.43
395 SWIFTJ0753.1+4559 42.79 42.95 44.17 8.66 -0.94 22.19 7.84 -2.67
397 SWIFTJ0756.3-4137 43.41 41.86 44.07 7.89 -1.59  1.77 73.43 -2.00
398 SWIFTJ0759.8-3844 44.36 43.45 45.00 8.82 -1.35 5.83 16.91 -2.00
402 SWIFTJ0801.9-4946 43.42 43.33 44.51 7.82 -1.03  7.13 8.18 -1.48
409 SWIFTJ0810.9+7602 44.94 44 .22 45.50 8.73 -1.27  5.02 11.81 -1.40
414 SWIFTJ0819.2-2259 42.85 42.65 43.87 7.85 -1.08 15.43 8.46 -2.15
420 SWIFTJ0832.5+3703 44.58 43.74 45.12 9.00 -1.32 4775 11.18 -2.06
423 SWIFTJ0838.4-3557 42.86 43.07 44.20 8.32 -0.92 12.70 6.68 -2.29
425 SWIFTJ0839.6-1213 45.24 44.75 46.04 8.58 -1.19 10.01 8.05 -0.72
431 SWIFTJ0845.0-3531 44.54 43.98 45.49 8.93 -1.21 10.81 13.68 -1.61
432 SWIFTJ0845.3+1420 42.57 43.27 4472 8.64 -0.73 1758 1274 -2.10
447 SWIFTJ0917.2-6221 45.06 43.80 45.64 8.63 -148 6.08 34.89 -1.17
449 SWIFTJ0918.5+1618 43.75 42.88 44 .47 8.24 -1.34  4.54 14.25 -1.95
458 SWIFTJ0925.0+5218 44.16 43.56 45.11 7.29 -1.23  15.14 15.15 -0.35
460 SWIFTJ0926.2+1244 43.87 43.02 44 .51 7.08 -1.32  6.73 17.15 -0.75
471 SWIFTJ0945.6-1420 43.83 41.26 4422 7.97 -1.99 327 304.70 -1.93
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BAT ID Swift ID log(Lysgos) 10g(Lakev) log(Lvot) log(Meu/Ma) Oox  Kuup0a K2—10  10g(Agdd)
473 SWIFTJ0947.7+0726 44.02 4391 45.45 8.91 -1.04 28.15 1391 -1.64
477 SWIFTJ0955.5+6907 40.19 39.85 41.02 7.90 -1.13  7.07 7.86 -5.05
481 SWIFTJ0959.9+1303 43.30 42.47 43.99 6.84 -1.32 8.07 15.77 -1.03
482 SWIFTJ0959.7-3112 44.14 42.99 44.64 7.25 -1.44 457 2274 -0.79
485 SWIFTJ1003.4-3726 43.35 42.03 43.77 7.33 -1.51 353  29.52 -1.74
487 SWIFTJ1007.4+6534 44.25 43.70 4490 8.01 -1.21  5.34 7.60 -1.29
496 SWIFTJ1021.7-0327 4411 43.21 44.62 8.19 -1.34 3.89 21.20 -1.75
497 SWIFTJ1023.5+1952 42.06 41.87 43.49 6.77 -1.07 15.33 16.33 -1.45
501 SWIFTJ1031.9-1418 45.42 44.08 45.93 8.85 -1.52 485 32.18 -1.09
521 SWIFTJ1051.2-1704B 42.46 42.02 43.31 8.48 -1.17 274 13.75 -3.34
529 SWIFTJ1105.7+5854B 4496 43.74 45.66 8.44 -1.47  3.69 37.72 -0.96
530 SWIFTJ1106.5+7234 43.04 42.33 44.05 7.39 -1.27 15.83 20.39 -1.52
531 SWIFTJ1110.6-2832 43.24 42.40 43.78 6.87 -1.32 344 11.74 -1.27
532 SWIFTJ1113.6+0936 42.99 42.84 44.24 6.59 -1.06 16.38 10.33 -0.53
537 SWIFTJ1119.5+5132 44.67 43.83 45.53 8.40 -1.32 13.08 32.00 -1.05
542 SWIFTJ1125.6+5423 42.40 41.94 43.42 6.67 -1.18 19.09 16.96 -1.43
549 SWIFTJ1132.9+1019A 42.79 42 .41 44.29 7.70 -1.14 399 28.46 -1.58
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BAT ID Swift ID log(Lysgos) 10g(Lakev) log(Lvot) log(Meu/Mao) —Oox  ®Kuup0a K2—10  10g(Agda)
556 SWIFTJ1139.1+5913 44.35 43.66 45.03 7.85 -1.26 674 12.25 -0.99
557 SWIFTJ1139.0-2323 43.97 42.65 44 .54 7.84 -1.51  6.17 40.52 -1.48
558 SWIFTJ1139.0-3743 43.35 42.73 43.97 7.37 -1.24 559 11.52 -1.58
561 SWIFTJ1141.3+2156 44.30 43.60 45.15 7.39 -1.27 12773 19.58 -0.42
562 SWIFTJ1142.2+1021 42.18 42.24 43.55 7.43 -0.98 9.13 9.32 -2.06
565 SWIFTJ1144.1+3652 43.88 43.03 44 .44 8.11 -1.33 449 12.62 -1.85
566 SWIFTJ1143.7+7942 41.97 41.34 42.65 5.55 -1.24 526 10.97 -1.07
567 SWIFTJ1145.6-1819 44.06 43.32 4492 7.39 -1.28 1047 16.42 -0.64
572 SWIFTJ1148.3+0901 44.33 42.60 4475 8.24 -1.66 326 61.81 -1.67
574 SWIFTJ1149.3-0414 44.17 4341 4475 8.56 -1.29 410 12.35 -1.99
576 SWIFTJ1152.1-1122 43.45 42.49 44.02 7.68 -1.37 428 10.71 -1.83
579 SWIFTJ1157.8+5529 40.99 41.11 42.90 8.93 096 496 28.14 -4.21
583 SWIFTJ1201.2-0341 42.26 42.09 43.41 6.21 -1.06 1295 7.02 -0.98
585 SWIFTJ1203.0+4433 41.61 40.98 42.30 6.13 -1.24 513 11.37 -2.00
587 SWIFTJ1204.8+2758 45.03 44.35 45.78 8.10 -1.26 935  13.99 -0.49
589 SWIFTJ1205.8+4959 43.76 42.89 44.39 8.32 -1.33 2779 1543 -2.11
594 SWIFTJ1210.1-4637 44.15 42.56 44.53 6.92 -1.61 3.10 39.94 -0.56
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BAT ID Swift ID log(Lysooa) log(Lakev) log(Lpol) log(Meu/Mo) Oox  ®Kyup0a K2—10  10g(Agda)
604 SWIFTJ1213.9-0531 42.94 43.42 44.62 8.29 -0.82 599 8.92 -1.84
607 SWIFTJ1217.3+0714 42.92 41.37 43.35 7.28 -1.60  3.61 34.45 -2.11
608 SWIFTJ1218.5+2952 43.24 42.15 43.68 6.82 -142 255 21.03 -1.32
611 SWIFTJ1222.4+7520 44.56 43.67 45.08 8.57 -1.34 426 16.85 -1.67
613 SWIFTJ1223.7+0238 43.30 42.78 44.11 7.42 -1.20 842 10.85 -1.48
616 SWIFTJ1202.5+3332 40.10 40.49 41.46 5.45 -0.85 1994 7.82 -2.17
622 SWIFTJ1232.0-4802 43.43 42.63 43.97 6.82 -1.31  4.69 13.85 -1.03
623 SWIFTJ1232.14+2009 44 .46 43.37 4495 7.76 -1.42 455 21.23 -0.99
631 SWIFTJ1239.6-0519 42.56 42.16 43.47 6.88 -1.15  7.62 8.57 -1.59
634 SWIFTJ1240.9-3331 43.35 43.08 44 .38 7.78 -1.11 1146 9.54 -1.58
636 SWIFTJ1241.6-5748 43.76 43.12 4473 8.79 -1.25 12.61 15.95 -2.24
641 SWIFTJ1252.3-1323 43.15 42.30 43.67 6.41 -1.33 426 15.58 -0.91
644 SWIFTJ1255.0-2657 44.09 43.12 45.39 8.15 -1.38  22.16 53.80 -0.94
651 SWIFTJ1302.9+1620 43.10 43.30 45.05 7.30 -0.92 11.01 21.87 -0.43
652 SWIFTJ1303.8+5345 43.46 43.27 44.54 7.67 -1.07 13.54 7.39 -1.31
658 SWIFTJ1306.4-4025B 41.89 41.19 4275 6.52 -1.27 467 15.21 -1.95
663 SWIFTJ1313.1-1108 43.88 42.94 44 .42 7.49 -1.36  5.10 18.19 -1.25
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BAT ID Swift ID log(Lysooa) log(Lakev) log(Lvol) log(Meu/Mo) Oox  ®Kuup0a K2—10  log(Agda)
664 SWIFTJ1313.6+3650A 43.83 4298 44.32 7.74 -1.33 3,70 15.89 -1.60
665 SWIFTJ1313.6+3650B 41.30 40.58 42.22 7.75 -1.28 247 2381 -3.71
667 SWIFTJ1316.9-7155 44.02 43.40 45.09 9.29 -1.24 1342 1943 -2.37
678 SWIFTJ1334.8-2328D2 42.69 42.85 44.09 8.01 -0.94 3197 8.59 -2.09
680 SWIFTJ1335.8-3416 41.42 42.16 43.46 6.60 -0.72 4248 841 -1.31
686 SWIFTJ1341.9+3537 42.48 41.50 42.99 6.66 -1.37 415 1475 -1.85
688 SWIFTJ1345.5+4139 43.23 41.64 43.77 7.83 -1.61 4.68 49.41 -2.24
694 SWIFTJ1349.3-3018 43.60 43.20 4493 7.65 -1.16  6.26  20.25 -0.90
696 SWIFTJ1351.5-1814 42.97 42.33 43.66 6.11 -1.25 648 11.73 -0.62
697 SWIFTJ1352.84+6917 43.79 43.15 44.57 7.43 -1.24  9.08 12.70 -1.04
704 SWIFTJ1356.6-1932 44.02 43.03 4478 7.61 -1.38  6.82 23.92 -1.00
713 SWIFTJ1416.9-1158 4477 44.06 45.71 8.12 -1.27 16.11 28.78 -0.58
715 SWIFTJ1417.74+6143 44 85 43.75 45.60 8.68 -1.42  10.01 36.04 -1.26
717 SWIFTJ1417.9+2507 43.12 42.74 4431 7.72 -1.14  19.29 1391 -1.59
719 SWIFTJ1419.0-2639 42.87 42.46 43.82 7.23 -1.16 1197 10.43 -1.59
722 SWIFTJ1421.4+4747 4498 43.69 45.97 8.42 -1.49 18.54 80.75 -0.62
726 SWIFTJ1427.5+1949 45.42 44.03 45.97 8.51 -1.53 553 40.14 -0.72
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BAT ID Swift ID log(Lysgos) 10g(Lakev) log(Lvot) log(Meu/Ma) Oox  Kuup0a K2—10  10g(Agdd)
728 SWIFTJ1429.2+0118 4497 44.05 45.51 9.01 -1.35 505 16.12 -1.68
730 SWIFTJ1431.2+2816 4421 42.74 44 .61 6.78 -1.56  3.04 37.76 -0.35
734 SWIFTJ1434.9+4837 43.02 41.84 43.56 7.69 -145  4.07 19.51 -2.31
735 SWIFTJ1436.4+5846 44.03 42.76 44.67 7.59 -149 6.86 32.45 -1.10
748 SWIFTJ1453.3+2558 44.05 43.41 44.83 8.48 -1.25  8.87 9.97 -1.83
750 SWIFTJ1454.9-5133 42.93 42.29 43.51 7.55 -1.25  4.16 941 -2.21
753 SWIFTJ1504.2+1025 44.30 43.23 44.84 8.16 -1.41 533 2397 -1.50
754 SWIFTJ1506.7+0353A 4391 42.94 44 .42 7.87 -1.37 477 16.46 -1.62
757 SWIFTJ1508.8-0013 43.51 43.30 44 .82 8.40 -1.08 18.81 13.47 -1.76
760 SWIFTJ1512.0-2119 43.52 43.17 44.61 6.94 -1.13  6.01 11.72 -0.50
765 SWIFTJ1513.8-8125 44.60 43.40 45.66 8.74 -1.46 1845 53.24 -1.26
770 SWIFTJ1523.5+6340 45.16 44 .35 45.85 8.98 -1.31 728 15.11 -1.30
771 SWIFTJ1530.0-1300 44.72 43.78 45.43 8.23 -1.36 827  20.51 -0.97
774 SWIFTJ1535.9+5751 43.77 42.77 44 .45 7.28 -1.38 587 17.10 -1.01
779 SWIFTJ1547.5+2050 45.67 44.79 46.38 8.88 -1.34 821 22.60 -0.68
783 SWIFTJ1548.5-1344 42.40 43.04 44.20 7.77 -0.76  62.12  7.12 -1.74
795 SWIFTJ1613.2-6043 42.99 42.36 43.88 6.95 -1.24 1076 14.46 -1.24
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BAT ID Swift ID log(Lysgoa) log(Lakev) log(Lpol) log(Mpu/Mo) Oox  Kyyp0a K2—10  10g(Agdd)
797 SWIFTJ1614.0+6544 45.38 43.96 46.16 8.34 -1.55 10.86 81.71 -0.36
801 SWIFTJ1618.7-5930 43.11 42.51 4393 7.77 -1.23  10.57 13.24 -2.02
810 SWIFTJ1626.7+8530 44 .43 43.46 45.10 7.57 -1.37  7.84 24.84 -0.65
815 SWIFTJ1629.9+6722 42.31 42.63 43.64 7.29 -0.88  8.32 8.02 -1.83
833 SWIFTJ1648.0-3037 42.47 42.23 44.00 5.94 -1.10 4.23 33.67 -0.11
838 SWIFTJ1652.0-5915B 41.21 40.56 42.25 6.72 -1.25 5.28 20.17 -2.65
862 SWIFTJ1708.6+2155 4431 43.31 45.01 8.23 -1.38  8.39 26.25 -1.40
876 SWIFTJ1719.7+4900 42.13 42.34 43.53 8.00 -0.92  20.17 791 -2.65
882 SWIFTJ1723.24+3418 45.22 44.63 45.98 8.30 -1.23  8.33 10.27 -0.50
888 SWIFTJ1731.3+1442 44 .85 43.40 45.35 7.56 -1.56  5.07 60.35 -0.38
898 SWIFTJ1737.7-5956B 42.96 42.17 43.66 7.11 -1.30 493 13.94 -1.63
905 SWIFTJ1741.9-1211 44.10 43.24 4478 8.03 -1.33 747 16.96 -1.43
907 SWIFTJ1742.2+1833 44 .98 44.05 45.64 9.23 -1.36  7.73 21.32 -1.77
912 SWIFTJ1745.4+2906 44.45 43.85 45.36 8.41 -1.23 748 10.78 -1.23
924 SWIFTJ1747.8+6837A 44.53 42.27 44.90 6.08 -1.87 297 175.09 0.65
925 SWIFTJ1747.8+6837B 44.07 42 .98 44.61 7.43 -142  5.46 27.65 -1.00
929 SWIFTJ1748.8-3257 44 .87 42.55 45.23 8.02 -1.89  3.15 232.79 -0.96
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BAT ID Swift ID log(Lysgos) 10g(Lakev) log(Lvot) log(Meu/Mao) —Oox  Kyup0a K2—10  l0g(Agda)
950 SWIFTJ1807.9+1124 43.89 43.26 44.94 8.74 -1.24  17.17 18.35 -1.98
967 SWIFTJ1822.0+6421 46.46 45.30 46.94 9.23 -1.44 432 2291 -0.47
984 SWIFTJ1835.0+3240 44.40 44.19 45.53 8.01 -1.08 1842 10.31 -0.65
994 SWIFTJ1842.0+7945 44.88 44.08 45.79 8.64 -1.31 13.54 21.14 -1.03
1002 SWIFTJ1848.0-7832 44.82 43.69 45.49 8.34 -1.44  8.07 37.25 -1.03
1009 SWIFTJ1856.5-7851 43.43 42.97 44.4?2 7.13 -1.18  12.24  14.08 -0.89
1013 SWIFTJ1856.1+1539 43.99 43.64 45.42 8.86 -1.13 791  22.08 -1.62
1021 SWIFTJ1905.4+4231 43.31 42.59 44.02 6.91 -1.28  7.11 13.24 -1.07
1031 SWIFTJ1919.4-2958 45.28 44.39 46.13 8.85 -1.34 12771 34.74 -0.90
1032 SWIFTJ1921.1-5842 44.37 43.27 45.04 7.99 -1.42  8.08 28.98 -1.12
1036  SWIFTJ1925.0+5041 43.42 43.46 44.70 8.06 -0.99 1388 7.33 -1.54
1037  SWIFTJ1926.9+4140 43.04 42.95 43.99 8.09 -1.04  9.28 8.37 -2.27
1041 SWIFTJ1933.9+3258 44.30 43.62 4491 8.30 -1.26 548 11.87 -1.57
1042 SWIFTJ1937.5-0613 43.09 42.54 43.75 6.61 -1.21  6.03 10.76 -1.04
1043 SWIFTJ1938.1-5108 43.64 43.19 44 .44 7.33 -1.17  9.14 9.34 -1.07
1046 SWIFTJ1942.6-1024 4241 4191 43.31 7.04 -1.19 11.20 10.80 -1.91
1064 SWIFTJ2009.0-6103 42.72 42.78 43.88 7.71 -0.98 5.59 8.33 -2.00
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BAT ID Swift ID log(Lysgos) 10g(Lakev) log(Lvot) log(Meu/Mao) —Oox  ®Kuup0a K2—10  10g(Agda)
1084  SWIFTJ2035.2+2604 43.59 42.86 44.21 7.18 -1.28  3.09 8.08 -1.14
1088  SWIFTJ2042.3+7507 45.72 44.51 46.32 9.83 -1.47  6.17  25.65 -1.68
1089  SWIFTJ2044.0+2832 44.06 43.11 44.61 8.32 -1.36 478  13.81 -1.89
1090  SWIFTJ2044.2-1045 44.34 43.54 45.13 8.05 -1.30 849 16.61 -1.09
1099  SWIFTJ2109.1-0942 43.71 42.95 44.28 7.51 -1.29  5.02  13.28 -1.41
1100  SWIFTJ2109.2+3531 44.88 44.53 45.72 8.04 -1.14  11.51  9.26 -0.50
1102 SWIFTJ2114.4+8206 44.50 43.95 45.41 8.91 -1.21  12.62 13.01 -1.68
1106  SWIFTJ2118.9+3336 43.95 43.45 44.90 7.63 -1.19  14.14 1341 -0.91
1114  SWIFTJ2132.0-3343 43.12 42.66 44.13 7.84 -1.18  11.06  12.78 -1.89
1116 ~ SWIFTJ2134.9-2729 42.94 43.26 44.85 6.94 -0.88  66.78 16.25 -0.26
1117  SWIFTJ2156.1+4728 42.92 42.65 44.23 7.40 -1.11 7.85 16.19 -1.35
1118 SWIFTJ2135.5-6222 44.62 43.63 45.31 7.35 -1.38 791  23.02 -0.22
1120  SWIFTJ2137.8-1433 45.25 44.34 46.19 9.10 -1.35 13.16 21.61 -1.09
1125  SWIFTJ2145.5+1101 44.85 44.06 45.54 8.17 -1.30  6.85 13.87 -0.81
1128 SWIFTJ2150.2-1855 44.77 4391 45.29 8.25 -1.33 453  19.29 -1.13
1131 SWIFTJ2157.2-6942 42.67 42.75 43.97 8.07 -0.97 2475  8.20 -2.28
1141 SWIFTJ2209.1-2747 43.10 42.47 43.88 7.44 -1.24 7.12  12.03 -1.73
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BAT ID Swift ID log(Lysgos) 10g(Lakev) log(Lvot) log(Meu/Mao) —Oox  Kyup0a K2—10  l0g(Agda)
1150  SWIFTJ2223.8+1143 42.51 42.37 43.92 7.81 -1.05 1234  14.65 -2.07
1152 SWIFTJ2226.8+3628 42.52 41.47 43.13 8.05 -1.40  3.02  24.00 -3.10
1161 SWIFTJ2236.7-1233 42.94 42.77 44.56 7.93 -1.06 2726 21.82 -1.55
1162  SWIFTJ2240.2+0801 43.23 42.49 43.93 7.08 -1.28  8.18 16.05 -1.33
1172 SWIFTJ2254.1-1734 44.79 44.19 45.71 8.19 -1.23  15.19 19.66 -0.66
1176 ~ SWIFTJ2256.5+0526 44.50 43.24 44.96 7.70 -148 415 23.46 -0.92
1178  SWIFTJ2259.7+2458 43.76 43.03 44.36 6.87 -1.28 541 11.00 -0.68
1179  SWIFTJ2301.4-5916 44.70 44.22 45.58 8.64 -1.19 11.61 10.57 -1.23
1181 SWIFTJ2303.1-1837 43.86 43.71 45.13 8.74 -1.06 13.72 11.70 -1.79
1182  SWIFTJ2303.3+0852 43.63 42.76 44.20 6.96 -1.34 551 16.07 -0.94
1183 SWIFTJ2304.8-0843 44.23 43.38 44.94 7.98 -1.33 882 2471 -1.21
1185  SWIFTJ2307.1+0433 43.26 42.71 44.29 8.09 -1.21  17.22  15.67 -1.97
1187  SWIFTJ2308.1+4014 43.32 43.53 45.14 7.61 -0.92 96.80 15.20 -0.65
1189  SWIFTJ2318.9+0013 44.69 43.33 45.34 8.59 -1.52 7.61  51.99 -1.43
1194  SWIFTJ2325.5-3827 42.20 41.74 43.06 7.83 -1.18 345 11.03 -2.95
1195  SWIFTJ2325.6+2157 45.11 43.94 45.95 8.39 -1.45 1258 53.54 -0.61
1206  SWIFTJ2351.9-0109 45.21 44.35 46.00 8.70 -1.33 1041 16.73 -0.88
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