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ABSTRACT

Active Galactic Nuclei (AGN) are some of the most luminous sources in our known
universe, powered by large-scale accretion onto a supermassive black hole. Su-
permassive black holes are known to co-evolve with their host galaxies, with AGN
playing an important role in regulating feedback in galaxies by depositing large
amounts of energy through outflows and jets. While studies of AGN have dated
back to the 1960’s when the first quasar was discovered, much is still unknown about
the key source powering the X-ray emission in AGN, i.e. the corona. In my thesis,
I present detailed investigations of the properties of AGN coronae using broadband
X-ray spectroscopic techniques. This work utilizes spectroscopic data taken with
the NuSTAR telescope, which has revolutionized studies of the corona. Being the
first focusing high energy X-ray telescope in orbit, NuSTAR’s high sensitivity at
hard X-ray energies (> 10 keV) has enabled robust measurements of fundamental
properties of the corona, such as its temperature, from single epoch observations
of AGN for the first time. In the first study presented in this thesis, I performed
measurements of coronal temperature in a sample of 46 NuSTAR-observed AGN
through fitting X-ray spectral models for each object. My analysis showed the
temperature of the corona to be regulated by electron-positron pair production and
annihilation processes. From this sample, I identified an AGN with an unusually
low coronal temperature, 2MASX J19301380+3410495. I modeled the broadband
X-ray spectrum of this object in detail using multi-epoch X-ray observations taken
with the Swift, XMM-Newton, and NuSTAR telescopes, and found the object to
also belong to a rare class of X-ray obscured but optically unobscured AGN. Using
multi-wavelength information, I elucidated the nature of the complex obscuration
present in 2MASX J19301380+3410495. In recent work presented in this thesis, I
compiled one of the largest samples of unobscured AGN with high quality NuSTAR
X-ray spectra in order to characterize how the physical properties of the corona
relate to fundamental accretion parameters in AGN, such as the Eddington ratio and
mass of the supermassive black hole. Finally, I discuss possible future work directed
at investigating other enigmatic AGN similar to 2MASX J19301380+3410495 that
have conflicting optical and X-ray classifications. Using techniques such as multi-
wavelength spectropolarimetry in addition to X-ray spectroscopy, it may be possible
to unveil the mechanisms of obscuration within these exotic sources that challenge

classical pictures of AGN structure.
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Chapter 1

INTRODUCTION

1.1 A Brief History of Active Galactic Nuclei (AGN)

The universe is filled with incredibly energetic objects and phenomena, with Ac-
tive Galactic Nuclei (AGN) being one of the most luminous sources of persistent
electromagnetic radiation known to date. These objects reside at the centers of

so-called active galaxies and are powered by large-scale accretion of matter onto a
supermassive black hole (SMBH).

While emission lines originating from the centers of galaxies were discovered as
early as the 20th century, it took more than half a century to identify the nature of
such sources as what we call Active Galactic Nuclei today. Seyfert (1943) began
systematically studying galaxies with nuclear emission lines, leading to the coining
of "Seyfert galaxies." However, many years passed before the true nature of these
sources was established. The early 1950’s brought about substantive developments
in radio astronomy, which carved the way for renewed focus on AGN. Many radio
sources were discovered in this period with several dedicated radio surveys launched,
such as the Cambridge 3C survey (Edge et al.,|1959). Synchrotron radiation became
widely established as a mechanism powering the radio emission from extragalactic
discrete sources, leading to predictions of enormous energies contained within radio
galaxies (Burbidge et al., |1959).

In the 1960’s, a major breakthrough was made by Caltech’s own Maarten Schmidt,
who began the quest of finding optical classifications and redshifts of radio galaxies.
Schmidt, along with other astronomers such as Allan Sandage, identified several
star-like objects with broad optical emission lines coincident with radio sources;
these objects were referred to as quasi-stellar radio sources, or "quasars." In 1963,
Schmidt published the groundbreaking measurement of the redshift of the quasar
3C 273 (Schmidt, |1963)), where he noted that if the object was indeed extragalactic,
the large redshift implied that the emission originated in a nuclear region less than

1 kpc in diameter with a total radiated energy of at least 10> ergs.

Not long after the discovery of quasars, Sandage (1965) reported the existence
of a population of radio quiet quasars. By this stage, the cosmological nature of

these quasi-stellar objects (QSOs) was established and parallels were drawn between
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Seyfert galaxies at lower redshifts and more distant QSOs. Investigations into the
nature of the energy source powering these objects eventually led to the proposal that
accretion of matter onto a supermassive black hole was the central engine, capable
of producing the energies observed from the most luminous QSOs from a reasonable
SMBH mass (Salpeter, 1964; Zel’dovich, |1964). Physical theories of accretion via
a thin disk developed by Shakura & Sunyaev| (1973) became widely adopted as a
common model for describing accretion flow onto compact objects such as black

holes.

The advent of X-ray astronomy in the 1960’s and 1970’s opened the door for building
a more complete picture of the nature of AGN. Giacconi et al.| (1962)) led the launch
of the first rocket to detect an extrasolar X-ray source in the constellation Scorpius.
In 1970, Uhuru, the first satellite dedicated to systematically exploring the X-ray
sky was launched, with detections made of X-rays from Seyfert galaxies. [Elvis
et al.|(1978) then established strong X-ray emission to be a characteristic of Seyfert
galaxies and by the 1980’s, the launch of more X-ray satellites confirmed strong
X-ray emission to be ubiquitous in all types of AGN and could act as a valuable

diagnostic tool to probe the inner regions of AGN.

1.2 The Classical Unified Model of AGN

Multi-wavelength studies of AGN, particularly at optical wavelengths, revealed a
broad diversity in the types of AGN present. |Osterbrock| (1978)) developed a classi-
fication system for AGN based on broad and narrow emission line characteristics in
AGN optical spectra that continues to be used in the present day. In this classification
system, Type 1 AGN contain both broad and narrow emission line features in their
optical spectra, whereas Type 2 AGN exhibit only narrow emission lines. While a
broad division was made between radio-loud and radio-quiet AGN, a question was
raised of whether the diversity of AGN classes could be attributed to an observational
viewing angle effect. A major observational breakthrough came with spectropo-
larimetric measurements made of the Seyfert galaxy NGC 1068 by |Antonucci &
Miller| (1985)), which revealed a Type 1 optical spectrum in polarized light, despite
the AGN being classified as a prototypical Type 2 AGN. Such an observation was
interpreted in terms of a broad-line region (BLR) and central continuum source that
was obscured from the observer by a dusty torus surrounding the SMBH. Nuclear
emission was scattered into the observer’s line of sight by material in the BLR,

thereby polarizing the photons.
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Antonuccl (1993) proposed the formalism for the basic unified model of AGN,
in which differences between observational classes of AGN are attributed to an
orientation effect where the SMBH and torus are viewed along different angles along
the observer’s line of sight. Within this classical unified model, there are several
key components of an AGN, illustrated in Figure and described as follows:

* Supermassive black hole (SMBH): located at the center of an AGN, powering
the luminous emission via gravitational infall of matter. Its mass can range
from ~ 10°~10'0 M. The Schwarzschild radius, corresponding to the black
hole event horizon, ranges in size from 1077 pc for a 10° M, black hole, to
1073 pc for a 10! M, black hole.

* Accretion disk: commonly modeled as a geometrically thin, optically thick
structure that is formed from material rotating in the vicinity of the SMBH.
Matter loses angular momentum as it spirals inwards and is accreted onto the
SMBH, resulting in gravitational energy being converted to thermal blackbody

radiation.

* Corona: a hot plasma located close to the SMBH producing the bulk of
the continuum X-ray emission via inverse-Compton scattering of optical/UV

photons from the accretion disk by electrons within the plasma.

* Broad-line region (BLR): composed of high-density, dust-free, partially ion-
ized gas clouds moving at velocities > 1000 km s~! from which broad, per-

mitted emission lines are observed. Located ~ 0.01-1 pc from the SMBH.

* Obscuring torus: an axisymmetric structure composed of dusty gas that ob-
scures radiation from the central regions of the AGN and emits radiation in

the infrared band. Its radial extent ranges from ~ 0.1-10 pc.

* Narrow-line region (NLR): a region of low-density gas moving at lower ve-
locities (< 1000 km s~!) compared to the BLR residing beyond the torus at ~

kpc distances. This gas emits narrow permitted and forbidden emission lines.

* Relativistic jet: usually bi-polar, collimated, energetic outflows of particles
moving at relativistic velocities perpendicular to the accretion disk. Found
in some AGN and can extend up to Mpc scales for particularly strong jets.
The jets radiate non-thermal emission via synchrotron and inverse-Compton

scattering processes.
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Figure 1.1: Illustration of the basic components of an AGN under the classical
unified paradigm. Figure taken from Urry & Padovani| (1995).

The basic unified model accounts for the narrow emission lines observed in both
Type 1 and 2 AGN and the absence of broad emission lines in the optical spectra
of Type 2 AGN, since the BLR is obscured by the torus in Type 2 AGN which are
typically viewed at edge-on inclinations. In Type 1 AGN, the torus is viewed at

face-on angles with a direct, unobscured view of the BLR.

Evidence for a dusty toroidal structure has been found in recent years through mid-

infrared imaging and interferometric observations of AGN (e.g., Packham et al.,
2005}; Burtscher et al., 2013). Early X-ray studies also generally showed most Type
1 AGN to be unobscured while Type 2 AGN were obscured (e.g.,
[1991). Other observations such as the orientation of relativistic radio jets (e.g.,
Zensus et al.l [1990), the bi-conical structure of the NLR (e.g., [Storchi-Bergmann|
1992)), and position angle of polarized photons (e.g., [Evans et al., [1991)

broadly supported the unified AGN paradigm. However, this unification picture

still remains an oversimplification, with a growing number of AGN exhibiting
properties that cannot be reconciled by the basic unified paradigm. This has led
to the development of different variants of unification models that more accurately

capture the diversity of AGN phenomena observed.



1.3 Modern Picture of the Anatomy of an AGN

The picture of a uniform, single density torus is clearly a simplified approximation,
with the modern view of the torus and associated structures being more complex
and dynamic. Rather than being a homogeneous, smooth toroidal structure, it is
likely to be clumpy in nature, composed of many optically thick clouds (e.g., Krolik
& Begelman, [1988a)). Evidence for a clumpy or filamentary dust structure within
the torus has been found in recent years through infrared interferometric observa-
tions (e.g., [Tristram et al., [2007; Lopez-Gonzaga et al., [2016) and short timescale
variability of the line-of-sight column density in some AGN (e.g.,[Marinucci et al.,
2016)). Such a picture of a clumpy torus can also generally explain transitions within
an AGN between Type 1 and Type 2 observed in a number of sources (e.g.,|Aretxaga
et al., [1999; Piconcelli et al., 2007), as clumps passing along the observer’s line
of sight can cause a temporary increase in column density and obscure the central
region, leading to a Type 2 classification.

Not only can cloud obscuration along the observer’s line of sight blur the border
between Type 1 and Type 2 AGN, leading to misclassifications, but there are a
growing number of AGN with conflicting X-ray and optical classifications, which
further challenges the unified model. X-ray classification of AGN is typically
based on measurements of the hydrogen column density (Ng), with the approximate
dividing line above which an AGN is considered to be obscured at Ny > 10??> cm™
(Ricci et al.,[2017b). However, a number of exotic sources have been identified that
show disagreement between their optical and X-ray classification. Some narrow
line Type 2 AGN are X-ray unabsorbed, and there is much debate on whether they
represent a class of AGN lacking a BLR (Panessa & Bassani, 2002; [Tran et al.,
2011; Merlon et al.l [2014). Many of these X-ray unabsorbed Type 2 AGN exhibit
low rates of accretion, and thus are unable to sustain dynamic structures such as the
BLR and torus (Elitzur & Hol, [2009).

The opposite case of AGN misclassification—optically classified Type 1 AGN that
are shown to be X-ray absorbed (Nyg > 1022 cm~2)-also exist. In this thesis work,
I identified such a misclassified AGN and performed a detailed broadband X-ray
spectroscopic analysis of the source in addition to examining multi-wavelength
data in order to probe the possible mechanism of complex obscuration present
(Kamraj et al., 2019). Whilst previous studies have found Type 1 AGN with large
X-ray absorbing column densities (e.g., [Shimizu et al., 2018), explanations for the

existence of such objects have varied widely. One explanation that is consistent with
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the unified model is that our line of sight grazes the edge of the obscuring torus where
the cloud distribution is less dense, but still provides significant X-ray absorption.
If we model the torus to have a clumpy distribution, then another possibility is
that a clump has entered our line of sight during the X-ray observation, causing a
temporary increase in Ng. Another possible idea is that the BLR itself provides
extra X-ray obscuration towards the corona (Davies et al., 2015) and consists of

neutral, dust-free gas that is an inner extension of the dusty molecular torus.

Various studies have also shown the level of nuclear obscuration to be correlated
with AGN luminosity, with a decrease in the amount of circumnuclear material in
more luminous AGN (e.g., Fabian et al., 2006; Ueda et al.,[2014; Ricci et al.,|2017a).
The covering factor, defined as the fraction of sky covered by the obscuring material
as seen from the SMBH, has been shown through studies at multiple wavelengths
to be negatively correlated with accretion rate (e.g., [Ireister et al., 2008; Lusso
et al.l 2013} Stalevski et al.l 2016]). Processes such as AGN-driven outflows and
radiative-driven feedback can clear away circumnuclear gas and dust, leading to the
observed trends (e.g., [Hopkins & Elvisl, 2010; Ricci et al., 2017a). These results
have lead to the development of radiation-regulated unification models, wherein
the probability of an AGN being obscured and thus classified as Type 2 is driven
by the accretion rate, which is characterised by the Eddington ratio (Ricci et al.,
2017a)). The Eddington ratio is defined as L/Lgqq, where L is the bolometric AGN
luminosity and Lggq is the Eddington luminosity. The Eddington luminosity for a
SMBH of mass Mgy is defined by the following equation:

47rGMBHmpc

Lpga = ———— (1.1)
or

where G is the gravitational constant, m, is the proton mass, c is the speed of light,
and o7 is the Thompson scattering cross section. Radiation-regulated feedback can
be a cyclical process, in which accretion is triggered in an initially quiescent SMBH.
As material accumulates around the SMBH, the covering factor increases and the
source becomes obscured. Meanwhile the Eddington ratio gradually increases as
accretion proceeds. Eventually the accretion luminosity becomes high enough that
radiation pressure expels circumnuclear material, resulting in an unobscured AGN.
Once the remaining reservoir of material has been accreted, the AGN luminosity
drops and the cycle is repeated (see Figure [1.3| for a graphical illustration of this

process)
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Figure 1.2: Illustration depicting a modern representation of the key structures
comprising an AGN, as viewed along the equatorial and polar directions. Figure
taken from Ramos Almeida & Ricci| (2017). Different colored clumps correspond
to different compositions/structures; green and blue shaded regions mark the inner
and outer ionization cones.
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Figure 1.3: Schematic diagram describing radiation-regulated feedback, where Agqq
refers to the Eddington ratio. Shaded grey regions correspond to different ranges of
obscuring column density Ny. Figure taken from Ricci et al.[(2017a).




1.4 The Nature of the Corona in AGN

One of the most important components of an AGN is the corona, which is responsible
for powering the luminous X-ray continuum emission that is observed. Itis generally
considered that the corona is composed of a hot cloud of plasma located close to the
accretion disk (e.g., Haardt & Maraschi, |1993; Merloni1 & Fabian, 2001). Within
the corona, electrons Compton upscatter optical and UV photons from the accretion
disk up to X-ray energies (Rybicki & Lightman, [1979). Despite the corona being
an integral component of AGN, much is still unknown about its nature, such as its

geometry, location, and its physical properties.

While many of the properties of the corona are a mystery, it has been established
to be a compact structure. The observed rapid variability of the 2-10 keV X-ray
emission seen in many AGN, combined with X-ray spectral timing and reverberation
mapping, strongly indicate that the corona is physically compact, of the order 3—10
gravitational radii (r, = GMpy/ ¢?) in radius and height above the SMBH (e.g.,
McHardy et al., 2005} [Fabian et al., 2009; Emmanoulopoulos et al., 2014; [Uttley
et al., 2014). Observations of microlensing in quasars also indicate compact X-ray

emitting regions (Chartas et al., 2016).

In addition to being physically small, the corona can also be radiatively compact,
meaning that interactions involving significant energy exchange between particles
and photons are commonplace within the source, leading to a large ratio of coronal
luminosity to radius (Fabian et al., 2015). This radiative compactness can be

characterized by a dimensionless parameter / (Guilbert et al., 1983)), defined as:

| =4n——— (1.2)

where m,, and m, are the proton and electron mass, respectively, R, is the gravita-
tional radius, R is the coronal radius, Ly is the coronal luminosity, and Lg is the
Eddington luminosity. A value of [ ~ 1 corresponds to a particle losing signifi-
cant energy in traversing the corona; values of [ >> 1 are considerably radiatively
compact (Fabian et al., 2015). As the density of high-energy photons (= 1 MeV) is
increased, photon-photon collisions can lead to electron-positron pair production.
Increasing energy supplied to the corona thus has the effect of producing more
particle pairs to share the available energy. In this way, pair production can become

a runaway process that exceeds particle annihilation, thereby limiting any further



9

rise in the temperature of the corona, acting as an /-dependent thermostat (e.g.,
Svensson, |1984; [Zdziarski, [ 1985; |Stern et al., [1995)).

The coronal temperature, k7,, can also be characterized by a dimensionless param-
eter 0 = kT,/m,c?, where k is the Boltzmann constant. The simplest thermalization
process within the corona consists of two-body collisions between particles. There
is a longstanding problem of how energy is supplied to heat the corona, since sources
generally have a cooling timescale that is shorter than the light crossing timescale
(e.g., Ghisellini et al., [{1993; Merloni & Fabian, [2001; Fabian et al., 2015). A pop-
ular theory is that the corona is powered by magnetic fields originating from the
strong differential rotation of the accretion disk (e.g.,Merloni & Fabian,|2001). The
thermostat behavior of the corona defines a pair production line in the / — 6 plane
to the right of which a static physical corona cannot exist. The exact position of
the pair line depends on factors such as the coronal geometry and nature of the
soft photon field present. Figure [I.4]illustrates the location of some pair lines for
different geometries, along with particle coupling lines, taken from Fabian et al.
(2015).

1000}| — Svensson 1984
— Stern 1995
100}
=10
e —p
. coupling
1
........ tp=to
0.01 0.1 1

Figure 1.4: Plot of the [ — 6 plane, showing boundaries for runaway pair production,
electron-electron coupling, electron-proton coupling, and the line where Compton
cooling dominates over Bremsstrahlung cooling (tg = #¢). The solid red and
blue lines correspond to pair lines for a slab corona and isolated cloud corona,
respectively. Figure taken from |Fabian et al.|(2015)).
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Stern et al.|(1995) computed the pair production line for a slab-like coronal geometry,
shown in red in Figure @ Svensson| (1984) treated the corona as an isolated cloud
and calculated the pair production line to have an analytical form [ ~ 106>/2exp!/?,

shown in blue.

1.5 Broadband X-ray Spectral Modeling as a Tool to Study AGN

Modeling of the broadband X-ray spectra of AGN is a powerful tool to probe the
inner regions of the accretion disk and elucidate the nature of the circumnuclear
material and corona. The shape of the primary X-ray coronal continuum is sensitive
to various physical conditions within the plasma such as coronal temperature (k7,)
and optical depth (7) (e.g.,|Haardt & Maraschi, 1993}, Titarchuk, 1994), in addition
to properties such as the geometry of the corona and the nature of the seed photon
spectrum. The flux of this Comptonized continuum is often approximated to have

T ¢=E/Ec where

a power law form with an exponential cutoff at high energies oc E
E is the photon energy, I" is the continuum photon index and E; is the high-energy
cutoff (e.g., Rothschild et al.| 1983} [Titarchuk & Lyubarskij, [1995). Parameters
obtained from fitting spectral models to broadband X-ray data thus correspond to
physical properties of the corona, with the temperature related to the cutoff energy

via Ecy ~ 2-3 kT,, assuming a slab-like coronal geometry (Petrucci et al., 2001).

[llumination of the coronal continuum onto the accretion disk and torus gives rise to
characteristic reprocessing features, producing an X-ray reflection spectrum. Most
notably, is a neutral Fe Ka fluorescence line at 6.4 keV and a Compton reflection
hump (CRH) feature broadly peaking at 20-30 keV, produced from Compton down-
scattering of hard X-rays (> 10 keV) and absorption of soft X-ray photons originating
from the corona by dense material in the accretion disk or torus (see Figure [I.5).
While other weaker emission lines may be observed, such as from Fe Kf or Ni
transitions, the Fe Ka line is most prominent due to the high relative abundance of
Fe and the high yield of the fluorescent Ka line transition. The shape of the Fe line
profile can also be used to map the innermost regions of the SMBH, with effects
such as Doppler shifts and gravitational redshifts smearing out and broadening the
line profile (e.g., Fabian et al., [1989).

In addition to reprocessing signatures, absorption features are commonly present
in AGN X-ray spectra. Most of the circumnuclear absorbing material is neutral in
nature, though the BLR is partially ionized and regions very close to the SMBH may

contain strongly ionized matter. In the soft X-ray band (< 10 keV), absorption from
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warm ionized gas along the line of sight is often observed. These warm absorbers
may also travel at high velocities in the form of an ultra-fast outflow, leading to broad
absorption trough signatures in X-ray spectra (e.g., Tombesi et al., 2012)). Below ~
1 keV, various weak ionized emission lines from elements such as C, N, O, Ni, and
Fe may be observed, with line blending possibly resulting in a "soft excess" spectral
component (e.g., Ballantyne et al., 2002)). The nature of the soft excess emission is
still not established, with multiple theories proposed for its origin. Apart from line
blending, some other possible models include a warm (~ 0.1-1 keV) and optically
thick Comptonizing corona or relativistically blurred ionized reflection as the source

of the soft excess emission (e.g., Garcia et al., 2019).

10!
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Figure 1.5: An example X-ray spectrum of a Type 1 AGN from Risaliti & Elvis
(2004), showing the main reflection features such as the 6.4 keV Fe Ko line and
CRH. Also shown in magenta is absorption at soft (< 10 keV) energies by warm
gas and ‘soft excess’ emission that is possibly attributed to line blending or thermal
emission of a warm plasma with k7" ~ 0.1 — 1 keV.

Spectral models that compute the reflected X-ray spectrum can be broadly classified
into two main categories: phenomenological reflection models and physically-
motivated reflection models. A popular phenomenological model for computing
the reprocessed X-ray emission is PEXRAV (Magdziarz & Zdziarski, |19935)), which
models reflection off a slab of infinite extent and optical depth. However, such
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simplified phenomenological models are unable to constrain the geometry of the
reprocessing material, which has lead to the development of a number of physically-
motivated spectral models employing toroidal geometries. Some widely used torus
models include MY Torus (Murphy & Yaqoob, 2009) and BNTorus (Brightman &
Nandra, 2011). While such torus models provide a more realistic description of the
reprocessing material, they are still limited in the range of physical scenarios they
describe. For example, MYToRuUS assumes a uniform density torus with a fixed
opening angle of 60°. A new model, Borus, developed by Balokovic et al.| (2018)),
provides more flexibility in modeling the torus geometry, taking into account the
clumpy (as opposed to uniform) composition of the torus, by allowing the line-of-
sight column density to be decoupled from the torus column density, and features
the opening angle as a free parameter. Advanced reflection models have also been
developed in recent years that more accurately model the physics of reprocessed
radiation from the corona. For example, the RELXILL family of disk reflection
models (Garcia et al., | 2014)) adopt a rich atomic database, fully calculate the angular
distribution of reflected radiation and contain various geometrical models of the

illuminating coronal source.

Technological advances in observational X-ray astronomy over the past few decades
have propelled studies of AGN using broadband X-ray spectroscopy. The launch of
satellites with focusing optics in the X-ray band such as XMM-Newton, Chandra, and
NuSTAR, combined with non-focusing X-ray observatories such as Swift performing
wide field surveys, have enabled detailed characterization of the SMBH system and
circumnuclear environment for large samples of AGN in our local universe. In
particular, the launch of the NuSTAR observatory (Harrison et al., 2013)) has revo-
lutionized studies of AGN coronae. Being the first focusing hard X-ray telescope in
orbit providing spectral coverage in the 3—79 keV band, NuSTAR has allowed mea-
surements of the coronal high energy cutoft (E.y) from single epoch observations
in relatively large samples of nearby AGN for the first time (e.g., Ballantyne et al.,
2014; Balokovic et al., 2014 |[Kara et al.l [2017)). Prior to the launch of NuSTAR,
measurements of the coronal cutoff energy have been difficult to obtain, since they
require high-quality hard X-ray coverage above 10 keV in order to detect possible
turnover in the spectrum at high energies. Previous studies of E. performed with
non-focusing hard X-ray instruments such as CGRO/OSSE (e.g., Rothschild et al.,
1983}, Zdziarski et al., 2000), BeppoSAX (e.g., Nicastro et al., [2000; Dadinal [2007)
and INTEGRAL (e.g.,Beckmann et al., 2009; Ricci1 et al., 2011;|Malizia et al., 2014)
had very limited sensitivity and could only measure E for the brightest AGN.
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Surveys of the local AGN population have also made more readily available high
quality broadband X-ray data for larger samples of sources. In this thesis work, I
study the coronal properties of large samples of unobscured Seyfert 1 AGN selected
from the Swift/BAT all-sky survey that have been observed with NuSTAR. The
Swift/BAT catalog (e.g., Baumgartner et al., [2013; Oh et al., [2018) comprises of
sources detected by the Swift/BAT all-sky scanning instrument (Gehrels et al., 2004

and provides a large sample of local, bright AGN with uniform sky coverage.

NuSTAR also conducts deep, wide field surveys in galactic and extragalactic fields
as part of one of its primary mission objectives to probe the AGN population that
forms the bulk of the Cosmic X-ray Background (CXB) peaking at 20-30 keV. Part
of this thesis work examines samples of Seyfert 1 AGN observed with NuSTAR
as part of its Extragalactic Legacy Surveys program{’l The NuSTAR Extragalactic
Legacy Survey performs snapshot ~ 20 ks exposure observations of AGN detected
by Swift/BAT. The 100-fold increase in sensitivity of the NuSTAR telescope com-
pared to the Swift/BAT instrument enables robust spectral modeling with a minimal
NuSTAR exposure of ~ 20 ks. With even longer exposure NuSTAR observations,
it is possible to obtain tight limits on X-ray spectral parameters characterizing the
coronal emission. While some studies of coronal cutoff energies in samples of AGN
have been performed in the past, (e.g., [Ricci et al., 2017b), most of these measure-
ments utilized lower quality hard X-ray data from non-focusing instruments such as
Swift/BAT and Suzaku. Robust constraints on coronal high energy cutoffs obtained
with NuSTAR for large samples of unobscured AGN were absent in the literature

prior to this thesis work.

1.6 Outline of this Thesis Work

This thesis focuses on studying the properties of the corona in samples of Seyfert
1 AGN using the technique of broadband X-ray spectroscopy. This work heavily
utilizes spectroscopic data taken with NuSTAR, due to its unprecedented sensitivity
at X-ray energies above 10 keV, where the coronal emission dominates. Unobscured,
Seyfert 1 AGN are primarily studied in this thesis, since the X-ray spectral shape is
strongly affected by reprocessing features, which are dominant in obscured AGN.
This makes it difficult to disentangle the intrinsic coronal continuum shape from
reflection features in obscured sources, particularly for measurements of coronal
cutoff energy, where curvature at high energies can be attributed both to a high

energy turnover and reprocessing (e.g. CRH).

Ihttps://www.nustar.caltech.edu/page/legacy_surveys
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Chapter 2 presents the first study of this thesis, which explores coronal cutoff energies
in a sample of 46 Swift/BAT-selected Seyfert 1 AGN observed with NuSTAR as part
of the ~ 20 ks exposure Extragalactic Legacy Survey (published in |Kamraj et al.
2018). I performed spectral modeling of the NuSTAR data for each source in order
to measure the high energy cutoff of the coronal continuum. With these coronal
cutoff measurements, I mapped out the compactness-temperature (/ — ) plane for
the sample. I discuss the importance of annihilation and pair production processes
in regulating the temperature of the corona and the implications of low coronal

temperatures on the cooling mechanisms within the corona.

In Chapter 3, I present a detailed study of the AGN 2MASX J19301380+3410495
identified from my first sample with a particularly low coronal temperature (pub-
lished in|[Kamraj et al.[2019). This source is peculiar not only for its low temperature
corona, but also shows high levels of X-ray obscuration despite being optically clas-
sified as an unobscured Type 1 AGN. I performed both detailed broadband X-ray
spectral modeling using multi-epoch Swift/XRT, XMM-Newton and NuSTAR obser-
vations and also examined multi-wavelength properties of this source in order to
investigate the mismatch between X-ray and optical classifications. The existence
of such rare classes of AGN that show conflicting X-ray and optical classifications

continue to challenge classical unified models of AGN.

Chapter 4 presents the final study of this thesis, in which I performed the first
systematic study of the coronal properties of a large sample of unobscured AGN
observed with NuSTAR (Kamraj et al. 2021, accepted). I compiled a sample of
195 observations of Seyfert 1 AGN selected from the Swift/BAT survey that also
have short NuSTAR legacy observations or long exposure targets observed as part of
individual NuSTAR Guest Observer programs. The combination of superior quality
broadband X-ray data with a large sample size enables robust characterization of
the physical properties of the corona in the local, unobscured AGN population. I
investigate how coronal parameters connect with fundamental accretion properties in
AGN, such as the Eddington ratio and SMBH mass. While some past studies of AGN
that did not utilize NuSTAR measurements have found tentative correlations between
the coronal high energy cutoff and accretion parameters such as the Eddington ratio
(e.g., Ricci et al., 2018), studies of small samples of AGN observed with NuSTAR
have shown no evidence for such a correlation (Tortosa et al., [2018)).

In Chapter 5 I discuss possible future extensions of my thesis work aimed at prob-
ing rare classes of exotic AGN similar to 2MASX J19301380+3410495 that show
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conflicting optical and X-ray classifications. 1 examine the possibility of using
complementary multi-wavelength techniques in addition to broadband X-ray spec-
troscopy, such as infrared spectropolarimetry and spectral energy distribution fitting,
in order to probe obscuration within such sources. I also discuss future prospects for
the study of AGN coronae with prospective next generation X-ray telescopes. Fi-
nally, in Chapter 6, I present a summary of my thesis research and make concluding

remarks.
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Chapter 2

CORONAL PROPERTIES OF SWIFT/BAT-SELECTED SEYFERT
1 AGN OBSERVED WITH NUSTAR

N. Kamraj, F. A. Harrison, M. Balokovié¢, A. Lohfink, and M. Brightman. Coronal
Properties of Swift/BAT-selected Seyfert 1 AGNs Observed with NuSTAR. The
Astrophysical Journal, 866:124, 2018. doi: 10.3847/1538-4357/aadd0d.
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Abstract

The NuSTAR observatory, with its high sensitivity in hard X-rays, has enabled
detailed broadband modeling of the X-ray spectra of Active Galactic Nuclei (AGN),
thereby allowing constraints to be placed on the high-energy cutoff of the X-ray
coronal continuum. We investigate the spectral properties of a sample of 46 NuSTAR-
observed Seyfert 1 AGN selected from the Swift/BAT 70-month hard X-ray survey.
Our measurements of the high-energy cutoff of the continuum from modeling the
NuSTAR X-ray spectra are used to map out the temperature — compactness (6 —
[) plane for AGN coronae. We find that most of the coronae lie clustered near
the boundary for runaway pair production, suggesting that annihilation and pair
production act to regulate the temperature of the corona. We discuss the implications
of coronae whose high-energy cutoff may indicate a low coronal temperature on the

heating and thermalization mechanisms in the corona.
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2.1 Introduction

The continuum X-ray emission from Active Galactic Nuclei (AGN) is believed to
originate in a hot, compact corona located above the accretion disk (e.g., Haardt &
Maraschi, [1993). Compton upscattering of UV and optical photons from the inner
accretion disk by coronal electrons produces a power-law-like X-ray continuum,
with a cutoff at energies determined by the electron temperature 7, (e.g., Rybicki
& Lightman, |1979; |[Zdziarski et al., [2000). The shape of the coronal continuum is
sensitive to properties such as the seed photon field, electron temperature, optical
depth, and observer viewing angle. The observed rapid variability of the 2—10 keV
emission in many AGN, combined with X-ray spectral timing and reverberation
mapping, strongly indicate that the corona is physically compact, of the order 3—10
gravitational radii (Fabian et al., 2009; Kara et al., [2013; Emmanoulopoulos et al.,
2014; Fabian et al.,[2015). The gravitational radius is defined to be G My / c2, where
Mgy is the supermassive black hole mass. Such radiatively compact sources can
exchange significant energy between particles and photons, with the compactness

characterised by the dimensionless parameter / (Guilbert et al., 1983), defined as:

| =anlrBe L @.1)
m., R Lg

where m,, and m, are the proton and electron mass, respectively, R, is the gravita-
tional radius, R the source radius, L the source luminosity, and L the Eddington
luminosity. The electron temperature 7, can also be characterised by the dimension-
less parameter 6 = kpT,/ m,c?, where kg is the Boltzmann constant. For sufficiently
energetic photons, photon-photon collisions can lead to electron-positron pair pro-
duction in the corona (Svensson, [1982; |Guilbert et al., 1983} [Zdziarskil, [1985)). At
high coronal temperatures, when the Wien tail of the power-law spectrum extends
above 2m,c?, pair production can quickly become a runaway process, exceeding
annihilation (Svensson, [1984). This will limit any further rise in temperature, thus
acting as an /-dependent thermostat (Svensson, |1984; [Zdziarski, [1985; Stern et al.,
1995).

The NuSTAR observatory (Harrison et al., 2013), being the first focusing hard X-ray
telescope in orbit, has enabled detailed, high signal-to-noise spectra to be obtained
in the 3—79 keV band for many local AGN. NuSTAR spectral modeling can thus place
constraints on the spectral photon index and high-energy cutoff of the coronal X-ray

continuum, enabling robust estimates of / and 6. One of the primary goals of the
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NuSTAR mission is to perform an extragalactic survey of the hard X-ray sky, in order
to characterise the AGN population. We define hard X-rays as photons with energies
> 10 keV. As part of its Extragalactic Legacy Surveys program] the NuSTAR
observatory has performed snapshot ~ 20 ks observations of local AGN detected in
the all-sky survey with the Burst Alert Telescope (BAT) instrument onboard the Neil
Gehrels Swift Observatory (Gehrels et al., 2004; Baumgartner et al., 2013)). Though
previous work has provided broad constraints on the high-energy cutoft for samples
of bright AGN, tight constraints for particular AGN only became available recently
thanks to NuSTAR (e.g., Ballantyne et al., 2014; Brenneman et al., 2014; Marinucci
et al., 2014 |[Fabian et al., [2015; [Balokovi¢ et al., 2015). The 100-fold increase in
sensitivity of the NuSTAR telescope compared to the Swift/BAT instrument enables
robust spectral modeling with a minimal NuSTAR exposure of ~ 20 ks. With even
longer exposure NuSTAR observations, it is possible to obtain tight limits on X-ray
spectral parameters and perform reverberation mapping measurements of coronal

size.

In this paper, we study a sample of 46 Swift/BAT selected Seyfert 1 (Syl) AGN
observed with NuSTAR, in order to map out the location of these sources on the
temperature — compactness (6 — /) diagram for AGN coronae. We do not include
Swift/XRT data in our spectral modeling as the limited data quality of available
simultaneous Swift/XRT data introduces difficulties in obtaining constraints on pa-
rameters such as the cutoff energy. The complexity of features in soft X-ray spectra
would ideally require high signal-to-noise ratio, simultaneous spectra from soft X-
ray telescopes with larger collecting area to model robustly, which are currently
unavailable for the targets in our sample. In section4.2] we discuss the sample used
in this study, the data reduction, and analysis procedures adopted. Observational
details of our AGN sample are presented in Table[2.2]of the appendix. In section4.4]
we present our results and discuss the heating and cooling mechanisms operating in
the corona. We discuss future, deeper NuSTAR observations of AGN in our sample
with potential cutoffs in the NuSTAR band in section [2.4] and present a summary in
section [4.3] In this work, all uncertainties were calculated at the 90% confidence
level and standard values of the cosmological parameters (hg = 0.7, Q5 = 0.7,

Q,, = 0.3) were used to calculate distances.

Thttps://www.nustar.caltech.edu/page/legacy_surveys
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2.2 Sample, Data Reduction, and Analysis

Sample of Seyfert 1 AGN

We selected our sample from AGN identified in the Swift/BAT 70-month hard X-ray
catalogue (Gehrels et al., 2004} Baumgartner et al.,[2013)). From the full catalogue,
we selected NuSTAR-observed AGN with known redshifts and classified as Syl
from optical hydrogen emission line measurements, or from available data from the
NASA/IPAC Extragalactic Database (NED). The full list of AGN included in our
study, along with their NuSTAR observation details, may be found in Table[2.2]of the
appendix. Figure 2.1 shows the location of our sources on the redshift-luminosity
plane, with the luminosity values determined from the Swift/BAT fluxes in the 14—
195 keV range. We confirmed sources at high redshift to not be beamed AGN or
blazar candidates from observations of their optical spectra and cross-matching with
the Roma Blazar Catalog (Massaro et al.,[2009). We found two sources which were
misclassified from NED and were removed from our sample. We excluded 9 sources
from our original sample due to lack of constraints on the high-energy cutoft from
spectral fitting. Our final sample consists of 46 Syl AGN at 0.003 < z < 0.2.

In Figure 2.2, we present the distributions of Swift/BAT fluxes, luminosities and
redshifts for both our sample and the Syl classified sources from the Swift/BAT
70-month catalog. We find that our sample is statistically representative of the Syl
population from the Swift/BAT 70-month catalog, with the mean and median values
overlapping between our sample and the parent Swift/BAT sample. We further
applied a two-sample Kolmogorov-Smirnov test and found the K-S test statistic
to be 0.1 or lower, and the p-value above 60 % for all three distributions, thus
confirming that the distributions are consistent between our sample and the larger
Swift/BAT sample of Syls.

NuSTAR Observations and Data Reduction

Roughly once per week since its start of science operations in 2013, the NuSTAR
satellite has been obtaining ~ 20 ks observations in the 3-79 keV band of AGN
selected from the Swift/BAT 70-month hard X-ray catalog (Baumgartner et al.,
2013). We performed reduction of raw event data from both NuSTAR modules,
FPMA and FPMB (Harrison et al., 2013)), using the NuSTAR Data Analysis Software
(NuSTARDAS, version 1.2.1), distributed by the NASA High Energy Astrophysics
Archive Research Center (HEASARC) within the HEASOFT package, version 6.16.
We took instrumental responses from the NuSTAR calibration database (CALDB),
version 20160502. Raw event data were cleaned and filtered for South Atlantic
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Figure 2.1: Redshift-luminosity distribution for NuSTAR-observed Syl AGN se-
lected from the Swift/BAT 70-month hard X-ray catalogue.

Anomaly (SAA) passages using the nupipeline module. We extracted source
and background energy spectra from the calibrated and cleaned event files using
the nuproducts module. Detailed information on these data reduction procedures
can be found in the NuSTAR Data Analysis Software Guide (Perr1 et al., [2017).
An extraction radius of 30 was used for both the source and background regions.
We extracted the background spectrum from source-free regions of the image, and
away from the outer edges of the field of view, which have systematically higher
background. The spectral files were rebinned using the HEASOFT task grppha to
give a minimum of 20 photon counts per bin. For multiple observations of the same

source, we coadded spectra using the HEASOFT task addspec.

Spectral Modeling

We performed spectral modeling of the NuSTAR data in the 3—79 keV band for each
source in our sample using XSPEC v12.8.2 (Arnaud, |1996). We used y? statistics
for all model fitting and error estimation. We adopted cross sections from [Verner
et al.| (1996) and solar abundances from Wilms et al. (2000). In all our modeling,
we include a cross-correlation constant between FPMA and FPMB to account for
slight differences in calibration (Madsen et al., [2015)
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Figure 2.2: Distributions of redshifts, Swift/BAT 70-month X-ray catalogue lu-
minosities and fluxes for both our sample and the Syl classified sources from
the Swift/BAT catalogue. For clarity, sources with Lgar < 10 erg s™' and

Fpar > 1x1071%erg s7! cm™

were omitted from the plots.
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We fit each spectrum with an absorbed power-law model with a high-energy cut-
off, E.y. The slope of the power-law continuum is characterized by the photon
index, I'. It is assumed that the instrinsic continuum intensity is proportional to
ET exp(—E/Eqy). In XSPEC notation, the model used is TBabs X zwabs X
cutoffpl, where the component TBabs models Galactic absorption, which is fixed
to a typical Galactic column density of 7.6 x 10! cm™? (Kalberla et al., [2005). We
found that freezing the Galactic column density did not have any significant effect on
the fit results, as spectral modeling over the hard X-ray band is relatively insensitive
to this parameter. The redshifted component zwabs accounts for absorption by the

host galaxy.

Where an Fe Ka emission line feature was observed in the spectra at 6.4 keV, we
added an additive zgauss Gaussian line component to the absorbed power-law
model. We note that two objects out of our sample required fitting with an Fe Ko
line: Mrk 595 and RBS 1037. In addition, we test for the presence of spectral features
due to reprocessing by adding a pexrav component (Magdziarz & Zdziarski, |1995).
We fixed elemental abundances to solar and kept the inclination angle fixed at the
default value of 60. We found that the reduced y? values and best-fit parameters
from modeling with pexrav were similar to those from fitting an absorbed cutoft
power-law for the majority of the sources in our sample, indicating that the addition
of a reflection component does not significantly modify fit results and thus is not
required by the data. Furthermore, we found that the null hypothesis probability
exceeds 50 Y% for many of our sources when fitting with an absorbed cutoff power-
law; we found the mean null hypothesis probability of our sample to be 43 %. We
note that we chose a reflection model for one source (2MASX J19301380+3410495)
due to best-fit parameters such as the photon index being more physically reasonable
compared to the absorbed cutoff power-law model. We also note that the reduced y?
for Mrk 9 is relatively high due to increased scatter in the data near ~ 10 keV and 30
keV, which do not correspond to any known physical features. We summarize some
of the key best-fit spectral parameters for our sample in Table [2.3] of the appendix.
We did not find any sources in our sample with significant line-of-sight absorption
(> 5x10?* cm~2), with most sources having hydrogen column densities constrained
to be < 10%2 cm™2. Figure 2.3 presents an example NuSTAR spectrum for a potential
low-cutoff candidate in our sample, 2MASX J19301380+3410495, for which we
measured Ey to be 2339 keV.
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Figure 2.3: NuSTAR hard X-ray spectrum of a candidate low cutoff AGN 2MASX
J19301380+3410495 (a), alongside fit residuals for (b) an absorbed power-law model
(x%/dof = 155.1/161), (c) absorbed power-law model with a high-energy cutoff
(x?/dof = 144.4/160), and (d) absorbed cutoff power-law with reflection modeled

via pexrav (y?/dof = 138/160). Black points correspond to FPMA data while
points in red correspond to FPMB.
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2.3 Results and Discussion

In this section, we present limits on the high-energy cutoff, E, found from spectral
modeling of our sample. We then present the location of our sources on the 6 — /
plane for AGN coronae, and discuss the implications of sources with low values of

Ey: on the heating and cooling mechanisms operating in the corona.

Cutoff Constraints

The distribution of lower limits on the high energy cutoff for our sample is presented
in Figure 2.4. The histogram shows a number of AGN with lower limits on Ey
below 100 keV. Typical values of E, for AGN generally range from ~ 100 keV to
300 keV (Dadinal, 2007; [Malizia et al., [2014; Ricci et al., [2017b)); we note that |Gilli
et al.| (2007) comment that the mean value of E., for AGN must not exceed several
hundred keV, in order to avoid overproducing the cosmic X-ray background above
100 keV.

N

w
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[N}
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1- j H
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Figure 2.4: Distribution of lower limits on Ey for our Syl AGN sample from
modeling NuSTAR data.

Despite the fact that the quality of NuSTAR data in the hard X-ray band exceeds any
previous observations of our targets, the cutoff power-law model does still display
a degree of degeneracy in the derived photon index (I') and Ey. In order to verify
that our constraints on E are physically reasonable, in Figure 2.5 we compare our

derived I" and E. values to curves of constant optical depth in the E,—I" parameter
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space. The purple line in Figure 2.5 corresponds to theoretical constraints from
Petrucci et al.|(2001) for an optical depth 7 = 6. We use the relationship derived for
a slab geometry of the corona by Petrucci et al. (2001) to calculate the optical depth

as a function of I' and Ey:

9 511 keV 1

F:\/Z'l'm—i. 2.2)

AGN coronae are typically thought to be optically thin (7 < 1) (Zdziarski, [1985;
Stern et al., |1995)), though some have been constrained to 7 ~ 3 based on high-
quality NuSTAR data (e.g., Balokovi€ et al., 2015; [Tortosa et al., 2017; |Kara et al.,
2017). Combinations of I" and E; that correspond to 7 > 6 can be considered to
result from a degeneracy between model parameters and therefore are unphysical.
With this particular assumption, we suspect that for 3 targets our results may be
unrealistic; if, for example, 7 < 10 is chosen, then no targets fall in this category.
However, sources lying near or below the line with 7 = 6 were not removed from
our sample, as the limited NuSTAR data quality with a short, 20 ks exposure does

not rule out physically reasonable values of the photon index.

We investigate the presence of model degeneracies in the sources with the low-
est measured E. constraints (ZMASX J19301380+3410495 & 1RXS J034704.9-
302409) by exploring the E.—I" parameter space in XSPEC. Figure 2.6 shows the
contour plots of the photon index against the high-energy cutoff for these sources.
Whilst there is some degree of degeneracy between these two parameters, the value
of E.y 1s constrained to low values over the range of physically reasonable photon

index values at the 68 % confidence level.

The 6 — [ Plane

In constructing the observational 6 — [ plane, we convert from E to the coronal
temperature using kpT, = E¢y/2 (Petrucci et al..[2001)). In calculating /, we assume
a conservative value of 10R, for the coronal radius R, as adopted in [Fabian et al.
(2015), as the majority of the sources in our sample lack the required X-ray reflection
modeling or reverberation measurements to place constraints on coronal size. We
estimated the source luminosity L, from the flux in the 0.1-200 keV band, which was
extrapolated from the applied spectral model. We convert the unabsorbed 0.1-200

keV flux obtained from spectral modeling to luminosity using luminosity distance
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Figure 2.5: E.y vs photon index I' for our sample. Points in red denote candidate
sources with low coronal high-energy cutofts for which both upper and lower limits
on E,; were measured. The purple line corresponds to theoretical constraints from
Petrucci et al.|(2001)) for T = 6.

values from NED. Black hole mass estimates, where available, were taken from
Koss et al.| (2017). The values of Mgy used in |Koss et al.| (2017 were obtained
from a combination of broad Balmer emission line measurements, direct techniques
such as X-ray reverberation mapping, and the Mgy — o relation of Kormendy &
Ho| (2013). We have black hole mass measurements obtained from the literature
for 34 of the 46 sources in our sample. For sources with no published black hole
mass, we use the median black hole mass of the Sy 1-1.5 AGN in the BAT AGN
Spectroscopic Survey (BASS) (Koss et al., 2017), log(Mgy/Mg) = 7.97+0.52.

We note that the precise location of AGN on the 6 — [ plane is dependent on general
relativistic effects, such as gravitational redshift and light bending. Processes such
as light bending introduce inclination-dependent corrections to [. These correc-
tions depend on the geometry of the corona, which is currently highly uncertain.
Therefore, due to the large uncertainties associated with model-based relativistic

corrections, we do not include general relativistic effects here.

Figure 2.7 presents the location of our sources on the 6 — [ plane, in addition to

theoretical pair lines for different coronal geometries. Runaway pair production
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Figure 2.6: E.,—I contour plots for NuSTAR observations of the candidate low cutoft
Syls (a) 2MASX J19301380+3410495 (b) 1RXS J034704.9-302409. The solid
purple, green, and yellow contours correspond to the 68, 90, and 99 % confidence
levels, respectively. The black cross represents the best fit values of the parameters
from applying the relevant model given in Table @

occurs to the right of the pair lines, as described in the introduction. Modeling the

corona as an isolated electron cloud, |Svensson| (1984)) estimated the pair production

line to have the analytical form

[ ~ 10672117, (2.3)
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Figure 2.7: The 6 — [ plane for NuSTAR-observed Syl AGN. Solid lines correspond
to pair lines for different coronal geometries. Circled points are candidate low cutoff
sources for which both upper and lower limits on E., were measured. Triangles
denote sources with a best-fit value and lower limit on E,;. Squares denote sources
with only lower limits on E;. Blue points indicate sources for which the black hole
mass was taken to be the median black hole mass of the type 1 AGN in the BAT
AGN Spectroscopic Survey (BASS) (Koss et al.,[2017).

Stern et al.| (19935)) also computed the pair balance line for a slab and hemispherical
corona, respectively, located above a reflecting accretion disk. The solid black and

purple lines in Figure 2.7 correspond to these geometries.

Our results show that most of the AGN coronae in our sample are clustered near the
lines for runaway pair production, similar to the results found by Fabian et al.| (2015)
for NuSTAR-observed AGN and black hole binaries (BHB). The pair lines thus
appear to correspond to a physical boundary, constraining sources to that region.
A few AGN are located away from the pair line boundary, hinting at low coronal
temperatures. Note that we have assumed that the corona is homogeneous and at a
single temperature, whereas in reality there may be a range of temperatures. This
may result in a mean temperature at a lower value due to Compton cooling (Fabian
et al.,[2015).
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Recent detections of low coronal cutoffs have been made within the NuSTAR band,
such as [Tortosa et al.[(2017), Kara et al.| (2017), and Xu et al. (2017/). For example,
Karaetal. (2017) measured 7T, = 15+2 keV for the narrow-line Sy1 Ark 564, making
it one of the lowest temperature coronae observed by NuSTAR to date. Multiple
explanations have been proposed for the origin of low temperature coronae. In the
case of an AGN accreting close to the Eddington limit, the stronger radiation field
may enhance Compton cooling in comparison with sub-Eddington Seyferts (Kara
et al., 2017)). For sources accreting well below the Eddington limit, the relatively
low coronal temperatures may be attributed to highly effective cooling in some
AGN due to, e.g., high spin and the resulting higher seed photon temperature. Low
temperatures may also arise from particularly weak coronal heating mechanisms, or
more effective cooling due to multiple scatterings in a corona with high optical depth
(e.g., Tortosa et al., 2017)). Naively, when the optical depth in the corona exceeds
unity, multiple inverse Compton scatterings transfer a proportionally higher fraction
of the stored thermal energy to coronal luminosity. However, coronae are complex

systems, and many coupled physical processes determine the electron temperature.

Another possibility is that the corona consists of a hybridized plasma, containing
both thermal and non-thermal particles (e.g., Zdziarski et al., |1993}; (Ghisellini et al.,
1993} Fabian et al., 2017). In such a system, the corona is highly magnetized and
compact, and thus heating and cooling are so intense that electrons do not have time
to thermalize before they are cooled by inverse Compton scattering. The presence of
only a small fraction of non-thermal electrons with energies above 1 MeV can result
in runaway pair production. The cooled electron-positron pairs may redistribute
their available energy, thereby reducing the mean energy per particle and decreasing
the coronal temperature. Such cooling would produce a hard non-thermal tail and an
annihilation feature at 511 keV. Hard X-ray data of very high quality are necessary
to distinguish between a hybrid, pair-dominated plasma and cooler, fully thermal

plasma incapable of pair production.

2.4 Future Observations

The E.y constraints presented here are based on snapshot ~ 20 ks NuSTAR obser-
vations of a sample of bright Syl galaxies, and identified several sources which
potentially have high-energy cutoffs within the NuSTAR band (i.e., 3-79 keV). Fu-
ture work will involve performing longer exposure NuSTAR observations of AGN
from our sample that display hints of a low coronal cutoff, which will aid in re-

moving model degeneracies and more tightly constrain E, in order to determine
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Table 2.1: Mean values of the high-energy cutoff, its lower and upper limits from
simulated NuSTAR spectra, for Swift/BAT-selected Syl AGN

Name Exposure Time E.y  Ecy lower limit  E.y upper limit
(ks) (keV) (keV) (keV)
IRXS J034704.9-302409 50 92.7 17.1 118.8
100 54.6 19.2 111.8
2MASX J19301380+3410495 50 214 15.7 33.0
100 20.7 16.7 27.0
Mrk 1393 50 189.0 43.5 191.7
100 155.0 45.0 199.7
SDSS J104326d47+110524.2 50 170.4 46.3 203.2
100 134.1 52.1 206.5
UGC 06728 50 162.6 59.4 234.8
100 127.5 67.6 222.8

the coronal temperature. In choosing AGN from our sample for longer exposure
NuSTAR observations, we performed 5000 simulations of the spectra of candidate
low E¢y¢ AGN from our sample in XSPEC, for exposure times of 50 ks and 100
ks. From the simulated spectra, we plotted distributions of the best-fit value of Ey
found from applying an absorbed cutoff power-law model, in addition to lower limits
and upper limits on E.y. The plots in Figure 8 show distributions of values of E
for one such candidate low cutoff source, 2MASX J19301380+3410495. Table 2.1
summarizes the mean values of Ey and its lower and upper limits obtained from

our simulations for some candidate low cutoff AGN in our sample.

The simulation results show that the distributions peak at low values of E, and at
similar values for both a 50 ks and 100 ks exposure. We conclude from our results
that a 50 ks exposure should be sufficient to constrain the high-energy cutoff in our

sample of candidate low cutoff AGN.
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Figure 2.8: Distributions of Ey values for 5000 simulations of the NuSTAR spec-
trum of a candidate low cutoff AGN, 2MASX J19301380+3410495. Dotted lines
denote the input E., value assumed for simulated spectra. Simulations were per-
formed for exposure times of (a) 50 ks and (b) 100 ks.

2.5 Summary

In this work, we have investigated the coronal properties of a sample of Swift/BAT
selected Seyfert 1 AGN that have been observed with NuSTAR. We individually
modeled the NuSTAR spectra of all sources in our sample and searched for sources

with hints of low coronal cutoffs, observable within the NuSTAR band. We mapped
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out the location of the sources in our sample on the compactness-temperature dia-
gram for AGN coronae, and found that the majority of sources lie near the boundary
for runaway pair production. The pair production line corresponds to a physical
boundary, constraining AGN to that region. A few AGN located away from the pair
lines may possess low coronal temperatures; deeper 50 ks NuSTAR observations
will be performed of these sources to constrain the coronal temperature and optical
depth. The detection of low coronal cutoffs may be explained via scenarios such
as a strong radiation field, large optical depth, or a hybrid pair-dominated plasma.
Further computations with hybrid plasma models, taking into account general rela-
tivistic effects, will help elucidate in more detail the heating and cooling mechanisms

operating in the corona.
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Table 2.2: NuSTAR Observation Details for Swift/BAT—selected Syl AGN

Name Swift/BAT ID Observation ID  Observation Date  Exposure Time
(ks)
1RXS J034704.9-302409 SWIFT J0347.0-3027 60061039002 2013-03-15 6.4
60061039004 2013-03-24 12.7
60061039006 2013-04-02 9.5
1RXS J174538.1+290823 SWIFT J1745.442906 60160674002 2014-12-09 20.3
1RXS J213445.2-272551 SWIFT J2134.9-2729 60061306002 2013-10-22 19.8
2MASS J19334715+3254259  SWIFT J1933.9+3258 60160714002 2016-05-31 12.6
2MASX J04372814-4711298  SWIFT J0437.4-4713 60160197002 2015-12-09 20.0
2MASX J12313717-4758019  SWIFT J1232.0-4802 60160498002 2016-08-21 19.3
2MASX J15144217-8123377  SWIFT J1513.8-8125 60061263002 2013-08-06 13.3
2MASX J15295830-1300397  SWIFT J1530.0-1300 60160617002 2017-02-14 24.2
2MASX J19301380+3410495 SWIFT J1930.5+3414 60160713002 2016-07-19 20.5
2MASX J19380437-5109497  SWIFT J1938.1-5108 60160716002 2016-07-15 21.8
2MASX J20005575-1810274  SWIFT J2001.0-1811 60061295002 2016-10-25 21.9
2MASXi J1802473-145454 SWIFT J1802.8—1455 60160680002 2016-05-01 20.0
3C 227 SWIFT J0947.7+0726 60061329002 2014-02-20 17.2
60061329004 2014-02-26 12.1
4C +18.51 SWIFT J1742.2+1833 60160672002 2017-03-27 22.5
ESO 438-G009 SWIFT J1110.6-2832 60160423002 2015-02-01 21.7
Fairall 1146 SWIFT J0838.4—3557 60061082002 2014-07-27 21.3
Fairall 1203 SWIFT J0001.6-7701 60160002002 2015-04-11 34.1
[HB89] 0241+622 SWIFT J0244.8+6227 60160125002 2016-07-31 234
IGR J14471-6414 SWIFT J1446.7-6416 60061257002 2013-05-28 15.0
IGR J14552-5133 SWIFT J1454.9-5133 60061259002 2013-09-19 21.9
IRAS 04392-2713 SWIFT J0441.2-2704 60160201002 2015-12-20 19.5
LCRSB 232242.2-384320 SWIFT J2325.5-3827 60160826002 2016-07-08 22.5
Mrk 9 SWIFT J0736.9+5846 60061326002 2013-10-29 23.3
Mrk 376 SWIFT J0714.3+4541 60160288002 2015-04-07 24.2
Mrk 595 SWIFT J0241.6+0711 60160119002 2017-01-18 21.3
Mrk 732 SWIFT J1113.6+0936 60061208002 2013-06-11 26.3
Mrk 739E SWIFT J1136.0+2132 60260008002 2017-03-16 18.5
Mrk 813 SWIFT J1427.5+1949 60160583002 2017-01-23 24.6
Mrk 817 SWIFT J1436.4+5846 60160590002 2015-07-25 21.9
Mrk 841 SWIFT J1504.2+1025 60101023002 2015-07-14 234
Mrk 1018 SWIFT J0206.2—-0019 60160087002 2016-02-10 21.6
Mrk 1044 SWIFT J0230.2—-0900 60160109002 2016-02-08 21.7
Mrk 1310 SWIFT J1201.2-0341 60160465002 2016-06-17 21.1
Mrk 1393 SWIFT J1508.8-0013 60160607002 2016-01-19 22.4
NGC 0985 SWIFT J0234.6—0848 60061025002 2013-08-11 13.9
PG 0804+761 SWIFT J0810.9+7602 60160322002 2016-04-02 17.3
PKS 0558-504 SWIFT J0559.8—5028 60160254002 2016-11-19 21.0
RBS 0295 SWIFT J0214.9-6432 60061021002 2017-01-14 23.3
RBS 0770 SWIFT J0923.7+2255 60061092002 2012-12-26 18.9
RBS 1037 SWIFT J1149.3-0414 60061215002 2017-02-02 40.7
RBS 1125 SWIFT J1232.1+2009 60061229002 2016-07-28 20.0
SBS 1136+594 SWIFT J1139.1+5913 60160443002 2014-12-26 23.5
SDSS J104326.47+110524.2 SWIFT J1043.4+1105 60160406002 2016-06-14 20.1
UGC 06728 SWIFT J1143.7+7942 60160450002 2016-07-10 22.6
UM 614 SWIFT J1349.7+0209 60160560002 2015-03-31 18.2
WKK 1263 SWIFT J1241.6—5748 60160510002 2016-04-27 16.4

Total Counts

13.5
20.4
219
2233
2178
3024
1500
1718
1011
2130
1701
2834
1367
6800
293
188
1080
1302
4473
1739
9126
975
2190
2145
495
1142
1791
873
3419
1277
2952
2847
6084
583
2821
2743
896
2363
1903
2940
1887
6426
2198
1280
3760
137
2486
2002
7872



Table 2.3: Redshifts, black hole masses, and best-fit spectral parameters from fitting
NuSTAR data for our Swift/BAT-selected Syl AGN sample
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Source Redshift  log(Mpy /MQ)A r Ecut F8 00
(keV) 10712 erg em 2 g7 !

IRXS J034704.9-302409* 0.095 7.97+0.52 131400 29747 1.12#0-38
IRXS J174538.1+290823 0.111 8.82+0.10 1.76t8~'°g >83 8.59*0%
IRXS J213445.2-272551 0.067 6.99+0.10 1.77tgfi§ > 85 7624073
2MASS J19334715+3254259  0.057 7.88+0.10 1.78’:8:0? > 166 15306
2MASX J04372814-4711298%  0.053 7.97+0.52 192000 =114 5.080-¢
2MASX J12313717-4758019%  0.028 7.97+0.52 181007 > 84 5 Sstg-'zf
2MASX J15144217-8123377 0.068 8.96+0.10 1661090 >32 6.67t§{3§
2MASX J15295830-1300397%  0.104 7.97+0.52 173400 =119 5.49*0-22
2MASX J19301380+3410495  0.063 8.15+0.10 L12*an 23+ 22.9t5~_3g
2MASX J19380437-5109497 0.040 7.23+0.10 1.83t8-_‘}§ > 105 9 03t8-‘7g
2MASX J20005575-1810274 0.037 8.07+0.36 1.73t§-_38 > 207 9.62f§'2§
2MASXi J1802473-145454 0.003 7.76+0.10 L8IFS =159 239113
3C 227 0.086 8.61+0.10 1634010 =44 1.7
4C +18.51% 0.186 7.97+0.52 l.67t8'_63 >55 3.041%-_’;‘(*)
ESO 438-G009* 0.024 7.97+0.52 1.74t§-§§ > 140 3.95’;%3933
Fairall 1146* 0.031 7.97+0.52 1.81t8-_?f > 184 141703
Fairall 1203* 0.058 7.97+0.52 1.58%0 > 108 3.37’:%%%
[HB89] 0241+622 0.044 8.09+0.10 1.63’:§'_§§ >211 241439
IGR J14471-6414 0.053 7.700.10 L7770 0% =73 4.08+0-30
IGR J14552-5133 0.016 6.86+0.10 1,73t§-_g3 > 180 6.43f8-3§
IRAS 04392-2713% 0.084 7.97+0.52 1.841098 > 71 7.821851 )
LCRSB 232242.2-384320% 0.036 7.97+0.52 1.67i8ﬁ >51 1 44t8~'22
Mrk 9 0.040 7.59+0.10 1.52t8-"%g > 193 2.83t8-' 1:9
Mrk 376 0.056 8.17+0.10 1.64j858§ > 152 4.38j8~'3

Mrk 595 0.027 8.28+0.10 1.50t8-'% > 67 2 62t8:£9
Mrk 732 0.029 7.23+0.10 1.85t§{§2 > 173 7 95t§-§§
Mrk 739E 0.030 7.14+0.10 1877000 =143 4.80*0-59
Mrk 813 0.110 8.87+0.10 1.85t8-8§ > 177 7 95’;831
Mrk 817 0.031 7.59+0.07 1.65J:8{6§ > 230 7 82t§-§§)
Mrk 841 0.036 7.81+0.10 1.78f8'.85 > 179 17.9+58
Mrk 1018 0.042 8.03+0.10 1‘81f8'?2 >212 1.76+0:3¢
Mrk 1044 0.016 6.44+0.10 1.93f8-'8g >214 8.74+0-36
Mrk 1310 0.019 6.21£0.08 1.77j§{§§ > 130 8 68t§'§§
Mrk 1393 0.054 7.87+0.10 1,25t8-_28 >19 2 07%)-_%71
NGC 0985 0.043 7.92+0.10 1.69%010 > 121 11.7%

PG 0804+761 0.100 8.73+0.05 1.69t5-‘%§ > 183 6.85f8-§g
PKS 0558-504 0.137 7.33+0.10 2.13t§{§% > 134 10.4t§-§9
RBS 0295* 0.074 7.97+0.52 L78%010 =49 532700
RBS 0770 0.032 7.34+0.10 1,80t§-_g§ > 267 22.8’:8:59
RBS 1037* 0.084 7.97+0.52 188+ 292 3 77’;@:?2
RBS 1125 0.063 7.76£0.20 1.86’:%:?(% >98 411702
SBS 1136+594 0.060 7.98+0.10 L71¥00 292 106704
SDSS J104326.47+110524.2 0.048 7.91£0.10 1.52t8-% >34 4.13%0-67
UGC 06728 0.006 5.66+0.10 1.57f8-"5§ > 67 6 96j8-'§8
UM 614 0.033 7.09+0.10 1.64’:@:(%51 > 106 7 31j§{zg
WKK 1263 0.024 8.25+0.10 L7340 =224 3164

Sources marked with an asterisk (*) correspond to AGN whose black hole masses were taken to be the median

black hole mass of the type 1 AGN in the BAT AGN Spectroscopic Survey (BASS) (Koss et al.l 2017).

A Reference: [Koss et al.| (2017).

B Unabsorbed 0.1 - 200 keV flux extrapolated from applied spectral model

c Applied XSPEC models: (1) constant x TBabs X zwabs X cutoffpl
(2) constant x TBabs X zwabs X (cutoffpl + pexrav)
(3) constant x TBabs X zwabs X (cutoffpl + zgauss)

x2/dof

50.9/50
181.5/187
155.8/175
236.3/225
147.5/123
107.8/139

95.3/86
172.4/170

138/160
214.2/215
285.1/250
466.3/451

331/347

73.2/100
92.3/113
365.9/326
139.4/150
631.1/565

84.3/82
191.9/181
200.8/173

50.9/46
155.1/100
170.3/147

79.5/76
269.6/258
113.1/106
269.6/230
263.1/214
403.9/425

50.5/51
215.2/205

215/217

109.8/79

187/195
126.3/155
217.9/206
149.3/153
400.3/434
180.6/185
109.1/107

295/285

122/122
227.3/208
162.7/172
470.3/503

Model€
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Abstract

We present results from modeling the broadband X-ray spectrum of the Type 1 AGN
2MASXJ193013.80+341049.5 using NuSTAR, Swift and archival XMM-Newton ob-
servations. We find this source to be highly X-ray obscured, with column densities
exceeding 10?2 cm~2 across all epochs of X-ray observations, spanning an 8 year
period. However, the source exhibits prominent broad optical emission lines, con-
sistent with an unobscured Type 1 AGN classification. We fit the X-ray spectra with
both phenomenological reflection models and physically-motivated torus models to
model the X-ray absorption. We examine the spectral energy distribution of this
source and investigate some possible scenarios to explain the mismatch between
X-ray and optical classifications. We compare the ratio of reddening to X-ray ab-
sorbing column density (Ep_y/Ny) and find that 2MASX J193013.80+341049.5
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likely has a much lower dust-to-gas ratio relative to the Galactic ISM, suggesting
that the Broad Line Region (BLR) itself could provide the source of extra X-ray
obscuration, being composed of low-ionization, dust-free gas.

3.1 Introduction

Under the unified model of Active Galactic Nuclei (AGN) (Antonucci, [1993}; Urry
& Padovani, 1995), differences between Type 1 and Type 2 AGN arise solely from
our line-of-sight viewing angle relative to a toroidal obscuring structure surrounding
the central supermassive black hole (SMBH). The dusty molecular torus believed
to be responsible for the obscuration seen in Type 2 AGN likely has a clumpy
distribution, as evidenced from infrared interferometric observations (Tristram et al.,
2007; |[Lopez-Gonzaga et al., 2016) and short timescale variability of the line-of-
sight column density in some AGN (e.g., Marinucci et al., [2016). The unified
model, while simplistic, has been successful in explaining observations of radio
jets, polar ionization cones, and polarization position angle (e.g.,|[Evans et al., 1991}

Storchi-Bergmann et al., [ 1992).

Optical classification of AGN is based on widths of observed emission lines. Type
1 AGN contain both broad (FWHM > 1000 km s~!) and narrow emission lines
whereas Type 2 AGN contain only narrow emission lines. In the unified picture, this
is due to obscuration of the Broad Line Region (BLR), which is close to the central
SMBH, by the molecular torus. Hence in Type 2 AGN, only emission from the
Narrow Line Region (NLR) is observed, which is extended on kilo-parsec scales.
In Type 1 AGN, the torus is viewed at angles such that the line of sight to the BLR

is unobscured.

X-ray classification of AGN is typically based on measurements of the hydrogen
column density (Ny). Neutral gas along our line of sight absorbs X-ray continuum
photons, with the level of absorption dependent on the column density of gas. The
approximate dividing line between unobscured, Type 1 AGN and obscured, Type
2 AGN is at Ny = 10%?> cm™2 (Ricci et al., 2017b). Assuming the simple picture
of a static obscuring torus surrounding the AGN is correct, then there should be

agreement between optical and X-ray classifications.

The Swift/BAT survey comprises all sources detected by the all-sky 14-195 keV
Burst Alert Telescope (BAT) instrument onboard the Neil Gehrels Swift Observatory
(Gehrels et al., |2004; |Oh et al., [2018), and provides a hard X-ray-selected sample
of local AGN that is relatively unbiased to obscuration. The Swift/BAT sample
therefore offers a unique opportunity to test the unified model of AGN. Within
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Table 3.1: Details of the NuSTAR and XMM-Newton observations of 2MASX
J193013.80+341049.5 considered in this work.

Mission Observation ID  Observation Date Exposure Time  Count rate
(ks) (counts s~ 1)
NuSTAR 60160713002 2016-07-19 23.4 0.142
NuSTAR 60376001002 2017-10-10 55.4 0.120
XMM-Newton 0602840101 2009-05-16 16.9 0.288

Observed source count rates are in the 0.5-10 keV band for the XMM-Newton
EPIC-pn detector and the 3—79 keV band for NuSTAR (FPMA).

the Swift/BAT sample, there is excellent agreement between the optical and X-ray
classifications for ~ 95% of sources (Koss et al.,2017)). However, there are a number
of unusual sources in the Swift/BAT sample that show disagreement between their
X-ray and optical classifications. Some narrow-line Type 2 AGN have been found to
be X-ray unabsorbed and there is some debate about whether they represent a class
of AGN lacking a BLR (Panessa & Bassani, 2002; Tran et al.,[2011; Merloni et al.,
2014)). In contrast, a number of Type 1 AGN (Syl1 - 1.9) are highly X-ray absorbed
(e.g., Shimizu et al., 2018).

In this paper, we study the spectral properties of an unusual source from the
Swift/BAT survey, 2MASX J193013.80+341049.5, which is optically classified as
a Type 1 AGN, yet is found to be highly X-ray absorbed, with a column density Ny
> 1023 cm™2. The source is a nearby (z = 0.063) Seyfert galaxy with a bolometric
luminosity Lg,; = 1.3 x 10* erg s~! (Koss et al., 2017), a R-band apparent magni-
tude of 15.8, and a compact optical morphology. We present results from modeling
the broadband X-ray spectrum of 2ZMASX J193013.80+341049.5 using NuSTAR,
XMM-Newton and Swift/BAT observations, and examine the multi-wavelength prop-
erties of this source. This paper is structured as follows: in section 4.2 we describe
the X-ray observations and data reduction procedures; in section 4.3] we present
results from broadband X-ray modeling; section presents analysis of multi-
wavelength data on this source, including optical spectra and broadband Spectral
Energy Distributions (SEDs); section 4.5] summarizes our results and presents our

conclusions.



38

3.2 X-ray Observations and Data Reduction

NuSTAR

2MASX J193013.80+341049.5 was observed with NuSTAR in July 2016 for ~ 20 ks
as part of the Extragalactic Legacy Surveys program] A second, deeper NuSTAR
observation was performed in October 2017 for ~ 50 ks. Details of both these
observations are presented in Table

We reduced the raw event data from both NuSTAR modules, FPMA and FPMB (Har-
rison et al., |2013) using the NuSTAR Data Analysis Software (NuSTARDAS, ver-
sion 2.14.1), distributed by the NASA High-Energy Astrophysics Archive Research
Center (HEASARC) within the HEASOFT package, version 6.24. Instrumental re-
sponses were calculated based on the NuSTAR calibration database (CALDB), ver-
sion 20180925. We cleaned and filtered raw event data for South Atlantic Anomaly
(SAA) passages using the nupipeline module. We extracted source and back-
ground spectra from the calibrated and cleaned event files using the nuproducts
module. Detailed information on these data reduction procedures can be found in
the NuSTAR Data Analysis Software Guide (Perri1 et al., 2017). A circular extraction
radius of 30 was used for both the source and background regions. We extracted the
background spectrum from source-free regions of the image on the same detector
chip as the source, away from the outer edges of the field of view, which have
systematically higher background. In order to maximize the available NuSTAR ex-
posure, we extracted the ‘spacecraft science’ mode 6 data, in addition to the standard
‘science’ mode 1 data, following the method outlined in Walton et al.| (2016). We
coadded the mode 1 and mode 6 spectra for each respective observation using the
HEASOFT task addspec. We rebinned the spectral files using the HEASOFT task

grppha to give a minimum of 20 photon counts per bin.

Archival XMM-Newton
In addition to the NuSTAR observations taken in the 3—79 keV band, we analyzed
archival XMM-Newton observations taken in May 2009.

We performed reduction of the XMM-Newton data using the XMM-Newton Science
Analysis System (SAS, version 16.1.0), following the standard prescription outlined
in the XMM-Newton ABC online guide[?| Calibrated, cleaned event files were created
from the raw data files using the SAS commands epchain for the EPIC-pn detector
(Struder et al., [2001]) and emchain for the two EPIC-MOS detectors (Turner et al.,

Thttps://www.nustar.caltech.edu/page/legacy_surveys
Zhttps://heasarc.gsfc.nasa.gov/docs/xmm/abc/
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2001). As recommended, we only extracted single and double pixel events for
EPIC-pn and single to quadruple pixel events for EPIC-MOS. We excluded intervals
of high background flux in the first ~ 1/4 of the observation, resulting in total
source exposure of 8.4, 11.0, and 12.8 ks for the pn, MOS1 and MOS?2 detectors,
respectively. Source spectra were extracted from the cleaned event files using the
SAS task xmmselect from a circular aperture with a radius of 40 centered on the
source. Background spectra were extracted from a circular aperture with radius
of 80 placed near the source on the same chip. Instrumental response files were

generated for each of the detectors using the SAS tasks rmfgen and arfgen.

Archival Swift

In addition to the NuSTAR and XMM-Newton spectra, we also analyzed Swift/BAT
spectra collected over the first 70 months of observation (Baumgartner et al., 2013)),
covering the 14-195 keV band. The Swift/BAT data reduction procedure is detailed
in |Oh et al.| (2018). We do not include Swift/XRT data in our broadband spectral
modeling due to the poor signal-to-noise ratio of available Swift/XRT data, which has
< 200 total photon counts. We separately analyzed archival Swift/XRT data taken
in 2005 to check for Ny variability. For this analysis, we reduced the Swift/XRT
data using the XRTPIPELINE, following the standard procedures detailed in |[Evans
et al.[|(2009).

3.3 X-ray Spectral Modeling

We performed joint spectral modeling of the broadband NuSTAR, XMM-Newton,
and Swift/BAT data using XSPEC v12.8.2 (Arnaud, [1996). We use )(2 statistics
for all model fitting and error estimation, and we quote uncertainties at the 90%
confidence level. We adopt cross sections from [Verner et al.| (1996) and solar
abundances from Wilms et al.|(2000). We account for variability between different
epochs by including cross-normalization factors between different datasets (e.g.,
Balokovic¢ et al., 2018)). In all our modeling, we include a Galactic absorption
component with a fixed column density of Ny ga = 1.62 x 10! cm™2 (Kalberla
et al., 2005). We did not include NuSTAR data from the 2016 observation above 30
keV, as the source becomes background dominated above this energy, due to higher
background levels relative to the 2017 observation. We model NuSTAR data from
2017 in the 3—79 keV band, and archival XMM-Newton data in the 0.4—10 keV band.

Analysis of the NuSTAR light curves for both observations in the 3-50 keV band
(shown in Figure show little evidence for strong variability in either the 2016
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Figure 3.1: NuSTAR light curves of 2MASX J193013.80+341049.5 in the 3-50 keV
band, where (a) is the light curve of the ~ 20 ks observation taken in 2016 and (b) the
deeper ~ 50 ks observation taken in 2017. Gaps in data are due to Earth occultation
events. There is no evidence for strong X-ray variability in this source.

or 2017 observations, justifying the use of time-averaged spectra. Flux levels in the
2-10 keV band were also found to be similar between the two observations.
performed a detailed light curve analysis of the archival XMM-Newton
observation and found no significant variability in the XMM-Newton EPIC-pn and
MOS light curves.

In our spectral modeling, we simultaneously fit the XMM-Newton (EPIC-pn and
EPIC-MOS), NuSTAR (FPMA and FPMB), and Swift/BAT spectra, covering a total
energy range from 0.4 to 150 keV. We begin our analysis by fitting a simple absorbed
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cutoff power law model to the broadband data. As shown in Figure @.1] an Fe Ka
emission line near 6.4 keV is evident in addition to excess soft emission below 3
keV.

We construct models consisting of both phenomenological reflection models and
physically-motivated torus models. All models include a photoelectric neutral
absorber, power law continuum, and a scattered power law continuum. We leave the
line-of-sight column density Ny free between different epochs. We list the applied

models in XSPEC notation as follows:

1. phabs X (zphabs X cabs X cutoffpl + zgauss + pexrav + constant

x cutoffpl): Models an absorbed cutoff power law with a Gaussian Fe Ko
line, a cold Compton reflection component and a scattered power law compo-
nent. phabs models Galactic absorption while zphabs models host galaxy
absorption. pexrav (Magdziarz & Zdziarskil [1995) models reflection off a
slab of infinite extent and optical depth covering between 0 and 27 steradians
of the sky relative to the illuminating source, corresponding to R between 0
and 1.

2. phabs X (cabs X TBFeo X cutoffpl + pexmon + constant X cutoffpl):
Similar to Model 1, with the exception that zphabs is replaced with TBFeo,
which models absorption with a variable iron abundance; the zgauss and
pexrav components are replaced with pexmon, which is a slab reflection
model that self consistently models the Fe & Ni K complexes and Compton

reflection hump assuming a semi-infinite plane geometry.

3. phabs X (cabs x TBFeo X cutoffpl + borus02 + constant X cutoffpl):
In the physically motivated borus®2 model (Balokovic et al., 2018)), obscur-
ing material is arranged in a toroidal structure around the central AGN, with
a variable opening angle and torus column density that can be decoupled
from the line-of-sight column density. This model provides self-consistent

modeling of the fluorescent line emission and Compton reflection features.

For Model 1, we set iron and light element abundances to solar values and fix
the inclination angle of the plane of reflecting material at the default value of cos
6 = 0.45. We tie the photon index and normalization of the reflected power law
to that of the incident power law. We fix the energy of the Fe Ka line at 6.4 keV.

As shown in Figure[4.T] (c), this model provides a considerable improvement in the
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Figure 3.2: Broadband X-ray spectrum of 2MASX J19301380+3410495 (a), along-
side fit residuals for (b) an absorbed cutoff power law model ( )(Z/dof =1409/811), (¢)
absorbed cutoff power law with an Fe Ke line, scattered power law, and a reflection
component incorporated using the pexrav model (ledof = 826/798), (d) absorbed
cutoff power law with a variable iron abundance absorber and reflection modeled
with pexmon (y?/dof = 816/798), and (e) borus model (y*/dof = 808/795).
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fit compared to an absorbed cutoff power law model, with y?/dof = 826/798. We
find evidence of moderate reflection, with the reflection parameter R constrained
to 0.26f8';§. The cutoff energy is found to be strikingly low; E .y = 50411191 keV. We
find a fairly hard photon index (I' = 1.35’:%.112), which may partly account for the
low cutoff energy obtained, due to degeneracy between E.y and I', as evident in
Figure The line-of-sight column density exceeds 10?> cm™2 in all epochs of
observation, confirming this source to be highly X-ray absorbed. The value of Ny
was similar between the NuSTAR observations, at ~ (3 — 4) x 10%> cm™2. For the
archival XMM-Newton observation, Ny was slightly lower at ~ 2.6 X 10> cm™2, but
still consistent with high X-ray obscuration, and with the values reported by Hogg
et al.[| (2012). We also examined archival Swift/XRT spectra taken in December
2005 and found high levels of absorption, with Ny found to be 5.33'% x 107 cm™2

from fitting Model 1 to the data.

We find a fairly low equivalent width of the Fe K line, at ~ 80 eV for the XMM-
Newton observation and =~ 90 eV for the NuSTAR observation. This motivates
the exploration of alternative models with a variable iron abundance. In Model
2, we allow the iron abundance to vary by replacing the photoelectric absorption
component zphabs with an absorber with variable iron abundance (TBFeo). We
also replace the pexrav reflection model and zgauss line component with the
phenomenological pexmon model, which self-consistently models both the reflection
continuum and the Fe Ka line. We tie the iron abundance parameter of the pexmon
model to that of TBFeo. Model 2 yields an improvement to the fit compared to
Model 1, with /\/z/dof = 816/798. However, we find that the iron abundance is
consistent with the Solar value when left as a free parameter. The reduction in
x?/dof compared to Model 1 is likely attributed to differences between the two
models, such as the inclusion of additional emission lines in Model 2. Furthermore,

Model 2 produces slightly higher Ny values for a given epoch (see Table[3.2).

The phenomenological models used to account for reflection assume a simplistic
slab geometry of the reflector with infinite extent and optical depth. While such
models provide a convenient, simplified picture of the AGN reprocessor, they are
not a physically realistic description of the geometry of the circumnuclear mate-
rial, which is thought to have a roughly toroidal shape. We thus construct a third,
physically-motivated model in which the pexmon component is replaced by borus02
(Balokovi€ et al., 2018). The borus®2 model self-consistently computes the ab-

sorbed and reprocessed emission for a torus geometry with a central illuminating
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Table 3.2: Best-fit parameter values from modeling the broadband X-ray spectrum
of 2MASX J193013.80+341049.5

Model component Parameter Model 1 Model 2  Model 3

zphabs Ny (NuSTAR 2016) [102 cm™2] 3.3+0.3 - -
Ny (NuSTAR 2017) [102 cm™2] 3.8+0.3 - -
Nu (XMM-Newton) [10% cm™]  2.6*03 - -

TBFeo Are [solar] - 1.07t0:2  0.45+0.06
Nu (NuSTAR 2016)  [10% cm™?] - 48406 52+
Ny (NuSTAR 2017)  [10?* cm™2] - 5507 49103
Ny (XMM-Newton) [10%} cm™2] - 3.9¥04 47403
pexrav r4 1.35+018 i _
Ecu [keV]  49.97190 ; ]
R 0.26*032 : _
AFe [solar] 1 (fixed) - ;
Norm? [1073] 141702 - _
pexmon r4 3 1_33J:(()).%}t )
Ecy [keV] - 49.9+383 i
R e -
Norm” [107] - 1474034 ;
borus02 r4 } ) 1.73t(())gg
Ecy [keV] - - 71.9%21-2
log N Tor - - 24054002
ct [%] : . > 83.9
Norm” [1077] : - 2447063
x*/dof 826/798 816/798  808/795

AContinuum photon index.
Bpower law normalization in units of counts s™! keV~! at 1 keV.
CTorus covering factor.

X-ray source. It provides more flexibility in modeling the torus geometry com-

pared to previously developed torus models such as MYTorus (Murphy & Yaqoob,
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2009), as it includes the opening angle, the high-energy cutoff, and the relative iron
abundance as free parameters. In contrast, MYTorus assumes a uniform density
torus with a fixed opening angle of 60°, Solar abundance of iron, and a termination
energy at 500 keV. Both models can emulate torus clumpiness by allowing the aver-
age column density through the torus to be independent of the line-of-sight column

density.

With Model 3, we set the covering factor of the torus, C, equal to cos i, where i is
the viewing angle of the torus. We find that the fit naturally converges close to Cy =
cos i when both parameters are left free to vary. We tie the iron abundance parameter
of borus02 to that of TBFeo. We link the photon index and normalization of the
borus®2 component to that of the incident power law. Model 3 provides the best
fit to the data compared to Models 1 and 2, with /\(z/dof = 808/795. Leaving the
iron abundance free results in a sub-solar value (Ap. = 0.457%:0%) consistent with

-0.05
the weak Fe Ka line observed in this source.

Table [3.2] summarizes our modeling results for some of the key best-fit parameters
for each of the three spectral models applied in this work. We conclude from our
broadband spectral fitting that our physically-motivated borus®2 model (Model 3)
provides the best fit to the data and also gives a photon index that lies within the
typical range observed for Seyferts. We show the full broadband unfolded X-ray
spectrum for the borus®2 model fit in Figure 3.3}

With the additional, deeper 50 ks NuSTAR observations taken in 2017, the high-
energy cutoff of the X-ray continuum is confirmed to be constrained to values that
are atypically low compared to the Seyfert population. Ricci et al. (2017b) found
that the median cutoff energy for the Swift/BAT sample of unobscured AGN is
Ecy = 210 + 36 keV. Figure [3.4] shows the contour plot of the photon index against
the high-energy cutoff from the borus02 model fit. While there is some degree of
degeneracy between these two parameters, the value of E.y is constrained to low
values that are below the median cutoff energy found by |Ricci et al.| (2017b)). Such a
low coronal cutoff is unusual but not unprecedented, with recent detections reported
of AGN with high-energy cutoffs within the NuSTAR band (e.g.,Tortosa et al., 2017}
Kara et al., 2017; [Kamraj et al., [2018).

Various explanations have been proposed for the origin of low temperature coronae.
For sources accreting at high Eddington rates, Compton cooling may be enhanced
due to the stronger radiation field present in comparison to lower Eddington ratio
Seyferts (Kara et al., 2017). For AGN accreting well below the Eddington limit,
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Figure 3.3: Broadband X-ray spectrum of 2MASX J193013.80+341049.5 unfolded
through the borus®2 model (Model 3). Solid lines represent total model while
dashed lines depict individual model components.

low coronal temperatures may be attributed to a high optical depth within the
corona, which results in more effective cooling due to multiple inverse Compton
scatterings of seed photons from the accretion disk (Tortosa et al.l [2017). Low
temperatures can also be achieved if the corona consists of a hybridized plasma,
containing both thermal and non-thermal particles (e.g., Zdziarski et al., [1993;
Ghisellini et al.| (1993} Fabian et al., 2017). In such a hybridized system, only a
small fraction of non-thermal electrons with energies above 1 MeV are needed to
result in runaway electron-positron pair production. The cooled pairs redistribute
their available energy, thereby reducing the mean energy per particle and decreasing
the coronal temperature. Such cooling would produce a hard non-thermal tail in the
X-ray spectrum and an annihilation feature at 511 keV, both of which are currently
undetectable with present X-ray instrumentation. In order to robustly test hybrid
plasma models, next-generation hard X-ray observatories with high sensitivity at
energies beyond 100 keV, such as the High-Energy X-ray Probe (HEX-P) (Madsen
et al.| [2018)), will be essential.

3.4 Multi-wavelength Analysis
From broadband X-ray spectral modeling, we confirm that 2MASX J193013.80+341049.5

exhibits high levels of X-ray obscuration, with Ny exceeding 10} cm~2 in both the
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Figure 3.4: E.,—I contour plot from the borus®2 model fit (Model 3) to broad-
band X-ray data of 2MASX J193013.80+341049.5. The solid purple, green, and
yellow contours correspond to the 68, 90, and 99 % confidence levels, respectively.
The black cross represents the best-fit values of the parameters from applying the
borus0®2 model.

NuSTAR and archival XMM-Newton observations. The X-ray spectral features of
this source are characteristic of a classic obscured, Type 2 AGN. The high X-ray
absorption present is thus in clear conflict with the optical classification of this
source as a Type 1 AGN. We explore properties of this enigmatic source at other
wavelengths to investigate whether there are other unusual features possibly linked
to the high X-ray obscuration, but comparatively lower optical obscuration present
in this source. We also discuss possible mechanisms for producing such mismatches

between X-ray and optical classifications.

Optical Spectra

2MASX J193013.80+341049.5 has consistently been classified as a Type 1 AGN
from optical spectra taken over several epochs (e.g., |[Landi et al.l 2007; [Trippe
et al., 2011), which show clear broad components to the Ho and Hg lines. We also
obtained recent optical spectra using the Double Spectrograph (DBSP) instrument on
the 200-inch Hale telescope at Palomar Observatory. Observations were performed
in 2016 October, 2018 August, and 2019 August. We compare the Palomar spectra
with those taken at Orzale in 2006 and KPNO in 2007 (Koss et al., [2017). Full

observation details of the optical spectra examined in this work are presented in



48

Table 3.3: Observation details of the optical spectra of 2MASX
J193013.80+341049.5 considered in this work.

Observation Date  Telescope  Instrument  Exposure time  Slit Size  Slit Size = Spectral Resolution (FWHM)

) 0 (kpc) A)
2006-05-08 Orzale BFOSC 3600 2 2.4 13
2007-06-16 KPNO Goldcam 3600 2 24 33
2016-10-02 Palomar DBSP 300 1.5 1.8 42,59
2018-08-11 Palomar DBSP 300 2 24 48,74
2019-08-28 Palomar DBSP 900 1.5 1.8 44,58

Table 3.4: Flux details and selected line-width properties of the optical spectra of
2MASX J193013.80+341049.5 considered in this work.

Observation Date Continuum flux4 Ha flux Ha FWHM Hp flux HB FWHM
(erg sl em™2 A‘l) (10_17 erg s cm_z) (km s_l) (10_17 erg g1 cm_z) (km s_l)
2006-05-08 160 60501 6948 8580 3577
2007-06-16 77 37097 7053 4363 3373
2016-10-02 78 41239 6720 3189 3639
2018-08-11 48 33022 6697 1822 3610
2019-08-28 58 30915 7227 2657 4385

A Continuum flux density estimated in the 47604780 A band.

Table [3.3] Broad He and Hg lines are present in all epochs, consistent with a Type
1 optical classification (Figure [3.5). We also observed a nearby galaxy companion
during the UT 2019 August 28 observation, 2MASS J193015.12+34111.18, which
is 27.3 to the northeast of the AGN (33.4 kpc). The galaxy is an absorption line
system at a close redshift (z = 0.063 based on the Ca H+K absorption lines) to the
primary AGN galaxy.

For emission line measurements, we follow the procedure used in the OSSY database
(Oh et al., 2011) and its broad-line prescription (Oh et al., [2015). We apply stellar
templates (Bruzual & Charlot, 2003};|Sanchez et al., 2006) and emission-line fitting
in a rest-frame ranging from 3780 A to 7580 A. Using the broad He flux and line-
widths from the 2016 observation, we derive a black hole mass of log( Mgy /M) =
8.3 using the virial approximation of|Greene & Ho|(2007). The flux of the broad HS
line, broad Ha line, and continuum (4760-4780 A) are observed to decrease over
the period 2006-2019 (Table[3.4) by more than a factor of 2. Errors are dominated
by flux calibration of the order 10-20%. The HfS line FWHM remains roughly
constant across observations. It is unlikely that the mismatch in X-ray and optical
classifications is due to short timescale variability of the line-of-sight absorption,
as Ny remains consistently high in all epochs of X-ray observations. Furthermore,
Hogg et al.| (2012)) note little variability in optical spectra taken three months apart
(Landi et al.| [2007; [Winter et al., 2010).
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Figure 3.5: Optical spectra of 2MASX J193013.80+341049.5 taken at Orzale
(2006), KPNO (2007), and Palomar Observatory (2016, 2018, 2019). The fluxes
have been normalized by the emission in a line-free region (4760 - 4780 A). Leftand
right panels show the velocity centered on the HS and Ha line profiles, respectively.

X-ray to Mid-IR Relation

It is well-established that the X-ray and mid-IR emission from AGN are corre-
lated (e.g., [Lutz et al., 2015} |Gandhi et al.l 2009; [Stern, 2015). We investigate
whether 2MASX J193013.80+341049.5 has mid-IR properties that are consistent
with the observed correlation between mid-IR and X-ray luminosity. We estimate
the mid-IR luminosity at 6 um by constructing the broadband SED for 2MASX
J193013.80+341049.5 using publicly available data from the Vizier catalog. The
data obtained from Vizier includes measurements from catalogs such as 2MASS,
Gaia, PanSTARRS, AKARI, WISE, and XMM-UVOT, covering a total wavelength
range from 0.3—100 um. We linearly interpolate between 3.75 and 15 um to deter-

mine the rest-frame 6 um flux density. We convert from specific flux to luminosity
using a luminosity distance of 268 Mpc obtained from the NASA/IPAC Extragalac-
tic Database (NED). We calculate the X-ray luminosity from the unabsorbed flux in
the 2—10 keV band, using the 2017 NuSTAR data. We also estimated the predicted
2-10 keV luminosity based on the Ha luminosity measured from the 2016 optical
spectra, using the observed relation between intrinsic 2—10 keV luminosity and Ha
luminosity (Panessa et al., 2006). We found the predicted X-ray luminosity to be
consistent with the intrinsic luminosity observed from the NuSTAR data.
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Figure 3.6: Rest-frame 2—-10 keV X-ray luminosity against rest-frame 6 ym mid-
infrared luminosity for 2MASX J193013.80+341049.5 (black point) along with
published relations from |Fiore et al. (2009) and Stern| (2015)).

Figure [3.6) shows the rest-frame 2—10 keV luminosity against the rest-frame 6 ym
luminosity for 2MASX J193013.80+341049.5, along with correlations reported in
the literature. [Fiore et al. (2009) report a mid-IR to X-ray correlation based on
samples of X-ray-selected Type 1 AGN in the COSMOS and CDEFS fields. The
relation presented in Stern| (2015) was obtained by including a sample of the most
luminous quasars from the Sloan Digital Sky Survey, and is appropriate for AGN
across a large luminosity range, spanning from the Seyfert through to the quasar
regime. The location of our source is consistent with both these published relations,
indicating that 2MASX J193013.80+341049.5 is not atypical in terms of its mid-

IR/X-ray luminosity ratio.

Broadband SED and o

We construct the broadband SED for 2MASX J193013.80+341049.5 using publicly
available flux densities from the Vizier catalog and PanSTARRS DR2. We perform
SED fitting in order to investigate the relationship between UV and X-ray luminosity

for this source, parameterized by the ao spectral slope, defined as:
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aox = —0.384 X Log|[ Lakev/L2s00]

where Lokey and Lysog are the monochromatic luminosities at 2 keV and 2500 A,
respectively. We determine the monochromatic luminosity at 2500 A, corrected
for dust-reddening, via SED template fitting. We model the SED of 2MASX
J193013.80+341049.5 in the 0.03-30 pm range using the algorithm and empirical
templates of Assef et al.[|(2010). The models consist of a linear combination of a
dust-reddened AGN template and three empirical galaxy templates, corresponding
to E, Sbc, and Im-type galaxies. We do not include UV data in our SED fitting due to
the uncertainty in the UV extinction correction. Figure[3.7|presents the best-fit SED
model of 2MASX J193013.80+341049.5 along with individual model components.
We linearly interpolate the best-fit, un-reddened AGN component to determine the
intrinsic specific flux at 2500 A. We compute the monochromatic X-ray luminosity

at 2 keV from modeling the broadband X-ray spectra, correcting for absorption.

In Figure [3.§] we present the monochromatic X-ray luminosity as a function of the
monochromatic UV luminosity, along with fitted relations reported in the literature.
Lussoetal. (2010) present a significant correlation between Lokev and Ljsog based on
a sample of 545 X-ray-selected Type 1 AGN from the XMM-COSMOS survey, span-
ning a wide range of redshifts and X-ray luminosities. In Lusso & Risaliti| (2016),
a tighter correlation is reported using a sample of 2685 quasars that have been opti-
cally selected with homogeneous SED and X-ray detections, with dust-reddened and
gas-obscured sources excluded from the sample. 2MASX J193013.80+341049.5 is
consistent with observed relations between Loyey and Ljsog (Figure 3.8)), indicating
that this source is also not atypical in terms of its UV/X-ray luminosity ratio. We
find aox ~ 1.4, which is within the typical range of ax distributions, which covers
1.2 - 1.8 (Lusso et al., [2010).

The normal X-ray-to-optical ratio (parameterized by ax) of 2ZMASX J193013.80+341049.5
indicates that it is unlikely that the Type 1 optical classification is due to scattering of
BLR photons into our line of sight through a region of lower column density. If there
were strong scattering present, a stronger X-ray-to-optical ratio would be expected
due to suppression of optical emission. We further rule out a scattering scenario
through our broadband SED fitting, where we allow for a second unobscured AGN
component to account for the scattered light leaked from a primary obscured AGN

component. The best-fit for such a model produces zero flux for the second AGN
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Figure 3.7: Spectral energy distribution (SED) of 2MASX J193013.80+341049.5.
The best-fit SED model (black line) consists of an AGN component (blue line), a
young stellar population (cyan line), and an old stellar population (red line). Solid
red points are observed flux densities used for the SED fit, obtained from publicly
available data from the Vizier catalog and PanSTARRS DR2.

component, indicating no evidence for scattered/reflected light leaking into our line

of sight.

Gas-to-Dust Ratio

Some studies have reported Type 1 AGN with large X-ray column densities (e.g.,
Shimizu et al.| |2018), however explanations for the existence of such objects have
varied widely. One explanation that is consistent with the unified model is that our
line of sight grazes the edge of the obscuring torus where the cloud distribution is
less dense, but still provides significant X-ray absorption due to the X-ray corona’s
small physical size compared to the BLR. This would result in a larger effective
covering fraction of the compact corona in comparison with the more extended
BLR. This scenario is supported from our X-ray modeling with Borus, where we
found that a geometry in which the torus is viewed through the rim provided the
best-fit to the data.
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Figure 3.8: Rest-frame monochromatic 2 keV luminosity Lokev, against rest-frame
2500 A luminosity Lj;so9 for 2MASX J193013.80+341049.5 (black star). Also
plotted are literature relations from |Lusso et al.| (2010) and Lusso & Risaliti (2016).
The shaded regions represent the 3 o dispersion in the fitted relations.

If we model the torus to have a clumpy distribution (Krolik & Begelman, 1988b),
then another possibility is that a clump has entered our line of sight during the X-ray
observation, causing a temporary increase in the X-ray column density. However,
the lack of variability in Ny between epochs of X-ray observations appear to disfavor
such short timescale variability as the cause of the X-ray/optical mismatch (see also
Section 4.1).

High levels of X-ray obscuration but lack of optical obscuration could also be
explained by the presence of high-density, ionized gas outflows. For example, the
broad-line radio galaxy 3C 445 is classified as Type 1 from broad Ha and HS lines
in its optical spectrum, however Suzaku and Chandra observations show it to be
heavily absorbed with Ny ~ 10?* cm™2. The soft X-ray spectrum of this source is
dominated by ionized emission lines (Braito et al., 2011)). A mechanism proposed by
Braito et al.|(2011)) is that the photo-ionized, outflowing absorber is associated with
a disk wind that is clumpy in nature and located close to the central X-ray source.
The clumpy distribution of the absorber enables visible sightlines to the BLR gas.
High resolution X-ray grating observations are generally needed to identify emission

lines or absorption features associated with ionized gas outflows.
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Another possibility for the mismatch in X-ray and optical classifications for 2MASX
J193013.80+341049.5 is a lower dust-to-gas ratio relative to the Galactic interstellar
medium. Maiolino et al.| (2001) investigated the ratio of reddening to the X-ray
absorbing column density, Ep_y/Ny, for a diverse sample of AGN characterised
by cold X-ray absorption. They found that Ep_y/Ny is lower than Galactic by
factors ranging from ~ 3—100 for most sources in their sample, assuming a standard
Galactic extinction curve. In Figure [3.9] we show Ep_y/Ny as a function of the
intrinsic 2—-10 keV luminosity for 2MASX J193013.80+341049.5 compared to the
sample from Maiolino et al. (2001). We find Eg_y = 0.50 + 0.07, determined from
our broadband SED fitting. We observe that 2MASX J193013.80+341049.5 has an
Ep_y/Ny that is significantly lower than the Galactic standard value by a factor of
170. This suggests that reduced dust absorption compared to the gaseous column
density may likely explain the mismatch between the X-ray and optical classification
of 2MASX J193013.80+341049.5. It is possible that the BLR itself provides extra
X-ray obscuration and consists of neutral, dust-free gas that is an inner extension of
the dusty molecular torus (Davies et al.,[2015)). If the BLR is the source of the X-ray
absorption, Ny variability may be seen on relatively short timescales (e.g., Risaliti
et al., 2005). One method to verify where the bulk of the absorbing gas resides is
through resolving the width of the Fe Ka line (e.g., |(Gandhi et al., 2015). Future
X-ray missions such as Athena (Barcons et al., 2015) will be able to measure the

width of the Fe K line with unprecedented spectral resolution.

3.5 Summary

In this paper, we present both a broadband X-ray and a multi-wavelength analysis
of the enigmatic X-ray obscured, but optically unobscured Type 1 AGN 2MASX
J193013.80+341049.5. From joint modeling of NuSTAR and archival XMM-Newton
observations, we find 2MASX J193013.80+341049.5 to be strongly absorbed, with
Ny > 2 x 102 cm™2. We also find the source to possess an atypically low coronal
temperature compared to the Seyfert population (Ecy ~ 72 keV). Some possible
mechanisms to explain the low coronal temperature include a large optical depth of

the corona, a strong radiation field, or a hybrid pair-dominated plasma.

We investigate possible scenarios to explain the mismatch between X-ray and optical
classifications using techniques such as broadband SED modeling. We find that
2MASX J193013.80+341049.5 likely has a much lower dust-to-gas ratio relative
to the Galactic ISM, with Ep_y/Ny lower than the Galactic standard by a factor of
~ 170. This suggests that the X-ray/optical mismatch could be explained by the
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Figure 3.9: Ep_y/Ny ratio vs. intrinsic 2—10 keV X-ray luminosity for 2MASX
J193013.80+341049.5 (blue star), and for sources from the sample of Maiolino
et al.[ (2001) (black points). The reddening Ep_y is estimated assuming a Galactic
standard extinction curve. The column density Ny is determined from fitting X-ray
spectra. Dashed black line represents the Galactic standard value of Ep_y/Ny.

BLR itself providing the source of extra X-ray obscuration, and is composed of

low-ionization, dust-free gas.
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Abstract

The corona is an integral component of Active Galactic Nuclei (AGN) which pro-
duces the bulk of the X-ray emission above 1-2 keV. However, many of its physical
properties and the mechanisms powering this emission remain a mystery. In par-
ticular, the temperature of the coronal plasma has been difficult to constrain for
large samples of AGN, as constraints require high quality broadband X-ray spectral
coverage extending above 10 keV in order to measure the high energy cutoff, which

provides constraints on the combination of coronal optical depth and temperature.
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We present constraints on the coronal temperature for a large sample of Seyfert 1
AGN selected from the Swift/BAT survey using high quality hard X-ray data from the
NuSTAR observatory combined with simultaneous soft X-ray data from Swift/XRT
or XMM-Newton. When applying a physically-motivated, non-relativistic disk re-
flection model to the X-ray spectra, we find a mean coronal temperature k7, =
84+9 keV. We find no significant correlation between the coronal cutoff energy and
accretion parameters such as the Eddington ratio and black hole mass. We also do
not find a statistically significant correlation between the X-ray photon index, I", and
Eddington ratio. This calls into question the use of such relations to infer properties

of supermassive black hole systems.

4.1 Introduction

Active Galactic Nuclei (AGN) are known to produce copious amounts of hard X-ray
radiation. This continuum X-ray emission is believed to be produced in a hot cloud
of plasma called the corona, where electrons Compton up-scatter thermal optical
and UV photons from the accretion disk to X-ray energies (e.g.,|[Haardt & Maraschi,
1993; Merloni & Fabian, 2001). While many of its physical properties are not well
constrained, the corona is known to be compact, of the order of 3—10 R, (where
R, = GMgy / c? is the gravitational radius for a black hole of mass Mpy), as
determined by methods such as rapid X-ray variability (e.g., McHardy et al., 2005),
quasar microlensing (e.g., Chartas et al., 2016), and reverberation mapping of X-ray
radiation reprocessed by the accretion disk (e.g., [Fabian et al., 2009; De Marco
et al., [2013; Uttley et al., 2014). AGN coronae may also be compact in a radiative
sense, indicating an abundance of interactions involving significant energy exchange
between particles and photons within the source (Fabian et al.,|2015). This radiative
compactness can be characterized by the dimensionless parameter / (Guilbert et al.,
1983)), defined as:

m,R, L
|=4n—L8— 4.1
me R LE

where m, and m, are the proton and electron mass, respectively, R, is the gravi-
tational radius, R is the coronal radius, L is the coronal luminosity, and L is the

Eddington luminosity.

Some of the fundamental physical properties of the corona, such as its temperature
(kT,) and optical depth (7) can be probed through broadband X-ray spectroscopy.

Specifically, the coronal X-ray emission can be characterized by a high-energy cutoft,
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Ecut, when approximating the X-ray continuum flux as a power law oc E~1 ¢E/Eeu

where E is the photon energy and I is the continuum photon index (e.g.,Rothschild
et al., |1983). Spectral parameters obtained from broadband X-ray fitting thus cor-
respond to physical parameters of the corona, with the temperature related to the
cutoff energy via E¢y ~ 2-3 kT,, assuming a slab-like coronal geometry (Petrucci
et al., 2001). Measurements of the cutoff energy have been difficult to obtain, since
they require high-quality broadband X-ray spectral coverage above 10 keV. Previous
studies of E.y performed with non-focusing/collimating X-ray instruments in the
hard X-ray band such as CGRO/OSSE (e.g., Rothschild et al., [1983; Zdziarski et al.,
2000), BeppoSAX (e.g., Nicastro et al., 2000 Dadina, 2007) and INTEGRAL (e.g.,
Beckmann et al.|[2009; Ricci et al., 201 1; Malizia et al., 2014) had limited sensitivity
and could only constrain E for the brightest nearby AGN.

The launch of the NuSTAR observatory (Harrison et al., 2013) has transformed mea-
surements of AGN cutoff energies. Being the first focusing hard X-ray telescope in
orbit with spectral coverage up to 79 keV, NuSTAR has enabled E to be constrained
for many individual unobscured and obscured AGN (e.g., Ballantyne et al., 2014;
Brenneman et al., 2014} [Balokovi¢ et al., [2015]; |Kara et al., 2017} [Xu et al., 2017).
The Swift/BAT catalog (e.g., |Gehrels et al., 2004; Baumgartner et al., 2013} Oh
et al., 2018)) provides a large sample of local, bright AGN with uniform sky cover-
age. Several studies have presented X-ray spectral analyses of Swift/BAT-selected
AGN to investigate physical properties of the accreting supermassive black hole
(SMBH). For example, Ricci et al. (2017b) performed a broadband spectral analysis
of 836 Swift/BAT AGN and found a median cutoff energy for the entire sample of
E. = 200+£29 keV; however, these measurements did not use NuSTAR data and
primarily utilised lower quality hard X-ray data from non-focusing instruments such
as Swift/BAT. |Kamraj et al. (2018) presented E,; constraints for a sample of 46
Swift/BAT-selected Seyfert 1 AGN using ~ 20 ks exposure NuSTAR snapshot obser-
vations performed as part of the NuSTAR Extragalactic Legacy Surveys progranyT]
More recently, Balokovi¢ et al.| (2020) presented E constraints for obscured AGN
selected from the Swift/BAT catalog, that also have short, 20 ks NuSTAR exposures.

In addition to constraining cutoff energies, NuSTAR has revitalized deeper explo-
ration of AGN coronal parameters and their possible connection with the accretion
properties of SMBH systems, such as the associated Eddington ratio. While some

past studies of AGN that did not utilize NuSTAR measurements have found tentative

"https://www.nustar.caltech.edu/page/legacy_surveys
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correlations between median values of E., and accretion parameters such as the
Eddington ratio (e.g.,[Ricci et al., 2018), studies of small samples of AGN observed
with NuSTAR have shown no evidence for such a correlation (Tortosa et al., 2018)).

In this paper, we present the first systematic study of the coronal properties of a large
sample of unobscured AGN observed with NuSTAR. We use 195 observations of
Seyfert 1 AGN selected from the Swift/BAT all-sky survey that also have snapshot
NuSTAR legacy observations or long exposure targets observed as part of individual
Guest Observer programs. We include simultaneous soft X-ray data from the
Swift/XRT and XMM-Newton instruments where available. This study provides a
combination of superior quality broadband X-ray data with a large sample size,
enabling robust characterization of the physical properties of the corona in the local,

unobscured AGN population.

This paper is structured as follows: in section [d.2] we describe the sample used in
this work, the X-ray observations, and data reduction procedures; in section §.3]
we detail the various spectral models considered for fitting to the broadband X-ray
data; in section [E], we present constraints on coronal temperatures for our sample
and investigate the relation between parameters derived from spectral fitting and
accretion properties such as Eddington ratio and black hole mass; we summarize
our findings in section 4.5 We quote parameter uncertainties from spectral fitting
at the 90% confidence level.

4.2 Sample, Observations, and Data Reduction

Seyfert 1 Sample

For this study, we selected sources by choosing AGN from the Swif#/BAT 70-month
X-ray catalog (Baumgartner et al., 2013)). The all-sky catalog consists of AGN
that are bright in the hard X-ray band (14-195 keV). Among these sources, we
select AGN that are optically classified as Seyfert 1 (Syl), a sample that contains
sub-classes ranging from Sy1-Sy1.8, following the Osterbrock classification system
(Osterbrockl, |1981). The optical spectroscopic classification is derived from the
BAT AGN Spectroscopic Survey (BASS{?[Koss et al.|(2017)). From this sample
of unobscured AGN, we then selected sources that had been observed by NuSTAR,
both as part of the Extragalactic Legacy Survey and Guest Observer program ob-
servations. Our final sample contains 195 Sy 1 AGN with redshifts in the range
0.002 < z < 0.2. In addition to the NuSTAR observations, where available we

Zhttps://www.bass-survey.com/
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utilize simultaneous soft X-ray data in the 0.4-10 keV band taken with either the
Swift/XRT or XMM-Newton/EPIC instruments.

NuSTAR

We performed reduction of the raw event data from both NuSTAR modules, FPMA
and FPMB (Harrison et al.,|2013)) using the NuSTAR Data Analysis Software (NuS-
TARDAS, version 2.14.1), distributed by the NASA High-Energy Astrophysics
Archive Research Center (HEASARC) within the HEASOFT package, version 6.27.
We calculated instrumental responses based on the NuSTAR calibration database
(CALDB), version 20180925. We cleaned and filtered raw event data for South
Atlantic Anomaly (SAA) passages using the nupipeline module. We then ex-
tracted source and background spectra from the calibrated and cleaned event files
using the nuproducts module. More detailed information on these data reduction
procedures can be found in the NuSTAR Data Analysis Software Guide (Perri et al.,
2017). Source spectra were extracted from circular regions with an extraction radius
ranging from 30 to 60 depending on the source size and brightness. We extracted
background spectra from source-free regions of the image on the same detector
chip as the source, away from the outer edges of the field of view, which have

systematically higher background.

XMM-Newton

In addition to the NuSTAR hard X-ray data, where available, we utilize simultane-
ous observations from the XMM-Newton observatory (Jansen et al., 2001) in the
soft X-ray band taken with the EPIC-pn detector (Striider et al., 2001). We have
simultaneous XMM-Newton observations for 26 observations in our sample. We
performed reduction of the raw XMM-Newton data using the XMM-Newton Science
Analysis System (SAS, \Gabriel et al., 2004, version 16.1.0), following the standard
prescription outlined in the XMM-Newton ABC online guide ] Calibrated, cleaned
event files were created from the raw data files using the SAS command epchain
for the EPIC-pn detector. As recommended, we only extracted single and double
pixel events for EPIC-pn. Source spectra were extracted from the cleaned event
files using the SAS task xmmselect. Background spectra were extracted from a
circular aperture placed near the source on the same CCD chip. We checked for the
presence of detector pileup using the SAS task EPATPLOT. Where significant pileup

was detected in an observation, we used an annular extraction region in which the

3https://heasarc.gsfc.nasa.gov/docs/xmm/abc/
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core of the source point spread function is excised in order to remove pileup. We

generated instrumental response files using the SAS tasks rmfgen and arfgen.

Swift/XRT

For sources where simultaneous soft X-ray coverage with XMM-Newton was not
available, we use simultaneous data taken with the Swift/XRT instrument (Burrows
et al., 2005). We have simultaneous Swift/XRT observations for 149 observations in
our sample. We reduced the Swift/XRT data using the ASDC XRT Online Analysis
serviceffl We performed standard filtering using the XRTPIPELINE script following
the guidelines detailed in Evans et al.| (2009). We extracted background spectra
from large annular regions around the source, taking care to avoid contamination.
Instrumental ARF and RMF response files were generated using the XRTPRODUCTS

script.

4.3 X-ray Spectral Modeling

We performed all spectral modeling of the broadband X-ray data using the XSPEC
fitting tool (v12.11,/Arnaud, 1996). We adopt cross sections from|Verner et al.|(1996))
and solar abundances from |Wilms et al.|(2000). In all our model fitting, we include
a Galactic absorption component modeled with the TBABs absorption code (Wilms
et al.,[2000), using Galactic column densities Ny, ga taken from the HI maps of the
LAB survey (Kalberla et al.l 2005). We also add a cross-normalization constant
factor (c;,s) to all models to account for variability and calibration uncertainties

across different instruments.

Model 1: Simple Absorbed Power Law

The first model we employ consists of a simple absorbed power law continuum with
a high-energy cutoff E.y. The power law continuum slope is characterized by the
photon index I', with the intrinsic continuum flux proportional to E T exp(—E / Ecw).
In XSPEC notation, the model is given by c¢;,; X TBABS X ZPHABS X CUTOFFPL,
where ZPHABS models photoelectric host galaxy absorption. Figure d.T| presents an
example broadband X-ray spectrum for one of the sources in our sample, alongside

residuals to the absorbed power law model fit to the data.

4http ://www.asdc.asi.it/mmia/index.php?mission=swiftmastr
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Figure 4.1: Broadband X-ray spectrum of IC4329A (top) alongside fit residuals for
an absorbed cutoftf power law model (bottom). Blue points represents Swift/XRT
data while black and red points correspond to NuSTAR FPMA and FPMB data,

respectively. Data points are re-binned for plotting clarity.

Model 2: Phenomenological Reflection (PEXRAV)

The second model we apply accounts for reflection features in the X-ray spectrum
from reprocessing of the hard X-ray emission, such as the Fe K line at a rest-frame
energy of 6.4 keV and Compton reflection hump peaking around 20-30 keV (see
e.g. Figure {.T). We model these features using the phenomenological PEXRAV
model (Magdziarz & Zdziarski, [1995)), which assumes reflection off a slab of semi-
infinite extent and optical depth. Our model expression in XSPEC is given by c;,
X TBABS X ZPHABS X (CUTOFFPL + ZGAUSS + PEXRAV), where zGAUSS models a
Gaussian Fe Ka line. We fix iron and light element abundances to solar values and
fix the inclination angle of the plane of reflecting material at the default value of cos
6 = 0.45. We tie the photon index and normalization of the reflected power law to

that of the incident power law and fix the energy of the Fe K line at 6.4 keV.
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Model 3: Physical Reflection (XILLVERCP) Model

The final model we apply is an advanced reflection model that accurately models
the physics of reprocessed radiation from the corona. We replace the PEXRAV
component with the XILLVERCP model (Garcia & Kallman, 2010), which forms
part of the RELXILL family of disk reflection models (Garcia et al., 2014). These
models adopt a rich atomic database, fully calculate the angular distribution of
the reflected radiation, and provide various geometrical models of the illuminating
coronal source. The XILLVERCP model treats the coronal radiation incident on the
disk as a thermally Comptonized continuum using the NTHCoMp code (Zdziarski
et al., [ 1996) which vastly improves over a simple exponential cutoff power law
continuum approximation. The model also self-consistently calculates the relative
strength of the reflected emission, R, and the ionization parameter of the accretion
disk, defined as & = 47 Fx/n where Fy is the incident X-ray flux and » is the disk
density. A disk density of 10" cm™ is assumed for the XILLVERCP model. Other
key free parameters are the photon index I" and the coronal electron temperature k7.
We fix the inclination angle measured with respect to the disk normal at the default
value of 30°. These advanced reflection models are able to provide constraints on
the coronal temperature up to several hundred keV, past the limit of the NuSTAR
detector bandpass, since the ionization state and disk structure are conditioned by
the high-energy region of the spectrum, which in turn determines the observed

reflection features (Garcia et al., [2015)).

Choice of Spectral Fitting Statistic

In our model fitting, we consider both )(2 statistics and the Cash statistic (C-stat,
Cash, [1979). While y? statistics have traditionally been used as the primary fit
statistic for X-ray spectral fitting, its usage is appropriate only when there are
sufficient photon counts in a given energy bin such that the statistical variations
can be approximated by a Gaussian distribution. Rebinning of spectra to achieve a
Gaussian approximation can thus wash out key features in the X-ray spectrum, such
as curvature at high energies from which estimations of E, are made. A more
appropriate fit statistic to use, particularly when dealing with low photon counts, is
C-stat, which maintains Poisson counting statistics and provides unbiased parameter

estimation while still resembling a Xz statistic (Kaastra, [2017)).

When applying y? statistics, we rebinned the NuSTAR data to give a minimum of 20
photon counts per bin. For C-stat, we rebinned the data to have unity photon count
per bin. We used the HEASOFT task grppha for all spectral binning. In Figured.2]
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Figure 4.2: Distributions of the goodness-of-fit for the y? and Cash statistics (C-stat)
for an absorbed power law model fit (Model 1) to the broadband X-ray data for our
entire sample.

we show the distribution of the goodness of fit (defined as the value of the fit statistic
divided by the number of degrees of freedom) for both y? and C-statistics, when
applying the absorbed power law model fit to the data for our sample. We find
that the distribution of the goodness of fit has a similar mean value for both types
of statistic, indicating that C-stat provides an equally valid goodness of fit measure
compared to y? statistics. In addition, the goodness of fit is more tightly distributed
around unity for C-stat, thus providing an overall better fit, motivating its usage as
the primary fit statistic for our work.

4.4 Results and Discussion

Distribution of High Energy Cutoffs

We examined the distributions of coronal cutoff energies determined from broadband
X-ray modeling (E. or kT, depending on type of spectral model) for our full sample,
considering both best-fit values and lower bounds. We first compared best-fit results
for the Xz and C-stat distributions, and overall, we find improved constraints when
using C-stat. Figure @ shows the distributions of best-fit E., values for the
absorbed power law model fit to the data for both y? and C-stat. We observe that
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Figure 4.3: Distributions of the high energy cutoff E. for the y? and Cash statistics
(C-stat) for an absorbed power law model fit (Model 1) to the broadband X-ray data
for our entire sample. We note that the model limit for the value of Ey is 500 keV.

with the y? statistic, a large number of sources have high energy cutoffs pegged
at the upper limit of the model, leading to mean and median E values that are
skewed to higher energies. With C-stat, significantly fewer sources have best-fit
coronal cutoff values at the upper limit of the model, producing average cutoffs that
are lower and more closely resembling the true mean of the distribution, particularly
since curvature in the spectrum at high energies associated with the coronal cutoff
is not washed out, which can often be the case with the relatively wide energy bins

necessary for y? fitting.

We find full constraints on E.y (both lower and upper limits) for 60 observations
in our sample using C-stat, compared to 44 full E constraints when performing
spectral fitting with y? for the absorbed power law model. For the PEXRAV model, we
obtain full E. constraints for 91 observations with C-stat and 70 observations with
)(2 statistics. For the final XILLVERCP model, full constraints on k7, are obtained for
79 observations with C-stat and 43 observations with y2. In all cases, the number
of full constraints on E or k7, is greater when applying the C-statistic compared
to the y? statistic. Furthermore, we note that while some individual AGN may have

very high cutoff energies, e.g. Cen A (Fiirst et al., [2016)), generally average high
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energy cutoffs of the AGN population cannot exceed several hundred keV as this
would otherwise overproduce the cosmic X-ray background above 100 keV (Gilli
et al.,[2007; |Ananna et al.,|2019).

In Figure 4.4] we present distributions of coronal cutoff energies using C-stat for
the three spectral models considered in this work. Overall, we find good agreement
between the different spectral models for the mean value of E.,. We determine
the mean value of E or kT, from the best-fit distributions presented in Figure 4.4]
(purple). We do not include best-fit values of Ey or k7, that are pegged at the
upper limit of the spectral model (500 keV, 1 MeV and 400 keV for models 1, 2,
and 3, respectively) in our determination of mean values, as such values typically
result from XSPEC being unable to determine error bounds from the data. For the
XILLVERCP model, assuming a conversion factor for E.y ~ 2-3 kT, (Petrucci et al.,
2001)), the mean value of k7T, = 84+9 keV is consistent with the mean value of
Ey derived for spectral models 1 and 2, which were found to be 137+12 keV and
156+13 keV respectively. Table presents example spectral fit constraints and
source properties for some select objects from our sample.

We generally find good agreement when comparing our E or kT, results to similar
measurements for unobscured AGN reported in the literature. For example, |Ricci
et al.| (2017b) reported a median value of E . = 210+36 keV for unobscured AGN
from the Swift/BAT 70-month catalog, determined from broadband spectral fitting
of Swift/BAT and Suzaku data. In recent work by Molina et al. (2019) which
studied NuSTAR spectra for a small sample of 18 broad-lined AGN selected with
INTEGRAL, a mean value of E., = 111+45 keV was obtained for their sample,

which is marginally consistent with our measurements given the large uncertainty.

Relation between the High Energy Cutoff and Accretion Parameters

We next explore possible relations between the cutoff energy/temperature and fun-
damental accretion properties of the SMBH, such as Eddington ratio (L/Lg4q) and
mass of the SMBH (Mpy). We adopt black hole mass estimates from the second
data release of optical measurements from the BASS survey (DR2: Broad-Line
Based Black Hole Mass Estimates and Biases from Obscuration, Mejia-Restrepo
et al., submitted). In addition to broad-line measurements from optical spectra,
black hole mass estimates from the BASS survey have been compiled using several
other techniques, such as stellar velocity dispersions, direct methods such as maser

emission and reverberation mapping, and the Mgy — o relation of Kormendy & Ho
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Table 4.1: Redshifts, black hole masses and best-fit spectral parameters from fitting
broadband X-ray data for select sources from our sample of Swift/BAT-selected

Syls.
Source Redshift log(Mgy/ MQ)A r E.cut kT, C-stat/dof
(keV)  (keV)

Fairall 1203 0.058 8.20 1.24%015 42%30 : 1052/1192
1.45t8~_§g > 45 - 186/247
1.56t§~33 - 15 1043.5/1189

IC 4329A 0.016 7.81 1.697000%  >3094 . 4955/4179
1.72£0.01 17033 - 2698/2706
177050, - 82t 4275.7/4210

MCG-3-4-72  0.046 7.09 1.73£0.05 11792 - 1554/1642
1.95+0.06 123*72° - 748.5/749
1.73*0:04 - 15%3  1537/1654

Mrk 1148 0.064 8.01 L7340, 81M% - 2138/2262
1.89+0.04 > 85 - 1477/1633
1.787001 - > 18  2167.5/2290

RBS 542 0.104 7.89 1.61+0.02 7437‘(‘) - 3389.8/3251
1.64+0.03 497 - 1658/1570
1707093 - >16  3253/3257

Information presented in this table is available for our full sample in

machine-readable form upon request.

A Reference: Mejfa-Restrepo et al., submitted (BASS XXII DR2: Broad-line

Based Black Hole Mass Estimates and Biases from Obscuration).

B Applied XSPEC models: (1) ¢js X TBABS X ZPHABS X CUTOFFPL

(2) cins X TBABS X ZPHABS X (CUTOFFPL + ZGAUSS + PEXRAV)

(3) cins X TBABS X ZPHABS X (XILLVERCP + ZGAUSS)

(2013). The Eddington luminosity Lgqq for pure H composition is given by:

LE dd = Wﬂ (42)

where G is the gravitational constant, c is the speed of light, and o 1s the Thompson

scattering cross section. We calculate the Eddington ratio L/Lggq using the bolo-

metric AGN luminosity, determined from the intrinsic X-ray luminosity in the 2—10

keV band, applying a bolometric correction factor of 20 to the 2—10 keV luminosity

(Vasudevan & Fabian, 2009)).

Figure [4.5] presents the lower bound of E¢y or k7, versus Eddington ratio for the

three spectral models considered. Since our sample contains a large number of

Model?
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sources with either partial constraints or lower limits on the coronal cutoff energy,
for consistency we examine the trend in the lower bounds of E or kT, across the
entire sample. While our sample includes some strong constraints for bright AGN
with long NuSTAR exposures, as noted in |Balokovic et al.| (2020), for large sample
statistics, such lower bound constraints are more informative than analysis of a small
number of tightly constrained limits. Recently, |Akylas & Georgantopoulos (2021)
studied the coronal cutoffs in Swift/BAT-selected Sy 1 AGN using NuSTAR data,
incorporating techniques similar to Balokovi€ et al.|(2020)) that allow them to take the
numerous lower limits on E., into account. Best-fit values of E.y or kT, obtained
from spectral fitting with XSPEC can fluctuate between the upper and lower bounds
with refitting, thus the lower bound presents a more robust constraint. We also note
lower bounds on the cutoff energy that lie well outside the NuSTAR bandpass should
be considered with due caution, due to uncertainties in spectral modeling combined
with limitations in data quality for some sources. For example, Matt et al.| (2015)
found E.y = 720J:11398 keV when fitting the NuSTAR spectrum of NGC 5506 with a
relativistic reflection model. However, |[Balokovi¢ et al.|(2020) found E. = 110+10
keV for NGC 5506 when fitting the same NuSTAR data with a slightly different
spectral model. Despite the improved sensitivity of broadband spectra taken with
NuSTAR and usage of more physically accurate reflection models, the extrapolation
of Comptonization spectra to energies above the bandpass of NuSTAR presents large
uncertainties and are overall difficult to predict above 100 keV (e.g., Niedzwiecki
et al., 2019; Zdziarski et al., 2021)).

We do not find a significant correlation between the lower bound of the coronal cutoff
and Eddington ratio for the full sample, with p-values exceeding 1 % when applying
a Spearman rank correlation test to both individual points and binned data. We also
investigated the dependence of the coronal cutoff on the mass of the AGN SMBH
(Mgn). Figure [4.6]shows the results for different spectral models. While we find a
declining trend in the mean lower bound of E,; with My for the absorbed power
law model, with a p-value of 0.004%, we do not find any statistically significant
correlation for the two reflection models (p-value > 10%), which more accurately

characterize the AGN emission compared to the simple power law fit.

Comparing our results with similar studies of coronal parameters by Ricci et al.
(2018)) using pre-NuSTAR broadband X-ray data, we find some differences. Ricci
et al. (2018) find a negative trend in the median value of E., with Eddington

ratio for their sample of 211 unobscured AGN, including lower limits. However
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Figure 4.5: Lower bounds of E.y and kT, versus the Eddington ratio L/Lgqq for
different X-ray spectral models applied to our entire sample, using C-stat. Solid
horizontal lines represent mean values of E or k7T, for different intervals of L/Lgqq.
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no significant correlation is found between E., and Eddington ratio when lower
limits are ignored in their sample. While they observe a possible trend between
E¢y and Mgy, such a correlation disappears when dividing the sources into bins
of different Eddington ratio. [Tortosa et al.| (2018) studied coronal parameters in
a sample of 19 Swift/BAT-selected Seyfert 1 galaxies observed with NuSTAR, and
found no correlation between the high energy cutoff and SMBH mass or Eddington
ratio. In another study, Molina et al.| (2019)) examined X-ray spectra of 18 broad-
lined AGN selected with INTEGRAL and observed with NuSTAR. They found no
correlation between the high energy coronal cutoff and Eddington ratio. In a more
recent study by Hinkle & Mushotzky (2021)), which examined coronal parameters
in a sample of 33 Swift/BAT-selected Syl and Sy2 AGN observed with NuSTAR and
XMM-Newton, no strong correlation was found between cutoff energy and SMBH
mass or Eddington ratio. Therefore, we demonstrate that, when fitting high quality
broadband X-ray spectra obtained with NuSTAR for large samples of AGN, we do not
find a strong correlation between the coronal cutoff and AGN accretion parameters

such as Eddington ratio and SMBH mass.

Thel - L/ Lyaa Relation
Next, we investigate the relationship between the X-ray photon index and Eddington
ratio, hereafter referred to as the I' — L/Lgqq relation. Numerous studies report a

positive linear correlation between these two parameters of the form

L

I'=%¥io
g(LEdd

)+ w. (4.3)

Early studies of individual sources and small samples of AGN hinted at a correlation
between I' and Lggq (e.g., [Pounds et al.l 1995} Brandt et al., [1997), though such
studies probed a very limited range of AGN luminosities. Studies covering a
wider range of luminosities and redshifts such as|Shemmer et al. (2006, 2008)) and
Brightman et al.|(2013)) identified a statistically significant correlation between I" and
Lg4q, with a slope ¥ ~ 0.3. However, Sobolewska & Papadakis| (2009) performed
detailed spectral analysis of 10 RXTE-observed AGN and found ¥ to vary from object
to object, with a flatter average slope ¥ = 0.08. Yang et al.| (2015) constructed a
large sample of AGN and black hole binaries covering a wide luminosity range, and
found I" to be constant at very low luminosities, but varied from being positively and
negatively correlated over certain luminosity ranges. Recent studies by Trakhtenbrot
et al.[(2017) which examined the I" — L/Lgq4q relation for 228 Swift/BAT AGN, have
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also reported flatter slopes (¥ ~ 0.15), with overall large scatter in the relation.
Furthermore, the authors found no evidence for a I — L/Lgq4q correlation for subsets
of AGN with reliable, direct BH mass estimates. [Ricci et al.| (2013) also found a
similarly flat slope (¥ = 0.12) for their sample of 36 Chandra-observed AGN. In
"Trakhtenbrot et al. (2017), the authors only recover the steeper slope consistent with
earlier studies (W ~ 0.3) when applying a simple power law model fit to the subset
of broad-lined AGN in their sample. These results demonstrate that the I" — L/Lgqq
relation may not be robust or universal, with the strength of the correlation varying
with choice of sample, luminosity ranges of the sample, energy range of X-ray data

used in analysis, and type of X-ray spectral model used in determining I'".

In our work, we examined the I' — L/Lgq4q relation for our full sample for all three
X-ray spectral models used in our analysis. We also investigated whether there
was a dependence of the slope of the relation on the type of X-ray spectral model
fitted to the broadband data. We present our results for the I' — L/Lggq relation in
Figure[4.7], showing I" values for the XILLVER reflection model, which most accurately
characterizes the AGN X-ray emission. Overall, we find considerable scatter and no
strong trend between I" and Lggq for all spectral models that we applied. Applying
a formal Spearman rank test confirmed the absence of a statistically significant
correlation, with correlation coefficients less that 0.25 and p-values exceeding 0.2%.
We find no strong correlation when dividing the data into bins of Eddington ratio
(purple lines in Figure 4.7). When applying a simple linear regression fit to the
data for each X-ray spectral model, we obtain very flat slopes: ¥ ~ 0.03 — 0.06.
Comparing to the literature, our slopes for the I — L/Lgqq relation are much flatter
than previously reported results, as we find little evidence for a correlation between I
and Lgqq. We conclude that when analyzing a large, unbiased sample of unobscured
AGN with high sensitivity broadband X-ray spectral data, we do not find robust
evidence for a I' — L/Lgq4q correlation and caution on the usage of such a relation to

derive estimates of Lggq or MpH.

Location of Sources in the Compactness—Temperature Plane

Using our constraints on the coronal temperature, we constructed a compactness—
temperature (I — #) diagram using sources from our sample. 6 is defined to be a
dimensionless parameter for coronal temperature: 6 = kT,/m.c?. In constructing
the [ — 6 plane, we use kT, values obtained from the XILLVER spectral model fit to
the X-ray data. This eliminates the uncertainty in determining 6 from E values,

since the conversion from E to kT, varies depending on the optical depth of the
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Figure 4.7: The I — L/Lgqq relation for our full sample. Solid lines show linear fits
to the data for the three different X-ray spectral models applied in this work. Marked
in purple are mean values of I" for different bins of Eddington ratio for the XILLVER
reflection model.

corona (Petrucci et al., 2001), which can vary from source to source. In determining
values of /, we assume a conservative value of 10R, for the coronal radius (Fabian
et al.,[2015).

Figure {4.§| presents compactness—temperature diagrams for the AGN in our sample
for which black hole mass estimates are available. We plot several pair production
lines corresponding to different coronal geometries. Treating the corona as an
isolated cloud, Svensson| (1984) calculated the pair production line to have an
analytical form [ ~ 10