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Blazars are generally known to exhibit high-amplitude, rapid variations in flux, polariza-
tion, and in their spectra across most timescales and wavelengths. While the consensus for these
objects is that their emission is indeed “highly variable”, a more specific characterization of the
variability may depend on the timescales considered. In this dissertation, I investigate the nature
of the variability of these objects and the physical processes involved in producing it, through the
lens of blazars that have been detected by the Swift Burst Alert Telescope.

My foray into the high-energy astrophysics of blazars begins with a case study of a blazar-
like AGN. For the first time for this source, I definitively measure X-ray reflection features and
help determine the origin of its broadband X-ray emission, suggesting that the X-rays from this
object predominantly come from regions in the vicinity of the black hole, while also finding
evidence of jetted emission in the hard X-rays. I further explore blazar X-ray emission by inves-

tigating the rest of the blazars in the Swift-BAT survey, and in doing so I conduct the first study



in the time domain dedicated to the hard X-ray variability behavior of blazars on long timescales
based on ~13 years of continuous X-ray data in the 14-195 keV band. In this study, I find that a
significant portion of the blazars in the sample (~37%) do not show statistically significant vari-
ability on monthly timescales, which is in tension with the expected high variability of blazars
seen in previous studies. In addition, I show that for some of the brightest blazars, the long-term
spectra in the hard X-rays may be described in a relatively simple way, with a power law that
changes slope on monthly timescales.

Since the BAT data are not sensitive to changes on shorter timescales, or to low-amplitude
variability on monthly timescales, I follow up on the supposedly “non-variable” blazars from the
previous investigation by using recent NICER observations of a sub-sample of 4 such “quiescent”
BAT blazars over 5 months, allowing for insight into the short-timescale and lower amplitude
variability while also representing some of the longer timescales sampled by the BAT survey.
I show that variations in the NICER band are in fact detected on several timescales, but that
the fractional variability appears to decrease with longer timescales, implying generally low-
amplitude variability across all sources and showing very low variability on monthly timescales,
which is once again at odds with studies that have shown that blazars are highly variable in the
X-rays on a wide range of timescales. I also show through a spectral analysis that the broadband
X-ray spectra (0.3-195 keV) of these sources can be described with different power law models,
with one source requiring significant absorption in the soft X-rays to fully describe its observed
curvature, possibly due to absorption in the intergalactic medium. Additional observations from
a new follow-up NICER campaign will further facilitate probing the variability of these BAT
blazars for up to timescales of a year, serving as an additional stepping stone towards our ultimate

goal of characterizing the X-ray variability of blazars and beamed AGN.
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Preface

The work presented in Chapters 2-4 of this dissertation has either been published or sub-
mitted for publication in the Monthly Notices of the Royal Astronomical Society (MNRAS) and
has been minimally modified from the original versions for this thesis. The chapters correspond

to the following papers:

* Chapter 2: S.A. Mundo, E. Kara, E.M. Cackett et al., “The origin of X-ray emission in
the gamma-ray emitting narrow-line Seyfert 1 1H 0323+342”, MNRAS 496, 2922-2931

(2020).

e Chapter 3: S.A. Mundo & R. Mushotzky. “Long-term hard X-ray variability properties of

Swift-BAT blazars”, submitted to MNRAS.

e Chapter 4: S.A. Mundo & R. Mushotzky, “Investigating the variability of Swift-BAT

blazars with NICER”, MNRAS 520, 1044—-1054 (2023).

The contents of this dissertation follow a logical order that reflects the progression of my
research over the years. My work as a graduate student began with a case study of a peculiar
blazar-like AGN that aimed to pinpoint the origin and nature of the broadband X-ray emission
from this source. This project piqued my interest in beamed AGN, and from there, my research
evolved into studying a significantly higher number of blazars from the Swift-BAT hard X-ray

survey simultaneously, with a focus on the X-ray variability of these objects on longer timescales.

il


https://academic.oup.com/mnras/article/496/3/2922/5859510
https://academic.oup.com/mnras/article/520/1/1044/6998585

This dissertation builds on the extensive research that has been conducted on blazars and AGN
in the past, while also providing a few novel methods and insights to help characterize the X-ray

emission from these objects.
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Chapter 1: Introduction

Active galaxies provide some of the most interesting laboratories in the universe with which
to study high-energy astrophysical phenomena. Over the decades, the powerful and variable
multi-wavelength emission from these objects has shed light on not only the nature of the super-
massive black holes hosted at their cores, but also on the behavior of the processes occurring in
their surroundings and in the spaces between galaxies.

A small subset of active galaxies, known as blazars, produce strong jets of relativistic par-
ticles that are aimed close to our line of sight; these objects in particular have been known to
exhibit some of the most luminous and variable emission in the universe, even when compared
to other types of active galaxies. While the characterization of the behavior of this emission over
time has often involved many investigations across different timescales, energy bands, and blazar
types, it is not always straightforward to define the variability behavior in these objects, nor to
identify the physical processes producing it. The overarching goal of my research has been to
more specifically characterize the variability and the nature of the emission from blazars, with
a particular focus on the hard X-ray emission from blazars that have been detected by the Swift
Burst Alert Telescope (BAT).

This chapter begins with a review of active galactic nuclei and the properties of their emis-

sion, as well as an overview of the variable emission from blazars and the radiative processes



associated with them. I then describe the Burst Alert Telescope aboard the Swift observatory and
its archival data, which serve as a focal point for most of this thesis. The chapter closes with a
thesis outline and a list of the software used for the research conducted.

The primary aim of this thesis is to study the X-ray temporal and spectral properties of the
blazars that appear in the Swift-BAT catalog by analyzing the catalog data in tandem with data
that was acquired from other X-ray observatories (e.g. XMM-Newton, NuSTAR, NICER), with an
overall goal of better understanding the physical processes and mechanisms that may drive the
X-ray emission in these objects, thus providing a small contribution to the already vast array of

existing studies that have allowed us to grasp the complex nature of active galaxies and blazars.

1.1 Active Galactic Nuclei

Active galactic nuclei (AGN) are compact regions in the centers of galaxies that are the
most powerful and persistent objects in the universe, emitting radiation across the entire electro-
magnetic spectrum with luminosities often far exceeding those of the emission from the rest of
the host galaxy. AGN often exhibit large variations in their emission on timescales of minutes to
years. These characteristics are widely considered to be intrinsic and to result from non-stellar
processes, with the primary mechanism being the accretion of matter by a supermassive black
hole (~ 10% — 109 M) at the center of the host galaxy (Lynden-Bell 1969; Fabian 1979).

Observations of AGN have been accumulated at every wavelength since around the mid-
20th century, contributing to the creation of the so-called unified model of AGN. This model
consists of the aforementioned supermassive black hole as the central engine for the system, as

well as an accretion disk encircling the black hole; the disk is itself surrounded by an obscuring
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Figure 1.1: Schematic showing the different structures of AGN as well as terms used to describe
AGN depending on the line of sight (based on Urry & Padovani 1995). The main focus of this
thesis will be radio-loud AGN, specifically blazars.

dusty torus at the parsec scale. Thermal emission from the disk ionizes gas that orbits the black
hole, and in turn the gas produces line emission at optical and ultraviolet (UV) wavelengths to
form the broad line and narrow line regions (BLR and NLR, respectively; see Figure 1.1 for a
schematic). Different types of AGN arise due to the angle at which the observer is viewing the

system: if the system is seen face-on, the observer has direct access to the central regions and



the vicinity of the black hole, whereas if the system is seen edge-on, these regions are instead
obscured by the torus.

The innermost region of an AGN usually consists of a hot plasma, referred to as the corona,
that lies above the accretion disk in the vicinity of the black hole and inverse-Compton scatters
seed photons from the disk, resulting in a significant amount of continuum X-ray emission whose
spectrum can be described with a power law of the form N (E) o< E~', where N (F) is the pho-
ton flux in units of photons s™' cm™2 keV~! and I is the photon index (or the “slope” of the
spectrum on a logarithmic scale). Since, except for a few limited/nearby cases (Event Horizon
Telescope Collaboration et al. 2019; Gravity Collaboration et al. 2018; GRAVITY Collabora-
tion et al. 2020), the angular size of most AGN is too small to be spatially resolved, variability
and timing studies have emerged over the past several decades as key tools that give insight into
the different AGN components and the physical processes that power AGN. Time-domain and
Fourier-based variability analyses in the X-ray band in particular have become almost synony-
mous with the study of AGN due to the fact that a significant fraction (~3-30%, Ho 1999) of the
bolometric luminosity is comprised of X-ray emission (see e.g. Mushotzky et al. 1993; Ulrich
et al. 1997; Vaughan et al. 2003; Uttley et al. 2014 for reviews).

While many AGN are essentially the same type of object viewed from different angles,
there is in fact one major split in the classification of these sources. Roughly 10% of AGN exhibit
collimated, relativistic jets that are launched along the poles of the black hole (perpendicular to
the accretion disk) and which produce relatively strong non-thermal emission in the radio band.
For this reason, these objects are called “radio-loud” (RL) AGN, as opposed to the more common
“radio-quiet” (RQ) AGN. Astrophysical jets in AGN can reach the Mpc scale, meaning that they
often extend well beyond the visible structure of the galaxy hosting the AGN. Significant jetted

4



emission has been detected not only in the radio, but also in the optical, X-rays, and ~y-rays (e.g.
Butcher et al. 1980; Marshall et al. 2005; Abdo et al. 2010a). The emission from jets can therefore
span the whole electromagnetic spectrum, even for a particular source at a time, providing a rich

collection of resources with which to study the jet physics.

1.2 Blazars and Beamed AGN

When a relativistic jet is oriented close to the observer’s line of sight, the RL AGN is
termed a “beamed AGN” or “blazar”! (Urry & Padovani 1995). In this case, the jet moves
towards the observer with a bulk relativistic speed v = (3¢, with an associated bulk Lorentz factor
I' = (1—3%)7%° and viewing angle 0. A few characteristics in blazars emerge as a direct result of
this relativistic motion. Firstly, in the observer’s frame, the relativistic particles in the jet will be
seen as having a transverse apparent superluminal bulk speed 51 > 1 because the emitter “catches
up” with its own radiation. This transverse speed can be written as 1 = (sinf/(1 — Scosf) (see
e.g. Beckmann & Shrader 2012 for a derivation), with a maximum possible value of SI". The
detection of superluminal motion in the radio emission from the jets of blazars and beamed AGN
is one of the key components of RL AGN unification (Lister et al. 2013).

A second important characteristic of blazars arising from relativity is that the jetted emis-
sion is boosted along the direction of motion. As such, an observer will detect a broadband
flux that is amplified to F = §*F’, where the primed quantity represents emission in the jet’s
co-moving frame and the Doppler factor § is defined as § = [['(1 — Bcosf)]~!. Values for §

are usually on the order of ~10-20, meaning that the boosted emission over a particular band-

IFor the rest of this thesis, the terms “blazar” and “beamed AGN” will be used almost interchangeably, although
it is important to note that not all beamed AGN necessarily show the same spectral characteristics as blazars.



pass is usually ~10,000 times higher than in the frame of the jet. In addition to this, variability
timescales are shortened in the observer’s frame, with a characteristic timescale 7’ in the jet
frame being compressed to (1 + z)7'/d, leading to relatively rapid variability in the frame of
the observer. As a result, the emitted radiation from blazars, which is dominated by extreme
non-thermal processes that take place in the jet, has historically been known to be very luminous,
with high-amplitude, rapid variations in their flux, spectra, and polarization observed across most
timescales and energy bands (see e.g. Stein et al., 1976; Blandford & Rees, 1978; Angel & Stock-
man, 1980; Marscher & Gear, 1985; Morini et al., 1986; Feigelson et al., 1986; Wagner & Witzel,
1995; Ulrich et al., 1997; Andruchow et al., 2005; Lichti et al., 2008; Soldi et al., 2014).

In general, blazars can be separated into two subclasses: BL Lacertae (BL Lac) objects and
flat-spectrum radio quasars (FSRQs). This classification is usually based on the rest-frame equiv-
alent width (EW) of the optical emission lines, with FSRQs showing broad lines with EW>5A
and BL Lacs showing weak or no emission lines in their spectra (Stickel et al., 1991). FSRQs
and BL Lacs can also be identified through their broadband spectral energy distributions (SEDs).
Blazar SEDs generally consist of a “double-hump” continuum that spans the entire electromag-
netic spectrum and represents the nonthermal emission produced in the jet, with the hump at
lower frequencies caused by synchrotron emission from the radio to the ultraviolet (UV)/X-rays
and the hump at higher frequencies, i.e. X-rays to y-rays, arising due to inverse Compton pro-
cesses (see Figure 1.2 for examples). In BL Lacs, the two humps are usually nearly equally
luminous, and the inverse Compton hump is likely due to the synchrotron self-Compton (SSC)
mechanism, where the synchrotron photon field produced by the jet is Compton upscattered by
the same highly energetic particles in the jet. For FSRQs, the inverse Compton hump is often
significantly more luminous than the synchrotron hump, and is instead believed to be the product

6



of inverse Compton scattering of photons external to the jet (the so-called “external Compton”

(EC) process).
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Figure 1.2: Examples of SEDs of blazars that appear in the Swift-BAT catalog, from Paliya et al.
2019b . Different components to the SED are shown: thermal emission from the torus, accretion
disk, and the X-ray corona are represented with a black dotted line, while non-thermal emission
from synchrotron, SSC, and EC processes is shown with the pink solid, green long dashed and
orange dashed—dashed—dotted lines, respectively. The blue solid line represents the sum of the
different types of radiation, i.e. the full SED of the blazar.

In addition, many FSRQs also show a third “bump” between the customary low-energy and

high-energy humps in their SEDs, which is representative of thermal emission in the optical/UV

that is not as dominant as the nonthermal emission and is associated with the accretion disk.

This has led to a more physical distinction between BL Lacs and FSRQs, where the more lu-



minous FSRQs likely exhibit radiatively efficient accretion; this forms a UV-bright disk that
photo-ionizes the BLR, which in turn provides an external photon field that is upscattered by
the jet (Ghisellini et al., 2009b, 2011)2. Based on the frequency of the peak of the synchrotron
hump, 2% FSRQs and BL Lacs can further be divided into “high-synchrotron-peaked” (HSP,

syn °

vPeak > 101%Hz); “intermediate-synchrotron-peaked” (ISP, 1014 < ppeak < 10%Hz); and “low-

syn ~v syn

synchrotron-peaked” (LSP, v2%% < 10'*Hz; see e.g. Abdo et al. 2010b), with FSRQs usually
classified as LSPs. With this classification in mind, Fossati et al. (1998) and Ghisellini et al.
(2017) also observed that the bolometric luminosity gradually decreases with increasing ug;gk,
i.e., as one goes from FSRQ/LSP to HSP. This anti-correlation was termed the “blazar sequence”
and, if linked to a real physical property, could shed light on the physical processes that produce
blazar SEDs.

When it comes to the production of the X-rays in particular, the emission mechanisms in-
volved in BL Lacs and FSRQs can lead to differences in the nature of the variability for each
type of blazar. For instance, the X-rays in BL Lacs are usually produced by either synchrotron
emission or the SSC process (see e.g. Ghisellini et al. 2009b). In this case, the blazar’s variabil-
ity is likely driven by the timescale for the acceleration of particles in the jet as it compares to
the timescale of energetic losses by those same particles through either synchrotron or inverse
Compton processes. By contrast, as implied earlier, the X-rays in FSRQs are produced by the
EC process, where the dominant radiation field corresponds to the photon density of an external

component. The variability in these blazars could involve variations in an external photon field

that scatters off a quasi-stable particle distribution. In addition, a number of blazars are termed

2This external Compton mechanism can also occur with external photon fields other than the one from the BLR,
such as seed photons from the disk itself and infrared emission from the torus (see e.g. Ghisellini & Tavecchio 2009
for relevant modeling).



“off-axis” or “hybrid” blazars/AGN, in the sense that their jets are aligned at a higher angle than
is customary (~10°) to the observer’s line of sight. In these blazars, the jetted X-ray emission
resulting from the previously mentioned processes may be accompanied by another significant
component that represents emission from the disk/corona originating in the vicinity of the black
hole (see Section 1.1), which may include features indicative of a reprocessing of the coronal
X-ray emission by the accretion disk; for this component, the variability would likely be driven
by multiplicative processes associated with accretion rate fluctuations occurring in the disk. The
implications that the aforementioned processes have on the characterization of the X-ray vari-
ability of blazar subclasses remain a major point of discussion, as differences between spectral
components and between blazar types may provide insight into the physical mechanisms involved
in driving the jetted emission.

In order to have a better understanding of the behavior of these different emission compo-
nents and their contribution to blazar variability, it is useful to describe some of the basic emission
mechanisms involved in these objects. The following subsection provides a brief overview of the
main radiative processes in blazars and some associated quantities in some more detail, as well

as the implications that these processes may have on the behavior of their emission.

1.2.1 Radiative Processes in Blazars

The basic idea behind the dominant emission from blazars is that a non-thermal popula-
tion of highly energetic particles radiate photons over the entire electromagnetic spectrum. For
simplicity, most blazar emission models usually assume leptonic radiative processes to describe

the emission, where the radiation is associated with electrons and/or positrons in the jet radiating



from a single, or “one-zone”, spherical emission region that covers the entire cross-section of
the jet; this is the scenario that will be considered in this thesis. In this section, quantities are
calculated in the jet’s co-moving frame.

Assuming a framework where these particles are efficiently accelerated in the jet, the sim-

plest way to describe the electron injection function is as a power law distribution, namely

Q(Y) = Qo™ [s'em ™, (1.1)

where () is a normalization constant, ' is the Lorentz factor of the electrons in the co-moving
frame (representing their energy), and q is the spectral index. Alternatively, the injection function
may be described with a broken power law (see e.g. Ghisellini & Tavecchio 2009; Paliya et al.
2019b). The energy distribution N (7') of the particles, which will have the same form as Q(v'),

can be derived from the injection function by solving the continuity equation, with

I RE) + PRl
,}//

N(y') [em ™, (1.2)

where 7' represents the energy dissipation rate (i.e. the “cooling” rate) of an electron with energy
ymc? and P(+') is a term representing electron-positron pairs, which is neglected for the purposes
of this thesis. Due to the presence of a magnetic field B, this distribution of electrons then emits
synchrotron radiation with average power Py, = %aTcU ©3%7/? per electron, where if 72 > 1,
which is the case for highly relativistic electrons, the factor 5> = 1 — y~2 a1 can be ignored.
As previously mentioned, these same electrons may also inverse Compton scatter the syn-
chrotron photons through the SSC process, or they may upscatter radiation fields whose origins

are external to the jet, such as thermal emission from the dusty torus, BLR, or accretion disk (in-
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cluding emission from the X-ray corona just above the disk). Averaging over the solid angle, the
power dissipated per electron during inverse Compton scattering is Pic = ZglaTcUr’ (%72, where in
this case U] is the energy density of the seed photon fields before scattering (e.g. Ug,, in the case
of SSC, or for EC, U] for direct disk radiation, Uy, for emission from the X-ray corona, Uy  for
emission from the BLR, or Ujy for emission from the torus, or any combination of these; see e.g.
Ghisellini & Tavecchio 2009 for a calculation of these densities). Using these quantities, as well

as the characteristic dissipation timescale 7 = we can calculate the “cooling time” of the

El
dE']dt’

electrons for both synchrotron and inverse Compton processes, which yields

3mec
Ton(Y) = onl (1.3)
and
3mecC
mic(7) = QonUl (1.4)

These timescales, when transformed into the frame of the observer, are extremely important
when considering the variability timescales of the observed emission, and are often used as a basis
for comparing with the observed timescales of the variability in order to determine whether the
variability from a blazar may be due to radiative losses or other processes. As an example, we
can consider the synchrotron regime, which for a particular source may produce emission from
the radio band to the X-rays. From equations 1.3 and 1.4, the cooling timescales go as the inverse
of 7/, implying that electrons at higher energies would cool more rapidly. Emission in the X-rays
would therefore involve cooling timescales that are considerably shorter than those for electrons

producing the radio emission, suggesting that one would likely observe a significantly higher
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degree of variability in the X-rays, assuming it is dominated by radiative losses. In the case
where the timescales of the detected variability do not match the cooling times, it is possible that
the variability is governed by processes other than energetic losses, such as those associated with
particle acceleration/injection or jet dynamics (e.g. shocks). The cooling timescales can therefore
serve as a basic guide to provide insight into the physics producing the variable emission in

blazars.

1.3 The Swift-BAT as a tool for studying the hard X-ray variability of blazars

This thesis focuses on probing the X-ray variability behavior of blazars and blazar-like
AGN that appear in the archival database of the Swift Burst Alert Telescope. The BAT is a large
field of view (~ 60° x 100°), coded-aperture imaging instrument that finds point sources by
implementing a fast Fourier transform convolution of the coded aperture mask pattern with an
array of detector rates, which effectively uses the shadow of the mask cast by a source onto the
detector array to create a sky image. While its pointing system is optimized to detect transient
gamma-ray bursts (GRBs) in the hard X-rays, it also continuously observes the sky, performing
an all-sky hard X-ray survey with a median 50 sensitivity corresponding to 7.24x 107!2 erg s—*
cm~2 in the 14-195 keV band for the latest published survey (Oh et al. 2018), with the sensitivity
of the latter in general scaling as the square root of the exposure time.

The reduction of the BAT data is similar across all updated surveys/catalogs (see e.g.
Tueller et al. 2010; Baumgartner et al. 2013): data are extracted in eight energy bands (14-20

keV, 20-24 keV, 24-35 keV, 35-50 keV, 50-75 keV, 75-100 keV, 100-150 keV, and 150-195

keV) from a single snapshot image, and then the data from each snapshot are combined into
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all-sky mosaic images. Next, the eight-band mosaic images are combined to form a total-band
map, and a blind search for sources in the 14-195 keV band images is performed with a 4.8¢0
detection threshold. In order to identify counterparts, the procedure searches archival X-ray data
from instruments such as Swift-XRT, Chandra, and XMM-Newton; sources are also checked for
optical counterparts in the NED? and SIMBAD* databases (see Baumgartner et al. 2013, Oh et al.
2018, and references therein for details). Monthly-binned light curves (in either each of the eight
bands or the full BAT band) are generated by creating monthly, all-sky mosaic images, and then
extracting the mosaic fluxes for each month for all sources detected in the full survey.

The most recent versions of the BAT’s hard X-ray survey, namely the 105-month and 157-
month catalogs (Oh et al. 2018; Lien et al. in prep), are unique in that they provide continuous,
well-sampled observations over a 2> 9-year timescale for a hard X-ray selected sample of sources,
and thus sample the time variability of these objects in a previously unexamined time domain.
Due to its wide field of view, this survey yields data for over 1600 sources that have been detected
since ~December 2004, ~1000 of which are AGN, and 158 of which are classified as “beamed
AGN”. The BAT catalog therefore currently boasts the largest sample of AGN observed in the
hard X-rays on long timescales, with a wide range in redshift and luminosity exhibited across the
AGN listed in the catalog.

In this thesis, the Swift-BAT monthly catalog data for the blazars detected in the survey
are used extensively, and two of the core chapters (Chapters 3 and 4) use the data as a basis
for studying the long-term behavior of these objects that the telescope probes. In addition, for

some blazars, the archival BAT data is compared with newer data that was acquired from other

3https://ned.ipac.caltech.edu/
“https://simbad.u-strasbg.fr/simbad/sim-fbasic
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well-known X-ray telescopes, such as XMM-Newton, NuSTAR, and NICER.

1.4 Thesis Outline

This thesis investigates the properties of the X-ray emission of blazars and beamed AGN
detected by the Swift-BAT, with an eventual focus on the long-timescale variability of these ob-
jects.

In Chapter 2, I present a case study with data from XMM-Newton, NuSTAR, and the Swift-
BAT of the gamma-ray emitting narrow-line Seyfert 1 1H 03234342, a blazar-like AGN with X-
ray emission whose origins had not been clearly established in previous studies. For the first time,
we definitively detect features in this source that suggest that the X-ray emission predominantly
comes from the corona in the vicinity of the black hole, while also finding evidence for non-
thermal jetted emission in the hard X-rays. This study helps establish this AGN as a member of
a group of unique sources that may be used to study emission from the disk, corona, and jet, as
well as any connections between the mechanisms that produce the emission from these regions.

In Chapter 3, I investigate the rest of the blazars in the Swift-BAT catalog and publish
the first dedicated time-domain study of the hard X-ray variability behavior of blazars on long
timescales based on ~13 years of continuous hard X-ray data in the 14-195 keV band, where
I find that a significant portion of the blazars in the sample do not show statistically significant
hard X-ray variability on monthly timescales, deeply at odds with previous studies that show that
blazars are highly variable in the X-rays and other energy bands on a wide range of timescales.
I also show that the FSRQs and BL Lacs for which we do detect variability exhibit similar flux

variability, and that the long-term spectral variability for some of the brightest blazars can be
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characterized as a simple power law that changes spectral slope over time.

In Chapter 4, I present a study that serves as a follow-up to the supposed lack of variability
that is found for a significant fraction of the blazars from the sample analyzed in Chapter 3. I
investigate the spectral and temporal behavior of 4 faint, “quiescent” blazars as seen by the BAT
by using observations from a recent, 5-month long NICER campaign, as well as archival BAT
data. I show that variations are detected in the NICER band on minute, ~weekly, and monthly
timescales, but that the variability is overall low and decreases with longer timescales, imply-
ing generally low-amplitude variability across the 4 sources and showing very low variability on
monthly timescales, once again showing behavior that is fairly unexpected of blazars. In addition,
I find that the broadband X-ray spectra (0.3-195 keV) of the sources can be described with dif-
ferent types of power law models, with one source interestingly requiring significant absorption
in the soft X-rays, possibly due to interactions with the warm-hot intergalactic medium.

In Chapter 5, I discuss future directions in which my research could be taken. This in-
cludes a recent multi-cycle campaign with new NICER data that follows up on the one mentioned
in Chapter 4, which slightly increases the sample size of that study and will attempt to character-
ize the variability of these blazars on even longer timescales with the NICER data. In addition, I
describe a future project that involves a joint Fourier-based, frequency domain analysis of NusS-
TAR and BAT data for a mixture of blazars and non-blazar AGN. This study would provide the
first well-sampled time variability characteristics in the hard X-rays for a small sample of AGN
over timescales ranging from minutes to ~15 years. Finally, I briefly touch on expanding some
of these studies to other wavelengths, as well as prospects for continuing this research with future

X-ray observatories.
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1.5 A summary of facilities and software

1. XSPEC (Arnaud 1996)-Used for X-ray spectral analyses (chapters 2, 3, and 4)

2. Astropy (Astropy Collaboration et al. 2013)—primarily used for handling FITS files and
extracting/reading astronomical data throughout the research; NumPy (Harris et al. 2020)—
handling arrays of data/mathematical operations; SciPy (Virtanen et al. 2020)—statistical

tests/analyses; Matplotlib (Hunter 2007)-basic plotting

3. Veusz (Sanders 2003; https://veusz.github.io/)—for publication-ready plots

4. The data used in Chapter 2 can be found in the XMM-Newton Science Archive at http:

//nxsa.esac.esa.int/nxsa-web/#home

5. Data used in Chapter 3 can be found in the online Swift-BAT 157-month catalog athttps:

//swift.gsfc.nasa.gov/results/bsl57mon/

6. Data used in Chapter 4 can be found online in the Swift-BAT 105-month catalog (https:
//swift.gsfc.nasa.gov/results/bsl105mon/);the NICER data from our cam-
paign can now be found in the HEASARC archives at https://heasarc.gsfc.

nasa.gov/cgi-bin/W3Browse/w3browse.pl
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Chapter 2: The origin of X-ray emission in the gamma-ray emitting narrow-line

Seyfert 1 1H 03234342

In this chapter, we present the results of X-ray spectral and timing analyses of the closest
gamma-ray emitting narrow-line Seyfert 1 (7-NLS1) galaxy, 1H 0323+342. We use observations
from a recent, simultaneous XMM-Newton/NuSTAR campaign. As in radio-quiet NLS1s, the
spectrum reveals a soft excess at low energies (< 2 keV) and reflection features such as a broad
iron K emission line. We also find evidence of a hard excess at energies above ~ 35 keV that is
likely a consequence of jet emission. Our analysis shows that relativistic reflection is statistically
required, and using a combination of models that includes the reflection model relxill for
the broadband spectrum, we find an inclination of i = 63*7 degrees, which is in tension with
much lower values inferred by superluminal motion in radio observations. We also find a flat
(¢ = 2.2 £ 0.3) emissivity profile, implying that there is more reflected flux than usual being
emitted from the outer regions of the disk, which in turn suggests a deviation from the thin disk
model assumption. We discuss possible reasons for this, such as reflection off of a thick accretion

disk geometry.
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2.1 Introduction

Narrow-line Seyfert 1 (NLS1) galaxies are a type of active galactic nucleus (AGN) char-
acterized by their unique optical spectral features, such as broad Balmer emission lines with low
widths (FWHMps < 2000 km s~ 1), weak [OIII] emission ([OHI}/Hg flux < 3), and strong Fell
emission (Osterbrock & Pogge, 1985). Studies have suggested that NLS1s host supermassive
black holes on the lower-mass end (~ 10% — 10®M, (Grupe & Mathur, 2004; Deo et al., 2006))
that accrete near or above the Eddington limit (e.g., Peterson et al., 2000). As a result, it is be-
lieved that NLS1s form a set of younger AGN that have yet to transform into more luminous
quasars.

In addition to their optical properties, NLS1s are bright in the X-ray band and exhibit com-
plex X-ray spectral features, such as an excess in soft X-ray emission and reflection features in
the hard X-rays. As with other accretion systems around black holes (e.g. black hole X-ray bina-
ries), the primary form of the X-ray emission is a continuum well-modeled by a power law that
results from the inverse Compton scattering of seed disk photons by a hot plasma of electrons, or
a corona, that lies above the disk in the vicinity of the black hole. Some of this continuum emis-
sion illuminates the accretion disk, and the upscattered photons end up either Compton scattering
off of electrons in the disk, or are reprocessed through fluorescence (see Reynolds & Nowak 2003
for a review). These reflection mechanisms have also been featured in the spectra of NLS1s in
the form of an iron emission line between 6-7 keV and a Compton reflection “hump” that peaks
between around 20 and 30 keV, implying that the reflection is occurring off of an ionized disk (for
reflection features in NLS1s, see e.g. Marinucci et al. 2014; Kara et al. 2017). The Fe emission

line in these spectra is usually broadened and skewed towards lower energies due to line-of-sight
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Doppler boosting and the gravitational potential of the black hole, respectively (Fabian et al.,
1989; Reynolds & Nowak, 2003). Which effect is most dominant depends on the inclination of
the disk relative to our line of sight; therefore, from reflection processes alone, we can arrive at
an estimate for the disk inclination of a NLS1.

The origin of the soft excess is still disputed. It can be modeled as blackbody thermal
emission, but this is not physical because the resulting blackbody temperature is simply too high
to be emission from the disk. A way around this is to consider a “warm” Comptonization region
that is optically thicker than the corona, which yields a temperature of around 0.1-0.2 keV that is
constant across a wide range of black hole masses and accretion rates (e.g., Gierlinski & Done,
2004). Other ideas that have been put forth place atomic processes like reflection or absorption
as the culprits. One example of the former is that coronal illumination of the disk could result in
the fluorescence of lines at lower energies that end up being blurred due to gravitational effects
(Crummy et al., 2006; Fabian et al., 2009; Walton et al., 2013). The soft excess could also be
described by a disk with a high electron density. With a higher density, bremsstrahlung would
have a higher contribution to the spectrum, in the form of an increased temperature at the surface
of the illuminated disk that results from free-free absorption (Garcia et al., 2016; Jiang et al.,
2018; Mallick et al., 2018; Jiang et al., 2019). This, in turn, may cause blurred reflection at
low energies to look more like a blackbody spectrum. If a higher density disk is not taken into
account, this could result in a perceived excess at lower energies, especially in AGN with smaller
supermassive black holes (M < 10°My).

The spectral features of NLS1s have also been described by a series of alternative, absorption-
based partial covering models. In this family of models, the X-ray variability is not intrinsic to
the source, but is rather caused by a varying partial covering fraction of clouds that possibly re-
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sult from disk instabilities or radiation-driven outflows. Gallo et al. 2004 and Tanaka et al. 2004
described spectral changes in the NLS1 1H 0707-495 with neutral single and double layer ab-
sorbers, respectively, with the latter assuming that the covering fraction changed with the clouds’
orbital motion. In addition, Miyakawa et al. 2012 and Mizumoto et al. 2014 were able to explain
the broad line feature in MCG-6-30-15 and 1H 0707-495 with ionized partial covering models,
with Mizumoto et al. 2014 suggesting that the clouds are produced by funnel-shaped disk winds.
However, several studies have shown that most accreting objects have a linear RMS-flux rela-
tion, which suggests that the underlying X-ray variability processes are multiplicative in nature
and are therefore intrinsic to the source (e.g., Alston, 2019; Uttley et al., 2005). This is at odds
with the inherent features of partial covering models, which would show shot noise, additive
variability. Due to these characteristics and the mysterious nature of some of these observations,
NLS1s, along with other Seyferts, are not only ideal candidates for studying X-ray emission pro-
cesses and their origins, but also offer interesting possibilities in the realm of X-ray astronomy
pertaining to an AGN’s central region.

Roughly 10% of AGN exhibit collimated, relativistic jets that emit in the radio band via
synchrotron radiation (e.g., Begelman et al., 1984). Another unsolved problem in the physics of
AGN processes is exactly where and how these jets are launched, and as a result, the connection
between the disk, corona, and the jet’s driving mechanism is currently poorly understood. In any
case, “radio-loud” (RL) AGN with the X-ray spectral features discussed earlier would provide
the most promising environment in which to study the interaction between these three and other
components. Most NLS1s, however, are “radio-quiet” (RQ), meaning that their jets are not nearly
as powerful as those from blazars or other RL. AGN. Therefore, looking for the long-sought disk-

corona-jet connection in these AGN proves to be quite difficult.

20



In recent years, a new class of NLS1s has been discovered by the Fermi Gamma-Ray Tele-
scope. These are gamma-ray emitting, RL NLS1s (v-NLS1), which have features seen in both
NLS1s (discussed previously) and blazars, such as flat radio spectra, double-hump spectral en-
ergy distribution (SED) (e.g., Abdo et al., 2009), and occasionally superluminal motion (e.g.,
D’Ammando et al., 2013). The presence of gamma-ray emission in these galaxies is evidence
for a jet, given that in those blazars classified as flat spectrum radio quasars (FSRQs), photons
from outside a jet can be inverse Compton scattered to hard X-rays or y-rays by the relativistic
particles in the jet; this is referred to as external Compton (EC) (e.g., Btazejowski et al., 2000;
Ghisellini et al., 2009b). Studies of the X-ray spectra of these y-NLS1s have already shown
not only a soft excess, but also a “hard excess” above a few keV that requires a much harder
power law component compared to the ones usually found in AGN (Bhattacharyya et al., 2014),
possibly representing the jet emission. Therefore, these yv-NLS1s provide us with an unusual
laboratory for studying properties from both the jet and the thermal emission from the corona
simultaneously, and can give us insight into the dominant mechanism that produces the X-ray
emission, while at the same time shedding light on how extragalactic jets are formed.

The closest of these exotic AGN is 1H 0323+342 («: 03 24 41.16, §: +34 10 45.8), with a
redshift of z = 0.06 (Zhou et al., 2007). Radio images of this source exhibit superluminal motion
(1-7 times the speed of light), which in turn implies the presence of a relativistic jet at an angle
1 = 4 — 13 deg from the line of sight (Fuhrmann et al., 2016). 1H 0323+342 also has a double-
hump SED characteristic of v-NLS1s that peaks in the radio band and gamma-rays, implying
synchrotron emission and synchrotron self-Compton and/or EC mechanisms that would result
from a jet, and is believed to be in the low-mass end of the FSRQ black hole mass distribution
(see Kynoch et al. 2018).
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Exactly where the X-ray emission from 1H 03234342 comes from is still unknown. Cur-
rently, two main explanations have been put forth: it could be the result of interactions between
the disk and the corona, as in RQ NLSIs (power-law continuum, reflection features, etc.; see
Paliya et al. (2014), Paliya et al. (2019a)), or it could simply be a continuation of the double-
hump SED that fills the gap between the radio and gamma-ray emission from the jet, implying
that X-ray emission would be included as a direct consequence of interactions with the jet (for a
detailed multi-wavelength spectral analysis for this source, see Kynoch et al. 2018).

1H 03234342 has been observed by Swift and Suzaku, and the spectra show properties seen
in RQ NLSIs, such as a soft excess and a potential broad Fe Ko emission line (e.g., Walton
et al., 2013; Paliya et al., 2019a). Archival data has shown that there is a potentially blue-shifted
iron line that would require a disk inclination of nearly 90° due to line-of-sight Doppler boosting
(Walton et al., 2013; Yao et al., 2015), which contradicts data from radio observations since the
superluminal motion in the latter indicates that the jet is emitted at an angle close to our line of
sight, and therefore also suggests that the disk is face-on. However, the broad iron line has never
been clearly detected due to low signal-to-noise.

In this chapter, we present an X-ray spectral and timing analysis with the first such data set
from XMM-Newton and NuSTAR for this source. We aim to find the origin of the X-ray emission
in 1H 03234342, while at the same time obtaining an estimate of the disk inclination purely from
the X-ray spectra. We describe the observations and data reduction in Section 4.2, present our

spectral and timing analyses and their results in Section 2.3, and discuss these results in Section

24.
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2.2  Observations and Data Reduction

To study this source, we use a set of six simultaneous observations made by both XMM-
Newton and NuSTAR (twelve total, PI: Kara; see Table 4.1), as well as an archival observation

that was made in 2015 (ID 0764670101; PI: D’ Ammando).

2.2.1 XMM-Newton

The XMM-Newton data were reduced with the XMM-Newton Science Analysis System
(SAS v.16.1.0) and the current calibration files available. We focus on the data from the EPIC-pn
camera here, which was taken in Large Window mode. All observations were checked for flaring
particle background, and we set PATTERN < 4 to choose single and double events and FLAG ==
to get the best quality data. The data was also checked for pile-up with the SAS epatplot task,
but there was no pile-up present in any of the observations. We extracted the source spectra from
circular regions with radii of 40" that were centered on the J2000 coordinates of 1H0323+342.
The background spectra were obtained from circular background regions that were offset from
the source and were made as large as possible, with radii of 70”.

Background-subtracted light curves were also extracted with the EPICLCCORR tool and
were binned with 10 second bins (see Fig. 2.1). Although the flux varies by about a factor
of 4, there was no significant change in the spectrum between observations, and the hardness
ratio between the hard and soft bands remains relatively constant across each observation. We
therefore decided to combine them to form one spectrum. This co-added spectrum was rebinned

with the grppha tool to ensure that we would have a minimum of 25 counts per bin.
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Table 2.1: XMM-Newton and NuSTAR observations used in our analysis. Shown are the detector
name, observation ID, observation start dates, the duration of the observations, and the effective
exposure times (for XMM, after excluding epochs of flaring particle background). All XMM
observations were made in Large Window mode.

Detector Obs. ID Start Date Duration (s) Effective Expo-
sure (s)
EPIC-pn 0764670101 2015/08/23 80900 62000
0823780201 2018/08/14 53066 47600
0823780301 2018/08/18 48212 43800
0823780401 2018/08/20 47975 45461
0823780501 2018/08/24 48515 46002
0823780601 2018/09/05 50818 44700
0823780701 2018/09/09 49468 46951
FPMA/ 60061360002 2014/03/15 108880 101633
FPMB 60402003002 2018/08/14 38937 36390
60402003004 2018/08/18 31711 29732
60402003006 2018/08/20 28137 26401
60402003008 2018/08/24 27276 25565
60402003010 2018/09/05 32516 30422
60402003012 2018/09/09 29921 27795
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Figure 2.1: Top panel: EPIC-pn broadband lightcurves from 0.3-10 keV in 600 s bins. Light
curves were generated with circular extraction regions of 40 arcsec radii. The first observation is
archival and is longer than the rest by about 30 ks. Bottom panel: Hardness ratio (1-4 keV to 0.3-
1 keV) of the EPIC-pn observations. For the spectral analysis, the observations were co-added as
the hardness ratio remains fairly constant throughout the campaign.
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2.2.2 NuSTAR

We extracted the NuSTAR data using HEASOFT v.6.22.1 and the standard nupipeline
task, again from 40" circular regions for both source and background spectra, for each focal plane
module (FPMA/FPMB). The spectra were also co-added with the archival observation and binned
with grppha to have at least 25 counts per bin. The source spectrum is above the background

spectrum up to ~ 50 keV, so we show the relevant plots up to this energy.

2.2.3  Swift-BAT

To probe higher energies, we make use of the time-averaged data available (BAT name:
SWIFT J0324.84+3410) in the Swift-BAT Hard X-ray Survey (Oh et al. 2018). We include the

ready-to-use time-averaged eight-channel spectrum that is provided in our analysis.

2.3 Results

2.3.1 RMS-Flux Relation

In the past, it has been shown that most accreting sources have a linear relationship be-
tween absolute RMS and flux. Previous works (e.g., Alston, 2019; Uttley et al., 2005; Uttley &
McHardy, 2001) have shown that this relation implies a variability process that is intrinsic to the
source and that is likely a multiplicative process, building up from propagating mass accretion
rate fluctuations occurring in the disk. Since the best model to describe this is one where accre-
tion disk fluctuations are the source of the variability, finding such a relation in 1H 0323+342

would suggest that disk-corona and reflection models, where the X-rays are assumed to be intrin-
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Figure 2.2: Relationship between absolute rms and flux. On average, the absolute rms increases
linearly with flux, suggesting that variations are intrinsic to the source.

sic variations originating from the innermost regions of the disk, would be best to describe the
data.

We begin a calculation of the rms-flux relationship in the time domain by binning our XMM
lightcurves in 1000 s bins. At the same time, we compute the excess variance as a function of
time with the same binning, effectively producing a ‘variance light curve’. We take the square
root of the excess variance to obtain the rms amplitude, and sort these values by count rate. We
then bin the rms amplitudes by flux such that we have ~ 50 points in each bin. Errors on the
rms amplitude are calculated as in Vaughan et al. (2003). We show in Fig. 2.2 that we indeed

obtain a linear rms-flux relation, with a linear fit of x> = 4.61 for 5 degrees of freedom. This
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therefore supports the use of reflection models for this data and implies that the X-ray variations

are intrinsic.

2.3.2  Spectral Features

We fit the XMM-Newton and NuSTAR spectra simultaneously using XSPEC v12.9.1p (Ar-
naud, 1996). We included an overall multiplicative constant in each of our models (Cs for FPMA
and Cg for FPMB) to take into account differences in absolute flux calibration between each de-
tector. We used the tbabs model (Wilms et al., 2000) and cross-sections from Verner et al.
(1996) to model the galactic absorption, setting Ny ga = 1.26 x 10*'cm™2 (Kalberla et al.,
2005). In all of our fits, we also check for potentially different spectral shapes between XMM
and NuSTAR, but we find that the spectral index I" only differs by ~ 1% and does not affect our
results, so we fit with the same photon index. All spectra are plotted in the source rest frame

energies.

2.3.2.1 Reflection Features above 2 keV

We begin by searching for the broad iron line, which has only been marginally detected in
previous observations (e.g., Paliya et al., 2019a, 2014; Yao et al., 2015; Walton et al., 2013). To
show the highest resolution version of the line and to show we are making a significant detection,
we fit the 3-10 keV spectra with a power law (see Figure 2.3) and compare this to a power law
plus Gaussian. The addition of the Gaussian improves the fit by Ax? = 130 for 3 additional
parameters, and therefore a line is preferred at >99.99% confidence. We find a line at 6.6 £ 0.1

keV in the rest frame of the source that is broad with respect to the spectral resolution of the
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instruments, with ¢ = 0.6270 15 keV. This is consistent with Fe Ko emission. We also calculate

an equivalent width of around 175 £ 40 eV for XMM, which is stronger than in archival, lower
signal-to-noise observations (e.g., Kynoch et al., 2018) and again supports our claim of a broad
line.

Figure 2.3 also shows a relatively pronounced peak between 6 and 7 keV, at the 6.4 keV of
neutral iron fluorescence. We therefore include a narrower line fixed at 6.4 keV, in addition to the
aforementioned Gaussian, and fix its width to 100 eV. This improves the fit by Ay? = 10 for one
additional parameter, at a significance of > 99.8%. This suggests that, in addition to the broad
iron line, there may also be a narrow component from a distant reflector that contributes to the
spectrum.

A power law fit to the 2-79 keV spectra of XMM-Newton and NuSTAR shows not only a
broad iron line peaking at 6-7 keV, but also a Compton reflection hump above 10 keV, indicating
reflection off of an ionized disk (see Figure 2.4). This power law yields a reduced chi-squared
x?/d.o.f = x% = 2552/2385 = 1.07. Given the nature of the spectra, it is clear that reflection
and possibly relativistic broadening need to be taken into account, so we fit the 2-79 keV data
with different flavors of the reflection model relxill (Dauser et al., 2016). Following up
on the narrow component at 6.4 keV discussed earlier, we start with a neutral, non-relativistic
reflection model xi1l1lver, with the ionization parameter log £ fixed at 0. This gives a fit with
X% = 1.01, improving from the power law fit by Ay? = 137 for 4 additional free parameters, with
a significance of > 99.99% evaluated using the ['-test. The residuals between 6-7 keV, along with
the fact that we detect a fairly broad line, suggest we still need to account for relativistic smearing.

We use the relativistic model relxil1l and set the inner accretion disk radius F;, to the

innermost stable circular orbit. We start by fixing the emissivity index to the Newtonian value
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Figure 2.3: The ratio of EPIC-pn to a simple power law; energies are in the rest frame of the
source. The blue line shows the position of neutral iron at 6.4 keV, the green line that of hydrogen-
like Fe XX VI at 6.97 keV. We find an equivalent width of 175 4- 40 eV for the broad iron line.
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q = 3 and find a good fit, with x% = 2385/2380 = 1.002. We also attempt using a broken power
law emissivity, but this yields a break radius Ry,c. that is below the innermost stable circular
orbit, which is not physical. We therefore keep an unbroken emissivity for the rest of the chapter.
We also cannot constrain the spin a. Since this is a jetted source, it may involve a high-spin
object, so we use this physical motivation to fix the spin to the maximum value of 0.998.

We combine the models in the second and third panels of Figure 2.4 to check for the pos-
sibility of an additional neutral, distant reflector. All relevant parameters in xillver are tied to
the parameters of relxill, except for the normalization. This improves the fit by Ax? = 31
for one additional free parameter, at a significance of > 99.99%. This fit finds an inclination
i = 5913 deg, which is in tension with the low inclination obtained from radio observations.
Within 90% confidence, this fit yields very similar parameters as the ones with just relxill,
and we adopt this version for later analyses of the broadband spectrum. We report the best-fit
parameters in Table 2.2.

Our fits also seem to show consistent negative residuals at ~ 9 keV (see Figures 2.3 and
2.4). It is important to note that this is most likely not physical. When we plot the background
spectrum, we see that this is probably a background feature, namely the EPIC-pn Cu-Ka complex
at around those energies. Regardless of our source region size or background region placement
(keeping the latter within the inner 4 CCDs), the feature remains. The residuals are therefore
likely the result of over-subtraction of the EPIC-pn background features. We verify this by plot-
ting the spectrum without the background subtracted, and find that the feature is not present (see
Appendix A.1). We also do not see the negative residuals in any of the individual EPIC-MOS

spectra.
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Figure 2.4: The ratio of EPIC-pn and NuSTAR spectra to different models. (a) The ratio to a
power law. (b) Ratio to neutral reflection model. (c) Ratio to relativistic reflection model. (d)
Ratio to relativistic reflection model with an additional neutral, distant reflector.
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Parameter xillver + relxill diskbb + xillver + relxill + po
Ny.gar (1022cm™2)%* 0.126 0.126
NH jintrinsic (1022CH1_2) < 0.01
Kqiskbb 2005
Kaist. reficction (107°) 11495 0.54 0.4
Krel. refiection (107°) 3.3103 1.879%
2% 0.06 0.06
Tin (keV) 0.18 +0.01
r 1.91 +£0.01 2.270%
T 15593
Eeu /KT (keV) > 453 300
Ao 3+1 473
log & (ergcm s™1) <29 <1
Reetl 0.640.1 1.3792
i (deg) 59*4 6317
Ry, (ISCO)* 1 1
Rout (Rg)* 400 400
Rirear (Rg)* 15 15
q 3 22403
a* 0.998 0.998
Ca 1.1740.01 1.1740.01
Cg 1.20 £ 0.01 1.20 4 0.01
x?/d.of. 2354/2379 2693/2679
X2 0.99 1.01

Table 2.2: 90% confidence level parameters for the 2-79 keV and 0.5-79 keV ranges, reported
with respect to EPIC-pn. K’s are normalizations, C's and Cg are the calibration constants for
FPMA and FPMB, respectively, and ¢ is the emissivity index. ['y..q is the photon index of the
hard power law, 7}, the temperature at the inner disk radius, and F. the cutoff energy in the
rest frame of the source. R,.q and £ are the reflection fraction and ionization parameter of the
relativistic reflection component, respectively. Ny cal, Rin, 2, Rbreaks @ and Ry, were frozen to
the corresponding values (parameters with asterisk). In addition, the ionization parameter in the
x1illver distant reflector model was frozen to 0.
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2.3.2.2 Broadband Spectrum

Fitting a power law to the data in the 2-79 keV range and extrapolating the fit to lower
energies also reveals a soft excess below 2 keV. We begin our analysis in the broadband by
including a phenomenological disk blackbody component to help fit the spectrum at soft energies.
To account for the possibility of intrinsic absorption, we use ztbabs. We also keep the neutral,
distant reflector from the previous section.

We first attempt a Newtonian emissivity profile for the tbabs*ztbabsx (diskbb +
xillver + relxill) model. This gives a fit with Y2 = 1.04. Freeing the emissivity index
improves the fit by Ay? = 37 for one additional free parameter at a significance > 99.99%,
with x?/d.o.f. = 2760/2680 = 1.03. Increasing residuals at energies = 35 keV remain in the
NuSTAR data (see Figures 2.4 and 2.5), and including the archival BAT data in the spectrum
further suggests the presence of a hard excess component (Figure 2.5), so we include an extra
power law to account for a possible contribution of Compton upscattering further out in the jet,
similar to Paliya et al. 2019a. An additional hard power law improves the fit by Ay? = 46
for two additional free parameters with a significance > 99.99%. We find that the fit does not
significantly depend on the cutoff energy, so we fix it to 300 keV. This best fit (see Figure 2.6
and second column of Table 2.2) yields a photon index of I' = 2.270% for the coronal emission
models and 'y, = 1.5703 for the hard power law, which is consistent with values found in
~v-NLS1s (see e.g. Paliya et al. 2019a and the I" histograms for their double power-law fit, as
well as photon index values in Ojha et al. 2020). It also gives a high inclination of i = 63 deg,
as before. Moreover, we obtain a relatively flat emissivity index ¢ = 2.2 + 0.3, suggesting not

only that strong general relativistic effects are not required to accurately describe the illumination
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Figure 2.5: Residuals with the Swift-BAT time-averaged data included. The additional archival
data further suggest a hard excess component.

pattern of the disk, but also that more reflected flux is emitted from the outer regions of the disk.
The fact that the observed flux seems to drop slowly at large radii could be an indication that the
razor-thin disk assumption is invalid.

We also attempt to model the data with a more physically motivated approach. Following
the possibility that the soft excess could arise from reflection off of a high-density disk (e.g.,
Garcia et al., 2016; Jiang et al., 2018; Tomsick et al., 2018), we try to fit the soft excess with the
extended reflection model relxil1D. Given that this source is at a low galactic latitude, it is
likely that there is a fair amount of uncertainty in the column density, so we allow tbabs to be a

free parameter, and remove ztbabs. We also include an additional hard power law to compare
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Figure 2.6: Unfolded spectrum and best-fit model. Model components are also shown. EPIC-pn
data from XMM-Newton are shown in black; NuSTAR data are shown in red.
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directly with our diskbb fit. This tbabs* (xillver + relxillD + po) model yields
an acceptable fit with x?/d.o.f. = 2726,/2680 and an electron density log n, = 17.270%, but it
requires an iron abundance of > 9 and a high emissivity index ¢ = 77}, which suggests a much
higher degree of relativistic smearing than is expected given the equivalent width of our iron line.
As in our previous model, it also requires a very high inclination, with 7 = 72"3,

For completeness, we also fit the broadband spectrum with an alternative, ionized partial
covering model instead of relativistic reflection, replacing relxill with zxipcfrpowerlaw
in our best fit, in order to see if we actually require a broad iron line. We also apply zxipcf to
the disk blackbody component and remove the hard power law component for simplicity. This
model, which instead fits the broad line region with a combination of an absorbed power law and
a narrow reflection component, gives an acceptable fit with y?/d.o.f = 2726/2681 = 1.02. It
requires a covering fraction of 0.5610 0%, as well as an outflow velocity of nearly ~ 0.1¢, which
is probably needed in order to account for the blueshift of the iron K line. However, the physical
processes represented by this model would manifest themselves in the variability as shot noise,

or additive, variability processes, but we instead see a linear RMS-flux relationship representing

multiplicative variability processes.

2.3.2.3 Disk Inclination

In our best-fit model, we find an unphysically high disk inclination. We confirm this result
by generating the statistic surface for this parameter, which gives comparable values (see Figure
2.7). This is much higher than predicted by superluminal motion in radio observations (Fuhrmann

et al., 2016), which implies a relativistic jet at an inclination ¢ = 4 — 13 deg from the line of sight.
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We therefore attempt to further constrain the inclination angle by placing hard limits at these
values. However, we are unable to constrain the inclination this way, as the parameter is pegged
at the hard upper limit, so we proceed to fix the inclination to a value of 10 deg. This scenario
provides a fit with Y2 = 1.04, and we again find that our best fit with an unrestricted inclination
is an improvement at a significance of > 99.99% (Ax? = 70 for 1 additional free parameter).
Therefore, our data suggests that, although we do observe a broad iron line, the broadening may
be caused almost exclusively by line-of-sight Doppler effects that result from a high inclination.
However, this is at odds with superluminal motion inferred from radio observations. Alterna-
tively, the geometry is not a simple geometrically thin disk, as assumed by the blurred reflection

model.

2.3.3 Timing Analysis

In addition to the spectral analysis described in the previous section, we also performed a
timing analysis to compare to timing analyses from RQ NLS1s. X-ray reverberation lags have
been used to probe the inner accretion disk region as a means to gain insight into the origin of
the X-ray emission in NLS1s (e.g., Fabian et al., 2009; Uttley et al., 2014). These so called “soft
lags” are caused by a reflection-induced soft excess that lags behind coronal power-law photons
due to the short, extra time the latter take to travel from the corona to the inner disk. The detection
of a soft lag therefore provides evidence that the soft excess is due to relativistic reflection; on the
other hand, a non-detection of a soft lag could suggest that the soft excess is possibly a different
component that is not simply reflection.

In the next subsections, we look into whether we can detect soft lags in 1H 0323+342, and
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analyze the relationship between variations in the soft band and those in the hard band by using

Fourier techniques outlined in works such as Nowak et al. (1999) and Uttley et al. (2014).

2.3.3.1 Lag-frequency spectrum

We begin the second part of our timing analysis by using the available 7 light curves to
compute time lags between the power law dominated hard band (1-4 keV) and the soft excess
(0.3-1 keV) as a function of temporal frequency, or inverse timescale. If the light curve in, say,
the soft band, s, has IV time bins of width At, then its discrete Fourier transform at each Fourier

frequency f, = n/(NAt) is

r

S = Sk€27rink/N 2.1
0

i

We focus on frequencies higher than 6 x 10~°Hz to avoid red noise leakage at lower frequencies.
We require at least 10 frequencies per bin.

We can rewrite the Fourier transform in a complex polar form as S = |S|e?*:. Repeating
the process for the hard band light curve h, we can write the complex conjugate of its Fourier
transform as H* = |H|e %", The product of S and H* gives us the Fourier cross-spectrum

between the two bands:

C = |H||S|e! s~ (2.2)

This gives the phase difference between the soft and hard bands, and the average lag between
the two bands in each frequency bin is then obtained by taking the phase of the averaged cross-

spectrum, or ¢ = arg[(C')]. This can then be manipulated to give the time lag at each frequency
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bin:

T=— (2.3)

Figure 2.8 shows the resulting lag-frequency spectrum between lightcurves in the 0.3-1
keV and 1-4 keV bands that had 10 s bins. To decide our upper limit in frequency, we calculate
the frequency range where we expect to see reverberation, given the black hole mass of this AGN,
by using the correlation between soft lag frequencies and black hole mass from De Marco et al.
(2013). Landt et al. (2017) obtain a mean mass of 1.91“8:3 x 10"M, through estimates based on
the ionizing 5100 A continuum luminosity and the width of the hydrogen broad emission lines.
We use this mass in the correlation in De Marco et al. (2013), and find that this corresponds to
a frequency range v, = (2.3 & 0.5) x 10~* Hz where we can expect to find a soft lag. As a
precaution, we extend the frequency range to 1 x 10~3Hz, to account for uncertainties in the mass
estimate and the frequency-mass correlation.

While our spectrum shows a low-frequency hard lag that is consistent with propagating
fluctuations in the disk, our spectrum shows no soft lags at shorter timescales, which could be
related to a lack of coherence between the soft and hard bands, something we investigate in the
next subsection. This non-detection may also in fact support our spectral results by suggesting

that reflection off of the accretion disk is not the dominant process causing the soft excess.

2.3.3.2 Coherence-frequency spectrum

In an attempt to further explain the non-detection of soft lags, we proceed to calculate the
coherence between the soft and hard light curves. The coherence provides us with a way of

measuring how correlated two light curves or signals are. Essentially, it tells us to what extent
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Figure 2.8: Time lag and coherence between variations in the soft (0.1-3 keV) and hard (1-4
keV) bands as a function of timescale (temporal frequency). The dashed red line is the frequency
above which we would have expected reverberation. Our results yield a soft lag of zero, possibly
suggesting the soft excess is not necessarily due to reflection, and a relatively low coherence,
suggesting that the soft excess may not be directly correlated with the hard band.
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one light curve can be predicted from the other. The coherence at each frequency is defined as

, [P —n?
LR TRYTY .

where the n? term is due to Poisson noise contributing to the square of the cross-spectrum, and
the terms in the denominator are noise-subtracted power spectra. For unity coherence, the two
light curves would be perfectly coherent, meaning one would be able to predict a light curve from
the other through a linear transformation.

Figure 2.8 shows the coherence-frequency spectrum that results from our data. On long
timescales, the coherence is 2 0.6, representing the fact that on these timescales, the dominant
form of emission in both the soft and hard light curves is expected to be from the power-law
continuum, so they should be fairly well correlated. In the frequency range where we expect to
see reverberation, given this black hole mass, we can see that for the most part the coherence is
below 0.6 and consistent with 0. The non-unity coherence at these frequencies shows that there
is a non-linearly correlated component in the soft band. A coherence less than unity may have
to do with an additional soft excess continuum component that is variable in a way that is not

correlated with the power-law and reflection components.

2.4 Discussion

2.4.1 Where does the X-ray emission of 1H 03234342 come from?

Previous studies of 1H 03234342 have had mixed approaches when it comes to the model-

ing of the source’s X-ray spectra. By using a simple comparison in count rates between the soft

42



(0.3-2 keV) and hard (2-10 keV) bands of Swift-XRT observations, Paliya et al. (2014) showed
that 1H 03234342 might exhibit a strong soft excess whose variability was not perfectly corre-
lated with the variability of the hard band, which may suggest that at least two spectral compo-
nents are required to fit the X-ray spectra of this source. They successfully fit the spectrum using
an ionized reflection model, and found that the fit improved when they took relativistic blurring
into account. However, they fix the inclination to 10 deg. This resulted in a steep spectrum
(I' =2.02 £ 0.06) and a high spin (¢ = 0.96 £ 0.14). Ghosh et al. (2018) also assumed that the
soft excess was due to reflection and arrived at similar results. However, other studies such as
Paliya et al. (2019a) and Kynoch et al. (2018) have managed to obtain good fits by modeling the
soft excess with a power law, which adds a layer of ambiguity regarding the best description of
the excess at low energies.

In each of these cases (as well as in Walton et al. 2013, Yao et al. 2015), there was some
evidence of a potential broad Fe Ko line, but there were a few aspects that were unclear, such
as a stark difference in the measured black hole spin between Walton et al. (2013) and Yao et al.
(2015) (although the latter froze their inclination to a much lower value), and the fact that the
emission was relatively weak to begin with. In addition, Paliya et al. (2019a) and Kynoch et al.
(2018) found that a combination of narrow emission lines was adequate enough to fit the residuals
at ~ 6 keV. Therefore, as for the soft excess, the nature of these residuals was up for debate.

We find through our spectral analysis that reflection may play a role in both the excess
emission in the soft band and the residuals at higher energies (~2-35 keV); that being said,
regardless of the model we use, we require some additional soft excess component that is not
reflection. A combination of a reflection model (relxi11) and a phenomenological blackbody
model, along with a distant reflector, results in a good fit to most of the broadband spectrum,
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and we detect an iron line at 6.6 = 0.1 keV thanks to the increased signal-to-noise ratio that
results from combining 6 simultaneous XMM-Newton and NuSTAR observations with archival
data. However, a discussion of the origin of the blackbody-like component is warranted, and
whether it is related to the jet or is due to Comptonization is still unclear.

A high density reflection model can also describe the data fairly well, but certain well-
known issues arise, such as the fact that the featureless soft excess requires stronger broadening
than the fit to the iron line alone. An alternative ionized partial covering model also works;
however, the variability imprinted by a partial covering model would not predict the linear RMS-
flux relation we obtain, which suggests that the variability of this source is multiplicative in
nature. This further suggests that the X-ray emission originates in the central region of the AGN.

While we detect a hard low-frequency lag that suggests propagating disk fluctuations, we
do not detect a soft lag. RQ AGN with similar variance, exposure, and flux do show soft lags,
which might suggest that this is not a signal-to-noise issue. This might have to do with the
presence of an additional soft excess component that is not simply blurred reflection and that
displays variability that is uncorrelated with the continuum-dominated hard band.

The final piece of the spectral puzzle involves the possible hard excess observed at energies
above ~ 35 keV. We find that, in each of our models, the residuals seem to increase at higher
energies. None of our reflection models were able to take care of this, which implies that this
excess may be due to non-thermal processes related to the jet. The otherwise coronal-dominated
X-ray spectrum suggests the emission might be contaminated by a combination of synchrotron
self-Compton mechanisms and Comptonization of external disk photons, although the fact that
the source is probably an FSRQ (see e.g. Kynoch et al. 2018) means that the latter mechanism is
likely dominant. This hard excess was also observed in Ghosh et al. (2018). Paliya et al. (2014)
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and Paliya et al. (2019a) also detect a hard excess and manage to fit it with a broken power
law and a second power law, respectively, and they attribute this to a combination of thermal
coronal emission and jet emission with a power-law shape, the latter of which would result from
the AGN undergoing ~v-ray flaring. In other words, the same process that produces the v-ray
emission (likely external Compton) may be the dominant form of hard X-ray emission above 35
keV. The fact that an additional hard power law component helps fit the hard excess we observe

at a significance of > 99.99% seems to suggest a similar behavior.

2.4.2 Model Inconsistencies and Alternative Assumptions

Fuhrmann et al. (2016) constrain the viewing angle of 1H 0323+342 to values between 4
and 13 degrees using observations in the radio band. In X-ray spectra, the inclination can be
independently determined by the shape of the Fe K« line in the reflection spectrum: if the line is
mostly broad and blue-shifted, line of sight Doppler boosting (i.e. larger line-of-sight velocities)
has the dominant influence on the line profile, and therefore this would correspond to a highly
inclined disk; on the other hand, if the profile is mostly skewed towards lower energies, it would
mean that gravitational and time dilation redshifts are dominant, corresponding to a disk that is
almost face-on.

Our results in both the 2-79 keV and the broadband ranges with relxill provide an
inclination that is higher than the upper limit obtained from radio observations (see Table 2.2).
Our detection of the iron line also shows that the line is blue-shifted. Walton et al. (2013) had
modeled Suzaku observations with relativistic reflection and found that if they let the inclination

vary, they end up with a highly blue-shifted line that peaks at ~ 8 keV, and obtain an unphysical
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value of ©+ = 82 + 3 deg. Therefore, high inclinations have been suggested in the past; however,
as previously mentioned, the iron line had only been marginally detected. In this work, we finally
have a constraint on the iron line profile, and we still measure a high inclination. Given the
latter, it seems that the broadening of the line can be explained almost exclusively through line-
of-sight Doppler effects, but this is a lot more Doppler boosting than is physically allowed by
the inclination measured in the radio observations. This, along with the unusually flat emissivity
profile from our best fit, seems to suggest that we may have to reconsider our model assumptions.

One way to account for a perceived high inclination is to consider the possibility that the
emission is being viewed through the acceleration zone of the jet. In this scenario, a highly
energetic corona would end up inverse Compton scattering the reflection spectrum. Studies have
shown that considering these processes provides a more complete picture of the emission from
both black hole transients and AGN, with the logic being that if thermal seed photons from the
disk are upscattered by the corona, reprocessed reflection photons that emerge in the inner regions
of the disk should also be influenced by the same process (e.g., Wilkins & Gallo, 2015; Steiner
etal., 2017). This process could cause the iron line in 1H 0323+342 to be blueshifted, even if the
disk is face-on and the jet is closely aligned to the line of sight.

Another way to explain our measurements may involve abandoning the thin disk geome-
try (Shakura & Sunyaev, 1973) altogether and considering a model where the accretion disk is
geometrically thick, a scenario which has also been suggested to explain similar inclination mis-
matches in X-ray binaries (e.g., Connors et al., 2019). In the past few years, simulations have
been used to understand the underlying physical processes behind sources that have very high ac-
cretion rates (e.g., McKinney et al., 2015; Sadowski & Narayan, 2015). All of these simulations
lead to an accretion disk that is both optically and geometrically thick. This highly accreting, ge-
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ometrically thick scenario could lead to optically thick outflows that restrict the emitted radiation
to a funnel-like space. A jet from near the black hole could then be able to clear out some of the
inner flow and could potentially give us a line of sight towards the central X-ray emitting region
(McKinney et al., 2015).

If 1H 03234342 were to have a relatively high accretion rate, its accretion disk would not
be infinitesimally thin. Since radio observations point to a low-inclination geometry, the blue-
shifted iron line we observe could be caused by radiation-driven outflows in the funnel, and since
the presence of the jet would be exposing the central region, gravitational redshifts could also be
used to explain the broadening of the line. Kara et al. (2016) develop a simple model for iron line
reverberation in a funnel geometry where special relativistic effects and gravitational redshift are
taken into account, and where only an outflow velocity profile for the funnel walls is considered.
Through Monte Carlo simulations, they show that an iron line can indeed be blueshifted and
broadened due to reflection off an optically thick outflow.

A very recent study by Thomsen et al. (2019) makes use of this funnel geometry to make a
detailed comparison between the iron line profiles of thin disks and those of a geometrically thick
supper-Eddington disk. In particular, they show that, in each type of disk, photons emitted from
different radii have different contributions to the line profile. They show that for thin disks, most
of the flux comes from radii less than 25, since the emissivity profile drops relatively quickly
at larger radii. However, for a funnel geometry, more photons are emitted between 25 — 5012,
because the reflected flux does not decrease as quickly at large radii, due to the fact that in this
geometry, the emission from the corona would be able to illuminate more of the disk at larger
radii than it would for a thin disk. In addition, they show that the iron line profiles of the thick
disk are significantly more blue-shifted than those of the thin disk, for reasons mentioned earlier.
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We can test if 1H 0323+342 would be an adequate candidate for a thick-disk model by
performing a quick calculation to estimate its Eddington rate using our data. We use the 2-10
keV luminosity from our best fit model to estimate the latter. After performing this calculation,
we arrive at a value of log(Lo_ 1o xev)=43.8. Adjusting the appropriate value in ergs s~! by a
bolometric correction of ~20 (Vasudevan & Fabian, 2007) to get the bolometric luminosity L =
nMc?, we then divide by the Eddington luminosity. As in our timing analysis, we use the mass
Mgy = 1.9703x 10"M, obtained by Landt et al. (2017). Our result is then L ~ 0.570% Lqq. The
values we calculate here are comparable to the luminosity and Eddington ratio values obtained in
Kynoch et al. (2018) and several other previous works (e.g., Paliya et al., 2019a, 2014; Pan et al.,
2018; Landt et al., 2017). Although this ratio does not imply super-Eddington accretion, it does
represent a relatively high accretion rate.

It is important to note that the bolometric correction we use is really an average obtained for
Eddington ratios <0.1. Vasudevan & Fabian (2007) show that the correction seems to increase
with Eddington ratio, and discuss that it may vary considerably between different objects, in
particular when it comes to sources like NLS1s and RL AGN. In fact, according to Vasudevan
& Fabian (2007), for high-Eddington AGN, the bolometric correction is closer to 60. Given the
high accretion rate of NLS1s, this could mean that 1H 0323+342 may have an Eddington ratio as
high as ~ 1.5. Our results seem to suggest that these are the physical phenomena that are relevant

for the case of 1H 0323+342.
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2.5 Conclusions

We have presented X-ray spectral and timing analyses of the v-NLS1 1H 03234342 with
a combination of the first simultaneous XMM-Newton and NuSTAR campaign and archival data.

Our main results are as follows:

1. We definitively measure a broad iron line and a Compton hump in 1H 0323+342. The
broad line extends from ~ 5.5 — 8 keV, meaning that there are significantly blueshifted and

redshifted components of the line.

2. We attempt describing the data with a variety of absorption and reflection based models.
We find that the X-ray emission in the 0.5-79 keV range (soft excess and iron line) is well
described by a combination of a phenomenological blackbody component and relativistic
reflection model, suggesting that the dominant form of the X-ray emission comes from the

corona in the vicinity of the black hole.

3. We find potential evidence of a hard excess at high energies, suggesting that non-thermal

jet emission contributes yet another component to the hard X-ray spectrum.

4. Our measurement of the inclination using a razor-thin disk model is definitively in tension
with radio observations at a significance of >99.99%; this measurement can be explained
by the detection of a blue-shifted line in the spectrum. However, the discrepancy might be
reconciled by considering a model that takes into account a geometrically thick accretion

flow.
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Chapter 3: Long-term hard X-ray variability properties of Swift-BAT blazars

In this chapter, we present results from the first dedicated study in the time domain of the
hard X-ray variability behavior of blazars on long timescales based on ~13 years of continuous
hard X-ray data in the 14-195 keV band. We use monthly-binned data from the recent 157-month
Swift Burst Alert Telescope catalog to characterize the hard X-ray variability of 127 blazars and
search for potential differences between the variability of BL Lacertae objects (BL Lacs) and
flat-spectrum radio quasars (FSRQs). A significant portion of the blazars in the sample (~37%)
do not show statistically significant hard X-ray variability on monthly timescales, which is deeply
at odds with previous studies that show that blazars are highly variable in the X-rays and other
energy bands on a wide range of timescales. We also find that, on average, the FSRQs and BL
Lacs for which we do detect variability exhibit similar flux variability ((Fi.,) = 76 £ 5% vs
(Foar) = 75 + 4%); this suggests that the variability in these FSRQs is not necessarily primarily
driven by variations in the source function of scattered external radiation arriving from extended
regions, and that it is instead possibly driven by processes such as shocks in the jet that lead to
variations in particle injection. In addition, only five blazars in our sample (3C 273, 3C 454.3,
Mrk 421, Mrk 501, and 1ES 0033+595) show significant spectral variability in the long-term
light curves. For 3C 273, Mrk 421, and Mrk 501, we find that a power law that changes slope

on monthly timescales is sufficient to characterize the variable hard X-ray spectrum, suggesting
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that, at least for some of the brightest blazars, the long-term spectra in the hard X-rays may be

described in a relatively simple fashion.

3.1 Introduction

Active galactic nuclei (AGN) are known to exhibit intrinsic stochastic variability on a wide
range of timescales, and the study of such variability provides insight into the physical processes
and structures associated with the emitting source. Blazars are radio-loud (RL) AGN character-
ized by having a jet pointed close to the line of sight of the observer. The particles in the jet move
with bulk relativistic speed v = [c¢ towards the observer, and as a result emission originating in
the jet is relativistically boosted in the direction of motion. More specifically, an observer at rest
will detect a broadband flux that scales as F' = §*F” compared to the emission in the co-moving
frame of the jet, where § = [['(1 — Bcos#)| ™! is defined as the Doppler factor, and I" and 6 are
the bulk Lorentz factor and viewing angle, respectively (Urry & Padovani 1995). These condi-
tions therefore lead to emission in the observer’s frame that is much more powerful than if the
jetted particles were at rest; consequently, over the past several decades, the mostly non-thermal
emission from blazars has been characterized by high luminosities, as well as by high-amplitude,
rapid variations in flux, spectra, and polarization across most timescales and wavelengths (see
e.g. Stein et al., 1976; Blandford & Rees, 1978; Angel & Stockman, 1980; Marscher & Gear,
1985; Morini et al., 1986; Feigelson et al., 1986; Wagner & Witzel, 1995; Ulrich et al., 1997;
Andruchow et al., 2005; Lichti et al., 2008; Soldi et al., 2014).

In general, blazars can be classified into two categories: BL Lacertae (BL Lac) objects and

flat-spectrum radio quasars (FSRQs). Historically, the distinction between these two types has
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been based on the rest-frame equivalent width (EW) of optical emission lines: FSRQs exhibit
broad emission lines in their optical spectra (EW>5A), while BL Lacs have featureless optical
spectra or spectra with weak emission lines (Stickel et al., 1991). The two subclasses can also be
distinguished via their spectral energy distributions (SEDs). The SEDs of all blazars generally
consist of a double-hump structure, with the hump at lower frequencies caused by synchrotron
emission from the radio to the ultraviolet (UV)/X-rays and the hump at higher frequencies (X-
rays to y-rays) arising due to inverse Compton processes. In BL Lacs, the two humps are usually
nearly equally luminous, and the Compton hump is likely due to the synchrotron self-Compton
(SSC) mechanism, where the synchrotron photon field produced by the jet is Compton upscat-
tered by the same highly energetic particles in the jet. For FSRQs, the inverse Compton hump
is often significantly more luminous than the synchrotron hump, and is instead believed to be
the product of inverse Compton scattering of photons external to the jet (the so-called “external
Compton” (EC) process). This has led to a more physical divide between BL Lacs and FSRQs,
where the more luminous FSRQs likely exhibit radiatively efficient accretion; this forms a UV-
bright disk that photo-ionizes the broad-line region (BLR), which in turn provides the external
photon field that is upscattered by the jet (Ghisellini et al., 2009b, 2011). FSRQs and BL Lacs
can further be divided based on the frequency of the peak of the synchrotron hump, ug’;gk, lead-

ing to the terms “high-synchrotron-peaked” (HSP, nyejk > 10'°Hz); “intermediate-synchrotron-

peaked” (ISP, 10! < ugyegk < 10%Hz); and “low-synchrotron-peaked” (LSP, V;’yer?k < 10*Hz;
Abdo et al. 2010b), with FSRQs usually classified as LSPs and the “blazar sequence” dictating
that the bolometric luminosity gradually decreases as one goes from FSRQ/LSP to HSP (Fossati
et al., 1998; Ghisellini et al., 2017).

When it comes to the production of the X-rays in particular, the emission mechanisms in-
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volved in BL Lacs and FSRQs can naturally lead to differences in the nature of the variability
for each type of blazar. For instance, the X-rays in BL Lacs are usually produced by either syn-
chrotron emission or the SSC process (see e.g. Ghisellini et al. 2009b). In this case, the blazar’s
variability is likely driven by the timescale for the acceleration of particles in the jet as it com-
pares to the timescale of energetic losses by those same particles through either synchrotron or
inverse Compton processes. By contrast, as implied earlier, the X-rays in FSRQs are produced
by the EC process, where the dominant radiation field corresponds to the photon density of an ex-
ternal component. The variability in these blazars could involve variations in an external photon
field that scatters off a quasi-stable particle distribution. The implications that the aforementioned
processes have on the characterization of the X-ray variability of blazar subclasses remain a ma-
jor point of discussion, as differences in variability between different spectral components and
between blazar types may provide insight into the physical mechanisms involved in driving the
jetted emission.

The X-ray portion of blazar SEDs can generally be well-modeled by a simple power law
representing the non-thermal processes occurring in the jet (e.g. Urry et al. 1996; Sambruna et al.
2000; Paliya et al. 2019b), although curvature in the form of a log-parabola or a broken power law
has also been detected in a significant number of objects (e.g. Comastri et al., 1997; Kubo et al.,
1998; Massaro et al., 2004, 2006; Paggi et al., 2009; Furniss et al., 2013; Arcodia et al., 2018;
Dalton et al., 2021). According to many blazar emission models, these curved continua may result
from relativistic particle distributions that have a similar shape (see e.g. Sikora et al. 1994, 1997,
2009; Tavecchio et al. 2007; Tavecchio & Ghisellini 2008; Ghisellini & Tavecchio 2009, 2015;
Arcodia et al. 2018). In addition, some sources have shown a “harder-when-brighter” trend (i.e.

the spectrum flattens as the source brightens, e.g. Zhang et al. 2006; Soldi et al. 2014; Hayashida
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et al. 2015; Pandey et al. 2017; Bhatta et al. 2018), possibly due to an increased contribution of a
hard tail produced by the jet when the source is in a brighter state. The behavior of blazar X-ray
spectra is therefore expected to be fairly variable.

Blazar variability analyses in the X-rays have been instrumental in helping constrain the jet
physics involved in these sources, both in multi-wavelength and X-ray-focused studies (see e.g.
Worrall & Wilkes 1990; Urry & Padovani 1995; Urry et al. 1996; Takahashi et al. 1996; Ulrich
et al. 1997; Sambruna et al. 2000; Pian 2002; Zhang et al. 2005, 2006, and references therein).
While most of these analyses focused on X-ray observations taken within the “classical” 0.3-10
keV range, recently, the hard X-rays (= 10 keV) in blazars and beamed AGN have been studied
more extensively than in the past (e.g. Madsen et al. 2015; Hayashida et al. 2015; Rani et al.
2017; Bhatta et al. 2018; Rani et al. 2022). The origin of the hard X-ray emission discussed in
these studies may provide insight into the physics occurring in the innermost regions located near
the base of the jet, with some sources serving as potential laboratories to probe the elusive disk-jet
connection (Sbarrato et al. 2016; Chatterjee et al. 2018). However, most of the work on blazars
in the X-ray band has historically been heavily biased towards bright sources and/or sources in
bright/active states; in the hard X-rays in particular, studies have also been limited to relatively
shorter timescales (due to the observing strategies of the available hard X-ray telescopes and
their limited field of view), thus leaving an incomplete picture of the X-ray variability behavior
of blazars.

The Burst Alert Telescope aboard the Swift observatory (Swift-BAT) has a very wide field
of view (~ 60° x 100°), and its main objective is to detect transient gamma-ray bursts (GRBs)
with a coded-aperture mask telescope. However, as it searches for GRBs and other transients in

the hard X-rays, it also continuously observes the sky, performing an all-sky hard X-ray survey in
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the 14-195 keV band (Tueller et al. 2008, 2010). The recent release of the 105-month catalog (Oh
et al. 2018), as well as the pending publication of the 157-month survey' (Lien et al. in prep), are
unique in that they provide continuous, well-sampled observations over a = 9-year timescale for
a hard X-ray selected sample of sources, and thus sample the time variability of these objects in a
previously unexamined time domain. Due to the wide field of view and moderate sensitivity, this
survey yields data for over 1600 sources that have been detected since ~December 2004, ~1000
of which are AGN, and 158 of which are classified as “beamed AGN”. The BAT catalog therefore
currently boasts the largest sample of AGN observed in the hard X-rays on long timescales, with
a wide range in redshift and luminosity exhibited across the AGN listed in the catalog.

In this chapter, we aim to remove some of the bias towards bright blazars seen in past X-ray
studies by studying 127 blazars from the 157-month BAT catalog (regardless of their brightness)
and performing the first dedicated study of the hard X-ray variability of blazars on long timescales
based on ~13 years of Swift-BAT data. The structure of the chapter is as follows: we describe
our sample selection and the BAT data and their filtering in Section 4.2, present our variability

analysis and its results in Section 4.3, and discuss our results in Section 3.4.

3.2 Swift-BAT sample selection and data filtering

In the more recent Swift-BAT catalogs, the “QSO” type is replaced with either “Seyfert” or
“beamed AGN” depending on the properties of the optical emission lines in the literature, and the
Roma blazar catalog BZCAT (Massaro et al. 2009) is also used as a reference to classify beamed
AGN (see e.g. Oh et al. 2018). This classification yields 158 sources that are defined as “beamed

AGN” in the BAT 157-month catalog. However, not all of these sources show the spectral shape

Thttps://swift.gsfc.nasa.gov/results/bs157mon/
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that is expected of a blazar in their SEDs. As in Paliya et al. (2019b), we exclude sources for
which this is the case and therefore end up with a sample of 127 blazars for our analysis.

As for previous catalogs (see e.g. Tueller et al. 2010; Baumgartner et al. 2013), the 157-
month catalog data reduction is carried out by extracting data in eight energy bands (14-20 keV,
20-24 keV, 24-35 keV, 35-50 keV, 50-75 keV, 75-100 keV, 100-150 keV, and 150-195 keV)
from a single snapshot image; the data from each snapshot are then combined into all-sky mosaic
images, which in turn are combined to form a total-band map, and a blind search for sources in
the 14-195 keV band images is performed with a 4.8¢ detection threshold. Monthly- binned light
curves are generated by creating monthly, all-sky total-band mosaic images, and then extracting
the mosaic fluxes for each month for all sources detected in the full survey. The catalog includes
monthly light curves for the total 14-195 keV BAT band, as well as light curves divided by the
eight BAT bands; these are the data we use to conduct our long-timescale variability analyses.

As in Soldi et al. (2014), we filter the light curves by excluding any data points with expo-
sure times shorter than one day. In order to filter out points with very large error bars, we also
inspect the histogram of the flux uncertainties of all light curves in logarithmic space to determine
where the high-value tail of the distribution begins. However, we find that for the most part, each
of these two flags accounts for the same data points, so we use the flag on the exposure time as

our main filter for the BAT monthly data (see Figure 3.1 for examples of the filtered light curves).
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Figure 3.1: Examples of filtered monthly-binned light curves for 3 well-known blazars from the
157-month catalog in the 14-195 keV band. We exclude points for which the exposure is <1 day.
Mission month O corresponds to the first month of the Swift-BAT survey observations, namely
December 2004 (see e.g. Oh et al. 2018).
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3.3 Results

3.3.1 Flux variability analysis in the 14-195 keV band

We initially estimate the variability in our sources by fitting the 14-195 kev total band
monthly light curves with a constant function, and then applying a x? test. The criterion that
we set to represent a significant detection of the variability is p,2 < 5%, where p,- is the null-
hypothesis probability of obtaining that value of ? if the source were in fact constant. We also
quantify the flux variability of our sources by following the methods described in e.g. Vaughan
et al. (2003), where the contribution of an additional variance from measurement uncertainties is
corrected for. The “excess variance” has been widely used in studies of the variability of accreting
objects to estimate the intrinsic source variance (e.g. Nandra et al., 1997; Edelson et al., 2002),
and is frequently normalized to directly compare the variance between different sources. The

fractional root mean square (rms) variability amplitude F3,, is defined as

5'2_ 2
Fe = || 20 3.1)

T

where S is the sample variance, 02, is the mean square error, and 7 is the mean of the light curve.
The quantity F\., is the square root of the normalized excess variance, and has the added benefit
of being a linear statistic, thus allowing for the representation of the rms variability amplitude in
percentage terms; this is the quantity we will use here, written as a percentage.

Upon applying the above methodology, we find that 6 sources exhibit a fractional variability

that ends up being much higher than expected (=240%) upon inspection of their light curves. We

believe that, for these sources, the high value of F,, is due to the fact that =>40% of the data
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points correspond to negative count rates, implying a mean flux that is very close to 0; when we
inspect their light curves, we do not see significant variability in the amplitudes, especially when
taking into account their uncertainties. We therefore exclude these 6 sources from the rest of
the analysis due to their relatively low signal-to-noise (S/N) data (for a list of the remaining 121
sources, see Table 3.1).

We also find that a significant fraction (~37%) of our sample of blazars does not show
statistically significant variability on monthly timescales. For the vast majority of the objects
in this sub-sample, we cannot measure F.,, because we calculate a slightly negative normalized
excess variance (i.e., the uncertainties are slightly larger than the sample variance), suggesting
that any variation in the amplitudes is fairly low. This is surprising, since it has been established
from past studies that the emission from blazars is extremely variable at almost every timescale
and wavelength. It is important to note, however, that the BAT has a relatively low sensitivity
per unit time (Tueller et al. 2008), and that it is not clear from the BAT data alone if the lack
of variability we observe is actually a result of relatively constant emission. In a joint analysis
with NICER data (Mundo & Mushotzky 2023), we show that, for at least 4 of the sources in
this sub-sample, there is in fact detectable variability on monthly timescales and shorter, but
that it is significantly lower-amplitude than what is expected of blazars (see Sec. 3.4 for further
discussion).

We divide the remaining blazars for which we can detect statistically significant variability
(76 total) into BL Lacs and FSRQs based on the classification in the BZCAT catalog (Massaro
et al. 2015), as well as on the SEDs in Paliya et al. (2019b). We calculate F3,, for each popula-
tion (we use this sample for the rest of the analysis). The Fi,, distributions for each blazar type

are shown in Figure 3.2, produced by using a kernel density estimate (KDE) of their probability
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Figure 3.2: KDE distributions for Fi,,. A KS-test shows that the two distributions are likely not
significantly different, i.e. they may be drawn from the same parent population.
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density functions®>. We find that, within error bars, the variability between the two blazar types
is practically the same, with mean F,, values of 76£5% and 75+4% for FSRQs and BL Lacs,
respectively. Given that the distributions are fairly skewed, we also report the median values to
compare the distributions, and find that these are identical (both 65%). A Kolmogorov-Smirnov
(KS) test confirms that the two distributions are likely not significantly different at the 95% con-
fidence level (KS statistic = 0.18, p value = 0.60). Since, for most FSRQs, the X-ray emission
is produced via the EC mechanism, one might expect an overall lower variability compared to
BL Lacs; the reason for this is that the variability would be caused by variations in the scattered
external radiation field, which arrives from extended regions such as the BLR and dusty torus,
and would thus involve longer timescales and less rapid variations. Our results suggest that it is
possible that the variability in FSRQs may instead be driven by variations in the particle energy

distribution and particle injection processes.

3.3.2 Correlation analysis

In order to test for possible trends between the hard X-ray variability and some of the main
properties of the 76 variable blazars in our sample, we correlate the fractional variability with the
luminosity in the BAT band, black hole mass, Doppler factor, and the photon index I' from the
time-averaged spectra in the 14-195 keV band, for the BL Lac and FSRQ populations separately.
We use the FSRQ black hole mass estimates and the Doppler factors for both populations from

Paliya et al. (2019b), as well as the BL. Lac masses estimated via the properties of the host galaxy

%In this chapter, we visualize our distributions with KDEs. Each data point in the sample is assigned a specific
kernel, and the corresponding densities are then summed together. Here we choose a Gaussian kernel with bandwidth
corresponding to “Scott’s Rule” (Scott 1992), i.e. width = N —1/5 (N is the number of data points). The benefit of
using KDEs over regular histograms is that in the latter, the appearance can change based on the binning properties;
a KDE only depends on the kernel width.
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Table 3.1: Sample of 121 blazars used in this study, along with associated properties. 76 of these
blazars are used in the correlation analysis between F.,, and the last 4 parameters in this table.
(1) is the blazar name; (2) is the blazar type; (3) is the source redshift; (4) is the luminosity in
the BAT band; (5) is the black hole mass estimate, gathered from the literature if available; (6)
is the Doppler factor (from Paliya et al. 2019b); (7) is the spectral index for the time-averaged
spectra in the BAT band; (8) is the fractional variability. Empty entries are meant to indicate
that the parameters were not readily found in the literature. Sources for which we do not detect
statistically significant variability have a dash in column (8). The full list of sources can be found
in the electronic version and in the 157-month BAT catalog.

Name Blazar Type z Liy195ev log(Mpy) 0 Ty rgskev Frar (%)
(H 2 3) “) ®) (6) (7

Mrk 1501 FSRQ  0.0893 4478 870 95 1.827)% 5949
1ES 0033+595 BLLac  0.0860  44.68 725 136 281707 111£2
PKS 0101-649 FSRQ  0.1630  45.02 870 182 1.58%0% —
SHBL J012308.7+342049 ~ BLLac 02720  45.41 157 2.9410% —

B2 0138+39B BLLac  0.0800  44.37 2.0870% 55425

(e.g. stellar velocity dispersion, fundamental plane relation) in studies such as Woo & Urry
(2002) and Woo et al. (2005); we list the black hole masses of the blazars in column (5) of Table
3.1. The masses of ~9 BL Lacs in this sample are not readily available in the literature. We apply
a Spearman rank correlation test to quantify any potential trends.

We plot F\., against each of these parameters in the 4 panels in Figure 3.3. While we do not
detect any significant correlation between the variability and these parameters for either blazar
type (i.e., the probability that a correlation occurs by chance is always > 0.05), the results still
provide some potential insights. For instance, the lack of correlation between the variability and
both the luminosity and black hole mass is in contrast to the anti-correlations that have been found
in past studies within the 2-10 keV band for line-emitting AGN (Seyferts and quasars; see e.g.
Barr & Mushotzky 1986; Green et al. 1993; Papadakis & McHardy 1995; Papadakis 2004; Zhou
et al. 2010; Kelly et al. 2011, 2013; Ponti et al. 2012). However, it is important to note that these

anti-correlations were usually observed in analyses that involved timescales shorter than those
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Figure 3.3: F\,, as a function of the BAT luminosity, black hole mass, Doppler factor, and photon
index in the BAT band. We do not find statistically significant correlations between the hard X-
ray variability and parameters that represent the properties of the blazars in our sample. (Note:
The fairly high variability (Fa 2175%) seen in 3 sources in these plots is not due to low S/N, as
was essentially the case for the 6 objects we previously excluded from this analysis.)
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probed by the BAT, and therefore would likely not be detected in this study (see e.g. Markowitz
& Edelson 2004; Saxton et al. 2011; Zhang 2011; Soldi et al. 2014 for similar results on longer
timescales). In addition, and probably more importantly, the aforementioned studies focused on
Seyferts, which of course have very different underlying astrophysical processes associated with
their X-ray emission (e.g. disk/coronal emission), and so the trends observed with these sources
were usually directly related to the accretion process. It is therefore unclear what should have
been expected to begin with when it came to our sample of blazars and their jetted emission (see
Section 3.4 for further discussion).

Small changes in jetted emission will be Doppler boosted towards the observer to larger-
amplitude variations; one might therefore expect to detect a positive correlation between the
Doppler factor ¢ and the fractional variability. While we do not find such a correlation in our
analysis, we do calculate a mean Doppler factor for the FSRQs in our sample that is larger than
that for the BL Lacs (6 ~ 18 vs § ~ 15, respectively). A KS-test shows that the Doppler factor
distributions for the two blazar types are significantly different from each other (KS statistic =
0.70, p value < 0.05). This suggests that effects related to relativistic beaming may be a signifi-
cant driving factor for the X-ray variability in these FSRQs, enhancing it to a level detectable by
the BAT.

The time-averaged spectra in the 157-month catalog have not yet been calculated, so for the
comparison with the photon index I', we assume that the time-averaged spectra have not changed
drastically over long timescales and therefore use the values for I' available in the previously
published 105-month catalog®. The lack of correlation we observe here on monthly timescales

is interesting since, naively, one might expect steeper indices to be indicative of radiative losses

3https://swift.gsfc.nasa.gov/results/bs105mon/
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that may lead to significant flux variability. Our results suggest that, on these longer timescales,

energetic losses may not be the origin of the variability.

3.3.3 Spectral variability analysis

In order to detect potential variations in the spectra of our sources, we make use of the
monthly light curves that are divided into the eight individual BAT bands. In addition to the
filtering mentioned in Sec. 2, we also exclude months where the total-band count rate is negative

to maximize the S/N for this particular analysis.

3.3.3.1 Hardness ratio calculations

We quantify the spectral variability by calculating different hardness ratio (HR) time series.
To set up the HR calculations, for each month, we bin the eight BAT channels into three bins
with similar average S/N over time. The reason for re-binning each monthly spectrum is two-
fold: firstly, we would like to maximize the S/N before calculating the HRs. Secondly, having
three bins would allow us to investigate the spectral variability in more detail, as it would allow
for the calculation of at least three different simple hardness ratios. This results in the following
channels: a “low” (L) channel from 14-24 keV, a “medium” (M) channel from 24-50 keV, and a
“high” (H) channel from 50-150 keV. We exclude the 150-195 keV channel due to its very low

S/N. The relevant hardness ratios for this analysis are therefore %,

H
e and

M
1 L*

As in the flux variability analysis, we fit each of the HR time series with a constant, and a

x2-test is applied, with the null hypothesis stating that the time series can be fit with a constant.

Again, we define objects that show spectral variability are those for which p,» < 5%. Upon
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Figure 3.4: Most of the blazars in our sample do not show spectral variability on monthly
timescales according to a x2-test. Here, we show 3 blazars (top to bottom: 3C 279, 4C +04.42,
B2 0743+25) for which this is the case, by showing the time series for the % hardness ratio as
an example. For the vast majority of the blazars, we do not detect statistically significant spectral
variability due to the relatively low S/N of their eight-band light curve data; at times, there are
also insufficient variations between the amplitudes of the points.
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Figure 3.5: HR planes for 3C 273, Mrk 421, and Mrk 501. The points calculated from the power
law simulations (colored crosses) track the trend in the hardness ratios, suggesting that the spectra
for these sources can be described with a simple power law that is variable on monthly timescales.

applying this test, we find that only 5 sources (3 BL Lacs, 2 FSRQs) show spectral variability.
This is once again in tension with the literature, which states that blazars on average can exhibit
significant variability in their spectra; it is therefore surprising that we do not detect spectral
variability for the vast majority of our sources in these long-term data. However, it is also possible
that the BAT is simply not sensitive enough to detect such changes most of the time (see Figure
3.4 for examples).

For the 5 sources that do show spectral variability (3C 273, 3C 454.3, Mrk 421, Mrk 501,

and 1ES 0033+595), we extend the analysis further by attempting to characterize the nature of
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the changing spectrum on timescales of a month with a specific model. We decide to do this
by plotting two of the calculated HRs against each other to form a “HR plane” (see Figure 3.5
for examples); this essentially allows for an analysis of the monthly spectral data using only
hardness ratio values, independent of time. Using the “fakeit” command on XSPEC v12.12.0g
(Arnaud 1996), we then simulate monthly BAT spectra based on a simple power law, the simplest
possible model for the X-ray emission of AGN. More specifically, we use the “pegpwrlw” model
in XSPEC and the time-averaged 14-195 keV flux (in erg cm™2 s~1) of our sources to construct
the simulated spectra. The simulations are performed with different power law slopes for each
source, with I' ranging from ~1 to 3, which is the typical range of photon indices of AGN in the
BAT catalog. With these fake spectra, we can then calculate the HRs as we have done for the
monthly data, and we plot the simulated HR values on the HR plane, shown as colored crosses in
Figure 3.5.

For 3 blazars, we notice a visual positive correlation between the % and % ratios from the
data. We confirm this with a Pearson correlation analysis, with correlation coefficients of 0.70
for 3C 273 and 0.88 for both Mrk 421 and Mrk 501, all at a significance of >99.99%. As shown
in Figure 3.5, the simulated points agree with the correlation in the data, suggesting a variable
spectrum described by a power law with a photon index that changes on a month-to-month basis.

We find that when using the HR plane method, we cannot conclusively describe the spectra
of either 3C 454.3 or 1ES 0033+595 in the same way. We should note, however, that these
sources are also different in that they show statistically significant variability for only two of the
hardness ratios that we calculate, namely % and % The fact that these are the two ratios that
vary suggests that these spectra may require at least a changing broken power law with a pivot at

~25-30 keV in order to adequately describe their variability. However, the BAT data do not have
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a high enough S/N to be able to be described by such a complex model, as compared to a simple

power law.

3.3.3.2 Extracting values of I' from the hardness ratios

For the 3 sources whose spectra can be described by a power law, we push the spectral
analysis even further. Since we have calculated the HRs for the data, as well as those for the
simulated points based on a power law, we have the necessary tools to extract values for the
photon index I' for each monthly data point from the monthly HR values. In order to do this, we
plot either HR against the slopes used in the simulations, and find a relation for each source for
the power law slope as a function of the HR. We show distributions for the values of the photon
index for these 3 sources in Figure 3.6, as well as the photon index time series in Figure 3.7. It
is clear from these plots and their mean values that the extracted values for I' agree with where
in the HR plane the HRs cluster relative to the simulations. We also note the difference in the
distributions between 3C 273 (an FSRQ) and Mrk 421, Mrk 501 (BL Lacs, both HSPs); this is
consistent with the fact that FSRQs/LSPs generally have flatter spectra, due to the X-rays falling
on the rising part of the high-energy hump in the SED (see e.g. Ghisellini et al. 2017; Paliya et al.
2019b, and Figure 3.3).

We also investigate how the spectra change with brightness, and we show the photon index
as a function of the normalized 14-195 keV flux for these sources in Figure 3.8. We do not find a
statistically significant trend for either 3C 273 or Mrk 421, but for Mrk 501, we detect a “harder-
when-brighter” behavior at a significance of >99.98%, possibly associated with increased parti-

cle injection that hardens the particle energy distribution, resulting in a flatter emitted spectrum.

69



3C 273

. o

0.4F

0.2F {

)1

Figure 3.6: KDE distributions for I'; the peaks of the distributions agree with the portions in
the HR planes that are the most heavily populated with the data points As expected, 3C 273, an
FSRQ, has overall a flatter spectrum, given that the X-rays are likely produced via the EC process,
which has a hard spectral shape in the X-rays. By contrast, the X-rays in the two BL Lacs shown
(both HSPs) are produced via synchrotron emission and lie on the tail of the synchrotron hump
in the SED (see e.g. Paliya et al. 2019b).
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Figure 3.7: Photon index time series for 3C 273, Mrk 421, and Mrk 501. The values agree with
the data in the HR plane plots, as well as the distributions; the data points missing at the end
of the Mrk 501 light curve are due to the filtering of very low S/N points that have a total-band
negative count rate.
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3.4 Discussion

3.4.1 Towards a more complete view of the X-ray variability of blazars

Blazars have historically been described as extremely variable objects, showing significant
variations in their flux and spectra across many timescales and wavelengths. However, it is well
known that most X-ray studies of blazars have been biased towards the brightest sources, and/or
towards blazars in active states such as flares. In this study, at least for a hard X-ray selected
sample of sources, we attempt to reduce some that bias by analyzing the long-term data of the
vast majority of the blazars in the Swift-BAT 157-month catalog, which provides a more complete
sample of blazars with varying degrees of brightness.

By expanding the flux range covered in such an analysis, we find that it is possible that
not all blazars are necessarily as highly variable as originally thought. However, the timescales
on which variability is measured can be radically different in the literature, and simply stating
that blazars are usually “highly variable” must be qualified by the timescales covered. For this
particular study, it is also important to stress that there are two major caveats to consider along
with our seemingly surprising results. The first is that it is unclear from just the BAT data if
this supposed lack of variability is due to real near-constant emission, or if it is solely due to
sensitivity issues of the BAT data, given that the BAT does not have the highest sensitivity per
unit time as compared to other X-ray telescopes. The second is that, on very long timescales, it
is possible for blazars to exhibit fairly long periods of relative quiescence that are interrupted by
flaring events. Indeed, studies such as the ones conducted by e.g. Williamson et al. (2014), Paliya

etal. (2015), and Hayashida et al. (2015) suggest periods of relatively constant emission on close
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to yearly timescales in both the X-rays and other wavelengths, with some sources spending a
significant amount of time in a quiescent state, implying mostly low-amplitude emission with
occasional flaring events.

In Mundo & Mushotzky (2023), we investigate these potential scenarios for a sub-sample
of 4 faint, “quiescent” blazars that were taken from the population for which we did not detect
variability that is mentioned in Section 3.1; the study involves the joint use of BAT data and
data acquired from the NICER observatory. NICER’s >100 times sensitivity per unit time as
compared to the BAT allowed us to probe shorter timescales that may not be detected by the
BAT, while also allowing for an estimate of the variability on timescales similar to those of the
BAT catalog. In general, the high sensitivity of the NICER observatory therefore offered a way
to possibly confirm the apparent lack of X-ray variability seen in the BAT data. In that study, we
find that variability is in fact detected in the NICER band, but that the variations are much lower
amplitude than is expected of a blazar and appear to decrease with longer timescales. In addition,
joint fits between the co-added NICER spectra and the time-averaged BAT spectra suggest that
any potential variability between the two bands would be occurring on timescales significantly
longer than one year (see Mundo & Mushotzky 2023 for further details). Therefore, for at least
4 of the “non-variable” blazars in this current study, it is possible that the X-ray emission is
represented by periods of quiescence that are much longer than the ones typically observed in
blazars.

For the 76 blazars for which we can detect statistically significant flux variability, we find
that on average the FSRQs and BL Lacs in the sample have very similar F.,,. It is probably
the case that our sample sizes are not large enough to confirm this as a general behavior, as we

perform this analysis for only 53 FSRQs and 24 BL Lacs (the BAT blazar population in general
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is dominated by FSRQs). However, Rajput et al. (2020) find similar results for the long-term
~-ray variability of a larger population of FSRQs and BL Lacs. They use data from the third
Fermi-LAT catalog to show that, for a significantly larger sample size, the variability of FSRQs
is in fact significantly higher than that of BL Lacs. FSRQs produce the X-rays via EC effects,
meaning that, assuming a leptonic model, external radiation arriving from extended regions like
the BLR and dusty torus is inverse Compton scattered by the highly energetic electrons in the
jet. In this scenario, due to light travel time effects, one might expect that the variability caused
by variations in the external photon fields would be smeared out, leading to an observed overall
lower-amplitude variability. Given the results here and in Rajput et al. (2020), it is therefore
possible that the variability for some of these objects is instead driven by a variability in the
injection function and in turn by changes in the particle energy distribution.

One physical scenario in which the above situation might arise involves a variability that is
mostly caused by internal shocks moving along the jet. In this “shock-in-jet” model (Marscher &
Gear 1985; Spada et al. 2001), the injected energy is transmitted at irregular intervals to accelerate
the shells of plasma in the jet. Energetic shocks in the jet then emerge via collisions between these
shells, and some of the energy of the shocks is eventually converted into the radiative energy
output of the relativistic particles, resulting in both a variable particle energy distribution and
variable emission. Our results suggest that this may be a significant contributor to the variability
not just in BL Lacs (where it is expected that the variability involves a balance between the
acceleration and synchrotron/SSC cooling timescales of the relativistic electrons in the jet), but

also in FSRQs.
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3.4.2 Relationships between £y, and important blazar parameters

Several groundbreaking studies have shown that the fractional variability of AGN is anti-
correlated with the sources’ luminosity and black hole mass (Barr & Mushotzky 1986; Green
et al. 1993; Papadakis & McHardy 1995; Lu & Yu 2001; Uttley et al. 2002; Papadakis 2004;
Zhou et al. 2010; Kelly et al. 2011, 2013; Ponti et al. 2012). These results have usually been
interpreted in the context of accretion timescales and are thus also linked to additional correlations
between e.g. the break frequency in the power spectral density (PSD) of these sources and the
black hole mass and accretion rate (Markowitz et al. 2003; McHardy et al. 2006; Koérding et al.
2007; Kelly et al. 2011); the break frequency 14, in particular has come to be recognized as a vital
quantity to describe accretion processes and specific timescales of accretion. However, these
studies analyzed the variability usually only in the 2-10 keV band, finding that 14, occurred on
relatively short timescales.

Shimizu & Mushotzky (2013) performed one of the first PSD analyses with BAT data using
the 58-month catalog for 30 AGN. Due to the long timescales probed, they could not detect breaks
in the power spectra, with the ensuing implication being that there was a lack of correlation
between the variability and the luminosity and black hole mass. Soldi et al. (2014) similarly
ascribe the same lack of correlation in their analysis to the fact that, for the vast majority of the
sources in the catalog, the BAT can only constrain the variability on monthly timescales, which
is much longer than the typical PSD break times that usually dictate some of these correlations
in AGN.

In this study, we do not find significant correlations between the fractional variability of

blazars on monthly timescales and their luminosity and black hole mass. Since we probe the
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same long timescales as in the two aforementioned studies, it is possible that our results arise for
similar reasons. However, one major difference is that we focus on blazars, whereas the previous
studies are exclusive to Seyferts. Even though, for some blazars, a correlation between variability
and black hole mass could have led to a superficial probing of the disk-jet connection, in general,
the blazars in our sample have very different underlying astrophysical processes associated with
their X-ray emission (jetted emission) compared to Seyferts (emission from the disk and corona).
Therefore, it is unclear whether this comparison with past studies is 100% valid to begin with.

While we also do not find a correlation between F,, and the Doppler factor J, we do
observe that the FSRQs have a higher mean ¢ than BL Lacs. This might be expected of the
more luminous FSRQs, whose luminosities are at times several orders of magnitude higher than
those of BL Lacs, but whose black hole masses are on average only a few times higher than
those of BL Lacs (see Figure 3.3), implying that FSRQs need higher Doppler factors to reach
such luminosities and that relativistic beaming may be contributing significantly to the X-ray
variability in these sources.

The lack of correlation between F.,, and the photon index I' is somewhat unexpected,
since the steeper indices associated with a significantly falling spectrum are likely indicative of
radiative losses. Since for higher-energy particles, the cooling timescales are shorter (f.,o
1), this would translate to higher and more rapid variability. In a study with NuSTAR data,
Bhatta et al. (2018) do find a positive correlation between the hard X-ray variability and photon
index (for both FSRQs and BL Lacs separately) for several observations of a sample of 13 blazars.
They find that for BL Lacs, the trend is not as distinct as is found for FSRQs; they attribute this
to rapid synchrotron cooling in BL Lacs at higher energies possibly contributing to photons at
the high-energy end of each individual spectrum, resulting in a harder power law distribution and
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thus reducing the relationship seen of a higher variability with steeper index. This study, however,
is performed on the shorter timescales probed by NuSTAR, and they note that their sample size is
limited. The fact that we do not see any correlation in our study therefore suggests that cooling

processes are not necessarily at the heart of the variability on longer timescales.

3.4.3 Interpreting the spectral variability

We detect statistically significant variability in 5 of our sources. For 3 of these, we find that
the spectrum can be described with a simple power law that changes spectral slope on monthly
timescales. This is generally in line with studies that show that the X-ray spectra (and in partic-
ular, the hard X-ray spectra) of blazars can be described with a power law. However, there are
hints in our analysis pointing to potentially more complex spectra. For example, for 3C 454.3
and 1ES 0033+595, only two hardness ratios, % and %, show statistically significant variabil-
ity. This suggests that for these sources, the hard X-ray spectra may require a broken power law
model to adequately describe their variability, with spectral variations possibly arising from the
BAT spectra pivoting about a break energy at ~25-30 keV. Such a break in the spectra could be
present due to the BAT data lying between the synchrotron and Compton humps, as usually the
hard X-ray data on either hump have significantly different spectral slopes (lower I' for inverse
Compton hump, higher I' for synchrotron hump); alternatively, curvature could be detected if the
data lie on the very peak of either hump. We inspect the latest SEDs provided for these sources
in Paliya et al. (2019b), but find that all of the BAT data for 1ES 0033+595 are on the tail of the
synchrotron hump, while all of the BAT data for 3C 454.3 are on the rising part of the Compton

hump. However, given the significant variability we detect, it is possible that the SEDs shown
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in Paliya et al. (2019b), and therefore the location of the X-rays in the SEDs, experience signifi-
cant changes over long timescales. In an analysis of the long-term variability of 1ES 00334595,
Kapanadze & Gurchumelia (2022) do in fact find significant curvature in most of the source’s
Swift-XRT spectra in the 0.3-10 keV band, stating that their best-fit model is a log-parabolic
power law. Therefore, it is possible that our results are consistent with their analysis in that 1ES
0033+595 may require a more complex model than a simple power law.

The discussion of spectra more complex than a power law naturally brings up one of the
most famous and well-studied sources in our sample. 3C 273 happens to be a blazar-like AGN
(usually classified as an FSRQ within the context of blazars) with a fairly high viewing angle
of ~10° (Stawarz 2004). While our analysis suggests that its emission can be described by a
simple hard power law, several studies have indicated that its X-ray spectrum can be modeled
by the combination of a Seyfert-like component (e.g. coronal emission and X-ray reflection
features) and a beamed, blazar-like component to describe emission from the jet (Kataoka et al.
2002; Soldi et al. 2008; Esposito et al. 2015; Madsen et al. 2015). In particular, the analysis in
Madsen et al. (2015) with NuSTAR and INTEGRAL data suggests that the hard X-ray spectral
variability is caused by a change in amplitude in each component as their respective power law
slopes remain fairly invariant. In an attempt to find some agreement through the BAT data, we
briefly investigate this by performing simulations for such a scenario, but find that the quality of
the BAT data is not high enough to detect the spectral features associated with the 2-component
model, and that the hardness ratio values spanned by the data in the HR plane are best represented
by the simulated HR points that result from the simple power law simulations. We therefore come
to the conclusion that the higher sensitivity of NuSTAR is probably more appropriate to explore a
more complex scenario like a 2-component model.
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Finally, we find that Mrk 501 shows signs of “harder-when-brighter”” behavior on monthly
timescales, suggesting that the hard X-ray spectrum flattens as the source reaches brighter states.
Bhatta et al. (2018) also find such a correlation for Mrk 501 with their NuSTAR analysis on shorter
timescales. A reason for this could be that the brightening of the source corresponds to increased
particle injection. As a HSP BL Lac, the BAT data for Mrk 501 lie at the tail of the synchrotron
hump; this could cause the particle distribution to harden, resulting in a harder power law slope
for the emitted spectrum. Alternatively, a strengthening of the magnetic fields in the jets could

also lead to increased synchrotron emission, possibly producing harder photons in the process.

3.5 Conclusions

We have presented long-timescale, time-domain variability analyses of 127 blazars from
the Swift-BAT 157-month catalog by use of ~13 years of continuous archival hard X-ray data in

the 14-195 keV band. Our main results are as follows:

1. We do not detect statistically significant flux variability for a significant fraction (~37%)
of the blazars in our sample, which is in tension with the expected highly variable emission

of blazars on most timescales and wavelengths.

2. On average, for the objects that do show variability, we find that FSRQs appear to have a
very similar degree of flux variability compared to BL Lacs ((Fya) = 76 £ 5% vs (Fuar) =
7544%), possibly due to the variability in FSRQs being driven by variations in the particle

injection as opposed to variations in external radiation fields.

3. We do not find correlations between F\,, and the luminosity and black hole mass, possibly
due to the fact that the BAT probes timescales much longer than the timescales where these
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correlations have previously been observed; however, the physical mechanisms producing
the X-rays in these blazars are also significantly different to those in the Seyferts analyzed
in these previous studies. We also do not find a trend between F\,, and the photon index I,
suggesting that radiative losses may not be the main source of variability for these objects

on long timescales.

. We detect spectral variability in 5 blazars, and for 3 of them the behavior can be summa-
rized as a simple power law in the hard X-rays that changes spectral slope I' on monthly
timescales. For at least two sources, it is possible that a more complex model is required to

describe the variable spectra.

. For Mrk 501, a HSP BL Lac, we detect a “harder-when-brighter” behavior at a significance
of >99.98%, possibly associated with increased particle injection or an enhancement of the

magnetic fields in the jet.
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Chapter 4: Investigating the variability of Swift-BAT blazars with NICER

In this chapter, we present results of X-ray spectral and time-domain variability analyses of
4 faint, “quiescent” blazars from the Swift-BAT 105-month catalog. We use observations from a
recent, S-month long NICER campaign, as well as archival BAT data. Variations in the 0.3-2 keV
flux are detected on minute, ~weekly, and monthly timescales, but we find that the fractional
variability F,, on these timescales is <25% and decreases on longer timescales, implying gen-
erally low-amplitude variability across all sources and showing very low variability on monthly
timescales (Fyor < 13%), which is at odds with previous studies that show that blazars are highly
variable in the X-rays on a wide range of timescales. Moreover, we find that the flux variabil-
ity on very short timescales appears to be characterized by long periods of relative quiescence
accompanied by occasional short bursts, against the relatively time-stationary nature of the vari-
ability of most other AGN light curves. Our analysis also shows that the broadband X-ray spectra
(0.3-195 keV) of our sources can be described with different power law models. As is the case
with most blazars, we find that 2 sources (2MASS J09343014-1721215 and PKS 0312-770) are
well-modeled with a simple power law, while the remaining two (1RXS J225146.9-320614 and
PKS 2126-15) exhibit curvature in the form of a log-parabolic power law. We also find that, in
addition to the continuum, PKS 2126-15 requires significant absorption at the soft X-rays (<1

keV) to fully describe the observed curvature, possibly due to absorption from the intergalactic
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medium.

4.1 Introduction

Blazars are a class of radio-loud (RL) active galactic nuclei (AGN) whose defining charac-
teristic is a jet aligned close to the observer’s line of sight (Urry & Padovani 1995). Due to the
bulk relativistic motion of the particles in the jet, any emission from the latter will be relativisti-
cally beamed in the direction of motion, and an observer at rest will detect emission that is much
more powerful than if the particles were at rest. As a result, the emitted radiation from blazars,
which is dominated by extreme non-thermal processes that take place in the jet, has historically
been known to be very luminous, with high-amplitude, rapid variations in flux, spectra, and polar-
ization observed across most timescales and energy bands (see e.g. Stein et al., 1976; Blandford
& Rees, 1978; Angel & Stockman, 1980; Marscher & Gear, 1985; Morini et al., 1986; Feigelson
et al., 1986; Wagner & Witzel, 1995; Ulrich et al., 1997; Andruchow et al., 2005; Lichti et al.,
2008; Soldi et al., 2014).

While most blazars share a number of characteristics, such as flat radio spectra, rapid vari-
ations in flux and in radio/optical polarization, and superluminal motion at radio wavelengths
(Mutel et al., 1990; Vermeulen & Cohen, 1994; Jorstad et al., 2005), they can nonetheless be
separated into two subclasses: BL Lacertae (BL Lac) objects and flat-spectrum radio quasars
(FSRQs). This classification is usually based on the rest-frame equivalent width (EW) of the
optical emission lines, with FSRQs showing broad lines with EW> 5A and BL Lacs showing
weak or no emission lines in their spectra (Stickel et al., 1991).

FSRQs and BL Lacs can further be told apart by their broadband spectral energy distribu-
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tions (SEDs). The SEDs of BL Lacs are characterized by two broad emission humps that are
usually close to equally luminous. The peak at low frequencies is likely caused by synchrotron
emission processes that usually emit from the infrared to the X-rays, while the peak at high fre-
quencies (X-rays to y-rays) likely arises from the synchrotron self-Compton (SSC) mechanism,
an inverse Compton process by the same highly energetic particles in the jet. FSRQs show the
same two aforementioned emission humps, but in these blazars, the Compton hump is more lu-
minous than the synchrotron hump; this is likely due to the radiatively efficient accretion in the
more luminous FSRQs, which leads to a UV-bright disk that produces ionizing photons to form
a broad-line region (BLR). The BLR, in turn, provides an additional source of photons external
to the jet that undergo inverse Compton scattering (Ghisellini et al., 2009b, 2011), producing the
high-energy hump in the SEDs of FSRQs.

In particular, the X-ray spectra of blazars can generally be well-described by a simple power
law or a curved continuum that represent the non-thermal processes occurring in the jet (see e.g.
Comastri et al., 1997). Many spectra show curvature in the form of either a log-parabolic power
law or a broken power law (e.g. Massaro et al., 2004, 2006; Paggi et al., 2009; Furniss et al.,
2013; Arcodia et al., 2018; Dalton et al., 2021), with many blazar emission models predicting
that spectra exhibiting either shape can result from a relativistic particle distribution that has a
similar curvature (see e.g. Sikora et al. 1994, 1997, 2009; Tavecchio et al. 2007; Tavecchio &
Ghisellini 2008; Ghisellini & Tavecchio 2009, 2015; Arcodia et al. 2018, and references therein).
Alternatively, curvature might be observed simply due to the location of the X-rays on the SED,
as is the case with “extreme” blazars that have the peak of their synchrotron hump located at very
high frequencies (25% > 10'7 Hz; see e.g. Paliya et al. 2019b for examples), likely due to the
efficient acceleration mechanisms in their jets (e.g. Costamante et al., 2001; Foffano et al., 2019;
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Paliya et al., 2019c¢).

An intrinsic curved continuum does not always yield a complete picture of the X-ray emis-
sion from a blazar. Certain studies have shown that sometimes, significant photoelectric absorp-
tion, in addition to said continuum, is required in the soft X-rays to fully describe the curved
X-ray spectrum (e.g. Cappi et al., 1997; Tavecchio et al., 2000; Fabian et al., 2001a,b; Worsley
et al., 2004a,b, 2006; Page et al., 2005; Grupe et al., 2004, 2006; Sambruna et al., 2007; Eitan &
Behar, 2013; Arcodia et al., 2018; Dalton et al., 2021). At first glance, this contradicts the very
nature of blazars, since in general these objects are considered to have negligible X-ray absorp-
tion along the line of sight, due to their kiloparsec-scale jet likely sweeping away any potential
contribution to absorption from the host galaxy. In order to reconcile this, several studies (e.g.
Fabian et al., 2001a; Behar et al., 2011; Campana et al., 2012, 2015; Starling et al., 2013; Eitan &
Behar, 2013; Arcodia et al., 2018; Dalton et al., 2021) have suggested that the absorption might
be due to the highly ionized “warm-hot” intergalactic medium (WHIM), with more recent studies
emphasizing that such a component from the intergalactic medium should be considered in the
spectral analysis of blazars when appropriate (see e.g. Arcodia et al., 2018; Dalton et al., 2021).

In a time-domain variability analysis of 127 blazars in the Swift-Burst Alert Telescope
(BAT) 157-month catalog (Mundo & Mushotzky in preparation, see Chapter 3), we find that a
non-negligible fraction (~37%) of the sample does not show statistically significant variability on
monthly timescales in the 14-195 keV band, in tension with previous works that have established
that blazars are extremely variable objects at almost every timescale and wavelength. However,
it is unclear from just the BAT data if this apparent lack of variability is a result of truly relatively
constant emission (i.e. only moderate amplitude variability) or emission that is mostly constant

with occasional flaring events, as seen in Fermi data for some sources (e.g. Paliya et al., 2015;
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Hayashida et al., 2015), or if it is solely related to the sensitivity or systematic issues of the
BAT data. The BAT catalog data are unique in providing continuous observations over a 9-year
timescale for a hard X-ray selected sample and thus sample the time variability of these objects
in a previously unexamined time domain. Therefore, confirmation of these results could change
our understanding of the properties of blazars and beamed AGN.

Because of the BAT’s relatively low sensitivity per unit time (Tueller et al., 2008), it can
only constrain the variability on monthly timescales for the vast majority of objects detected in
the 105-month catalog. In order to determine if the supposedly “non-varying” sources exhibit
variability on shorter timescales not detected by the BAT, we started a ~5-month long campaign
in 2021 with the Neutron Star Interior Composition Explorer (NICER) for each of 4 such appar-
ently non-variable sources. Thanks to the NICER telescope’s >100 times sensitivity per unit time
compared to the BAT, the campaign allows for an estimate of the variability on a wide range of
timescales, probing shorter timescales while also representing the timescales of the BAT catalog.

The 4 sources analyzed here with new NICER data (2MASS J09343014-1721215; PKS
0312-770; 1RXS J225146.9-320614; PKS 2126-15) correspond to the brightest blazars from the
Swift-BAT 105-month catalog for which there was very little variability (Fy,, < 10%) on monthly
timescales. In general, these objects lie at the low flux end of the BAT blazar population and are
among the most quiescent sources in the catalog. In addition, according to a recent spectroscopic
study of the blazars in the 105-month catalog (Paliya et al., 2019b), the NICER band (0.3-10 keV)
falls on the same hump as the BAT band (14-195 keV) for each of the 4 sources, meaning that the
broadband X-rays are likely produced by the same underlying process for each source, and thus
the new NICER observations would shed light on the physical processes driving the BAT band.

In this chapter, our main objectives are to determine whether these 4 sources are variable,
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as well as to characterize the nature of their variability and their spectra in the NICER band. We
describe the observations and data reduction in Section 2, present our variability and spectral

analyses and their results in Section 3, and discuss these results in Section 4.

4.2 Observations and Data Reduction

4.2.1 NICER

Each of the 4 sources in this investigation were observed over a period of 5 months in
order to mimic the long timescales of the BAT 105-month catalog, with ~8 observations per
month that had varying individual exposure (~40 observations total per source, PI: Mundo; see
Table 4.1 and caption). Each source was observed for a total exposure of at least ~20 ks taken
over this 5-month period (all the data are available on the electronic version and the HEASARC
archive'!). The NICER data were reduced using HEASOFT v.6.29.1 and the current calibration
files available (v. xti20210707). The nicer12 pipeline was used with the default settings using
all 56 detectors and applying the necessary filters and calibration to produce cleaned events files.

We used the tool xselect to extract 1-second binned light curves, which we later re-
binned to three different timescales for our time-domain variability analysis (see Figure 4.2 for
an example of the campaign with light curves on minute and ~weekly timescales for one of our
sources). The background estimation and calculation of the total spectra were performed using
the tool nibackgen3C50? (Remillard et al., 2022). The spectra were binned to a minimum of

20 counts per bin using the grppha tool.

'https://heasarc.gsfc.nasa.gov/cgi-bin/W3Browse/w3browse.pl
Zhttps://heasarc.gsfc.nasa.gov/docs/nicer/tools/nicer_bkg_ est_tools.html
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Table 4.1: NICER observations and sources used in our analysis. Shown are the source
name, blazar type, redshift, observation ID, observation start dates, and the exposure times.
IRXS J225146.9-320614: 38 observations with exposures between ~200s and ~2 ks; 2MASS
J09343014-1721215: 49 observations with exposures between ~200s and ~3 ks; PKS 2126-15:
41 observations with exposures between ~150s and ~4 ks; PKS 0312-770: 35 observations with
exposures between ~100s and ~2 ks. For all sources, observations are spaced across 5 months.
The wide range of exposures in the observations is the result of flagging periods of high back-
ground according to the nicer12 pipeline criteria. The full list of observations can be found in
the electronic version and in the HEASARC archive.

Source name Blazar Type z Obs. ID Start Date  Exposure (s)
IRXS J225146.9-320614 BL Lac 0.2460 4638020101 2021/06/20 663
4638020201 2021/06/23 1247

4638020301 2021/06/27 1268

4638020401 2021/06/29 653

2MASS J09343014-1721215 BL Lac 0.2499 4638030101 2021/03/03 582
4638030201 2021/03/06 687

4638030301 2021/03/10 1192

4638030501 2021/03/17 675

PKS 2126-15 FSRQ 3.2680 4638010201 2021/06/22 710
4638010301 2021/06/26 1480

4638010401 2021/06/29 4284

4638010402 2021/06/30 3405

PKS 0312-770 FSRQ 0.2230 4638040101 2021/04/10 404
4638041301 2021/04/13 1234

4638040301 2021/04/17 364

4638040401 2021/04/20 89
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Figure 4.1: Sample spectrum of an individual observation of 2MASS J09343014-1721215 which
took place during the second month of the campaign. The background begins to reach the level
of the signal between 2-3 keV (~ 2keV). For consistency across all sources and observations,
light curves are extracted in the 0.3-2 keV range for the flux variability analysis.
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422  Swift-BAT

To probe the hard X-rays and complete the broadband X-ray spectrum, we make use of the
archival observations available in the Swift-BAT 105-month catalog® from the BAT Hard X-ray
Survey (Oh et al., 2018). We include the ready-to-use, eight-channel time-averaged spectra that

are provided there in this analysis.

4.3 Results

4.3.1 Time-domain flux variability analysis in the NICER band

We begin by performing a time-domain analysis of the flux variability for each source
on minute, ~weekly, and monthly timescales, which cover the range of timescales represented
by both NICER and the BAT. Since NICER is not an imaging instrument, we need to rely on
the spectrum and the estimated background from each observation to determine which band to
extract the light curves from. We find that across all observations, the ratio of the signal to the
background reaches ~1 at the very least at ~2 keV (see Figure 4.1 for an example), with some
observations showing the background reaching the signal above that energy. In order to have
a consistent comparison across all observations and sources, we therefore decide to extract light
curves in the 0.3-2 keV range for each source (see e.g. Figure 4.2) and perform our flux variability
analysis in this range. (We show the light curves to the additional 3 sources in Figures 1d-1i in
the electronic version of Mundo & Mushotzky 2023.)

In order to determine whether we detect variability in our sources, we fit the light curves

3https://swift.gsfc.nasa.gov/results/bs105mon/
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Figure 4.2: Top panel: Sample light curve for one of our sources, PKS 2126-15, in two timescales
probed in this study: (a) binned to one minute, and (b) binned ~weekly (by observation). Count
rates are in the 0.3-2 keV band. Blue lines are shown to depict the observational campaign
structure. Bottom panel: The same as top panel (a), but this time plotted over the total exposure
time for the source in seconds, as opposed to over the total campaign time, in order to highlight
the short timescale variability. Red dashed lines indicate a change from one observation to the
next. To connect the bottom panel to top panel (a), the rate at an effective time of e.g.~1.7 x 10*
sec in the bottom panel is seen in Month 2 of top panel (a) at 59409.7 MJD. We also include labels
on the bottom panel to show when certain observations occur in MJD. As with top panel (a), the
data points are ~60 s wide. (Similar light curves for the other blazars are shown in Figures 1d-1i
in the electronic version of Mundo & Mushotzky 2023.)
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at each timescale with a constant function, and then apply a x? test. We define a significant
detection of the variability as occurring whenever p,» < 5%, where p,2 is the null-hypothesis
probability of obtaining that value of y? if the source were in fact constant. Furthermore, we
quantify the flux variability of our sources by using the methodology described in e.g. Vaughan
et al. (2003), which accounts for the contribution of an additional variance from measurement
uncertainties. The “excess variance” has been used over the past few decades to estimate the
intrinsic source variance (e.g. Nandra et al., 1997; Edelson et al., 2002), and can be normalized to
directly compare the variance between different sources. The fractional root mean square (rms)

variability amplitude F,, is defined as

52 — O-grr
Foar = T? (41)

1.e. the square root of the normalized excess variance, and is the quantity we will use here.
Thanks to the high sensitivity of NICER, we are in fact able to detect and quantify statis-
tically significant variations on each of the 3 timescales we have chosen in the 0.3-2 keV band.
However, we find that F.,; is at most 25% across all sources at all 3 timescales, and appears
to decrease on longer timescales, implying low-amplitude variability overall and showing little
variability on monthly timescales (highest F,,, on monthly timescales is 12.9 4+ 0.4% across all
sources, see Figure 4.3), with 2 out of 4 sources showing F.,, < 5% on monthly timescales,
which is unusual and unexpected for the X-ray emission from blazars. It is possible that this, to a
certain extent, may be confirming what we have observed with the lack of variability in the BAT
data for these sources. While we detect statistically significant variability, this low-amplitude

variability would be deeply at odds with the past general literature that shows that blazars are
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Figure 4.3: Fractional variability as a function of timescale. For each source, the variability
amplitude decreases with increasing timescale, a trend that is not expected of blazars and other
AGN.

extremely variable objects in the X-rays. Furthermore, the behavior of the fractional variability
as a function of timescale is peculiar, since for other AGN such as Seyferts, the opposite trend
of variability increasing with timescale is observed (e.g. Edelson & Nandra, 1999; Uttley et al.,
2002; Markowitz et al., 2003; McHardy et al., 2004; Uttley & McHardy, 2005).

While on average, the amplitude of the variability in our sources is quite low, we do find
that the minute-timescale light curves exhibit occasional short bursts/flare-like events, along with
periods of quiescence that last on the order of several weeks (see e.g. Figure 4.2, top panel
(a) and bottom panel). This combination of long, low-amplitude components and short, flaring
components suggests that the nature of the variability on very short timescales may be non-

stationary, as opposed to the expected stationary or “weakly” stationary variability from most
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other accreting objects (see e.g. Vaughan et al., 2003; Uttley et al., 2005).

4.3.2 Spectral analysis

We fit the NICER spectra for each source using XSPEC v12.12.0g (Arnaud 1996). Fol-
lowing our search for variability in the flux, we begin by searching for any signs of spectral
variability from observation to observation, i.e. on ~weekly timescales. In order to do this, we
fit the individual observations of each source with a simple power law, using the tbabs model
(Wilms et al., 2000) and cross-sections from Verner et al. (1996) to model the Galactic absorption
(i.e. tbabsx*po), setting Ny qa to the appropriate values from the HI4PI survey for each source
(HI4PI Collaboration et al., 2016).

The energy range of the spectra used for each source in this step varies slightly, and depends
on where the background starts to dominate the signal; as previously mentioned, the lowest en-
ergy where this happens, across all sources, is ~2 keV, due to the generally higher background in
these cases. However, some of the brighter sources, such as 1IRXS J225146.9-320614 (~8 counts
s~! in the 0.3-2 keV band), have some observations that have good-quality data out to ~7 keV, so
we expand the range used in fitting the individual spectra whenever appropriate, on a per source
basis (the lowest energy used in all spectra is always 0.3 keV). We exclude any observations that
have very low exposures (i.e. < 200s) from the spectral variability analysis, so as to maximize
the signal-to-noise and be able to constrain relevant parameters. For each of the individual obser-
vations, a simple power law modified by absorption (consistent with Galactic absorption for all
but PKS 2126-15) is an acceptable fit to the data. We find that PKS 2126-15 requires absorption

in excess of the Galactic absorption in order to adequately describe its individual spectra (e.g.
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Figure 4.4: Photon index I' in the 0.3-2 keV range for 2MASS J09343014-1721215, based on
spectral fits to individual observations (the gap in the middle is likely due to observing con-
straints). Observations with very short exposures (i.e. < 200s) were excluded. I varies by only
7% at the 10 confidence level.

Ax? = 132 for one additional free parameter, for a relatively high exposure (~4 ks) observa-
tion). Therefore, for the purposes of the search for spectral variability, we include an intrinsic
absorber and use the model tbabs+ztbabs*po for the individual observations of this source.

We find that overall, the photon index I' of each source does not vary by more than ~15%
at the 1o confidence level (see Figure 4.4 for an example with 2MASS J09343014-1721215).
While statistically significant (p,2 < 5%), these variations are much smaller than is usual for
blazars, and are again at odds with the literature. However, they are at least consistent with
the low flux variability we find, since variations in flux are usually linked to variations in the
spectrum. Due to the low spectral variability, we decide to co-add the spectra of each source in

order to maximize our signal-to-noise for a more detailed spectral analysis. We also include the
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Source name 1RXS J225146.9-320614 2MASS J09343014-1721215 PKS 2126-15 PKS 0312-770

Model tbabs*zlogpar tbabs*po tbabs*ztbabsxzlogpar tbabsx*po
Ny ca (102 cm—2)* 0.0104 0.0645 0.0445 0.0783
N ex 10?2 (cm™2) 1.1£0.2
2% 0.2460 0.2499 3.2680 0.2230
I'/a 1.84+0.01 1.81+0.02 1.0+0.1 2.1540.03
B 0.2940.03 0.1640.06
Kxicrr (1073) 4.1140.03 1.4940.02 57107 0.9640.02
Kgar (1073) 1343 1.4+0.4 26107 441
Y2/d.o.f. 407/422 349/364 645/598 241/236

Table 4.2: 90% confidence level parameters for the broaband X-ray data; all parameters other
than the normalization were tied between the two instruments. K’s are the normalizations of
the respective instruments, and I/« are the photon index or the slope at the pivot energy (fixed
at 1 keV) in the case of the log-parabola; [ is the curvature parameter, with positive values
indicating convex curvature. Ny g, and z were frozen to the corresponding values (parameters
with asterisk).

non-contemporaneous, time-averaged 105-month BAT spectrum for each source to obtain a joint
fit in the broadband X-rays.

We start by fitting the broadband spectra with a simple power law, as we did with the in-
dividual observations, and move towards progressively more complex models when appropriate.
We let the normalization vary across the two instruments to allow for any potential long-term
variability, and fit with the same values for the rest of the parameters. All spectra are plotted in
the rest frame of the observer. We report our results for the individual sources in the following

subsections.

4.3.2.1 PKS 0312-770 and 2MASS J09343014-1721215

For PKS 0312-770 and 2MASS J09343014-1721215, the signal of the co-added spectra
dominated the background out to 3 keV and 5 keV, respectively, so we use the spectra up to those
energies. We also exclude the last 3 channels of the BAT data for 2MASS J09343014-1721215
due to low signal-to-noise. The data for both of these sources are well-described by a simple

power law with Galactic absorption (i.e. tbabsxpo, see Figure 4.5 , top panel), with ' =
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Figure 4.5: Unfolded spectra and best-fit models for the broadband X-rays in our sample. The
top two panels are fits with a simple power law.
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2.1540.03 for PKS 0312-770 (x?/d.0.f.=241/236) and I" = 1.81 4 0.02 for 2MASS J09343014-
1721215 (x*/d.0.f.=349/364). For PKS 0312-770, the normalization of the BAT data is ~4
times larger than that for the NICER data, implying some variability on very long timescales.
For 2MASS J09343014-1721215, the normalization across the two instruments is practically
identical (see Table 4.2), confirming a lack of variability on long timescales.

According to Paliya et al. (2019b), the NICER spectrum of the BL Lac 2MASS J09343014-
1721215 begins on the rising part of the synchrotron hump in the SED, and the broadband X-rays
cover the very peak of the hump. In order to probe this curvature, we therefore also fit this
source’s spectrum with a log-parabolic power law, but we find that the curvature parameter is
not well constrained and that the fit does not yield a statistically significant improvement over a

simple power law.

4.3.2.2 1RXS J225146.9-320614

For this source, the signal of the co-added NICER spectrum dominates the background up
to ~7 keV, so we use the 0.3-7 keV spectrum. When fitting with a simple power law, we find
that the residuals show significant curvature. We therefore proceed to fitting with a log-parabolic
power law (tbabsx*zlogpar). This model provides the best fit to the data, improving from
the simple power law fit by Ax? = 233 for one additional free parameter, with a significance of
> 99.99% evaluated using the F'-test (see Figure 4.5, bottom left and Table for fit details), with
x%/d.o.f.=407/422. We also find variability between the BAT and NICER spectra by a factor of
~3 (see normalizations in Table ). As with 2MASS J09343014-1721215, the broadband X-ray

spectrum for this source also lies on the peak of the synchrotron hump (Paliya et al., 2019b), so
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we associate the observed curvature with synchrotron emission intrinsic to the source, which is

expected of many BL Lac objects.

4.3.2.3 PKS 2126-15

As with 1RXS J225146.9-320614, for PKS 2126-15 the signal dominates the background
up to 7 keV. Following our usual procedure, we initially fit the co-added spectrum of PKS 2126-
15 with a simple power law and once again observe curvature in the residuals. We thus proceed
to fit with a log-parabolic power law. This improves the fit by Ax? = 642 for 1 additional free
parameter, at a significance of >99.99%. However, this is not enough to completely describe
the observed curvature, and significant negative residuals remain at the soft X-rays (see Fig.
4.6). We find that an additional absorption component at the redshift of the source (ztbabs,
assuming solar abundance), in excess of the Galactic absorption, improves the fit by Ax? = 96
for 1 additional free parameter, at a significance of >99.99%. This results in our best fit, with
x*/d.0.f.=645/598 (Figure 4.5, bottom right). We are also able to fit the spectrum with a similarly
absorbed broken power law, but find that it is not statistically distinct from the absorbed log-
parabola. We therefore report the fit with a log-parabolic power law, as it requires fewer free
parameters (see Table 4.2).

The absorption required for our best fit is significantly larger than the Galactic absorption,
namely Ny, ~ 10*? cm™? at the redshift of the source (see Table 4.2). This is unusual for
blazars, as the jet is expected to remove any material from the host galaxy that may cause absorp-
tion along the line of sight. Going back to the individual observations, we find through a y? test

(using the same criteria as for the flux variability analysis in Sec. 3.1) that there is no significant
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Figure 4.6: The ratio of NICER (black) and Swift-BAT (red) spectra for PKS 2126-15 to different
models. (a) The ratio to a power law. (b) Ratio to a log-parabola. (c) Ratio to an absorbed log-
parabola. The fit improves significantly with the latter (significance > 99.99%).
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Figure 4.7: Time series for the column density required in excess of Galactic absorption for PKS
2126-15. A x*-test indicates there is no significant variability from observation to observation.
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variability in the column density from observation to observation, with p,» > 5% (see Figure
4.7). This may hint at a possible absorption contribution from the intergalactic medium, as its

column density should not change with time (see Sec. 4.2.1 for further discussion).

4.4 Discussion

4.4.1 Blazars not ablaze: Non-variable blazars in the broadband X-rays?

Previous studies have shown that the extreme variability often seen in the emission of
blazars may be accompanied by periods of relative quiescence. For example, Paliya et al. (2015)
and Hayashida et al. (2015) performed multi-wavelength studies of the well-studied FSRQ 3C

279, where they divided the y-ray and X-ray light curves into flaring states and periods of low
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activity. Their data imply that at times, 3C 279 exhibits periods of relatively constant emission
on timescales close to a year until the source undergoes a flare with extreme variability. Sim-
ilarly, Chand & Gopal-Krishna (2022) use ~3.5 years’ worth of optical data from the Zwicky
Transient Facility on 80 FSRQs to show that it is fairly common for transitions between active
and quiescent states to occur on year-like timescales.

In another multi-wavelength study aimed at comparing the SED properties of a sample of
33 blazars, Williamson et al. (2014) divide over 4 years of data in the optical, X-rays, and ~y-rays
into quiescent and active states. Much like the aforementioned studies, their data also show flar-
ing events that are followed by low-activity epochs that last close to a year. More specifically,
they find that the sources in their sample of blazars are in a y-ray quiescent state for a significant
percentage of the time, with the sources spending <25% of the time in an active period, imply-
ing emission that is mostly quiescent with occasional flaring events. Studies such as Soldi et al.
(2014) and Chand & Gopal-Krishna (2022) report blazars that seem to not exhibit much vari-
ability for even longer periods of time in the hard X-rays and the optical band, respectively, but
they exclude these objects from their analysis, as they constitute only a small percentage of their
sample. For the purposes of this study, it would be ideal to compare our results to sources with
similar quiescent states/behavior in the X-rays. However, similar analyses of the X-ray data of
blazars that do not show much variability have not been published (at times due to poor sampling
in these states, see e.g. Rani et al. 2013; Hayashida et al. 2015; Rodrigues et al. 2021), with many
blazar studies heavily biased towards bright targets and/or active states.

Given that our NICER data do not reach yearly timescales, it could very well be the case
that the low-amplitude variability behavior observed in our sources is only one part of the bigger

picture, and that we are observing our 4 sources in quiescent states. However, we also observe a
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strange trend of fractional variability amplitude decreasing with increasing timescale, which ap-
pears to be in tension with past studies that show that the stochastic variability of AGN, including
blazars, is usually best described by a “red noise” power spectrum, implying that the amplitude
of the variations should increase on longer timescales (see e.g. Edelson & Nandra 1999; Uttley
et al. 2002; Markowitz et al. 2003; McHardy et al. 2004; Uttley & McHardy 2005 for Seyfert-like
AGN, and Chatterjee et al. 2008, 2012; Abdo et al. 2010c; Goyal et al. 2022 for blazars). While
the variability behavior of our sources seems to contradict these studies, we should stress that our
data are likely too limited to constrain this type of behavior at this time. In the future, the acqui-
sition of further data (see Section 4.4.1) may allow us to compare more directly with previous
studies and determine whether the nature of the variability is in fact in tension with a “red noise”
power spectrum.

The NICER data also show very low fractional variability amplitude on the same timescales
as the data from the BAT catalog. As previously stated, for each of our sources, the 105-month
BAT light curves show no statistically significant variability on monthly timescales, and, consis-
tent with our fits to the broadband X-ray spectra, the NICER and BAT bands probably originate
from the same physical processes (see Paliya et al., 2019b). This means that, under the assump-
tion that the shape of the spectrum has not changed between the BAT and NICER observations,
the NICER data could possibly serve as a proxy to the BAT data to infer that the broadband X-
rays from these objects may not exhibit much variability for the duration of the BAT light curves,
which would amount to almost a decade, much longer than the typical year-long duration of the
quiescent periods previously cited.

As seen in Figure 4.5 and Table 4.2, for three of our sources, we do observe some variability

between the NICER and BAT spectra. However, this does not necessarily contradict the trends of
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low variability that we have observed with the time-domain flux variability analysis. Our NICER
data are from the last calendar year, and the 105-month BAT spectra are time-averaged over a
period from 2004-2013; this means that, while we may observe some variability between the
different bands, it would be on very long timescales. These timescales are again much longer
than the yearly timescales related to the periods of quiescence that were previously discussed.
Therefore, the possibility of blazars with much longer periods of quiescence still remains.

In an attempt to address the very low-amplitude variability we observe, we compare our
variability timescales with the cooling timescales of the emitting electrons in the jets of our
sources. As previously mentioned, for the BL Lacs in our sample, the X-rays are associated with

synchrotron emission (Paliya et al., 2019b), with cooling time

; 3mec 7.7 x 108
syn — ~ S
Y dorUpy'T B2y

4.2)
in the observer’s frame (e.g. Sari et al., 1996; Ghisellini, 2013), where I' is the bulk Lorentz
factor, Uy the magnetic energy density in the co-moving frame, and ' the Lorentz factor of the
relativistic electrons in the frame of the jet. Using values of v and the magnetic field strength
B from the modeling in Paliya et al. (2019b), we find cooling times of ~1 day for 2MASS

J09343014-1721215 and 1RXS J225146.9-320614. For the FSRQs in our sample, the X-ray

emission (£ ~ 1 keV) is caused by external Compton, with cooling time

3mec

tgc = [Eo(1 + 2)/Ey]"? (4.3)

4o’

in the frame of the observer (see e.g. Saito et al., 2013; Paliya et al., 2015), where Ej is the

characteristic energy of the seed photons, and v’ is the total seed photon energy density in the
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co-moving frame, assuming mostly inverse Compton scattering of BLR and dusty torus photons,
and calculated as in e.g. Sikora et al. (2009). We find cooling timescales on the order of ~1 week
for PKS 0312-770 and PKS 2126-15.

In general, the cooling times we obtain are relatively short compared to the longest timescales
we probe with the NICER and BAT data, and as we have shown, we do observe low-amplitude
variability on timescales similar to some of the cooling times. Assuming a leptonic model, this
could result from very short, shock-related acceleration timescales that would imply almost in-
stantaneous acceleration, with the latter providing a near-constant source of high-energy elec-
trons to the emitting region (see e.g. Tammi & Duffy, 2009). This “continuous” particle injection
would then provide a very tight balance with the effects of energetic losses, resulting in an ob-
served flux that is close to constant over time. Studies such as Tavecchio et al. (2009) have in
fact suggested similar scenarios to explain the apparent long-timescale stability of the TeV flux
in some “extreme” blazars. In these models, there must be very fine tuning between injection
and loss processes to produce the observed roughly constant fluxes, a strong constraint on blazar
models.

Of course, we also observe variability with slightly higher £, on timescales of a minute.
Upon close inspection of the short-timescale light curves, we find that this is likely due to the
fact that the variability is characterized by longer periods of relative quiescence with occasional
events that are flare-like in nature and which last several minutes. While many accreting objects
are believed to show variability behavior that is near time-stationary (i.e., the statistical moments
of the underlying process remain fairly constant over time), non-stationary time series involving
flares and quiescent periods have been observed in the X-rays before (see e.g. Leighly & O’Brien,

1997; Alston et al., 2019), as well as in the aforementioned studies with Fermi-detected sources,
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although as previously noted, the studies on the Fermi sources correspond to baselines much
longer than the one currently available for our data.

The very short-timescale variability addressed in this study occurs on timescales that are
much shorter than the cooling timescales for our sources. This suggests that the variability on
these timescales is likely due to other factors that are not related to energetic losses. Generally,
blazar emission models assume a single quasi-spherical emission region, however it could be
the case that the jets have many localized, X-ray emitting regions that contribute to this short-
timescale variability, but whose effects on the emission are smoothed out when observed on
longer timescales. Ghisellini et al. (2009a) proposed a multi-region scenario to explain fast,
~minute timescale variability in 2 BL Lacs, with the variability potentially being caused by ultra-
relativistic particles continuously flowing along magnetic field lines through magneto-centrifugal
acceleration of the particle beams. They proposed this scenario in the context of ultra-fast flaring
events, of which we do find some evidence in the data.

It is important to note that in general, it would be premature to draw strong conclusions
from these results given our small sample size and the fact that the NICER data only go out
to monthly timescales. To that end, we have a new follow-up, multi-cycle NICER campaign
currently underway that increases the sample size by 50% and our temporal baseline by a factor
of 3. This campaign will allow us to probe the variability of our sources up to timescales of a year,
with the main objectives of characterizing the long-term variability, searching for potential yearly

flares, and obtaining high-quality time-averaged spectra (Mundo et al. 2023, in preparation).
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4.4.2 Interpreting the Broadband X-ray spectra

The X-ray spectra of blazars can usually be described by a simple power law or some form
of curved continuum. Blazar emission models can in fact predict curvature in the emitted spectra
that is linked to the shape of the emitting particle energy distribution (e.g. Tavecchio et al., 2007;
Sikora et al., 2009; Ghisellini & Tavecchio, 2009, 2015). In other, more extreme cases, blazars
may have their synchrotron peak located at frequencies > 107 Hz, implying that the curvature
and the broadband X-rays are produced exclusively by synchrotron emission (e.g. Paliya et al.,
2019b). Therefore, in many cases a curved spectrum is seen as a quality intrinsic to the physical
processes that are at the root of blazar emission.

We observe these spectral characteristics with our sample, with two blazars exhibiting
power-law behavior and the remaining two well-described by models that invoke curvature. In
particular, 1RXS J225146.9-320614 requires a log-parabolic power law as the best fit for its
broadband X-ray spectrum, and we attribute this curvature to synchrotron emission, as according
to Paliya et al. (2019b) it is a high-frequency peaked blazar, with the broadband X-rays falling
on the synchrotron peak. The latter is also true of 2ZMASS J09343014-1721215, but we find that
a log-parabola does not significantly alter the fit, and that the low curvature parameter is not very
well-constrained. Additional data from our previously mentioned follow-up campaign would
increase the quality of the spectrum and may reveal the synchrotron peak more clearly.

PKS 2126-15 also shows curvature in the form of a log-parabolic continuum that is likely
intrinsic. However, this source is an FSRQ, with the broadband X-rays lying on the rising part of
the inverse Compton hump and likely produced by EC effects (Paliya et al., 2019b). Therefore,

the observed curvature is likely more directly connected to the shape of the energy distribution
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of the electrons that are upscattering the external photon fields. However, in order to fully de-
scribe the curvature, our fit also requires significant absorption at the soft X-rays in excess of the

Galactic absorption, which is unusual for a blazar.

4.4.2.1 The curious case of PKS 2126-15: An absorbed FSRQ?

Generally, blazars are not expected to show significant X-ray absorption in their spectra.
This is because the kpc-scale jet points along our line of sight, and thus likely sweeps any po-
tential X-ray absorption component from the host. In particular, FSRQs tend to be the most
luminous, powerful blazars (e.g. Fossati et al., 1998; Ghisellini et al., 2017), and are therefore
more effective in removing host absorbers in the vicinity, further decreasing the likelihood of any
type of contribution from the host galaxy to their X-ray spectra.

Despite this, over the past two decades, several blazars have shown hardening at the soft
X-rays that can in fact be modeled by absorption (e.g. Cappi et al., 1997; Tavecchio et al., 2000;
Fabian et al., 2001a,b; Worsley et al., 2004a,b, 2006; Page et al., 2005; Grupe et al., 2004, 2006;
Sambruna et al., 2007; Eitan & Behar, 2013). In these studies, the absorption was usually de-
scribed by a neutral absorber intrinsic to the host galaxy. However, this is inconsistent with the
significantly lower absorption seen at optical and UV wavelengths (see discussions in e.g. Cappi
et al. 1997; Fabian et al. 2001a; Worsley et al. 2004a,b; Page et al. 2005). As a result, several
studies thereafter preferred explaining the curvature with intrinsic spectral breaks (e.g. Tavecchio
et al., 2007).

As shown in Eitan & Behar (2013), high redshift blazars, most of which are FSRQs, are

often absorbed. Two recent studies by Arcodia et al. (2018) and Dalton et al. (2021) find that
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absorption in excess to the Galactic absorption, as opposed to intrinsic breaks, is preferred to
fully explain the hardening in their respective samples of FSRQs. They successfully describe the
excess X-ray absorption as occurring due to the highly ionized “warm-hot” intergalactic medium
(WHIM), which would also account for the lack of absorption seen in the optical/UV. In their
analyses, they directly model the WHIM and perform simultaneous fits with their sources to
measure its properties. They both calculate mean hydrogen densities of ng ~ 10~7 cm™3 (at
z = 0) in the WHIM and temperatures of log(7'/ K)~6, which are consistent with the quanti-
ties expected of such a medium (see simulations in e.g. Cen & Ostriker 1999, 2006; Davé &
Oppenheimer 2007; Schaye et al. 2015; Martizzi et al. 2019. Dalton et al. (2021) also combine
their blazar data with that of gamma-ray bursts to find that their results agree over a wide range
in redshift, and show that the WHIM column density is not related to variations in the flux or
spectra of their sources.

The high signal to noise of the NICER data, combined with the broad bandwidth of in-
cluding the BAT data, allow us to both measure curvature in the continuum and require “excess”
absorption in PKS 2126-15. In other words, even with a more sophisticated treatment of the
continuum of PKS 2126-15 (i.e. accounting for intrinsic curvature), we still require absorption
that is consistent with the results of Arcodia et al. (2018) and Dalton et al. (2021). While such
rigorous studies are beyond the scope of this chapter, excess absorption in the WHIM could be
one way to interpret what we observe for PKS 2126-15 in the soft X-rays, given that it is a high-z
FSRQ. Absorption in the intergalactic medium would not change over time, since it should not
depend on the source’s environment, and we observe a lack of variability in the column density
at the redshift of PKS 2126-15, over many observations. While this of course does not present

definitive evidence, it might point towards a scenario involving the WHIM. In addition, since the
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WHIM is expected to be diffuse and smeared over redshift, it is possible for its signature to also
appear at or near the redshift of the source. In the future, and especially with the arrival of the
data from our new multi-cycle NICER campaign, we hope to robustly probe this scenario with

more physically motivated models.

4.5 Conclusions

We have presented X-ray spectral and time-domain variability analyses of 4 “quiescent”
blazars from the Swift-BAT catalog using NICER data from a recent 5-month long campaign, as

well as archival BAT data. Our main results are as follows:

1. We detect statistically significant, but very low-amplitude (F.,, < 25%) variations in the
flux of our sources on three distinct timescales, which is at odds with the expected high-

amplitude variability of blazars.

2. For each source, the fractional variability decreases with increasing timescale, in general
showing low variability on monthly timescales (F.., < 13%), which is in tension with the
“red noise” variability usually observed in AGN. This could imply a very constrained sce-

nario where near-continuous particle injection balances the effects from energetic losses.

3. The minute-timescale variability appears to be characterized by non-stationary behavior
involving long periods of quiescence with occasional bursts, with the latter possibly caused

by processes similar to those that lead to ultra-fast flares.

4. As is customary with blazars, we are able to fit the broadband X-ray spectra with different

power law models, with two sources that are well-described with a simple power law and
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two sources that require curvature in the form of at least a log-parabola.

5. For PKS 2126-15, a high-z FSRQ, we require a column density significantly higher than
that for Galactic absorption (Npex ~ 10?2 cm™2). We posit that this may be due to a

possible absorption contribution from the warm-hot intergalactic medium.
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Chapter 5: Future Work

The work in this thesis represents only a small part of the type of research that can be
conducted to study the variable emission from blazars and AGN. In this chapter, I outline a few
avenues that can be taken in both the near and distant future that would expand on the research

presented here.

5.1 Monitoring the variability of “quiescent” Swift-BAT blazars with NICER

One project for the immediate future involves a follow-up multi-cycle NICER campaign
that would be a direct continuation of the study presented in Chapter 4. As mentioned in that
chapter, the low-amplitude variability behavior observed in our sources may not be telling the
entire story, since for instance some beamed AGN do exhibit emission that is mostly quiescent
with occasional flaring events in the ~y-rays, implying periods of relatively constant emission on
yearly timescales until the source undergoes a flare with extreme variability. If this is also occur-
ring in the X-rays for the blazars we have studied, we would not be able to notice such behavior
using the first NICER campaign, since those observations only go out to monthly timescales.

We therefore proposed a multi-cycle monitoring campaign of these sources with NICER
for 2 years, as well as of 2 additional faint, “quiescent” blazars as seen by the BAT, to determine

whether or not these sources exhibit variability in the 0.3-10 keV band on yearly timescales.

112



We once again plan on combining these data with the BAT data for a variability analysis in the
broadband, as well as utilizing them in an analysis of the spectral variability. This is an ongoing
campaign that is currently still collecting data on the sample of 6 blazars proposed. The primary
goals of this investigation would be to follow up on our previous campaign and determine, over
a longer baseline, whether or not these sources are variable and by how much, to describe the
form of the variability (e.g. rare flares or smooth long term changes), and to find a physical

interpretation if we find that they indeed exhibit little or no variability.

5.2 Investigating the hard X-ray variability of AGN with NuSTAR and Swift-

BAT

Another project for the near future involves data that was recently acquired from the NuS-
TAR observatory, and is comprised of a Fourier-based, frequency-domain timing analysis of
blazar and non-blazar AGN from the BAT catalog. Fourier-based timing analyses of X-ray time
series are extremely common and have been pivotal in understanding the variability behavior of
both galactic black holes and AGN (see e.g. Nowak et al. 1999, Vaughan et al. 2003, and Uttley
et al. 2014 for reviews). There are a few reasons these techniques are so popular in the analysis
of time series. Firstly, the Fourier power spectral density function (PSD) clearly describes the
dependence of variability on timescale (or temporal frequency), given that it measures the con-
tribution to the total variance by each temporal frequency, and it is not difficult to model due to
errors that are almost independent across frequency bins. Since Fourier techniques easily decom-
pose data in terms of variations on different timescales, light curves do not have to be filtered

by timescale beforehand. Furthermore, due to potentially fast variability, some of the relevant
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timescales in X-ray time series are on the order of minutes to hours, which implies that photon
count rates will be limited. For this reason, it is at times more useful and insightful to turn to an
analysis that directly tackles the stochastic nature of the variability.

As mentioned, the most basic and common tool used for these analyses is the PSD, defined

as

2At
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where 7 is the mean of a particular time series, At the time bin, /N the number of time bins, and
X, the discrete Fourier transform of the time series. The PSD above is written in the fractional
rms-squared normalization, which allows for direct comparison of PSDs across different AGN
and whose integral over a certain frequency band results in the fractional rms-squared variance
(the square of Fi,,) of the timescales in question (see e.g. Miyamoto et al. 1991 and van der Klis
1997). Measurement errors introduce a level of variability that manifests itself as “white noise”

that can cause the PSD to flatten at high frequencies. Vaughan et al. 2003 give the expected noise

2Ato2 .

level as Poise = =22+, with E described as in Chapters 3 and 4.

Several studies have been able to measure PSDs for non-blazar AGN and have found that

they are usually well-described by a broken power law, with P o< v=¢

, where v is the frequency,
a ~ 1 below a certain break frequency 14, and o ~ 2 above the break frequency (Edelson &
Nandra 1999; Uttley et al. 2002; Markowitz et al. 2003; McHardy et al. 2004; Uttley & McHardy
2005). In addition, correlations have been found between the timescale of the break frequency

and the black hole mass and accretion rate (Markowitz et al. 2003; Kelly et al. 2011; McHardy

et al. 2006; Kording et al. 2007), and as such the break frequency has come to be recognized
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as a vital quantity to describe accretion processes and specific timescales of accretion, such as
the viscous timescale or specific orbital timescales for accreting matter (McHardy et al. 2006;
Gonzalez-Martin & Vaughan 2012; Smith et al. 2018). The fact that these correlations have also
been found for galactic black holes (Papadakis 2004; Done & Gierlifiski 2005) and span the
whole range of observed black hole masses suggests that this PSD property is important for all
black hole accretion systems.

Other studies have analyzed the PSDs of blazars and beamed AGN, albeit in a different
context. The emission and variability of blazars are generally associated with the non-thermal
processes occurring in the jet, namely synchrotron emission and inverse Compton processes (see
e.g. Ghisellini et al. 2017 and references therein). Past studies have found that, in general, the
PSDs of blazars can be described by a simple power law with a slope of o ~ 2 (Chatterjee et al.
2008; Abdo et al. 2010c). However, more recent studies suggest that the slope may depend on
the process causing the emission, with e.g. Goyal et al. (2022) characterizing the variability of
the synchrotron and inverse Compton components as red noise (a ~ 2) and flicker noise (o ~ 1),
respectively. Furthermore, there is evidence that breaks in the PSDs of blazars are possible (e.g.
Kataoka et al. 2001; Finke & Becker 2014; Chen et al. 2016; Chatterjee et al. 2018). These breaks
could represent timescales related to the size of the emitting region in the jet, particle cooling,
and particle escape (e.g. Finke & Becker 2014; Chen et al. 2016) and as such can provide insight
into the nature of jetted processes, and they have been detected in the ~ 1076 — 1075 Hz range
in the X-rays (e.g. Kataoka et al. 2001; Chatterjee et al. 2018). In addition, some studies suggest
that if potential emission from the disk is detected in a blazar (e.g. off-axis blazar-like AGN),
then the PSD could have characteristics similar to those of non-blazar AGN, which could serve

as a probe of the disk-jet connection (see e.g. Chatterjee et al. 2018).
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While the aforementioned studies have been successful in characterizing the variability of
AGN, the best X-ray data available in the vast majority of them was in the 2-10 keV band, which
is susceptible to absorption in Seyferts, leading to a potential contribution to the variability from
changes in the column density (absorption is not an issue for blazars). However, this does not
need to be considered for energies >10 keV, as absorption will not obscure intrinsic emission
at these energies. The Swift-BAT is the first instrument that provides data on long timescales at
these energies.

In addition to the hard X-ray survey, the Swift-BAT monitors bright hard X-ray objects
(over ~1000 sources, >90 detection) on timescales of a day (Krimm et al. 2013) in the 15-50
keV band. While the hard X-ray survey mentioned in previous chapters focuses on combining
data over many years of observation in order to detect as many AGN as possible and to generate
time-averaged spectra of the sources, the transient monitor aims to detect flux variations from
bright hard X-ray sources closer to real time, as opposed to over longer timescales. The BAT
monitor observes 88% of the sky each day with a sensitivity of 5.3 mCrab for an observation
with a 1-day duration, and with a time resolution of up to 64s (see Krimm et al. 2013 for more
details on data processing and products). For column densities < 10%* cm™2, the 15-50 keV band
of the BAT transient monitor is relatively unaffected by absorption and thus variability that is
intrinsic to the source would remain.

Despite the benefits of the PSD, obtaining a broad-range PSD can be difficult due to a lack
of data over sufficiently long timescales, and there are often gaps in timescale between the light
curves that do exist. Shimizu & Mushotzky (2013) performed one of the first PSD analyses with
BAT data using the 58-month catalog for 30 non-blazar AGN. They were able to fit most sources

with an unbroken power law with a ~ 1, which is consistent with PSDs at low frequencies from
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previous studies. However, they found that white noise dominated on timescales shorter than 5
days, so the analysis was restricted to a range spanning two orders of magnitude in frequency
that was below ~ 10~% Hz, where breaks are expected to start to occur (e.g. Kataoka et al. 2001;
Markowitz et al. 2003; McHardy et al. 2006; Rothschild et al. 2011; Chatterjee et al. 2018).
Given its much higher sensitivity per unit time compared to the BAT, and due to the fact that
it has significant energy overlap with the BAT transient monitor (15-50 keV), NuSTAR would be
able to push this analysis to higher frequencies. Due to the high sensitivity, NuSTAR can produce
high-quality light curves extending to timescales of minutes. This data can be combined with data
from the BAT to form a broadband PSD that covers ~ 5 orders of magnitude in frequency, which
would in turn likely allow for a proper search of the break frequency, among other characteristics.
Before this project’s inception, only ~10 BAT AGN (~3 blazars, ~7 non-blazar) existed in
the NuSTAR archive with enough observations to cover a wide range of timescales (the combined
NuSTAR and BAT data for these 10 sources have not been published). Figure 5.1 (by Dr. Taro
Shimizu) shows an example of what this analysis would look like using two sources that have
enough archival data to make such a PSD construction and break frequency estimation possible,
following procedures in e.g. Shimizu & Mushotzky (2013). While the vast majority of the
100 brightest BAT AGN indeed have NuSTAR observations, most of these observations are not
sampled well enough to produce PSDs that will accurately determine the break frequency. I
therefore proposed a recently accepted observing campaign for 4 bright Swift-BAT AGN (2 non-
blazar, 2 blazars) with NuSTAR to allow for a calculation of the PSDs at higher frequencies,
increasing the number of sources with adequate data to 14. The plan is to combine this short-
timescale data with long-timescale archival Swift-BAT data in order to calculate a broadband PSD

for each source and thus characterize the variability of what would be the first well-sampled light
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Figure 5.1: Examples of PSDs constructed with archival NuSTAR and BAT data by Dr. Shimizu,
for 3C 273 and NGC 3227. The green line is a fit to the PSD to calculate the high and low
frequency PSD slopes and the break frequency. White noise is represented by the dashed lines.

curves in the hard X-rays from timescales of minutes to 15 years.

While the proposed sample size is small, for the non-blazar AGN in our sample the total
sample of sources would end up spanning ~3 orders of magnitude in black hole mass as well
as a significant range in Eddington ratio. The main goal would be to compare the results to the
previous work done in the classical 2-10 keV band and see if the same correlations between v,
and black hole mass and accretion rate exist in the 15-50 keV band for the relevant sources. In
addition, certain studies (Zhou et al. 2010; Kelly et al. 2011, 2013) suggest that the black hole
masses derived from the high-frequency PSD have potentially smaller uncertainty than those cal-
culated using the Mpy-o relation or optical analyses involving broad emission lines. Therefore,
this Fourier-based timing analysis could be instrumental for black hole mass estimation.

The project could also provide further insight into the nature of the variability of the non-

thermal processes responsible for much of the X-ray emission of beamed AGN. For example,
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Goyal et al. (2022) recently found differences in the slopes of the PSDs produced by the syn-
chrotron and inverse Compton components on timescales of decades to days. It would be inter-
esting to investigate if the same differences in the PSDs hold at the higher frequencies probed
by NuSTAR. Measurements of the break frequency for the blazars in our sample would involve
characterizing the variability in the context of timescales related to energy losses (i.e. electron
cooling) and electron escape that arise due to an emitting region located in the relativistic jet,
which would improve our understanding of jet processes contributing to the hard-X-rays. It
could also serve as a stepping stone for future studies of e.g. off-axis, blazar-like AGN and thus

possibly probe the disk-jet connection.

5.3 Prospective Multi-wavelength Studies and Future X-ray Observatories

A step for the more distant future would be to extend some of the studies presented in this
thesis to other wavelengths. In particular, it would be interesting to see if some of the results
shown in Chapters 3 and 4 on the blazars that show little variability also hold in other energy
bands. One possible starting point for such a project could make use of the copious amounts of
long-term optical data from the Zwicky Transient Facility (ZTF, Bellm et al. 2019; Masci et al.
2019), which span nearly 4 years with measurements made every few days. The ZTF has over
2500 blazars in its database, and its archival data would be an ideal resource with which to enter
into a multi-wavelength study of the long-timescale variability of the blazars studied in this thesis.

Figure 5.2 shows an example of the long-term optical variability (r and g bands generated
with the SNAD ZTF viewer, Malanchev et al. 2023) for one of the blazars for which we detect

low variability in the X-rays, PKS 2126-15. It is already evident from these light curves that
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Figure 5.2: r and g band light curves for PKS 2126-15 showing low-amplitude variability for this
source over a ~4 year baseline.
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this source also shows fairly low-amplitude variability in these optical bands, and it would be
interesting if for some objects correlations in the variability were found between the optical and
X-ray data. Another new direction in which to take the research would be to also directly compare
the X-ray data from the blazars in this thesis with their respective y-ray data and possibly perform
cross-correlation analyses between the two energy bands. The F'ermi-LAT catalog has detected
over 3000 AGN in its first 8 years of operation, 98% of which are classified as blazars (Ajello
et al. 2020). This database would therefore be yet another extremely useful resource to establish
a more complete multi-wavelength picture of these objects.

Certain aspects of the research presented here would also be relevant to investigate with
future X-ray telescopes. For instance, one branching avenue from Chapter 4 would involve using
high-redshift blazars as a way to possibly probe the warm-hot intergalactic medium. The high-
resolution spectroscopy from a telescope such as XRISM would be an extremely useful tool for
this, as it would be able to resolve absorption features in the spectra of distant blazars that arise
from intervening intergalactic media. In addition, simulations for the Athena observatory have
already shown that absorption lines from ions in the WHIM can be detected in the spectra of
GRB afterglows (Brand et al. 2016); these absorption features could also be searched for in the

spectra of high-redshift FSRQs.
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Appendix A:  Appendix for Chapter 2

A.1  Checking for a potential absorption feature between 8 and 10 keV

The background spectrum reveals a peak that corresponds to the energies where we observe
negative residuals (Figure A.1). This is likely the Cu-Ka complex in EPIC-pn, and our negative
residuals are therefore the result of over-subtraction of these features. To be more thorough,
we perform an exercise to make sure that the negative residuals are not the result of a physical
absorption process. We fit the EPIC-pn spectrum, without the background subtracted, to a power
law; in this case, if there is indeed absorption from an outflow, for instance, the residuals should
remain negative, indicating that the feature is not just an artifact.

We show this spectrum in Figure A.2, and we find that the residuals are not present, suggest-
ing that background over-subtraction is at fault. We also perform this exercise for our individual
high and low-flux observations, and still the negative residuals do not show up. In addition, none

of the individual MOS spectra show these residuals.
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Figure A.1: 2-79 keV fit with a power law, extrapolated to lower energies. The corresponding
background spectrum is also shown, with a peak at the same energies as our negative residuals.
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Figure A.2: 2-10 keV spectrum, with no background subtraction, fit to a power law. The negative
residuals we observe in our main analysis are not present, suggesting that they are an artifact
caused by background over-subtraction.
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