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The energy dependence of AGN variability as a means to probe the nature of

accretion

by Dominic Ian Ashton

The study of X-ray variability in AGN allows us to probe the nature of accretion in
highly curved space-time. This work sets out to study energy-resolved XMM-Newton
observations of a large sample of AGN using Fourier analysis techniques, in order to
search for X-ray quasi-periodic oscillations (QPOs) across as yet unexplored energy
bands, and more broadly investigate the energy dependence of X-ray variability in
AGN.

Robust detection of QPOs in AGN (i.e. repeat detections over multiple observations)
have been limited to a single source to-date, with only tentative claims of single ob-
servation detections in several others. I develop a deep QPO search using the XMM-
Newton archive to analyse the energy-resolved lightcurves of 38 bright AGN, and apply
a conservative false alarm testing routine folding in the uncertainty of the modelled
broad-band noise. I report statistically significant QPO candidates in 6 AGN (+1 ten-
tative detection) from this initial study, including four cases of candidates at the same
frequency across at least two observations, indicating they are highly unlikely to be
spurious in nature. I additionally explore the impact of a number of effects which may
act to bias the detection significance and scrutinise the validity of these detections.

I also explore the energy-dependence of the power spectrum for five AGN across the
XMM-Newton bandpass and find a ubiquitous flattening of the power spectrum to-
wards harder energies. I develop a theoretical framework to explore this behaviour,
considering both propagation and reflection components, and investigate the nature
of the radial emissivity of the accretion flow. Assuming a simple disc-like geometry,
I extract the energy dependence of the emissivity, finding it to range from & R™2 at
energies around the soft excess to & R~* or steeper at harder energies. I attempt to
correlate the gradient of the linear function used to parameterise the emissivity index
against key AGN parameters but, as yet, the sample size is too small to confirm hints

of a correlation with Eddington ratio.
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Chapter 1

Introduction to accretion processes

in active galactic nuclei

1.1 Preface

Active galactic nuclei (AGN) have been a substantive topic of both observational and
theoretical research in astrophysics for multiple decades, as they provide a unique in-
sight into the extreme physical environments close to a black hole. Despite the progress
made in this time however, our current understanding of many of the most important
properties of AGN remains significantly limited, and a number of open questions re-
main on the subject. In this thesis I will detail the work undertaken to explore one such
open topic concerning AGN phenomenology: that of high-energy variability in AGN,

and the search for quasi-periodic oscillations (QPOs) in AGN X-ray time series.

Iwill begin by outlining our current state of understanding regarding AGN phenomenol-
ogy and the accretion physics which underpins it. I will then introduce the Fourier
analysis techniques which are central to the time analysis methodologies employed in
studying AGN variability throughout this work. With this groundwork in place, the
goal of this research is then to address several pertinent questions in the study of AGN,

including, but not limited to:

e Are QPOs more readily present in AGN than previously thought, and can these be
uncovered with a refined energy resolved search of archived XMM-Newton ob-

servations?

e What are the underlying characteristics of any detected QPOs; are these consistent
between sources and how does this change our understanding of the phenomena
in a broader context of accretion physics within AGN?
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e What is the energy dependence of measured X-ray variability from AGN, and can
this be married with a theoretical framework of the accretion flow which drives
it?

1.2 AGN: A brief history

The evolution in the understanding of AGN began in the early 20t

century, with obser-
vations of broad emission lines in galaxies made by Edward A. Fath and Edwin Hubble
in 1908 and 1926 respectively (Carroll and Ostlie, 1996). Observations made by Carl K.
Seyfert, in following decades, recorded a number of galaxies with both these emission
lines and distinctly bright nuclear regions — these sources would later take the epony-
mous name of Seyferts (Seward and Charles, 2010). Although appearing with spec-
tra similar to stellar counterparts (hence the name: Quasi-stellar objects — QSOs), both
Schmidt (1963) and Greenstein (1963) identified sources —3C 273 and 3C 48 respectively
— to be at high redshifts, leading to the conclusion that these systems must not only be
extragalactic, but also exist with extremely high intrinsic luminosities to be observed at

their apparent magnitudes.

To generate the level of radiative power necessary for these objects requires an energetic
process capable of producing the most luminous persistent objects ever observed —
far exceeding what was capable by stellar nuclear fusion (Seward and Charles, 2010).
The mechanism through which the necessary luminosities may be generated, in line
with observations, was first proposed by Edwin Salpeter and Yakov Zeldovich in 1964
(Shields, 1999). In this process, known as accretion, material infalls via gravitational
attraction onto a super-massive black hole (SMBH) — the compact object present at the
centre of galaxies. Lynden-Bell (1969) further proposed that AGN existed in an ‘active’
state of ongoing accretion, in contrast to other galactic nuclei which were effectively
‘dead’, now existing in a quiescent state in which accretion is no longer sustained over

long timescales.

With the development of new technology, radiative emission from these sources was
observed across the broader electromagnetic spectrum, first beyond the optical wave-
band with the development of radio, and later with the advent of X-ray astronomy
(Shields, 1999). The requirement to send X-ray detectors beyond the protective cloak
of the Earth’s atmosphere limited the first observations to rockets carrying counting in-
struments, which detected galactic sources of X-rays from the galactic centre, Scorpius
constellation (Giacconi et al., 1962), the Crab Nebula (Bowyer et al., 1964) and later
from AGN in 3C 273 and M 87 (Friedman and Byram, 1967). The first dedicated X-ray
satellite, Uhuru, launched in 1970 and performed the first all sky survey across the en-
ergy range 2 — 20 keV (Giacconi et al., 1971), detecting X-rays originating from active
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Observer sees blazar

Observer sees
radio loud quaser
< A Observer sees
radio galaxy
Gas clouds in narrow Pl
line region 2
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Jet s

Broad line region

Observer sees
Seyfert 1 galaxy
-

FIGURE 1.1: Tllustration of a unified AGN model', with subclasses dependent on both
viewing angle and observed radio emission.

Seyfert galaxies NGC 1275 and NGC 4151 (Gursky et al., 1971), and establishing the
field of detailed AGN study with X-ray observatories.

Our present understanding of AGN X-ray astronomy connects the observational char-
acteristics of AGN to the theoretical underpinnings of complex accretion flows in the
inner nuclear regions (Shakura and Sunyaev, 1973; Marshall et al., 1981). X-ray astron-
omy thus gives a unique insight into the accretion physics ongoing in a strong gravity
environment and associated high energy phenomena, including complex variability
patterns observed in AGN (Lawrence et al., 1987). This chapter is therefore focused on
outlining both the types of AGN and radiative processes which occur in these systems,

to understand the nature of AGN variability in further detail.

1.3 AGN taxonomy

The wide-ranging diversity of AGN is built upon the observation, or non-observation,
of several key features of any given source (e.g. radio-loud, radio-quiet, broad opti-

cal/UV lines etc. —see e.g. Antonucci 1993). The consequence is the formation of an

Ihttps://fermi.gsfc.nasa.gov/science/eteu/agn/
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effective ‘zoology” of AGN, constructed from a protracted list of AGN subclasses which
match each given criteria. Attempts to unify this zoology of AGN species into a sim-
plified model are predominantly based on the viewing angle of the observer relative to
the source (e.g. Antonucci 1993; Krolik 1999; Seward and Charles 2010).

Figure 1.1 illustrates the fundamental composition of an AGN in the unified model.
Within the central region of the AGN lies the SMBH surrounded by an accretion disc of
infalling gas, in a system which acts as the central engine of radiative electromagnetic
(EM) emission. Jets of accelerated ionised material — launched outwards from this cen-
tral region, where the base of the jet has been theorised to originate, see e.g. Blandford
et al. 2019 — are also observed in some AGN.

Scaling out to a ~few parsecs, the central region is enveloped by an expansive dusty
‘torus’ (although the geometry of this component is a subject of debate, see e.g. Honig
and Beckert 2007; Honig 2019). The dusty torus absorbs emission from the inner region
and re-radiates this predominantly in the infrared. AGN observed from an ‘edge-on’
viewing angle, i.e. along the line-of-sight through the torus, are principally obscured
in the high energy X-ray waveband, as the inner regions are concealed. These sources
are known as Compton thick AGN — see reviews: e.g. Matt 2002; Comastri 2004.

The broad-line region (BLR) exists in a geometry close to the accretion disc, and within
the torus (see Figure 1.1). The BLR is understood to produce broad (FWHM ~ 5000
km s~!) optical /UV spectral lines (e.g. Balmer lines) observed in some AGN (Peterson,
2006). The nature of the BLR itself is a subject of debate, with ‘cloud” models proposing
a clumpy gas structure close to the accretion disc. The observation of smooth broad
lines and lack of granular structure at high spectral resolution suggests that the BLR is
extremely dense or part of a continuous flow of gas, not simply a discrete, unchanging
cloud structure (Peterson, 2006; Czerny and Hryniewicz, 2011). The origin of the BLR
may therefore be, in part, tied to dusty winds launched from the disc through magnetic
or radiation pressure, creating a dynamic system of inflows and outflows (Czerny and
Hryniewicz, 2011). Similarly, observed narrow (FWHM ~ 200 — 500 km s~!) spectral
lines (e.g. the [Om] A5007A forbidden line) are ascribed to nebulous material in the
narrow-line region (NLR), located at a greater extent from the accretion flow and BLR
(see Figure 1.1), such that it is possible to spatially resolve the NLR in certain cases
(Bennert et al., 2006; Groves, 2007).

In categorising AGN, a primary distinction between sources is that of observed ra-
dio emission, with ‘radio-loud” AGN accounting for a small fraction (estimated at ~
10 — 15%, see e.g. Katgert et al. 1973; Fanti et al. 1977; Smith and Wright 1980) of the
total AGN population. The distinction between ‘radio-loud” and ‘radio-quiet” AGN
is made on the basis of the observed ratio of radio to optical flux, which is found to
be close to unity in radio-quiet, and considerably higher in radio-loud sources (Keller-

mann et al., 1989). The origin of radio emission in AGN is associated with jets launched
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from the inner regions (Krolik, 1999), which in some cases can result in the formation
of extended ‘radio lobes” in a majority of radio-loud AGN, which have been resolved
to hundreds of kiloparsecs out from the galactic centre (Antonucci, 1993) — but these
are not strictly ubiquitous. The Fanaroff-Riley classification (Fanaroff and Riley, 1974)
is used to categorise radio galaxies based on the radio luminosity of the local envi-
ronments, with FR-I galaxies defined as brightest towards the central galaxy, with flux
from the extended radio lobes rapidly diminishing with distance (i.e. edge-darkened),
and FR-II galaxies being those that show most luminous emission from the radio lobes
(i.e. edge-brightened).

A similar characterisation is made using optical/UV spectroscopic line profiles, which
defines Type 1 AGN as those showing both broad line and narrow line features (i.e.
BLR and NLR are both observable), whereas Type 2 AGN are those observed with
only narrow lines (BLR is obscured) — as expected from low (‘face on’) to high (‘edge
on’) inclinations to the source (Antonucci, 1993; Carroll and Ostlie, 1996). Type 0 AGN
are those observed at the most extreme ‘face on’ viewing angle, i.e. when effectively
observing down the jet, and are typically characterised by flat spectral emission (e.g.
in flat-spectrum radio quasars) as well as extreme (relativistically boosted) emission

extending into the gamma-ray waveband (see e.g. Chadwick et al. 1999, Brown 2013).

The term ‘quasar’ is now most frequently used to describe AGN at high redshifts (e.g.
typically z > 2), whilst the aforementioned ‘Seyferts’ (both Type 1 and 2) is a term
used to describe radio-quiet sources that exist at lower redshifts, i.e. in the more local
universe. Seyferts are specifically of interest in this work as they are known to exhibit
significant X-ray variability (e.g. Lawrence et al. 1987, Vaughan and Uttley 2005), in
addition to being typically observed with higher apparent magnitude/signal-to-noise

ratios, due in part to their relative proximity.

X-ray variability and high signal-to-noise ratios are both commonly apparent in a sub-
type of Seyfert 1 AGN called Narrow-line Seyfert 1s (NLS1s), which are observed with
the narrowest (Balmer) broad-lines (FWHM < 2000 km s~!) amongst Seyfert 1s (Os-
terbrock, 1989; Goodrich, 1989), and a strong anticorrelation between the strengths of
the [Om] and [Fey] spectral lines (Boroson, 2002). NLS1s are typically observed to be
highly variable in both the X-ray and optical regimes, and are believed to host low-
mass SMBHs, exhibiting high accretion rates (Mathur, 2000; Fabian et al., 2002). The
study of NLS1s (and AGN more generally) suffers from observational bias however, in
that brighter sources (such as those with higher accretion rates) are more likely to be
observed. Hence, although prime candidates in timing analyses due to their prominent
X-ray variability, this subset of observed AGN may not represent a true random sample
of the AGN population at large.
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1.4 Black holes

SMBHs (~ 10°M;, — 10'°M,)) are thought to be ubiquitous in the nuclei of galaxies,
although the formation process is not well understood. Possible genesis pathways in-
clude the merger of multiple ‘seed black holes” in a proto-galaxy, initially formed from
massive stars (Rees, 1984) — which gravitationally collapse into stellar mass black holes
(BHs) (~ 10M,) following the exhaustion of their fuel used for internal nuclear fusion
—and the direct collapse of gas clouds in galactic dark matter haloes, through dynami-
cal instabilities (Begelman et al., 2006). The result, in principle, is a compact object with
all its mass concentrated at an infinitesimally small point, or singularity, at its centre.
The extreme gravity region around a black hole can be well described by Einstein’s
equations of General Relativity (GR), which can be used to illustrate the existence of an
effective radius at which the curvature of space-time around a black hole is sufficient
for light itself to be unable to escape: the event horizon (Schwarzschild, 1916; Kerr,
1963).

Although termed ‘black holes” due to this absorption of light, and thus rendering them
near-invisible in the EM spectrum (with theoretical black-body radiation from a black
hole, known as Hawking radiation, being a negligible effect —see Hawking 1974, Hawk-
ing 1975), there are numerous methods capable of observing both BHs and SMBHs in-
directly. In binary systems, these include measurements of the radial velocities (e.g.
Corral-Santana et al. 2016) or astrometric measurements of the characteristic ‘wobble’
detectable in an orbiting companion star (e.g. with GAIA — Mashian and Loeb 2017), al-
lowing for the mass of the compact object to be constrained and the presence of a black
hole inferred. Measurements tracing stellar motion around the central mass of Sgr A*
in the galactic centre also infer the presence of a gravitational attractor, as expected of
a central SMBH (Eckart et al., 2002). Moreover, recent innovations have allowed for
more direct methods of detecting black holes; the first in 2016 being the observation of
the merger of a black hole binary pair (LIGO Scientific Collaboration and Virgo Col-
laboration, 2016), using LIGO to detect ripples of propagating space-time, known as
gravitational waves. This heralded the dawn of gravitational wave astronomy; offer-
ing new insights into studying previously undetectable black hole interactions. The
second result, published in 2019, is that of the now famous "direct’ observation of the
black hole shadow within M87 using radio interferometry with EHT (Event Horizon
Telescope) (see Event Horizon Telescope Collaboration 2019a, Event Horizon Telescope
Collaboration 2019b).

In terms of mass accretion onto a black hole, both BHs and SMBHSs can be observed
in a state of active accretion, thus in principle undergoing the same physical processes

related to accretion within an extreme gravity environment; a concept which forms the
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basis of the mass invariance principle in accretion physics. On a smaller scale, accre-
tion is observed in X-ray binaries (XRBs), where material from a companion star ac-
cretes onto a compact object (typically a black hole, neutron star or white dwarf — Done
et al. 2007a). The mass scaling principle then considers AGN to be ‘scaled up’ versions
of black hole XRBs, with the same underlying physics acting over timescales which
scale inversely with mass (McHardy et al., 2006). Demonstrating this scale invariance

remains an important area of research into the nature of accretion physics.

Black holes on a fundamental level are remarkably simple systems, and following the
‘no hair theorem” may be described entirely by the observable parameters of mass, spin
and charge. As black holes on a macroscopic scale are electrically net neutral, charge is
of no relevance, but their mass and spin impact the characteristics of the surrounding
region (Middleton, 2016).

The spin of a black hole relates to the angular momentum, J, of a black hole of mass M.

In its dimensionless form, it is represented by:

_|Je
= G2

(1.1)

and is effectively maximal at |a.| = 0.998 (Thorne, 1974), due to the increased capture
cross section of photons with momentum aligned opposite to the BH spin, which then
act as a physical buffer such that |a,| cannot reach unity (Bardeen et al., 1973). The
accretion of material onto the black hole imparts a change of angular momentum, such
that accretion in a prograde orbit with the black hole causes the black hole to ‘spin-up’,
and offers a mechanism through which the effective maximal spin may be approached.
By extension, the accretion of material in a retrograde orbit (such as the aforementioned
opposite momentum aligned photons) causes the black hole to ‘spin-down” (Volonteri
etal., 2013).

A black hole of spin zero, a, = 0, follows the Schwarzchild solution to the GR equa-
tions, where the innermost stable circular orbit (ISCO) of a massive particle in motion
around the black hole exists at 6GM /c? = 6R, (Schwarzschild, 1916). The Schwarzchild
metric in GR becomes inadequate with non-zero spins, where instead the Kerr metric is
employed (Kerr, 1963). In this solution of GR the radius of the ISCO is tied to the spin,
through the equations (Bardeen et al., 1972):

2
Fisco = M[3+ Z & VB —2)3+21+22,) ] (1.2)

for both prograde spins (—), and retrograde spins (4 ), where:

Zi=14+Y1— a/M[% Ta/M+vi- a/M}, Zp=\/3a2/M2+ 72  (1.3)



8 Chapter 1. Introduction to accretion processes in active galactic nuclei

such that a ‘'maximally” prograde spinning black hole has the ISCO reduced towards
~ 1.25R,, while a ‘maximially” retrograde spinning black hole pushes the ISCO out to-
wards 9R,. The location of the ISCO represents the idealised inner boundary for stably
orbiting material around a black hole, and represents the effective inner boundary of
the accretion disc, beyond which material spirals inwards towards, and over, the event
horizon. The horizon is the radius of no return, and material at this point plunges into
the depths of the gravitational well.

1.5 Accretion

The accretion of matter onto a SMBH produces the electromagnetic emission from
AGN. Energy is liberated from a particle in the conversion of gravitational potential
energy to other forms of energy (e.g. kinetic, thermal) as material passes through the
gravitational potential surrounding the black hole. The total luminosity output from

this process depends on the accretion rate M of material and accretion efficiency 7:

L = yMc? (1.4)

For the case of spherical accretion, the theoretical limit to the accretion rate is defined
as the point at which the gravitational pull on infalling material is balanced by the
radiation pressure projected outwards from the black hole. In the case of pure hydrogen
as the accreting material, the luminosity of this Eddington limit is defined numerically

as:

M
Legg = ~ 1.3 x 1038M—®erg s! (1.5)

The accretion rate in AGN may often be expressed in units of Eddington, using the
ratio Ly, / Lgg4, with the bolometric luminosity, Ly, defined as the output luminosity
over all wavelengths. The assumptions made in computing the Eddington limit do not
hold for a non-spherical accreting body of non-pure atomic hydrogen, and allows these
limits to be bypassed in a physical accretion system. Should this ratio exceed unity, the

source is considered to be in a super-Eddington accretion state.

In physical systems, material does not accrete spherically, but instead through an accre-
tion disc, which is formed of material which coalesces along the orbital plane. Material
can move through the accretion disc through the conservation of angular momentum,
which allows for an inward flow of matter towards the black hole and subsequently
down the gravitational potential well, given an equal amount of angular momentum

is transferred out through the disc. The mechanism by which angular momentum
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is transferred is related to viscous dissipation throughout the fluid flow, but remains
poorly understood (Pringle, 1981). Multi-scale turbulence acts as the effective viscosity
in the disc, and on Kolmogorov microscales is manifested as random particle motions
(e.g. see Kolmogorov 1941; Kolmogorov 1962), which convert the bulk motion of mate-
rial into thermal energy on particle scales. The leading mechanism thought capable of
producing the magnitude of viscosity required to dissipate sufficient angular momen-
tum is that of the Magnetic-Rotational Instability (MRI) (see e.g. Balbus and Hawley
1991; Balbus and Hawley 1992). The MRI acts through the interaction of weak magnetic
tields with ionised material within the fluid flow produces a sheer stress of sufficient
magnitude to transfer angular momentum outwards through the disc and form a stable

disc. These concepts are detailed further in a review by Blaes (2014).

1.5.1 Thin accretion discs

Shakura and Sunyaev (1973) first proposed the thin disc approximation, whereby an
accretion disc is considered geometrically thin, optically thick, in a steady state (con-
stant local accretion rate) and in thermal equilibrium. In this model the fluid viscosity,

v, is driven by turbulence and is defined as:

v = acsh (1.6)

which relates the sound speed through the disc, cs, to the scale height of the disc, £,
and the dimensionless viscosity scaling parameter «, where 0 < a < 1. This disc
approximation is equivalently known as an a-disc model. No universal value for «
is determined, but is commonly considered to be « ~ 0.01 — 0.1 (Frank et al., 2002). «
effectively quantifies the turbulence acting on accreting material (i.e. through the MRI),
and thus relates to the differential viscous torques acting on material throughout the
disc. As these torques result in viscous dissipation and the loss of mechanical energy
in the material, the magnitude of « is responsible for the amount of internal heating of
the disc, as this mechanical energy is transferred into thermal energy on Kolomogorv
scales (Frank et al., 2002).

In the simplest, non-relativistic case, the torque, Ty, acting on circular rings of gas (with

area 27tR), takes the form:

75(R) = 2TROZR*QY (1.7)

for a kinematic viscosity, v, surface density ¥ = ph, and angular velocity, () (Frank
et al., 2002). The rate of mechanical energy loss is given by 175()'dR, (where ()’ is the
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rate of change of angular velocity) over a ring of width dR. Considering both faces of
the disc, the energy loss per unit area, or flux, f(R), is defined by:

Q1
f(R) = 4"; = = FUERO” (1.8)

For a conceptual solid body disc, undergoing rigid rotation, () = 0 and thus any dif-
ferential torque vanishes, which results in zero flux from the disc. Instead considering

a Keplerian disc, such that angular velocity Qg = %’I, the flux then goes by:
Fe(R) = — 0GMS, (19)
T8RS ‘

Following the conservations of mass and angular momentum, as detailed in Section 5.3
of Frank et al. (2002), and assuming the torque reaches zero ()’ = 0) at the inner edge
of the disc, the form of v can be obtained:

vy = é\i [1 - (R;”)m} (1.10)

and thus equations 1.9 and 1.10 combine to give the common form of flux from the disc:

=i ()

(1.11)
which highlights two key results. The first being that the flux from the disc is depen-
dent on radius, R, mass, M and mass accretion rate, M, but crucially not viscosity, v.
The observed flux does not require a detailed understanding of the viscosity then, to
determine other properties of the accretion disc. Secondly, it shows that with these as-
sumptions, the flux, f(R) o« R73, for R > Ry, and that the inner disc is responsible
for relatively more flux emission than the outer disc.

The flux can then be used to determine the luminosity produced by the disc between
radii Ry and Rj:

L(Ry, Ry) =2 :2 F(R)27RAR (1.12)

Assuming the disc to be optically thick to thermal emission, the local emission from the
disc should be described by a black-body spectrum, with effective temperature, Tesy.

In this case, Stefan-Boltzmann’s law applies, such that the flux directly relates to Tf

by:
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log[vf(v)]

log(v)

FIGURE 1.2: Multi-colour black-body disc spectrum formed of a superposition of indi-
vidual black-body emission spectra, from individual annuli across the accretion disc.
Increasing frequency corresponds to increasing temperature; closer to the black hole.

f(R) = ‘TTfff (1.13)

which then yields the relation:

74 _ 3GMM 1- (@)”2} (1.14)

"~ 87R3¢ R

and a T « R3/* temperature-radius relationship across the disc. This demonstrates
that the temperature increases closer to the black hole. As shown in Figure 1.2, the
full (multi-colour) disc black-body spectrum is then formed from a superposition of
black-body spectra, each corresponding to the effective temperature of a given local
annulus of the disc (e.g. Mitsuda et al. 1984). As is evident, this emission increases in
energy (emitting at a higher EM frequency, v) closer to the black hole. Here, Wien's
Law can then be applied to determine the peak wavelength, A, of the full black-body
distribution (which is close to the temperature at the ISCO, Tj,,):

~29x103Km
/\max - T (1-15)
isco

which corresponds to the UV waveband across an AGN disc. The reduced physical
scale of an XRB disc decreases the peak thermal wavelength correspondingly, such that

for an XRB it lies in the X-ray waveband.



12 Chapter 1. Introduction to accretion processes in active galactic nuclei

The effective temperature assumes the photons are produced in the mid-plane of the
disc, and does not take into account the interaction of these photons before emission
from the surface of the disc. This final, emitted temperature is known as the colour
temperature, T, and deviates from T, by a colour correction/spectral hardening
factor, fq,; (Mitsuda et al., 1984; Makishima et al., 1986), defined as:

Teor = fcolTeff (1.16)

feor arises from opacity within the disc, both from electron scattering, k1 and absorption,
Kaps- feol Can then be approximated by a ratio of the opacities, where &t = kT + Kgps
(Davis et al., 2006):

feol = (Kt‘” )1/4 (1.17)

Kabs

Adopting the colour temperature correction results in the spectral hardening of the
multi-colour black-body spectrum (as in Figure 1.2), effectively shifting the black-body
spectra to higher energies.

1.5.1.1 Accretion timescales

In the thin disc approximation, it is possible to determine the timescales over which
physical processes occur (Frank et al., 2002). The dynamical timescale, ¢, is the time
it takes for a point mass particle to complete an orbit of the disc, assuming Keplerian
orbital dynamics:

R3

Considering now the radius in terms of R, units, such that R = R, = rC’;—ZM, it follows

that the dynamical timescale scales linearly with mass:

2 3/2
bign = %GM — by o M (1.19)

The viscous timescale, t,;; corresponds to the time it takes a particle to pass through the
disc and fall into the black hole. It is related to the dynamical timescale by (Frank et al.,
2002):

tois = Wtdyn (120)
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FIGURE 1.3: The linear mass scaling of dynamical and viscous accretion timescales for

a thin disc, assuming « = 0.1 and //R ~ 0.01, at three radii of interest, 1) 1.25R,: the

ISCO of a maximally spinning black hole, 2) 6R,: the ISCO of a zero spin black hole

and 3) 25R,: an example of an outer radius. These timescales are calculated over a

large range of possible black hole masses, with a highlighted approximate stellar BH
mass range of 3 — 20M, and SMBH mass range of 10° — 1019M,.

and thus the viscous timescale at some disc annulus is longer in a disc with a low
viscosity parameter & and small scale height h. For some disc with these parameters,

the viscous timescale also increases with radial extent, R, across the disc.

Figure 1.3 demonstrates the linear scaling of both dynamical and viscous timescales
with increasing SMBH mass, across a range of radii, in units of R,. It is immedi-
ately evident that the viscous timescales are several orders of magnitude above the
dynamical timescales, and that these timescales decrease with radius. For low mass
SMBHs (~ 10°M,), dynamical timescales correspond to periods of ~ hour, and vis-

cous timescales correspond to periods ~ months-years.

1.5.2 Thick discs

The true nature of AGN accretion discs does not fit neatly into this simple thin-disc
framework. Building on the thin-disc prescription by Thorne (1974) and Page and
Thorne (1974) in the context of GR, Fishbone and Moncrief (1976), Kozlowski et al.
(1978) and Abramowicz et al. (1978) motivated disc models in which the accretion discs
are required to have a finite thickness. This is motivated by both gas and radiation
pressures generated within the disc, which act to ‘puff’ out the disc; increasing the
scale height beyond the thin disc assumptions of Shakura and Sunyaev (1973). These

pressures, and thus the scale height of the disc, are tied to both the accretion rate, M,
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FIGURE 1.4: The accretion disc scale height, i/ Rg across the radius of the disc, con-
sidering a range of accretion rates in terms of Eddington ratios, M and a fixed opacity.
Original from Abramowicz et al. (1988).

and the opacity in the disc. The higher the opacity, the greater the abundance of radi-
ation pressure within the disc, which increases with the number of bound-bound (ab-
sorbed photon; no ionisation) and bound-free (absorbed photon; ionisation) transitions
— which arise from the abundance of UV radiation in the disc These effects act to di-
vert the accretion disc away from ‘razor-thin’ (h ~ 0) disc models at M > 0.1 — 1 Mgy,
into what is generally considered a ‘slim disc’ model, with non-negligible scale height
(Abramowicz et al., 1988; Jiang et al., 2016; Taylor and Reynolds, 2018a). Similarly it is
argued that true ‘thick discs” with scale height, i ~ R exist at super-Eddington accre-
tion rates, M > Mgy, (see e.g. Poutanen et al. 2007). Abramowicz et al. (1988) used the
accretion disc equations in Paczynski and Bisnovatyi-Kogan (1981), to yield the posi-
tive correlation between accretion rate and scale height, for a fixed opacity, as shown in

Figure 1.4.

A separate mechanism which can drive the scale height of the AGN disc is that of ad-
vection. Advection describes the the bulk transfer of energy through the fluid flow,
when material in the disc is unable to radiate efficiently and thus cannot properly ther-
malise (Frank et al., 2002). As such, photons cannot easily escape the material and are
swallowed by the black hole before they can be radiated (see Begelman 1978 who de-
scribes this with an effective ‘trapping radius’). In extreme cases this process can form
what is known as an advection dominated accretion flow (ADAF). ADAFs are thought
to be able to form in both cases of very high accretion rates, where high density ma-
terial, with high opacity, causes a reduced radiative efficiency in the flow as photons

cannot escape, and also at low accretion rates, where low density hot material in the
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disc (i.e. a nebulous ‘corona’ of high energy electrons — see Section 1.6.1) cannot ther-
malise efficiently and this material is swallowed by the SMBH (Narayan et al., 1998).
The radiative processes in ADAFs result in an ‘inflated” accretion disc, unlike that of a
Shakura and Sunyaev (1973) thin disc, which requires thermalisation across the accre-
tion flow (e.g. see Narayan and Yi 1994; Narayan and Yi 1995; Narayan et al. 1998).

In the case of ADAFs, the nature of the radiative emissivity, €(R), changes from the
one derived from a thin disc, and both €(R) and the emitted flux do not follow the R~3
dependence of equation 1.11. Narayan and Yi (1994) and Watarai and Fukue (1999)
derived the radial dependence of the effective temperature to follow T,ss o R™1/2in
an advection dominated disc. As laid out in Watarai et al. (2000a), by requiring hydro-
static equilibrium along the vertical plane of the disc gives QH « R™!, and combining
with the radial relations in Kato et al. (1998), whereby O o« R3/2 which relates to
the pressure, p and density p by () « % « R73/2; H « R; p o« R™1/2, it then follows
Tjs o« p/Hp o< R7%. The emissivity in the advection dominated case then goes by

€(R) & R72, and the effective temperature T,sf o p/Hp R™1/2,

1.5.3 Outflows

Soft X-ray absorption in the line of sight of AGN was first detected by Halpern (1984),
and this ‘warm absorber’ (WA) feature has subsequently been detected in ~ 50% of
Seyfert 1 galaxies in an study of ASCA spectra, modelling absorption edges of O VII,
O VIII lines (Reynolds, 1997; George et al., 1998). WAs have since been observed to
feature blue-shifted (~ 100 — 1000 km s~ 1), ionised narrow-absorption lines (Kaastra
et al., 2000; Kaspi et al., 2000). This suggests they are outflows of material along the
line of sight. A range of ionisation states have been observed in warm absorbers, par-
ticularly in iron (Sako et al., 2001; Reeves et al., 2004). Blustin et al. (2005) conclude the
WAs are most likely an outflow from the dusty torus, with higher ionisation states per-
haps corresponding to an origin closer to the accretion disc. The driver of these winds
is not well constrained, with models including magneto-rotational models (Fukumura
et al., 2010), thermally driven, X-ray heated models (Begelman et al., 1983) and radia-
tion pressure models (Murray et al., 1995; Proga et al., 2000; Proga and Kallman, 2002).

In addition to observations of WAs are observations of broad emission lines in quasar
atomic spectra (e.g. HI, O VI, NV, C 1V, and Si IV) (Osterbrock, 1989; Blandford, 1990),
suggesting Doppler broadening in gas moving at high velocity close to the accretion
disc. Moreover, broad absorption lines in highly ionised gas (e.g. [N V], [C IV], and
[Si IV]) (Proga et al., 2000) are observed to be blue-shifted from the galactic nucleus
at velocities reaching 60,000 km s™! (Tombesi et al., 2013). The blue-shifting again
suggests an outflow of material, but now at ‘mildly” relativistic velocities with an mean
observed mean velocity ~ 0.1c Tombesi et al. (2013), and therefore these winds are
termed as ultra-fast outflows (UFOs). Tombesi et al. (2011) constrained the origin of
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FIGURE 1.5: A generalised AGN spectral energy distribution in black, with high-
lighted soft excess (red), Comptonisation power law (green) and reflection (blue) com-
ponents across ~ 0.1 — 100 keV. Original from Fabian (2006).

UFOs to sub-parsec scales from the SMBH and are thus argued to be compatible with
outflows from the accretion disc itself (King and Pounds, 2003; Proga and Kallman,
2004; Sim et al., 2010). A powerful acceleration mechanism is required to produce the
high velocities observed in UFOs. Tombesi et al. (2013) found a linear relation between
outflow momentum and momentum of the radiation field, connecting the power of

outflows to the accretion rate.

1.6 AGN X-ray spectra

The spectral energy distribution (SED) of an AGN describes its output luminosity as a
function of energy. The broad X-ray energy spectrum (i.e. ~ 0.1 —100 keV), as gen-
eralised in Figure 1.5, may be described by a combination of components, namely the
power law (Compton continuum), reflection and soft excess. Here, Figure 1.5 is plotted
in EF(E) units.

An understanding of these components forms the basis for the X-ray spectral models
discussed in later chapters, with models constructed using the XSPEC software pack-
age (Arnaud, 1996).
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FIGURE 1.6: AGN coronal geometries (corona in yellow), including a point-source
lamppost, base of jet, sandwich, inner-disc, and spherical, geometries.

1.6.1 The corona

X-rays are produced in AGN when lower energy photons radiated from the disc inter-
act with and scatter off a population of high energy electrons, in a process of inverse
Compton scattering (Sunyaev and Titarchuk, 1980). This electron population likely
takes the form of a plasma corona somewhere close to the black hole, but the origin,

structure and nature of this corona are fiercely debated topics.

1.6.1.1 Coronal geometries

Multiple coronal geometries have been proposed and investigated, with the primary

candidates sketched out in Figure 1.6, and each considered here individually.

e Lamppost: To first order, the corona has been considered as a point source suspended
at height / above the black hole — orthogonal to the accretion disc — in a geometry
known as the ‘lamppost” model (see e.g. Martocchia and Matt 1996; Reynolds
and Begelman 1997; Taylor and Reynolds 2018a). The relative simplicity of this
model is evidenced by recent studies (see e.g. Reis and Miller 2013; Fabian et al.
2015) which argue for a compact corona, close to the SMBH. Photons scattered
isotropically from such a corona can either escape the accretion system, and be
observed as intrinsic emission, or re-radiate the disc (which produces the reflec-

tion spectrum, see Section 1.6.2). For a corona sufficiently close to the black hole,
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the local strong-gravity environment would allow for light-bending of photon
paths to focus the majority of the radiation emission onto the inner disc.

A complication of the lamppost model is the physical motivation underpinning
the proposed geometry. Key to this is requiring a mechanism for producing the
‘cloud’ of electrons which form the corona, and an agency for keeping the corona
approximately stationary, so close to the SMBH. It is commonly assumed this is
possible through the action of magnetic fields, perhaps produced from a magnetic
dipole close to the black hole, or suspended on the base of a jet (see Merloni
and Fabian 2001; Fabian et al. 2015). This also applied extensions to this model
including a double lamppost (two, distinct sources) system (Chainakun, 2019).
Clearly, the true physical picture is likely complex beyond any simple model and
perhaps non-identical between AGN.

e Base of Jet: Merloni and Fabian (2002) consider the corona in AGN being the base

of a jet, which is launched close to the black hole. The launching mechanism
is associated to magnetohydrodynamic (MHD) action, which can carry power-
ful, magnetic driven outflows from the disc. This mechanism and geometry is
considered most applicable in low accretion rate systems, with the coronal power
scaling inversely with radiation pressure from the disc, due to increased magnetic
energy density and effective viscous stresses in high total pressure, high accretion

rate environments (Merloni and Fabian, 2002).

e Sandwich: In contrast, Di Matteo et al. (1997) coined the term ‘sandwich’ corona,

to illustrate a model where the hot corona is active in thin sheets of thermal elec-
trons lying on-top of a cool, thin accretion disc, effectively “sandwiching’ the black
hole between two coronal regions (see Figure 1.6). This followed from previous
studies (see e.g. Haardt and Maraschi 1991; Haardt and Maraschi 1993; Hua and
Titarchuk 1995) and has the thin corona supported by tenuous magnetic fields

permeating through the accretion disc.

e Disc: Done and Kubota (2006) propose an inner-disc geometry, where a corona of

constant opacity effectively forms part of the inner accretion disc, truncating the
full disc (see Figure 1.6). Of the segmented disc, the cooler outer disc, at R >
Recorona, €mits as a colour-corrected black-body (Done et al., 2012), and the hot
inner disc, at R < Rcorona, €mits via Compton upscattering of cool photons from
the outer disc.

e Spherical: A spherical coronal geometry is a simple, commonly assumed model (see

e.g. Raginski and Laor 2016; Fabian et al. 2017; Garcia et al. 2019; Chainakun et al.
2019) in which the corona of uniform density and fixed temperature envelopes the

black hole, with uniform radius and opacity. This satisfies the need for a compact
corona close to the SMBH (Reis and Miller, 2013; Fabian et al., 2015) but again
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FIGURE 1.7: Basic Compton scattering schematic, showing the scattering of a photon
off an electron with initial velocity, v.. The energy of the scattered photon is then given
by equation 1.21.

requires a mechanism, such as magnetic fields, to support this structure, similar

to the lamppost model.

1.6.1.2 Compton scattering

For any given coronal geometry, the photon scattering from the electrons in the corona
can be understood with the mathematics of Compton scattering (Compton, 1923). First,
the corona is assumed to be at constant temperature, T, density, p, and optical depth, T,
with the electron population in thermal equilibrium —i.e. with velocities described by a
Maxwellian distribution and a temperature defined as © = kT, / mec?, with the electron
temperature kT, ~ 100 keV.

An incident photon — with energy E; — scattering off an electron — with velocity v,, and
thus an Lorentz factor of 7, = (1 — f2)~1/2, where B = v./c — has an output energy,
E.,, defined by (Compton, 1923):

Ei(l — ,BL COSs 981')

E. —
7 1 —PBrcosbey + (Ei/vL)(1 — cosbiy)

(1.21)

where 0,;, 0., 0;, are the angles between electron/incident photon, electron/output

photon and incident/output photon, respectively (as in Figure 1.7).
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In the case of an isotropic distribution of both photons and thermal electrons, such that
the mean electron velocity goes by v, ~ +/3kT/m,, and thus ﬁz = 30. The angle-
averaged output photon energy is then given by (Rybicki and Lightman, 1979; Done,
2010):

E, ~ Ei(1+40 + 160 + ...) (1.22)

If the electrons are highly non-relativistic, ® << 1, and E, ~ (1 +40)E;. The proba-
bility of any photon scattering off an electron is set by the optical depth of the electron
population, T = nRor, where n is the electron density, R the path length and o7 the
Thompson cross-section. For optically thick coronae (t >> 1) the probability of scat-
tering is ~ 1, whereas it follows an exponential for optically thin cases (T << 1), going
by e~ " ~ 1 — 7 (Rybicki and Lightman, 1979).

Multiple scatterings of the same photon act to produce a power law relationship with
electron temperature, whereby a first scattering goes by E, 1 = E;(1 + 40®), a second
E,> = E,1(1+40) = E;(1+40)?, etc. Extending this to n scatterings, the photon

energy is then given by:

E,. = Ei(1+40)" (1.23)

Where E,, , has an upper limit of ~ 3@ set by the thermal temperature of the electrons,
such that energy cannot be gained indefinitely. As shown in Rybicki and Lightman
(1979), equation 1.23 follows a power law, such that E,, , o« E; ", where « is the power
law index: &« = In(7)/In(1 + 4©). Importantly, the power law index is dependent on
both optical depth and electron temperature. N.B. an alternative term used to describe
the shape of the power law is the photon index, I' = a + 1 (Ishibashi and Courvoisier,
2010), where typically 1.5 < T' < 2.5 (Nandra and Pounds, 1994; Reeves and Turner,
2000; Piconcelli et al., 2005; Page et al., 2005).

This idealised form of the Comptonisation spectrum thus forms a power law (as seen
in Figure 1.5), with intensity of scattered photons given by:

E —Int/1n(1+40)
L > (1.24)

1(E,) = 1(8) (71

Above the upper energy limit of the thermal electron temperature the intensity of the
photon population exponentially declines, which forms the exponential cutoff above
the power law, as observed at high energies in the AGN spectrum (see Figure 1.5).

In the case of a relativistic population of electrons, where ® 2 1, the energy from a
single scattering is E,; = E;(1 + 40O + 160?), and similarly for n scatterings, E,, =
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E;(1+ 4O + 1602)". The optical depth of this relativistic population cannot be deter-
mined with the (classical) Thompson cross-section, or; the Klein-Nishina cross-section
(see Klein and Nishina 1929) — dependent on input and output photon energies and
scattering angle — must be used instead.

These theoretical constructs represent the idealised case of both non-relativistic and rel-
ativistic Compton scattering, both of which motivate an exponential cutoff power law
to explain the Comptonisation spectral component. In reality, these approximations are
inadequate in cases of non-thermal or a mixture of thermal and non-thermal electron
populations, as well as low optical depths or high temperature electrons, as discussed
turther in Rybicki and Lightman (1979) and Done (2010).

1.6.2 Reflection

A proportion of the X-ray photons radiated from the corona are projected back onto
the accretion disc, there being photo-absorbed and further heating the disc, or again
scattered. This re-processed emission is described in full by the reflection spectrum.
Multiple physical processes may occur in these interactions including further Compton
scattering, fluorescence (the emission of EM radiation by excited atomic material) or
de-excitation (e.g. Auger de-excitation, whereby an excited atom undergoes an L — K-
shell transition, emitting a new photon which is absorbed by a bound electron, which
is then ejected, leaving ionised material), as discussed in e.g. Guilbert and Rees 1988;
George and Fabian 1991; Fabian et al. 2000.

The cosmic abundance and strong fluorescence yield of iron result in it featuring promi-
nently in the reflection spectrum. X-ray radiation from the corona with sufficient en-
ergy (7.1 keV) can eject a K-shell (n = 1) electron from an iron atom/ion in the disc,
before an L-shell (n = 2) electron transitions into the empty K-shell and releases a pho-
ton at ~ 6.4 keV (Fabian et al., 2000). This is the origin of the (~ 6.4 keV) iron K« line
in reflection spectra , as well as the creation of the iron Ka edge (see Figure 1.5), present
at 7.1 keV, where photons are readily absorbed. This emission occurs in only ~ 34%
of iron excitation cases however, with the aforementioned Auger de-excitation being
the preferred transition (Fabian et al., 2000). By extension, additional emission lines are
predicted in AGN reflection spectra, including the nickel Kua line at ~ 7.5 keV, and the
iron Kp line at ~ 7.06 keV (Fabian et al., 2000). Perhaps the best example of a unique
emission line detection was that of the broad (~ 1 keV) iron L line in the prominent
reflection spectra of 1H 0707-495 (Fabian et al., 2009).

The theorised 6.4 keV energy of the iron Ka line assumes neutral iron is present through-
out the accretion disc; not taking into account the ionisation caused by coronal excita-
tion (see e.g. Ross and Fabian 1993; Ross et al. 1999). With increased ionisation of iron,

the electron ionisation energy increases, in turn biasing the Ka emission line and edge
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FIGURE 1.8: Left-hand panel: the expected emission line reflection features predicted

from a power law (I' = 2) illuminated disc, with iron (Fe) most prominent at ~ 6.4

keV. Original from Reynolds (1996). Right-hand panel: the reflection spectrum in the
case of a range of ionisation states, set by ¢. Original from Ross et al. (1999).

towards higher energies. Matt et al. (1993a); Matt et al. (1993b) and Matt et al. (1996)
set out a framework considering elemental abundances and ionisation states of the ac-
cretion disc, with the latter set by parameter ¢ = L/nr? where ionising luminosity L
interacts with material of electron density, n, at distance, r (Tarter et al., 1969). Both
elemental abundances and ionisation states are important components in determining
the overall structure of the reflection spectrum. In these frameworks they consider
the accretion disc as a slab of material at different values of the ionisation parameter,
¢, ranging from ‘cold’/neutral material, up to a very highly ionised disc. Figure 1.8
highlights both the expected atomic line features predicted from a (I' = 2) power law
illuminated disc (left-hand panel), and the shape of the reflection spectrum in the case
of a range of ionisation states (right-hand panel).

The rapid rotation of the accretion disc impacts the shape the iron line through the
Doppler effect. Assuming a Keplerian rotating disc, the observed reflection spectrum
sees not a single iron Ka line, but a composite of both red- and blue-shifted lines, associ-
ated with receding and approaching circular motion respectively. In a Newtonian grav-
ity regime, this leads to the so-called ‘double-horned’ line profile (see Figure 1.9), with
separation between peaks increasing in energy at radii approaching the black hole. This
shape becomes smeared both by special and general relativistic effects. At radii close to
the black hole, the material becomes mildly relativistic, such that relativistic beaming
(longitudinal Doppler boosting) applies to blue-shifted emission, and de-boosting to
red-shifted material (Fabian et al., 1989; Stella, 1990; Fabian et al., 2000). Additionally,
the transverse Doppler shift predicted by special relativity applies, whereby material
moving perpendicular to the line-of-sight is observed to be blue- or red-shifted as it
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FIGURE 1.9: Relativistic line profiles from the standard Newtonian framework of a

rotating disc, through the SR altered profile due to transverse Doppler shifts and rel-

ativistic boosting, to GR altered profiles from gravitational redshifts. The combined
effects gives the observed line profile. Original from Fabian et al. (2000).

approaches/recedes from the direct line-of-sight in the laboratory rest-frame (Figure
1.9). This effect acts to reduce the observed line profile energies (Fabian et al., 2000).
An overall reduction in line energy also occurs due to general relativistic red-shift, in
the strong gravity regime around a black hole (Fabian et al., 2000). The resulting line
profiles (Figure 1.9), with associated ‘red /blue wings’ can be used as proxies to deter-
mine both the black hole spin and position of the inner edge (from the red wing) and

source inclination (from the blue wing) — see Laor 1991.

Above the iron Ka edge (~ 10 keV) extends the Compton hump, which forms from
a balance of the down-scattering of high energy photons — emitted from the corona at
electron temperature ~ 100 keV — and the absorption of softer photons by iron with
high photoelectric opacity (Garcia et al., 2020). These effects curtail the flux towards
both ~ 10 keV and 100 keV, with the balance of these effects resulting in a spectral peak
at ~ 20 — 50 keV, i.e. the Compton hump. For more detail see e.g. Matt et al. 1991;
Petrucci et al. 2001; Kara et al. 2015).

Modelling the complex structure of the reflection spectrum is possible with several
specifically designed models in XSPEC 23. The ideal model must incorporate both the

2https://heasarc.gsfc.nasa.gov/xanadu/xspec/manual/Models.html
Shttps://heasarc.gsfc.nasa.gov/xanadu/xspec/newmodels.html
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reprocessed line emission, and the relativistic nature of the accretion disc which dis-
torts it, as well as the relative iron abundance and ionisation states of the disc. The
model RELXILL (see Dauser et al. 2014; Garcia et al. 2014; Dauser et al. 2016) is de-
signed specifically to model relativistic, partly-ionised, reflection spectra, by combin-
ing the ray-tracing, line emission models from RELLINE (Dauser et al., 2010, 2013) and
the XILLVER reflection framework (Garcia and Kallman, 2010; Garcia et al., 2011, 2013).

RELXILL is thus an advanced model used for understanding relativistic reflection.

1.6.3 Soft excess

A spectral component almost ubiquitously observed in bright AGN, and especially
NLS1s, is that of the “soft excess’. It is the term used to encapsulate the broad, fea-
tureless, peak in flux observed below the Comptonised power law, at energies lower
than 2 keV and peaking at ~ 0.5 keV (see Figure 1.5) (Arnaud et al., 1985; Gierlinski
and Done, 2004; Done et al., 2007b). The soft excess also appears to show remarkably
consistent temperatures at these energies across multiple AGN, when modelled by a
thermal component (Czerny et al., 2003; Crummy et al., 2006b), and is too hot to be
described by disc black-body radiation.

The origin of the soft excess is the cause of much debate in AGN spectral studies (see
e.g. Gierlinski and Done 2004; Crummy et al. 2006b; Sobolewska and Done 2007; Mid-
dleton et al. 2007), and differs from both Comptonisation and reflection components in
having no ubiquitous XRB counterpart (see Middleton and Done 2010 for a discussion
on the potential soft excess characteristics in the high Eddington XRB, GRS 1915+105).
Three leading candidates to explain the soft excess are absorption, reflection and intrin-
sic flows, which are introduced individually here and are illustrated in Figure 1.10. It is
important to note that while the origin of the soft excess remains an open question, the
solution quite probably lies in not a single origin, but through a combination of multiple
factors.

1.6.3.1 Absorption

The universality of the soft excess shape (Walter and Fink, 1993; Czerny et al., 2003)
motivated Gierliniski and Done (2004) to propose an origin in relativistically smeared
absorption, with atomic features masked by the rotation of the accretion disc or chang-
ing velocity along the line-of-sight. The absorbing material has been motivated to be
an optically thin, outflowing wind (Murray and Chiang, 1997) and ejected at sufficient
velocity to smear absorption features in the spectrum (Done, 2007) (see Figure 1.10).
Radiatively driven disc winds are expected in high accretion rate AGN (Proga et al.,
1998), consistent with NLS1s in which the soft excess is most prominent.
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Assuming this geometry allowed Gierlifiski and Done (2004) to model the spectrum of
NLS1 PG 1211+143 with a single Comptonised continuum and propose the presence of
[Ovil, [Ovm] absorption lines within the spectrum. Chevallier et al. (2006) found ab-
sorption models capable of accounting for some strong soft excesses found in NLSIs,
in which comparable reflection models could not. Limitations to these models include
the need for ‘fine-tuning” of the ionisation state in the absorber however, to describe
a predicted spectral trough at 1 keV, which is otherwise unconstrained. Sobolewska
and Done (2007) similarly showed an absorption model can successfully explain the
observed strong soft excess in 1H 0707-495, albeit not uniquely, with reflection mod-
els of the soft excess statistically comparable. In this case, an absorption model was
favoured as the relative strength of observed soft excess components in NLS1 could
be well modelled with a variable column density parameter of the outflow, while not
requiring any specific source geometry, as the outflow may be launched in any direc-
tion. A ‘fine-tuned’ ionisation state is required however, to allow oxygen to be partially
ionised.

Middleton et al. (2007) also argued for an absorption model to explain the soft excess
observed in the high accretion rate PG Quasars, but with the limitation of requiring
a outflow velocity > 0.4c to create the smooth soft excess features observed in their
sample. Proga and Kallman (2004) constrain the terminal velocity for radiatively driven
disc winds at ~ 0.2c, thus requiring the predicted outflows in Middleton et al. (2007)
to instead be a magnetically driven (jet) outflow, to reach these relativistic velocities.
The extreme nature of such outflows is a limiting factor for extending this model to all

AGN with a prominent soft excess.

1.6.3.2 Reflection

The reflection model for the soft excess is based on the reprocessed emission of pho-
tons from partially ionised, optically thick and out of the line-of-sight material (Done,
2007). This mechanism is possible through anisotropic illumination of the accretion
disc, which requires strong light-bending of coronal emission in order to magnify the
inner reflective component and suppress the direct continuum emission (Fabian et al.,
2004; Crummy et al., 2006b; Done and Nayakshin, 2007) — see Figure 1.10. Moreover,
the presence of short spectral lags (< 500s) suggests the height of the corona above the
black hole must be very small in strong gravity environments (see e.g. Alston et al.
2014a; Kara et al. 2017; Garcia et al. 2019). The effective smearing of the soft excess is
then accounted for by the dynamics of material in the inner disc, within an extreme
Kerr (high spin) spacetime (Done, 2007).

Czerny and Zycki (1994) used an ionised reflection model to describe ROSAT AGN data
and found the soft excess could originate from a high reflection fraction. The unfortu-
nate degeneracy of modelling X-ray spectra resulted in both absorption and reflection
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models being capable of reproducing soft excesses to similar statistical significance to
in several cases (see e.g. Chevallier et al. 2006; Sobolewska and Done 2007). Cheval-
lier et al. (2006) however reported reflection models capable of reproducing weak soft
excess components only, under the condition that the corona is not obscured, i.e. that
the required anisotropic illumination of the disc was not sufficient to describe the large
soft excesses seen in some NLS1s (e.g. PG quasars). This conclusion was partially at
odds with Crummy et al. (2006b), who used the Ross and Fabian (2005) disc reflec-
tion model to successfully reproduce the soft excess in their sample (including for PG
quasars) and reproduced spectral features typically considered to be warm absorption
edges, but importantly considering geometries where the corona is visible. Done and
Nayakshin (2007) investigated hydrostatic (as opposed to constant density) disc mod-
els, as first proposed by Crummy et al. (2006b), and found these models unable to
produce the observed soft excess. Moreover, constant density models required further
‘fine-tuning’ of parameters to describe the observed component. These extreme condi-
tions led Done and Nayakshin (2007) to conclude that reflection is less likely to be the
primary means of producing the soft excess in AGN, at least in direct comparison to

absorption models.

1.6.3.3 Intrinsic disc emission

A further mechanism to describe the soft excess invokes Compton upscattered, soft X-
ray photons from a warm accretion disc. Middleton et al. (2009) applied such a model
to describe the large soft excess observed in NLS1, RE J1034+396, in part due to the lack
of variability at these energies, comparable to the findings in Jin et al. (2009a) and newer
results from recent observations of AGN in Jin et al. (2021). Done et al. (2012) later pos-
tulated that the soft excess might originate from intrinsic emission from the accretion
disc, in AGN exhibiting high accretion rates, such that the black-body disc spectrum
extends beyond the extreme ultra-violet and into the soft X-rays. This alone does not
reproduce observed soft excesses however. Done et al. (2012) rectify this by propos-
ing the presence of Compton upscattered photons from the optically thick, warm inner
disc. The geometry proposed by Done et al. (2012) segments the disc between an in-
ner, warm, Comptonising disc, and an outer disc which radiates a cooler black-body
spectrum, the photons from which provide the seeds for Comptonisation (see Figure
1.10). These combined components are capable of reproducing the observed soft excess
in highly accreting NLS1s, such as RE J1034+396. It is likely however, that the warm
inner Comptonising disc is a feature of those AGN with high accretion rates, so cannot

be extended universally.
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FIGURE 1.10: Soft excess spectral models and associated model sketches for the three
primary mechanisms used to explain the soft excess in AGN. 1) Absorption: Smoothed
absorption features of a spectrum of AGN, PG 1211+143 (original from Gierlinski and
Done 2004), and schematic showing continuum emission passing through an optically
thin, high velocity wind/jet along the line of sight. 2) Reflection: High reflection frac-
tion (dashed line) at soft energies < 1 keV used to model a spectrum of AGN, PG
1202+281 (original from Crummy et al. 2006b), and schematic showing anisotropic il-
lumination of the inner disc through gravitational ‘light bending’ in an extreme Kerr
metric environment. Reprocessed emission observed as soft X-rays. 3) Intrinsic Disc
emission: model spectrum showing contributions from both outer disc blackbody
(green) and inner disc Compton upscattering (red), forming the soft excess at energies
below the power law (blue) — original from Done et al. 2012 — and the colour matched
schematic which shows these defined regions in the disc.
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Chapter 2
AGN variability and timing analysis

Time series data in X-ray astronomy describe features of an astronomical source, as it
changes with time. In the study of AGN X-ray variability, these data may correspond
to the variation of the measured X-ray count rate, represented as a lightcurve. This
chapter is dedicated to the study of AGN variability, first through an introduction to
astronomical time series, before describing the necessary Fourier toolkit for studying
data in the Fourier domain, which will then be used to conduct a search for quasi-

periodic signals in aperiodic broad-band noise.

2.1 X-ray lightcurves

A key characteristic of AGN is the inherent, stochastic nature of X-ray emission (Lawrence
et al., 1987; McHardy, 1989). This variability is commonly termed as ‘noise’, with any
individual observation itself being only a single realisation of the underlying stochastic

process, itself intrinsic to the accretion flow of the AGN.

An X-ray lightcurve, x(t), consisting of N bins of size dt (total duration T = Ndt), has
associated uncertainties (). Summary statistics for this time series include the mean

count rate, %, and a total variance, 07, = ﬁ YN (x; — %)%, where the absolute rms
amplitude of the full lightcurve is simply given by 0ys = 1/02,. In any given observa-
tion, a mean square variance, 02,,,, is introduced by Poisson counting statistics, and is
known as white, or simply Poisson-noise (see Gehrels 1986). The variance attributable
to the intrinsic noise profile in an AGN may then be represented by the excess variance,
(7%5 = ‘thot — ﬁm (Nandra et al., 1997; Edelson et al., 2002; Vaughan et al., 2003a). The

excess variance observed in AGN is importantly not Poisson, instead being described

by a more complex noise process, generated directly within the accretion flow.

The fractional root-mean square (rms) amplitude of the excess variance, F,; (Edelson
et al., 1990; Rodriguez-Pascual et al., 1997; Vaughan et al., 2003a) is given by:
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o2
Foar = \/ ﬁ (2.1)

and represents a statistic through which the excess variance may be evaluated, rela-

tive to the mean count rate, which allows comparison between different sources. This
value may be used to study the energy dependent nature of the excess variability in a
fractional rms spectrum, in which F,;, is measured in energy-binned lightcurves.

2.1.1 Stationarity

The concept of stationarity in AGN is based on the statistical properties of a variabil-
ity process remaining unchanged over time (Vaughan et al., 2003a). Given that any
observation is only a single realisation of an underlying stochastic process, the mean
count rate and excess variance are liable to change, at random, between independent
observations. The concept of weak non-stationary arises when the mean of a variability
process is inherently ‘unknowable’, as the variance diverges (Press and Rybicki, 1997).
AGN variability processes are expected to meet the criteria of weakly non-stationary
processes (see Press and Rybicki 1997) and the assumption is made that the expecta-
tion values of the statistics describing the process remain time independent (Bendat
and Piersol, 1986). This assumption allows for observations to be treated as indepen-
dent realisations of the same noise generating process in an AGN, and stationarity to

be generally assumed in timing analyses.

2.2 The foundations of Fourier analysis

In order to study AGN variability in greater detail, we are often motivated to represent
time series data not in the time domain, but instead as a set of frequencies in the frequen-
cy/Fourier domain. For this we may utilise a field of mathematics named after French
mathematician, Joseph Fourier, whose work on heat flow using Fourier series in the

19th century spawned the broad mathematical field of Fourier Analysis (Fourier, 1822).

2.2.1 The Fourier transform

For some time series data x(t;), with N bins of size dt (total duration T = Ndt), the
Fourier Transform may be used to describe the signal as a summation of sinusoids,
with angular frequencies, w; — defined across frequency terms j, whereby w; = 27j/T.

In the most general, complex form, the Fourier Transform may be written as:
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Flx(t)] = / x (ke itidt 2.2)
For application to real world time series, the Discrete Fourier Transform (DFT) is used
to deconvolve the signal into a discrete sum of sinusoids (Press et al., 1996). The DFT,

X (1/]') (hereafter X;) of a time series is computed using the expression:

N
_ N\ ,—2imvit;
X(vj) =) x(t;)e 2t (2.3)
i=1
. . o (4_)] _ 27[] _ ] .. . .
across Fourier frequencies, v; = 5. = ;-5 = 1, where j is an integer in the range

—N : N
- <J=< 3.

In practice the Fast-Fourier-Transform (FFT) is employed in order to improve compu-
tational efficiency of this calculation, which is maximised in the case of a time series,
x(t), to be of length 2" (Cooley and Tukey, 1965), where n > 0 and an integer. Modern
FFTs are capable of processing time series not of length 2", although these calculations
are less computationally efficient.

Importantly, Fourier methods here depend on the assumption of regularly sampled
data. Aliasing can be neglected only for contiguous data or very high sampling rates.

2.2.1.1 Inverse Fourier transform

The inverse Fourier Transform arises as the mathematical inverse to the Fourier Trans-
form (equation 2.2). It allows for the transformation from Fourier space, X(v;), back to
the time domain, x;(t). In the discrete form, this is defined as:

N .
xi(t) = FUX ()] = Y X ()t 24)
i=1

1

In order to compute this efficiently, the Inverse-Fast-Fourier-Transform (IFFT) algo-
rithm is used. This method then allows for the approximate reproduction of a time
series, derived directly from an observed or simulated power spectrum (Cooley and
Tukey, 1965). The true input time series cannot be reproduced however, as all phase

information (see equation 2.2) is lost in the production of the power spectrum.
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2.2.2 The power spectrum

The power spectrum is obtained directly from the FFT. The notion of power as a variable
in Fourier Analysis may be obtained through invoking Parseval’s Theorem (van der
Klis, 1988):

T = LY e
W= Y XX = — X; 2.5)
i=0 Z N . U N . N J

j==5 j==%

which relates the (complex) Fourier amplitudes, Xj, to the statistical variance of the

time series, Var(x;) = 5 L (xi — %) = 127 — 1 (Lixi)? = & )» X]2 — 4 X3, through
N_

Parseval’s theorem, such that Var(x;) = & 2]?_ _1N |X;|?, where j # 0 (van der Klis,

-2

1988).

The concept of Fourier power, P;, is then defined directly from the above, such that:

P; = AnormX; Xj = Anorm| X;j|? (2.6)
Which includes an arbitrary normalisation term, Anorm. From this, it is clear that the
power corresponds to the magnitude of variance in the time series data across a set of
discrete Fourier frequencies. In other words, for a given frequency of interest within
the time series, a higher power corresponds to a greater measured variance of the data
at this frequency.

The power spectrum is constructed using positive frequency terms, j, from equation
2.6. The concept of negative frequencies arises from the cyclical nature of angular
frequencies, wj, and are calculated as part of equation 2.5. However, equation 2.3
shows the the equivalence between any Fourier amplitude and its complex conjugate
at equivalent negative frequency, X; = X* ;. From this equivalence relation, equation
2.6 demonstrates that Fourier powers P; exhibit a mirror symmetry, such that P; = P_;
about a null frequency term, |Xy|? — which itself represents the mean count rate (van
der Klis, 1988). In the physical application of astronomical power spectra it is therefore
possible to discard all negative frequencies without loss of information (Uttley et al.,
2014b).

The power spectrum is thus defined, for physical Fourier frequencies, v; as:

P(v}) = Anorm|X;|? 2.7)
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where j = (1,2,..., %) (Vaughan et al., 2003a). The range of positive frequencies in the
power spectrum is limited due to the cyclical nature of angular frequencies, w; (see
equation 2.2), reaching a sampling limit at N /2.

Recalling that the angular frequencies of equation 2.2 may be expressed equivalently
asvj = %, the lowest Fourier frequency is then v; = %. The lowest Fourier frequency
is also the frequency resolution, i.e. the width of the Fourier bin, év = % Thus, the
sampling frequency is dependent only on the length of the time series, which motivates
the use of long astronomical observations, in order to obtain high frequency resolution.

Each subsequent frequency increases by a factor + = 11, up to the maximum Fourier
frequency, known as the Nyquist frequency, of value equal to v N o= = 57 and
Fourier amplitude X;_ N (van der Klis, 1988). The periodogram ordinate at the Nyquist
frequency does not follow the same statistics that underpin the rest of the power spec-

trum (as discussed in Section 2.2.3), and must be treated accordingly.

The power spectrum in this form, i.e. unaveraged, is called the periodogram. As above,
the periodogram spans the full range of Fourier frequencies, v — vy, and offers the
maximum number of Fourier frequencies which may be investigated within a given

time series.

2.2.21 The power spectral distribution

The averaged periodogram is (generally) a consistent estimator of the underlying power
spectrum (see Section 2.4 for where other effects may limit this), and is known as the
power spectral distribution (PSD). The averaged powers of the PSD, P(v;), are obtained
from the following arithmetic averaging process:

i+K—1 M
Pv

] KM Z anm (2.8)

n=i m=

when averaged over M segments and over K frequencies per segment (with each, new,
frequency bin, v}, containing frequencies in the range v; to v;, k1) (Uttley et al., 2014a).
This is equivalent to the segmentation of a time series into M segments, before obtain-
ing a periodogram for each, in which the original Fourier frequencies are re-binned into
K new frequencies. The powers at each re-binned frequency are then averaged across
all the available segments.

This re-binning reduces the frequency range of the PSD as the effective length of the
time series is reduced. The number of bins in the averaged time series takes the value
m= %, with the number in the PSD reduced from N /2 to m /2 bins. The new, lowest
frequency is given by v; = -L. but the maximal, Nyquist frequency remains the same

: : . _m/2 _ 1
as in the periodogram: vm = 71 = 5.
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Given a sufficiently high number of averages (e.g. > 50) the uncertainty on the power
spectral noise may be given by the standard error on the powers, where op, is the stan-
dard deviation of the averaged powers, P;, as in equation 2.8 (Uttley et al., 2014b):

j (2.9)

In the case of a low number of averages (e.g. < 50), the error instead can take the form
(Uttley et al., 2014b):

J
/ V KM ( )

such that in the case of the periodogram, the error on the power is equivalent to the
power itself. N.B. the HEASARC tool POWSPEC uses equation 2.9 in its error bar evalu-

ation when the number of averages, KM > 5 and equation 2.10 otherwise.

Figure 2.1 shows an example of a simulated astronomical time series (using the method
in Timmer and Koenig 1995), with associated periodogram and 8-segment averaged
PSD, both with errors. A PSD provides a trade-off between reduced uncertainty in
the powers and a reduction in precision in frequency bin width, and a reduced fre-
quency range. As such, a PSD is preferred in cases with long observations, and where
the longest variability timescales, as well as frequency precision, are not of paramount

importance.

2.2.2.2 Normalisations

Within X-ray astronomy there are a few commonly used definitions for Anorm (Vaughan
et al., 2003a), which are briefly listed here:

0 Ang? = ,%tz yields the power in fractional rms? units. When the power spectrum is

then integrated, the area provides the fractional variance, in units (o, / 3?)2 Hz ™!

® Aleahy = % is the normalisation for Leahy power, which is set such that the ex-

pected Poisson noise level is equal to 2 (see Section 2.3.2)
2dt

® Aaps = %, yields the power in rms

2 units, which when integrated across frequency

gives the absolute variance, in units 02, Hz !

Unless stated otherwise, the A, > normalisation is used from this point forwards, as is

commonplace in most published works on timing analyses of AGN.
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FIGURE 2.1: Top: Simulated time series, with 1024 time bins, with an arbitrary width

of 100s. Bottom left: periodogram, with errors, of this time series. Bottom right: PSD

of this time series, using 8 averages — with corresponding Gaussian errors —and shown
across the same frequency range as the periodogram.

2.2.3 Power spectral statistics

The observed periodogram, P;(v), may be considered as a combination of real and
imaginary (Gaussian) components, such that, P;(v) = Re]2 + Imjz, and results in P;(v)
being describes by a X% distribution (Jenkins and Watts, 1968; van der Klis, 1988; Tim-
mer and Koenig, 1995), with two degrees of freedom. This applies to all frequencies
except the Nyquist, where Pyy, (v) = Re%\,w such that the Nyquist value then follows a
X3 distribution with a single degree of freedom. The observed periodogram (discount-
ing the Nyquist) is therefore a statistical realisation of the (true) intrinsic AGN power
spectrum, 73]-(1/), modulated by a )(% distribution (Jenkins and Watts, 1968; Vaughan
et al., 2003a):
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P(v) = P(v)x3/2 (2.11)

The probability density function of a x? distribution (k degrees of freedom) is described
by (Barlow, 1999):

1
fs0) = semramy™ e (2.12)

where x > 0. The expectation value, E(x), of this probability distribution is given by
k — the number of degrees of freedom — and the variance, Var(x), by 2k (Barlow, 1999).
For a x5 distribution, this yields E(x) = 2 and Var(x) = 4. Importantly, this highlights
the strong non-Gaussian nature of the periodogram. The highly skewed nature of the
X5 distribution leads to large scatter in any single, observed periodogram relative to the

intrinsic power spectrum (Vaughan et al., 2003a).

The effect of averaging over the X% distribution is for the distribution of powers to in-
creasingly tend it towards a a Gaussian distribution (van der Klis, 1988). This is the
result of the standard Central Limit Theorem (CLT), whereby summing a number of
independent, random events drawn from a distribution will cause the sampled dis-
tribution to tend towards a Gaussian with an increasing number of averages (Hughes
and Hase, 2010). This applies to the distribution of powers in a PSD. However, due
to the periodogram x3 distribution having a highly skewed nature, a high number of
averages (> 50) is required for the distribution to tend towards being quasi-Gaussian
(Uttley et al., 2014b). An example of this is depicted in Figure 2.2, whereby the distri-
bution of powers at a single frequency is shown for both a periodogram and for PSDs
fromed from M =2, 16 and 128 segments respectively.

2.3 Flavours of power spectral noise

Understanding the properties and shape of the frequency-dependent noise is funda-
mental to subsequently modelling the observed variability of the AGN.

2.3.1 Red noise

Intrinsic variability generated within the accretion flow of the AGN can take several,
complex forms. In the simplest case it may be described as ‘red noise’. In Fourier space,
red noise is observed as power variability steeply increasing towards low frequencies,

in a relationship which is commonly described by a power law, with a non-zero index,

B:
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FIGURE 2.2: Probability distribution functions of simulated powers at a single, arbi-

trary, frequency — for a simulated lightcurve of length 4096 bins. Far left: the peri-

odogram case, which follows a x3 distribution. Other panels: the PSD case, for M = 2,

M = 16 and M = 128 averages, which increasingly tend towards a Gaussian distribu-
tion with an increasing number of averages, through the CLT.

Prea(v;) o u]fﬁ (2.13)
although in some cases the technical definition of red noise — also called Brownian noise
— is the specific case where f = 2. More generally, such a distribution is often used
to describe the characteristic shape of AGN power spectra, with values of § typically
found to lie between 0.5 and 2.5 (Green et al., 1993; Lawrence and Papadakis, 1993;
Uttley et al., 2002; Markowitz et al., 2003; Vaughan and Fabian, 2003).

Importantly, red noise is not statistically independent between neighbouring frequencies,
such that the power measured in a given frequency bin is not independent of a power
in a different frequency bin — in contrast to pure Poisson noise, which is instead statis-

tically independent across all frequencies.

The observed structure of an AGN spectrum is one which follows a power law of index
B ~ 2 (although this is found to be highly energy dependent in practice — e.g. McHardy
et al. 2005; Vaughan et al. 2011; Jin et al. 2020; Chapter 6 ), back to the location of a high-
frequency break, below which the power as a function of frequency flattens towards
an index of B ~ 1 — a shape that is comparable to the high-frequency break seen in
XRBs (Edelson and Nandra, 1999; Uttley et al., 2002; Markowitz et al., 2003; McHardy
et al., 2006; Gonzalez-Martin and Vaughan, 2012). The nature of this break, including

its location and possible energy dependence remain an open area of study. In some
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observations, the high frequency break may not be observed at all. Current, individual
observations of AGN are of insufficient length to probe timescales corresponding to
the low-frequency break in XRBs, and would instead require a concatenation of many

observations taken over the timescale of many months - years.

2.3.2 White noise

Counting statistics are Poisson in nature, and commonly referred to as ‘white noise’.

This noise is described by a flat power law and takes the approximate form of:

Punite (vj) o< v} (2.14)
Poisson noise is a mainstay of low-count astronomical studies (Gehrels, 1986), and is
not intrinsic to the AGN itself (Vaughan et al., 2003a). The probability density function

of a Poisson distribution is described by:

k,—A
f(kA) = A ,f! (2.15)

where k is the number of occurrences and k > 0. The expectation value, E(k), of this
probability distribution is given by A which is exactly equivalent to the variance.

Considering equation 2.14 it is evident that white noise in the power spectrum is pro-
jected as stochastic noise about a constant value of power. Common practice is to ap-

proximate the white noise as a constant, C, following Vaughan et al. (2003a):

C= z—dtﬁm (2.16)

%2
Figure 2.3 shows the shape of both red (8 = 2, = 1) and white noise profiles in time
and frequency domains.

2.3.3 Real power spectra

In reality, AGN power spectra consist of a combination of both red and white noise.
Given sufficient signal-to-noise, the red noise component dominates above the white
noise at low frequencies. The ‘white noise floor’, is the threshold in power at which
point the red noise component falls below the white noise, as approximated by the
constant, C, in equation 2.14. At frequencies above this point, the intrinsic AGN vari-

ability is white noise dominated.
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FIGURE 2.3: Simulated noise profiles, as lightcurves — with ¥ = 1 and equivalent
fractional variance — in the time domain (LHS) and power spectra (in fractional rms?)
in the Fourier domain (RHS), simulated around a defined power spectral index, §, in
black. From top to bottom: 1) White/Poisson noise, § = 0; 2) Red noise where § = 1
(sometimes called ‘pink noise’); 3) Red noise where f = 2 (‘true red’/Brownian noise).

To maximise power spectral data quality requires the red noise to dominate over the
white noise. To minimise the level of white noise requires as high a signal-to-noise ratio
as possible in the data (i.e. a high count rate). Additionally, as the red noise powers
scales inversely with frequency, longer observations, or unaveraged power spectra, al-
low for lower frequencies to be observed, with a relatively higher red noise component
compared to the underlying white noise. Together this motivates analysis of bright

AGN with long observations.

2.4 Red noise leak

The power spectrum in real observations is subject to the additional effect of red noise
leak, which arises from the unavoidable windowing of an X-ray lightcurve (see e.g.
Deeter and Boynton 1982; van der Klis 1988; Vaughan et al. 2003a). The finite time-
frame of an observation effectively creates a window over a conceptual, infinitely long,
time series. The result is that power on timescales longer than the observation effec-

tively transfers (or ‘leaks’) power from these unobserved lower frequencies onto the
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observed bandpass, in turn biasing the observed power spectrum away from the in-

trinsic AGN power spectrum.

Mathematically, red noise leak may be described by a transfer function acting on the
intrinsic power spectrum, which results in the modified, observed power spectrum.
First, consider both an intrinsic time series x(t) and an observed time series y(t), which

are related by a function ¢(f), such that:

y(H) = [ p(t=0)x(t)dr = () - x(1) 217)
The power spectra of which can be obtained in the Fourier domain. Through the con-
volution theorem, the multiplication of the impulse response function ¢(t) and time
series x(t), may then be expressed as a convolution of a transfer function ¥(v) and a

Fourier amplitude, X (v):

Y(v)=Flp(t) - x()] =¥ (v) ® X(v) (2.18)

Given an observation exists with a defined start and end time, the impulse response,
P(t) may be represented by a ‘top hat’ function of width 4, centred on t = b. As
such, ¥ = % within —a/2+b <t < a/2+ b, and 0 elsewhere. Applying the Fourier
transform to a ‘top hat” function yields a sinc function, such that the squared modulus

2

of the transfer function, [¥(v)|? « sinc* — which in this specific case is known as the

Fejer kernel. The observed power spectrum then takes the form:

Pops (v) = [F (V)] @ Py (v) = a*sinc® (av) Py (v) (2.19)

The shape of the Féjer kernel biases the the observed power spectrum towards the a
power law of index B = —2. This effect is most dominant in the case of steep power
spectra (of index steeper than p = —2) as the red noise spectrum implies a large amount
of power exists at lower frequencies beyond the observed bandpass. The observed
power spectrum is then a biased form of the true power spectrum which describes the
variability process. This effect is exacerbated for short observation windows, but typi-
cally considered negligible for relatively flat power spectra (where § < 1.5) (Vaughan
et al., 2003b). Figure 2.4 highlights the ‘ringing” effect of the Fejer kernel, in which har-
monics across frequency space act to reduce power from the intrinsic power spectrum,
appearing as dips in the observed power spectrum. In a real observation however, this
effect is somewhat offset by the presence of white noise and random stochasticity in the

intrinsic power spectrum.
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FIGURE 2.4: Fejer kernal, for a 100 ks observation window, with ‘ringing’ effects pro-
duced where the sinc? function approaches zero.

2.5 The origin of AGN variability

X-ray variability is a prominent feature across a significant proportion of observed
AGN (Lawrence et al., 1987) and gives an insight into the accretion flow and the coro-
nal regions close to the black hole. Due to the concept of mass invariance in accretion
physics, the variability in AGN is commonly seen as analogous to that observed in
XRBs, but on considerably longer timescales (see Figure 1.3, and e.g. McHardy et al.
2006).

The origin of intrinsic X-ray variability in both AGN and XRBs is thought to be tied
to inward propagation of random turbulence fluctuations of material passing through
the accretion disc (Lyubarskii 1997; Kotov et al. 2001; Arévalo and Uttley 2006) — as
shown in a basic schematic in Figure 2.5. In the context of X-ray variability, a causal
connection between disc and corona must exist, such that the effect of propagation can
be considered to be acting equivalently within the corona. The framework for this is
dependent on coronal geometry (see Section 1.6.1) and is considered further in Chapter

6.

Through the propagation process, lower frequency fluctuations (at larger radii) actively
modulate variability at higher frequencies (at smaller radii), as these fluctuations prop-
agate through the accretion disc. This modulation is a multiplicative process, and is set
out mathematically by Lyubarskii (1997), in which each annulus in the disc produces
independent turbulent fluctuations, which then lead to local changes in accretion rate

described by ri1(r,t). The variability power at each radius peaks at the local viscous
r3/2
2

frequency, vyisc = uc(%)z (Kato et al., 1998), where higher frequency variability re-

sults from fluctuations produced at smaller radii, 7, in the disc (where  here is in units
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FIGURE 2.5: Basic schematic of a thin accretion disc, with material inwardly propagat-
ing towards the central black hole and increasing in temperature, as given by equation
1.14. Variability produced in the disc from the propagation of turbulence fluctuation
is imprinted on photons which undergo inverse Compton scattering in the corona.
A HFQPO in this schematic could take the form of some orbiting plasma ‘hotspot’
(Ingram and Motta, 2014), the corona/jet precessing in some quasi-periodic way (Ma
et al., 2021) or as part of a standing wave ‘breathing mode” (Blaes et al., 2006b) in the
disc or near the corona — or indeed some other alternative or combination of multiple
effects.

of gravitational radius, such that v, is in terms of ¢/R;). At any radius, the new ac-
cretion rate, M(r;,t), is set by the local accretion rate, M,(r,t) and local fluctuations,
1i1(rj, t), through the multiplicative process:

M(r;, t) = Mo(r,t) l [1+mia(r), t)] (2.20)
j=0

which sets the new value of Mo(r, t), at each iterative radial annulus. Variability thus
propagates through the disc, with higher frequencies modulated by low frequency vari-
ability at outer radii. Importantly, the amplitude of the fluctuations scales with accre-
tion rate (Arévalo and Uttley, 2006). Thus, the amount of radiated flux scales linearly
with variability (i.e. rms amplitude), and this directly explains the linear rms-flux rela-
tion typically observed across both XRBs and AGN (Uttley and McHardy, 2001). Figure
2.6 illustrates this relationship observed in an observation of XRB Cygnus X-1, across
two independent frequency ranges,consistent with propagation through an outer sec-
tion of the disc (0.125 — 1 Hz) into an inner section (2 — 20 Hz).

The nature of the propagating fluctuations also sets the shape of the broad-band noise.
As the radial position of the propagating fluctuations through the disc is tied to the
viscous frequency (Lyubarskii, 1997; Kato et al., 1998; Arévalo and Uttley, 2006), this

sets an upper frequency limit for the broad-band noise at the location of the inner edge
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FIGURE 2.6: Linear rms-flux relationships in the same observation of Cygnus X-1, in
the energy band 2 — 13 keV, and over two frequency ranges, 0.125 — 1 Hz and 2 — 20
Hz. Original from Uttley et al. (2005).

of the accretion disc —i.e. R;;, the ISCO. At any other radii, frequencies above the local
viscous frequency are rapidly dampened out by both viscous and differential rotation
effects (Churazov et al., 2001; Ingram, 2016), i.e. acting as a low pass filter. The general

kot

form of the dampening factor may be described mathematically by e~*0*, where kg =

1/7, with T the decay timescale. The Fourier transform of this is given by:

1 ko

TR 22D

Fle™ht =

which is equivalent to a zero-centred Lorentzian.

The broad-band noise in AGN can therefore be understood as the combination of many
Lorentzians, across the range of possible viscous frequencies. The presence of low and
high-frequency power spectral breaks in AGN, then must be described by some change
or dilution in the low pass filter in the propagation fluctuations model. The final break
comes at the position of the inner edge, beyond which higher frequencies cannot be
generated as material is swallowed by the black hole.

The propagating fluctuations model is also capable of explaining the lognormal flux
distribution which is typically observed in AGN. Due to the multiplicative modulation
of fluctuations in equation 2.20, a time series, x(t) — which obeys the linear rms-flux
relationship over all time-scales — may equivalently be considered as a multiplicative
model of sines (Uttley et al., 2005), across frequencies v;, with phases ; and with am-
plitude A;:

x(t) = ﬁ[l + A;sin (27tv;t + l,bl)] (2.22)
i=1
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Taking the logarithm of this time series, and using the multiplication rules of loga-
rithms, it is then possible to represent the above equation as a linear function in log-
space, where a; = A;sin (27tv;t + ¢;):

log[x(t)] = ¥ log[1 + a;(¢)] (2.23)

i=1

Importantly, the a; terms are independent of one another, due to the uncorrelated phases,
;, between the sinusoids. The CLT then approximates the distribution of log[x(t)] to
be Gaussian, if assuming stationarity in the time series. By extension, if log[x(t)] is
Gaussian-like, x(t) is described by a lognormal distribution, which then explains the
lognormal flux distribution of X-ray time series (Gaskell, 2004; Uttley et al., 2005).

Both the linear rms-flux and lognormal flux distributions have been considered a uni-
versal trait of accreting sources, including AGN and XRBs. Deviation from these mod-
els have been reported by Alston et al. (2019) however, who found a non-linear rms-flux
relationship — rms « flux*’® - and non-lognormal flux distribution in the AGN, IRAS
13224-3809. This suggests either an additional factor is acting to modify these under-
lying distributions or that the accretion flow is inherently non-stationary (Alston et al.,
2019).

2.6 Energy dependence of the AGN power spectrum

A deeper study of X-ray variability is possible using energy resolved lightcurves to
probe the energy-dependent shape of the power spectrum. This was first investigated
in a ~ 30 day RXTE observation of NGC 7469, in which Nandra and Papadakis (2001)
reported a flattening of the power spectrum, from = 1.55 in the 2 — 10 keV energy
band to f = 1.12 in the 10 — 15 keV band. Both Vaughan et al. (2003b) and McHardy
et al. (2005) found similar results in MCG-6-30-15, with the former using XMM-Newton
and reporting a change in power spectral index from g = 2.55 across 0.2 — 0.7 keV, to
B = 2.30 across 0.7 — 2.0 keV and B = 2.10 in the 2.0 — 10.0 keV energy band, as shown
in Figure 2.7. McHardy et al. (2004) showed the flattening of the power spectrum in
NGC 4051 in two energy bands, with Vaughan et al. (2011) doing so over three energy
bands using a series of concatenated observations (totalling ~ 570 ks). Most recently,
Jin et al. (2020) found the power spectrum in RE J1034+396 flattened with increasing
energy, from p = 1.29 for 0.3 — 1.0 keV, to B = 0.71 for 1.3 — 4.0 keV and g = 0.37 in the
2.0 — 10.0 keV energy band.

The power spectral index values, B, are not necessarily identical between AGN, but
the energy dependent nature of the AGN power spectral shape is remarkably consis-
tent across multiple observations of multiple AGN, flattening with increasing energy
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FIGURE 2.7: Energy resolved PSDs, in bands: 0.2 — 0.7 keV, 0.7 — 2.0 keV, 2.0 — 10.0

keV from an observation of MCG—-6-30-15, (plotted in vP(v) vs v units). The slope of

the power spectra (above the high frequency break) is found to flatten with increasing
energy, similar to observations of other AGN. Original from Vaughan et al. (2003b)

in each case. The cause for this remains as yet undetermined, but has been suggested
to be the result of propagating fluctuations through the disc, at low energies, then in-
teracting with the corona at high energies, with additional variability from the corona
enhancing power at high frequencies (Gardner and Done, 2014; Jin et al., 2020), and is
investigated further in Chapter 6.

2.7 Quasi-periodic oscillations

Aperiodic variability dominates the X-ray broad-band noise of observed AGN and
XRBs. Stable, periodic (or more accurately, quasi-periodic) signals were first detected
within the broad-band noise of XRBs (Motch et al., 1983), and are known as quasi-
periodic oscillations (QPOs). The fact that these phenomena are observed to be quasi-
periodic suggests the signal consists not simply of a single stable frequency, but instead
of a range of dynamical frequencies — in turn implying that a QPO has some complex
radial structure across the accretion flow. X-ray QPOs then offer a unique, diagnostic
test of accretion in strong gravity due to the frequencies across which they have been
observed.
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XRB QPOs are typically categorised as either low-frequency QPOs (LFQPOs) — which
are commonly observed at ~ 0.01 — 1 Hz — and high-frequency QPOs (HFQPOs) —
which are broadly found at ~ 10 — 100+ Hz (Remillard and McClintock 2006, Ingram
and Motta 2020). Multiple theoretical frameworks have been proposed to explain this
phenomenology, both through wave modes through the accretion flow (Tagger and Pel-
lat, 1999; Titarchuk and Osherovich, 1999; Wagoner et al., 2001) and through precession
induced by relativistic effects in the presence of strong gravity (Stella and Vietri, 1998;
Abramowicz and Kluzniak, 2001; Fragile et al., 2005; Ingram and Motta, 2014). The
Relativistic Precession Model (RPM) (Stella and Vietri, 1998; Stella et al., 1999) invokes
three non-equal frequencies of precession which a particle experiences in the accretion
flow, and connects these modes of precession to the production of QPOs. As described
in Ingram and Motta (2014), a particle orbiting at radius r around a mass M in a Kerr
spacetime (spin a.) and perturbed from the equatorial plane, experiences orbital pre-
cession (v), periastron precession (precession of the elliptical semi-major axis, vpr) and
nodal precession (v;,,4) frequencies, which are given by:

_ .6 1
where { = ﬁ and r in units of Ry and mass in units of Me.
6 8a, 3a2
vper:u¢[1—\/1—r+r3/2— | (2.25)
B 4a,  3a?
Vnod = Vi [1 ~\1F 55+ } (2.26)

where the top sign refers to prograde orbits and the bottom sign, retrograde. The nodal
mode of oscillation occurs as a result of the Lense-Thirring effect (Thirring, 1918), in
which the frame-dragging of space-time in a region of strong gravity causes the preces-
sion of the orbital spin axis around the spin axis of the central mass (Ingram and Motta,
2014). The Lense-Thirring effect is thought to be the mechanism by which LFQPOs are
produced (Stella and Vietri, 1998), and are a relatively commonly observed phenom-
ena in XRBs — as further characterised and summarised by Ingram and Motta (2020).
Recent work by Ma et al. (2021) makes an alternative proposition that the LFQPO in
XRB MAXI J1820+070 is the result of the precession of the jet, with an energy range
exceeding 200 keV, and is a QPO mechanism which will likely be the focus of future

investigations.

By comparison to LFQPOs, HFQPOs are far more rarely observed (Ingram and Motta,
2020). They were first observed in GRS 1915+105 (Morgan et al., 1997) at a characteristic
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FIGURE 2.8: PSD of XRB XTE J1550-564, with modelled broad-band noise and two

LFQPO features at ~ 5 and ~ 13 Hz. The sub-panel highlights a HFQPO at ~ 183 Hz,

which is detectable, but less significant above the broad-band noise compared to the
LFQPOs. Original from Motta et al. (2014)

~ 67 Hz, and later at higher frequencies in XRBs such as GRO J1655-40 and XTE J1550-
564 etc (Remillard and McClintock, 2006), in which the QPO appears linked to a high
accretion rate. HFQPOs have been observed as two distinct frequencies in XRBs, which
typically appear in a 3 : 2 resonance with each other. Figure 2.8 highlights an example
of a trio of observed QPO features in the PSD of XRB XTE J1550-564 (Motta et al., 2014);
two LFQPOs close to ~ 10 Hz and a HFQPO at ~ 183 Hz.

The RPM explains the lower frequency HFQPOs as being produced by periastron pre-
cession (equation 2.25) and the highest frequency HFQPOs as the orbit of thermal in-
stabilities or ‘hotspots” in a Keplerian orbit (equation 2.24 — Ingram and Motta 2014).
In principle therefore, a (theoretical) simultaneous observation of both a LFQPO and
HFQPO (3 : 2 resonance) pair allows for equations 2.24, 2.25 and 2.26 to be solved
for the key macroscopic, physical properties of mass, radius and the spin magnitude,
|a.|, as the solution is degenerate about (prograde/retrograde) spin (Ingram and Motta,
2014).

To first-order, the RPM offers a unique potential to study the properties of the accretion
system; it does however have notable limitations. Firstly, on an observational front, the
simultaneous observation of these types of QPOs is extremely rare in XRBs (Ingram
and Motta, 2014), suggesting that other factors negate the magnitude of these RPM
effects. Secondly, the framework for RPM is based on considering a single particle in
motion through an accretion flow, whereas a more realistic model must account for the
relativistic fluid flow. An alternative mechanism by which HFQPOs may be created

has been presented by Blaes et al. (2006b), in which the concept of oscillatory modes,
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including ‘breathing modes” across the accretion disc are invoked. In this framework,
pressure gradients across the accretion flow allow for the standing waves to form, with
oscillation modes responsible for the production of stable coherent features in the flow
which may be observed as QPOs. Interestingly, this methodology has been able to
naturally reproduce the observed 3 : 2 resonance between HFQPO pairs.

The concept of mass invariance in accretion flows has then subsequently motivated the
search for QPOs in AGN, with their detection a major objective in the field of AGN
variability studies for decades (see e.g. Papadakis and Lawrence 1995, Vaughan and
Uttley 2005, Gonzéalez-Martin and Vaughan 2012), but one that remains acutely chal-
lenging (see e.g. Vaughan et al. 2016). The basis of the search for AGN QPOs is directly
tied to the assumption of mass scale invariance in accretion physics, which consid-
ers the frequencies across the broad-band noise to scale inversely with the mass of
the system, v < 1/Mpy — e.g. Lawrence et al. 1987; Uttley et al. 2002; Vaughan et al.
2003a; McHardy et al. 2004, 2006; Middleton and Done 2010 — such that the expected
frequency of an AGN QPO is lower in comparison to its XRB counterpart by a factor
equal to the mass ratio between the two (see Figure 1.3). As an example, considering an
XRB with BH mass, Mgy ~ 10M. and AGN with SMBH mass Mgy ~ 10°Me, an
XRB LFQPO observed at a frequency of ~ 0.1 Hz would correspond to a AGN LFQPO
at a frequency of ~ 1077 Hz; a period of several months. Considering instead an XRB
HFQPO at ~ 100 Hz, the analogous AGN HFQPO would lie at ~ 104 Hz; a period of
several hours. Considering the huge timescales required to observe multiple periods
of LFQPOs, this work is limited to searching for HFQPO analogues only.

The value in the detection and study of AGN QPOs is multifaceted. The high luminos-
ity of AGN and the theoretical timescale of an AGN QPO leads to the conclusion that
more photons per phase bin are expected to be observed in an AGN QPO, in compar-
ison to any XRB HFQPO (Uttley, 2008), motivating the search for and study of AGN
QPOs above those XRB HFQPO counterparts. As a simple calculation, consider an
AGN with a mass ~ 10°M,, at a distance of Dscny ~ 10 Mpc, and an XRB, with a
mass ~ 10Mg, at a distance of Dxrp ~ 1 kpc. Consider both to be at the Eddington
limit and emitting isotropically. The ratio of observed flux per second between AGN
and XRB is then given by L AGND§<RB /LxrB quGN ~ 1073. Ifan expected AGN HFQPO
frequency is ~ 10~* Hz, and an XRB HFQPO frequency ~ 100 Hz, the AGN HFQPO
period is 10°x longer, and thus would yield an expected ~ 1072 x 10° ~ 10° times as
many photons per QPO phase bin over its XRB analogue.

AGN QPOs therefore allow for a more detailed analysis of both the broad-band noise
and QPO structure for an AGN, relative to an XRB. AGN QPO detection and study
then offers both an opportunity to test QPO models as well as the concept of mass
scale invariance. An example of the former utilises the high signal to noise per phase
bin to test whether precession or orbital motion close to the SMBH provide the QPO
mechanism.
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2.71 AGN QPOs: A brief history

The search for AGN QPOs has a long and chequered history, which serves as a lesson
in rigorous statistical detection of quasi-periodic signals within sources exhibiting com-
plex broad-band noise (Vaughan and Uttley, 2006; Vaughan et al., 2016). The capability
to search for X-ray QPOs was made possible with the advent of X-ray observatories
advancing from EXOSAT (Taylor et al., 1981) through RXTE (see Rothschild et al. 1998;
Jahoda et al. 2006) and XMM-Newton (see Jansen et al. 2001) — which remains active to
the present day. All of these missions featured timing resolution of sufficient precision
to allow for detailed study of AGN X-ray variability, including the search for X-ray
QPOs (Vaughan and Uttley, 2006).

Early claims of QPO detection were later deemed inaccurate due to not properly ac-
counting for the true red noise nature of the underlying broad-band noise observed in
AGN. An important property of a red noise time series is the capacity to generate quasi-
periodic noise artefacts at random, which are inherently indistinguishable from any in-
trinsic quasi-periodic signal. As such, proper statistical hypothesis testing is required
to determine the nature of the signal. By instead assuming an inappropriate null hy-
pothesis comparing a candidate signal against a purely Poisson noise, several studies
(e.g. Halpern and Marshall 1996; Iwasawa et al. 1998; Lee et al. 2000; Boller et al. 2001;
Pfefferkorn et al. 2001) reported quasi-periodic features with grossly inflated statistical
significance (Vaughan, 2005; Vaughan and Uttley, 2006; Vaughan et al., 2016) across a
number of AGN observations. This problem with periodicity detection has also been
highlighted in the search for SMBH binary systems (see e.g. Graham et al. 2015a; Gra-
ham et al. 2015b; Vaughan et al. 2016). Similarly inflated statistical significances can be
reached if not accounting for the full number of free trials in any study. For example,
searching for a QPO in a single observation but across a broad range of frequencies then
must account for the number of frequencies examined, each of which represents a free
trial (and in each case a chance for a spurious event to occur in). In order to conduct
a robust statistical test of QPO candidates therefore requires a null hypothesis based
on well understood broad-band variability and accounting for the full number of free
trials. This is the fundamental basis of the methodology presented in Chapter 3.

It is worth noting that the search for AGN QPOs is itself not limited to the X-ray band,
with reported detections being made across the EM spectrum, including in the radio
(e.g. Zhang and Wang 2021), optical (Smith et al., 2018), and gamma-ray wavebands
(e.g. Zhou et al. 2018; Gupta et al. 2019). The physical significance of these reported
detections is intriguing, but currently the connection to X-ray QPOs through theoretical
frameworks is still in its infancy. In addition to this, there are a subset of (non-X-ray)
AGN QPO claims at timescales corresponding to LFQPO analogues (e.g. King et al.
2013; Smith et al. 2018), which consider data from concatenated observations and re-
port QPO timescales of ~ 100s days. At these timescales it is possible to observe low
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frequency breaks (e.g. Ryan et al. 2019), but discerning the statistical significance of a
QPO is challenging, due both to the small number of QPO periods which are observed,
and the poorly understood nature of the low frequency break (and thus the broad-band
noise). Finally, there have also been reported detection of QPOs appearing after tidal-
disruption events (TDEs) (Reis et al., 2012; Pasham et al., 2019), whereby an orbiting
or passing star/object is torn apart by the gravity of the central SMBH in a (quiescent)
galaxy, and the resultant X-ray emission is detected to show a quasi-periodic feature.
These events are likely similar to quasi-periodic eruptions (QPEs) detected in low mass
SMBHs, whereby a ~ 9hr quasi-periodic X-ray burst was detected in GSN 069 (Mini-
utti et al., 2019), before decaying over 54 days of observations. These events are both
interesting and offer a new route to investigate X-ray variability produced in AGN,
but are somewhat limited in scope due to their inherently transient nature. The X-ray
emission fades once the bulk of the material is consumed, and repeated observations
are not easily possible. Both LFQPOs and TDE QPOs/QPEs are areas of study has the
potential to develop further in future, and may be investigated in the X-ray bandpass
with all-sky monitors, such as MAXI and eROSITA.

An encompassing trend of (almost) all AGN QPOs is the difficulty in observing the
most convincing case of QPO detection, in which independent observations report the
quasi-periodic phenomena at identical /near-identical frequencies, each over many cy-
cles. This standard has eluded almost all studies to date (Vaughan and Uttley, 2005),

and is only reasonably achievable if considering HFQPO analogues.

2.7.2 The RE J1034+396 QPO

The first highly significant X-ray AGN QPO, which proved the exception amongst stud-
ies at the time, was found in the NLS1 AGN, RE J1034+396, with a reported > 5¢ detec-
tion found in a selected segment of the XMM-Newton lightcurve (Figure 2.9 — Gierlinski
et al. 2008), with further detections of the same QPO in some, but not all, subsequent
observations — including in five of eight observations in Alston et al. (2014b) and most
recently again in the newest XMM-Newton observation (Jin et al., 2020). The X-ray QPO
in RE J1034+396 is thus considered the first, statistically robust, detection of an AGN
QPO. The QPO remains present in observations over ten years after the first detection
(Jin et al., 2020), and therefore suggests some long-term stability to the mechanism cre-
ating this feature.

Figure 2.9 shows the ~ 80 ks X-ray lightcurve, obtained from XMM-Newton over an
energy range of 0.3 — 10 keV in the initial QPO detection study (Gierliriski et al., 2008).
The power spectrum corresponding to this lightcurve is shown in the upper panel of
Figure 2.10, with the QPO corresponding to the unmistakable peak in variability power
at ~ 2 x 10~ Hz. The approach to determining the statistical significance of the QPO
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FIGURE 2.9: XMM-Newton lightcurve of first detected AGN QPO, in RE ]J1034+396

over energy range 0.3 — 10 keV. The study focused on ‘Segment 2’ of the lightcurve,

where the periodic feature was found to me coherent. Original from Gierlifiski et al.
(2008).

in RE J1034+396 reported by Gierlifiski et al. (2008) differs from aforementioned stud-
ies by testing an appropriate null hypothesis, based on the modelling the red noise
component of the broad-band noise in the power spectrum. 3¢ and 99.99% contours
are plotted in Figure 2.10, demonstrating the high statistical significance of this QPO
feature, which is claimed to be found at > 5¢. The lower panel of Figure 2.10 plots
the residuals of the observed power, P(v), over the modelled power, P(v), through the

relation 275((;)) , and highlights again the statistically significant deviation of variability
power in the QPO frequency bin.

It is important to highlight that the study by Gierlifiski et al. (2008) is not the most con-
servative of studies, with the > 5¢ value slightly inflated by the non-blind selection of
a section of the lightcurve where the signal is most coherent. This a priori data selection
biases the result as to inflate the statistical significance of the QPO. Importantly, the
full number of trials, representing the number of frequencies in the power spectrum
which were investigated, was accounted for. A subsequent study using Bayesian infer-
ence by Vaughan (2010) re-evaluate this feature as a > 30 (where 3¢ is considered the

‘gold-standard” benchmark for a significant detection in a single observation — Vaughan
2005).

In the context of finding further AGN QPOs, the natural question to ask is what makes
RE J1034+396 unique? As is typical of many NLS1s, RE J1034+396 appears to host a
low-mass SMBH, accreting at or close to the Eddington limit (Boroson, 2002). In addi-
tion, spectroscopic study of RE J1034+396 has shown a prominent soft excess is present
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FIGURE 2.10: Upper panel (a): Power spectrum of first detected AGN QPO, in RE

J1034+396, with best-fitting power law model P (v) and (3¢, 99.99%) confidence con-

tours. Lower panel (b): Measure of %(5)) residual of powers above the modelled

broad-band noise, where in the figure frequency is denoted by f, not v, and observed
power by I(f), not P(v) as in this work. Original from Gierliniski et al. (2008).

below 2 keV (Middleton et al., 2009; Jin et al., 2021), which connects to extreme ultravi-
olet (EUV) emission from the accretion disc (Puchnarewicz et al., 1995; Middleton et al.,
2007; Zoghbi and Fabian, 2011).

The presence of a strong soft excess may also act to suppress variability when observing
a broad energy bandpass, as in cases where spectral components overlap, variability
from one or more components (e.g. the power law continuum, with emission at harder
energies) may become damped and effectively swamped by the soft excess. Consider-
ing the excess fractional variance, (0ys/ 3?)2, of an observation as a function of both a
soft excess component — with variance ¢, and mean ¥;; — and a second component,
with overlaps in energy with intrinsic variance ¢2,., mean %, — it follows that this can

be represented in the form:
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Given that the variability of the soft excess component is negligible (02, ~ 0) (Middle-
ton et al., 2009; Jin et al., 2009b), a system with a high soft excess count rate (high Xys)
would act to suppress the overall fractional variance at these energies.

The prominent QPO, high Eddington accretion rate and strong soft excess component
in RE J1034+396 has led to a search for an XRB counterpart, as an examination of mass
scale invariance in accretion physics. Middleton and Done (2010) found a potential ana-
logue in the well-studied XRB GRS 1915+105; with its characteristic ~ 67 Hz HFQPO
detected only in the soft-intermediate state (Middleton and Done, 2010; Middleton
et al., 2011; Jin et al., 2021). Moreover, Middleton and Done (2010) highlight evidence
showing both sources being close to in excess of Eddington, the observed QPO fre-
quencies satisfying a linear mass scaling and similar energy spectra being dominated
by the disc and a warm, optically thick, corona; in all hinting at a link in the underlying
physical processes between the sources.

The discovery of a bona-fide AGN QPO in RE J1034+396 changed the landscape of
AGN QPO studies, providing an effective laboratory to probe the nature of quasi-
periodic variability over timescales of ~hours and to subsequently make comparisons
to QPOs in XRB systems.

2.7.3 QPO energy dependence

The first examination of the energy dependence of the QPO was by Middleton et al.
(2009) who found the rapid variability from RE J1034+396 was most likely from the
tail of the Comptonised power law (i.e. a ‘hot disc dominated” spectrum), above the
constant soft excess, and these spectral characteristics were found to be similar to the
low temperature Comptonised disc in GRS 1915+105 by Middleton and Done (2010),
prompting the connection between AGN and XRB in this case. Furthermore, Middle-
ton et al. (2009) investigated the energy dependence of the fractional rms at the QPO
frequency, finding this peaked at ~ 2 keV and more generally that the variability mea-
sured at the QPO frequency could be energy dependent.

Alston et al. (2014b) then used an energy dependent PSD to locate the QPO in eight
XMM-Newton observations of RE J1034+396, across defined ‘soft’ (0.3 — 0.8 keV); ‘hard’
(1.0 — 4.0 keV) and ‘total’ (0.2 — 10.0 keV) energy bands. They report the significant
detection of the QPO in the hard band of five observations, with only a single detec-
tion in the soft band — from the original observation studied by Gierliniski et al. (2008).
Jin et al. (2020) later explored a new observation of RE J1034+396 across three energy
bands, 0.3 — 1.0 keV, 1.0 — 4.0 keV and 2.0 — 10.0 keV, in which they again detect the



54 Chapter 2. AGN variability and timing analysis

—
o
w
&«

T
a pn+MOS
102;— 1.2-5.0 keV _

10'g . l,

il

) () A S 1

P(f) ([rms/mean]?)

— I_L 00 A gl g
e e g
1& — N A0 _ag nuunﬁrnm 5

e 1 O L
107 107°
Frequency (Hz)

[

D/M2 D/M1

FIGURE 2.11: Upper panel (a) Power spectrum of an XMM-Newton observation of MS

2254.9-3712 in the 1.2 — 5.0 keV energy band, with a highlighted ~ 3.2¢" detection

of a QPO candidate at a frequency of ~ 1.5 x 10~* Hz. Lower panels (b)/(c) show

residuals to both power law and bending power law models, respectively, used to
describe the broad-band noise. Original from Alston et al. (2015)

10°E ]
S ! pn+MOS
§ 10k 0.3-0.7 keV
E E
£ 10'F
=l E
= 10°F
= £ (a) | H |
—~ 10FE)y — el
2 — AP
N 102— : U_LH|U U]nﬂJ Mlﬂﬂl
% 13(0) R n ol o
a 3 ] U_L\ﬂ_||_,-| I |ﬂ[|J |

107 10-3

Frequency (Hz)

FIGURE 2.12: Upper panel (a) Power spectrum of an XMM-Newton observation of

MS 2254.9-3712 in the 0.3 — 0.7 keV energy band, with a highlighted non-significant

detection of a QPO candidate at a frequency of ~ 1.5 x 10~* Hz. Lower panels (b)/(c)

show residuals to both power law and bending power law models, respectively, used
to describe the broad-band noise. Original from Alston et al. (2015)

QPO to high significance, with no energy dependence in QPO frequency, but with an
energy dependence in the rms variability, which increases from 4% in the 0.3 — 1.0 keV
band, to 12% in the 1.0 — 4.0 keV band (similar to Middleton et al. 2009).

Alston et al. (2015) investigated the NLS1 MS 2254.9-3712, using an energy resolved
approach in a single ~ 70 ks observation made with XMM-Newton, over four energy
bands, 0.3 — 0.7 keV, 0.7 —1.2keV, 1.2 — 5.0 keV and 5.0 — 10.0 keV. The detection of a
QPO to ~ 3.3¢ significance at a frequency of ~ 1.5 x 10~* Hz in the 1.2 — 5.0 keV band
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only, is considered the second statistically significant detection of an AGN QPO. Figure
2.11 shows the peak in the power spectrum associated with this feature, relative to two
best-fitting power law and bending power law models which describe the broad-band
noise. The QPO feature is then shown to be reduced to a statistically non-significant
level in Figure 2.12, in the 0.3 — 0.7 keV energy band. Moreover, the absolute rms at
the QPO frequency was found to be greatest in the 1.2 — 5.0 keV band (6%), larger than
values measured in the 0.3 — 0.7 keV band (3%) and 0.7 — 1.2 keV band (4%), further
underlying the energy dependence of the QPO in MS 2254.9-3712.

With a comparable QPO frequency to the one found in RE J1034+396 (Gierlifiski et al.,
2008; Alston et al., 2014b), a similar energy dependence in the statistical strength of the
QPO towards harder energies (as reported by Alston et al. (2014b), although not found
in a later observation by Jin et al. 2020) and similar energy dependence of measured
rms at the QPO frequency (higher towards harder energies), the MS 2254.9-3712 QPO
has been seen as comparable to the QPO in RE J1034+396. Moreover, the evidence that
MS 2254.9-3712 is a super-Eddington accretor (Wang, 2003) suggests this QPO may be
related to HFQPOs in XRBs, similar to RE J1034+396.

The primary drawback in comparing the reported QPO in MS 2254.9-3712 to that in RE
J1034+396 is the limitation of a single significant detection. Independent re-detection

in a new observation would allow for it to be considered bona-fide.

2.74 QPO searches

Gonzalez-Martin and Vaughan (2012) carried out a deep QPO search of 209 XMM-
Newton observations of 104 AGN, including of 61 Type 1 AGN and 15 NLS1s, searching
across three energy bands: a ‘soft” 0.2 — 2.0 keV, ‘hard” 2.0 — 10.0 keV and a ‘total’
0.2 —10.0 keV energy band. The key result was the non-detection of QPOs in all bands,
with the exception of the re-confirmation of the QPO in RE J1034+396. This has left the
field with a population of AGN QPOs limited to RE J1034+396, in addition to the more
tentative case of MS 2254.9-3712, as well as the aforementioned questionable claims.

With the relative ubiquity of QPOs in XRBs (although the population of XRB HFQ-
POs is considerably smaller — Remillard and McClintock 2006) the concept of mass
scale invariance predicts that X-ray QPOs in AGN should be of approximate preva-
lence (Vaughan and Uttley, 2005; Uttley, 2008). Due to the long timescales required to
investigate LFQPO analogues in AGN however, the search for AGN QPOs is predomi-
nately limited to those rarer HFQPO analogues. The number of detected XRB HFQPOs
is low, but higher than the number detected in AGN. This then leads to one of two
conclusions, either an (unknown) number of AGN QPOs remain undetected, or, that
AGN QPOs are inherently extremely rare phenomena and the QPOs detected in RE
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J1034+396 and MS 2254.9-3712 represent exceptional cases, which would prove a sub-
stantial finding in itself and motivate further analysis of the idiosyncrasies of the QPO

state.

The motivation for finding AGN QPOs has been well documented for many years (e.g.
Vaughan and Uttley 2005; Vaughan 2005; Middleton and Done 2010; Middleton et al.
2011; Alston et al. 2014b; Vaughan et al. 2016), as both a test of the nature of the inner ac-
cretion flow and in testing the relationship of AGN accretion to that observed in XRBs.
The potential for detection of a QPO in specific energy bands has been shown in ex-
ploratory analysis (Alston et al., 2014b, 2015), but only on coarse scales, i.e. 2 — 4 energy
bands over the XMM-Newton bandpass. Given the interesting result in MS 2254.9-3712
of a QPO being present in only a single energy band, it remains possible that QPOs in
AGN remain undetected in narrower, harder, energy bands corresponding to compo-
nents in the X-ray spectrum producing the QPO.
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Chapter 3

A statistical framework for locating
energy-resolved QPOs in AGN

In this chapter I will present a comprehensive analytical procedure to process archival
observations of bright AGN using XMM-Newton, in the search for QPO candidates. I
will first outline the instrumentation used and the AGN sample selected to investigate,
before then outlining and discussing the statistical framework which underpins the
QPO candidate search.

3.1 Instrumentation

The study of X-ray variability in AGN has been possible with numerous observatories
over the past four decades, with data from EXOSAT (Taylor et al., 1981), RXTE (Roth-
schild et al., 1998), XMM-Newton (Jansen et al., 2001), Swift (Burrows et al., 2005), and
NuSTAR (Collaboration, 2013). Amongst these, the X-ray Multi-Mirror Mission, XMM-
Newton, has proven a workhorse for AGN timing studies across the 0.3 — 10 keV energy
band and serves as the primary source of data for this research.

3.1.1 XMM-Newton

Launched in 1999, XMM-Newton is the primary X-ray observatory for the European
Space Agency (ESA). It occupies a ~ 48 hour elliptical orbit, allowing for an upper
limit of ~ 40 hour long continuous observations. The satellite carries both an opti-
cal/UV telescope, the Optical Monitor (OM), and a trio of X-ray focusing mirror mod-
ules, each with a CCD detector known collectively as the European Photon Imaging
Cameras (EPIC). EPIC is partitioned into a set of two Metal Oxide Semi-conductor CCD
arrays (MOS-1, MOS-2; Turner et al. 2001) and a p-n junction semiconductor CCD array
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FIGURE 3.1: Energy dependence of the quantum efficiency of the EPIC-pn instrument

aboard XMM-Newton, which declines below ~ 0.4 keV and above ~ 8 keV. The inset

shows the “X-ray absorption fine structure” close to the silicon K edge at ~ 1.838 keV
(Strtider et al., 2001). Original from Striider et al. (2001).

(pn; Striider et al. 2001). In addition, the MOS modules house the Reflection Grating
Spectrometers (RGS-1, RGS-2; den Herder et al. 2001), used for high resolution X-ray

spectroscopy.

EPIC offers a theoretical energy range of 0.1 — 15 keV, but due to quantum efficiency
(e.g. Figure 3.1) and effective area (e.g. Figure 3.2), this is effectively limited to a useful
energy range of 0.2/0.3 — 10 keV. The pn detector is typically favoured over the MOS
detectors due to higher effective area over 0.2/0.3 — 10 keV, but all cameras may be
used in unison. The CCDs effectively act as individual photon counters, recording the
time, energy and location of each photon as it reaches the detector. The large effective
area and fast read-out time of each detector allows XMM-Newton to excel in studies
of X-ray variability, in addition to being capable of imaging sources, which detectors
such as RXTE were not capable of. In cases of particularly bright sources however, the
observation may be at risk of pile-up, which occurs when the count rate is so high that
multiple soft photons incident on the detector are misassigned as a single, hard photon

event.

The continued use of XMM-Newton over two decades of operation has allowed for
a comprehensive catalogue of AGN observations to be developed; a resource which
is utilised throughout this work. Observational data files may be downloaded from
the XAMIN! database, and processed using the XMM-Newton Science Analysis System
(SAS)2.

Ihttps://heasarc.gsfc.nasa.gov/xamin/
2https://www.cosmos.esa.int/web/xmm-newton/sas-threads
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FIGURE 3.2: Energy dependence on the effective area (cm?) of the EPIC-pn instru-

ment aboard XMM-Newton, simulated using three different filters which act to reduce

exposure to non-X-ray photons and protect the CCDs from soft protons in orbit. In

all cases, the effective area is most prominent in the 1 — 2 keV energy range, while
diminished below 0.3 and above 10 keV. Original from?>.

3.2 Observations

3.21 AGN sample

The AGN sample is constructed primarily from the Palomar Green QSO (PGQSO) cata-
logue used by Crummy et al. (2006a) and Middleton et al. (2007) as these are extremely
bright sources and have been well-studied by XMM-Newton; this provides high signal-
to-noise ratio data and the possibility of long (up to 130 ks) unbroken observations. In
addition to this sample, the AGN 1H 0707-495, MS 22549-3712, NGC 4151, PHL 1092 are
included, and data from the most recent campaign on IRAS 13224-3809 (see Alston et al.
2019, 2020 for details). The total sample consists of 22 NLS1s and 16 Type-1 Seyferts (38
AGN total), as defined by Veron-Cetty and Veron (2010). Across these AGN, there are
200 observations in total which are included in this study. Of particular interest are the
Narrow Line Seyfert 1 AGN, which include the widely-accepted case of X-ray QPOs
in RE ]J1034+396 (Gierlifiski et al., 2008) as well as the reported case in MS 2254.9-3712
(Alston et al., 2015).

3.2.2 Data reduction

For each AGN in this sample, all observations in the XMM-Newton public HEASARC
archive? up to September 2019 were extracted (see Appendix A). Data for this analysis

Shttps://xmm-tools.cosmos.esa.int/external/xmm_user_support/documentation/uhb/
epicfilters.html
4https://heasarc.gsfc.nasa.gov/
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were limited to the EPIC-pn detector, as the pn has a higher throughput than the MOS
detectors leading to a lower Poisson noise contribution. A circular aperture source re-
gion of 40” radius was centred on each AGN, with a background source region (also a
circular aperture of 40” radius) positioned on the same CCD, but away from the source
and chip read-out direction. Following standard procedure, only single/double pixel
events (with PATTERN<=4) were selected. Using the standard XMM-Newton data reduc-
tion pipeline® , the source and background light curves were extracted, using EVSELECT
in SAS v17.0.0. These lightcurves are of a 100s binsize and utilised a sliding energy
window across the nominal 0.3 — 10 keV range of the instrument. This window is
split into 50 approximately linear energy bins, allowing 1225 energy combinations to
be studied (e.g. 0.3 — 0.5 keV, 0.3 — 0.7 keV etc.). EPICLCCORR was then used to subtract
the background and apply the necessary corrections (e.g. vignetting, bad pixels, good-
timing-intervals etc.®) to the lightcurves. Whilst detector pile-up is present in some
of the observations, the redistribution of counts from soft to hard energies (where the
count rate is typically much lower) is not expected to lead to false QPO detections as
non-QPO counts act to dilute the signal’s presence. Pile-up could, however, result in
QPO candidates being located in energy bands in which they are not intrinsically the
strongest.

For each observation, the high-energy (10 — 12 keV), full-field background lightcurve
was extracted with a binsize of 10s in order to identify soft-proton events which could
contaminate the source lightcurve. A cut-off is applied such that any flares at 5¢ (where
o is the standard deviation in the 10 — 12 keV lightcurve) or more above the stable (non-
flaring) count rate level are removed — this is achieved through sigma-clipping outlier
rejection above a flat background model which is fitted to this 10 — 12 keV lightcurve.
This process can introduce gaps into the lightcurves, which, if left unmodified, have
the potential to introduce spurious peaks in power (introducing inaccuracies into both
broad-band noise modelling and any subsequent QPO detections). Whilst there is no
standard method to correct for gaps, previous approaches include linearly interpolat-
ing between short missing segments of data (e.g. < 200s), with count-rate variations
accounted for by drawing from a Poisson distribution (Gonzalez-Martin and Vaughan,
2012; Alston et al., 2015). This method has the caveat of introducing a non-red noise
background component to the light curve, which cannot replicate the component which
has been removed, and thus is best applied sparingly (e.g. the interpolation used by
Alston et al. 2015 is typically applied to < 0.5% of the duration of the lightcurve). In
this analysis, the most conservative approach is taken in considering only the longest
continuous segment between flares (see Figure 3.3). This avoids all interpolation as-
sumptions, but has the limitation of reducing the amount of data available for analysis.

Shttps://www.cosmos.esa.int/web/xmm-newton/sas-thread-timing
®https://heasarc.gsfc.nasa.gov/docs/xmm/sas/help/epiclccorr/node3. html
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FIGURE 3.3: Top: the entire XMM-Newton EPIC-pn light curve for NGC 4051, OBS ID:

0109141401 over an energy range: 4.0 — 6.4 keV, with the longest continuous (flare-

less) segment highlighted. Bottom left: periodogram of the background subtracted,

flareless segment, with best fitting PLC model, simulated 3¢ line and QPO candidate

highlighted. Bottom right: a direct comparison between the source and background

periodogram, highlighting the lack of a corresponding peak of power in the back-
ground at the QPO candidate frequency.

However, many of the longest continuous segments in the sample are of sufficient du-
ration to probe down to < 10~% Hz, below the frequencies of previously detected AGN
QPOs (Gierlinski et al., 2008; Alston et al., 2015).

The data reduction process (i.e. through EPICLCCORR) requires the creation of the back-
ground source lightcurve; the periodogram of which is inspected to ensure that any
potential QPO is associated only with the AGN itself. An example of this is shown
in Figure 3.3, where the absence of a feature in the background confirms this example
QPO candidate originates in the AGN, in this case, in NGC 4051 (see Section 3.3.3.1 for
how the QPO candidate in this example is explicitly defined).

3.3 Periodogram analysis and QPO search

A robust statistical framework in which to search for QPOs in broad-band noise is vital
(see Vaughan and Uttley 2005), and the approach presented here is based on that of
Vaughan (2005). Periodograms are produced for each energy-resolved lightcurve (with
lightcurves reduced to 2" bins where 7 is an integer) by applying a fast-Fourier trans-
form (FFT) and a fractional-rms normalisation (Vaughan et al., 2003a). As explained
in Section 2.3.3, using the periodogram (rather than the PSD) allows the number of
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Fourier frequencies to be maximised, improving parameter constraints when mod-
elling, whilst also allowing for QPO searches down to the lowest possible frequencies
in the lightcurve.

3.3.1 Maximum likelihood statistics

Modelling the periodogram requires appropriate use of statistical methods. Standard
regression techniques such as ordinary least-squares or x? regression are biased by the
assumed Gaussian nature of the data which they are applied to. As such, if not us-
ing a highly averaged form of the PSD, an alternative method which is not biased by
the non-Gaussian nature of the periodogram is required. Anderson et al. (1990), Stella
et al. (1994) and Vaughan (2005) all implement a form of the Whittle likelihood statistic
(Whittle, 1953) for such a case, derived from the probability density function of peri-

odogram ordinates (Duvall and Harvey, 1986), where:

e—I]'/Pj

p(L) = P (3.1)

for observed powers, [;, the expectation value of the periodogram, P; — equivalent to
the ‘true” underlying distribution assumed by a frequentist framework — and frequen-
cies j (where j = 1, 2, ... n — 1, due to the Nyquist being distributed differently).

Given a model, P;(6;), with parameters 6y = (61... f\1) to represent these data, the joint
probability density gives the form of the likelihood, £, here over a frequency range
j=1—n-1):

L=TIr() =117 (32)

where the likelihood then represents the conditional probability relating observed pow-
ers to model parameters, p(I;|6;). The likelihood represents a distribution with its peak
(maximum likelihood) described by model parameters, 0.

Taking the logarithm of equation 3.2, gives:

n—1 .
InL = Z; [_11)]] - ln[P]-]] (3.3)
1=

Defining the negative log-likelihood as S = —2In £, it then takes the form:
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n—1 I
_ ] 1
s=2y {mm] + P} (3.4)
j=1 ]
with minimising S being equivalent to maximising the likelihood.

3.3.2 Broadband noise models

Similar to the work by Gonzélez-Martin and Vaughan (2012), the above maximum like-

lihood statistic is used to fit the sample periodograms, with two selected models.

The first (PLC) is a power law plus constant model:

P(v) = Novf +C (3.5)

and consists of three free parameters: 8, the power spectral index, Ny, the normalisation
and C, a constant to account for Poisson noise. This is the simplest common model for

titting red noise power spectra.

The second model (BKNPLC) takes the form of a broken power law, with break fre-

quency, Vj:

P(v) =NwPr+C forv<u,

P(v) = NovP2 +C  forv >y, (3.6)

At frequencies at, or below the break (v < 1;,) the model assumes a power spectral
index B1 and normalisation Nj, whilst at frequencies above the break (v > 14,), a power
spectral index B,. The normalisation above the break, N>, is calculated directly from
the previous parameters. In using both models, the constant (C) is fixed to the expected
level of the white noise following the method as in equation 2.16.

The broken power law model is motivated by the presence of high-frequency breaks,
detected in several AGN (Papadakis et al., 2002; Markowitz et al., 2003; McHardy
et al., 2006; Gonzélez-Martin and Vaughan, 2012). It has analogues such as the bend-
ing power law model (see e.g. McHardy et al. 2004; Gonzalez-Martin and Vaughan
2012; Alston et al. 2019) which similarly search for a ‘flattening” of the power spectrum
at low frequencies, but here the BKNPLC model is implemented to search for a ‘sharp
break” occurring at the break frequency, 1,. Although breaks in AGN power spectra
are readily observed, a power spectral break may not be found in some cases, leading
to a PLC model being statistically preferred. Reasons may include the physical absence
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of a break feature, but also an insufficient frequency range (in the investigated peri-
odogram) to probe the break, often such that those observed frequencies are above the
break. This likelihood is increased given the multiple, individual observations investi-
gated here, as opposed to studies which utilise a single, concatenated lightcurve.

3.3.3 Analysis procedure

The PLC model is first applied to each periodogram, using the maximum likelihood
statistics (equation 3.4) inbuilt into a limited memory Broyden-Fletcher-Goldfarb-Shanno
(L-BFGS-B) minimisation algorithm (see Fletcher 1987), with bounds set at (-10, 10)
for B and (0, o) for the normalisation, Nyp. A preliminary fit is performed with this
minimisation routine to obtain the maximum likelihood parameters (j3, Ny) which are

successful in minimising the negative log likelihood, S.

Following the procedure of Vaughan (2005), a frequency cut is made where the Poisson
noise begins to dominate in this preliminary PLC model (defined where C > P;), such
that all frequencies above this are ignored. This cutoff procedure ensures the model
fit is not dominated by white noise, which can hinder the selection of a statistically
preferred model. It does create the caveat that information at frequencies above the
white noise threshold is lost, such that any QPO candidate located at such frequencies
will not be considered; this is considered an unlikely scenario however, as the red noise

is sufficiently diminished at these frequencies.

In practice, a minimum number of Fourier frequencies are required in the remaining
periodogram to ensure a sufficient number of degrees of freedom to constrain the un-
derlying noise with simple models. There is no agreed upon minimum number, so this
value is arbitrary, but as a very general rule of thumb it is advisable to have approxi-
mately five data points per degree of freedom. In this analysis, the lower limit is set to
be 13 Fourier bins, below which the periodogram is considered white noise dominated
and is disregarded. Note, any energy-resolved lightcurve where the fitting returns a
positive B is also rejected at this stage, given this only occurs in the case of poor data

quality or white noise dominated data.

3.3.3.1 Defining the null hypothesis

The analysis procedure defines a QPO candidate to be a peak of power above the mod-
elled (white noise cutoff) broad-band noise. For both simplicity and conservatism,
a candidate is defined to exist within a single Fourier frequency bin. A single QPO
candidate is determined for each periodogram at this stage, following the method in
Vaughan (2005) whereby for each frequency, the ratio R = 2I;/ P, is calculated (com-

paring the observed powers I; and model powers, P). The frequency, j, in which R; is
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maximised, is then defined as the QPO candidate frequency, v, with power, Py, at this
ratio Rq.

In order to determine the statistical significance of any outlier (here, the QPO candi-
date), a null hypothesis must be defined; in this case, the null hypothesis is that the
observed QPO candidate power, Pg, is due to an inherently random, statistical fluctua-
tion of the underlying red noise, itself intrinsic to the AGN. Following Vaughan (2005),
this Fourier bin is removed from the periodogram (leaving > 12 bins as per the pre-
defined restrictions above) and the broad-band noise refit up to the previously defined
white noise cutoff frequency, at first with a PLC model (and subsequently with a BKN-
PLC model, see Section 3.3.3.2), in order to obtain the best description of the underlying
continuum (the impact of fixing the position of the white noise cutoff is discussed in
Section 5.3.1).

The applied methodology to refit the periodogram utilises a bootstrap-with-replacement
L-BFGS-B minimisation algorithm, using maximum likelihood statistics (equation 3.4),
over 10,000 iterations. Over the 10,000 bootstrap iterations, a minimum of 5% are re-
quired to fulfil the minimisation success criteria as predefined by the sCiry L-BFGS-B
minimisation algorithm’(in practice, this number is typically > 95%), which also in-
cludes returning a negative value of . The successfully minimised bootstrapped pa-
rameters are grouped into a histogram, with 100 bins, with the maximum likelihood
set of PLC parameters, ($, Np), given by the median of this distribution. The 68% con-
fidence limits are constrained using the [16,84] percentiles, to constrain the variation
about (B, Np). This minimised PLC model now describes the broad-band noise minus
the QPO candidate.

This bootstrap-with-replacement method has several advantages over a single fitting
iteration, in that it minimises the biasing effect of any individual bins on the overall
model fit, and inherently samples the parameter space, returning a discrete sample of
parameters from this probabilistic distribution. The former point is important given
the QPO candidate search focuses on a single Fourier frequency, and any excess power
in adjacent bins have the potential to bias the fitting process towards a flatter power
law index, B, and higher normalisation, Ny, in extreme cases. The latter point is used
directly to obtain the uncertainty on the minimised PLC model, which is illustrated in

Figure 3.5.

3.3.3.2 Power law vs broken power law

Given sufficient data quality, AGN power spectra spanning a large frequency range

may be better described by a broken power law (Uttley et al., 2002; McHardy et al.,

"https://docs.scipy.org/doc/scipy/reference/optimize.minimize-1bfgsb.html#
optimize-minimize-lbfgsb
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2007; Gonzalez-Martin and Vaughan, 2012). For the BKNPLC fitting process, the L-
BFGS-B minimisation algorithm was again used, with bounds of (-10, 0), (-10, 0), (0,
oo) for parameters 1, B> and N; respectively, over a set of possible break frequencies:
b, — spanning the white noise cutoff frequency range v; — v, (1 here is the num-
ber of Fourier bins in the white noise cutoff periodogram) and with a resolution twice
that of the Fourier frequencies. As before, it is required that 8; and p, take only phys-
ically relevant, negative values, otherwise the BKNPLC model is rejected. Additionally,
any maximum likelihood model fit where B, > B is also rejected. Importantly, this
again is a fully frequentist procedure, which sets no priors or weighting towards any
set of break frequencies, or any other parameter. This test is designed to be simply
driven by the shape of the broad-band noise, without using a-priori knowledge from
previous observations of high-frequency breaks. Ultimately this is a trade-off between
a more computationally intensive Bayesian approach with priors based on a very lim-
ited sample of well studied (energy resolved) AGN high-frequency breaks, and a more

computationally efficient, ‘agnostic’, frequentist search for breaks.

Given the best-fitting BKNPLC and PLC models for a periodogram, a test is needed to
discern the statistically preferred model. One method involves use of the likelihood
ratio test between two nested models (the more complex model reverts to the simple
model in a specific case), where R = —21n[L,/L;] = S — Sp, which is then distributed
as a x?2 variable (Vaughan, 2005). A more general approach, which does not require
nested models) is to use an information criterion test, such as the Aikike Informa-
tion Criterion (AIC) (Akaike, 1974) or the Bayesian Information Criterion (BIC) (Liddle,
2007). Both tests act to penalise the addition of free parameters, measured against the
negative log-likelihood. Here, the BIC test is used as the penalisation term scales with
the natural log of the number of frequency bins, then guarding against over-fitting in
the case of a periodogram observed over a large frequency bandpass (the AIC sets only

a scalar penalisation term).

In order to perform a consistent BIC test, the number of frequency bins are kept the
same between PLC and BKNPLC models. The BIC is defined as:

BIC = S+ kln (m) (3.7)

with negative log-likelihood, S, number of model parameters, k and number of data
points, m (the number of data points in the periodogram). The BIC value is minimised
for the most statistically preferred model, i.e. it allows for the identification of which
model, PLC or BKNPLC, best describes the observed data (the impact of noise entering
from outside of the bandpass is explored in Section 5.3.2).

Across the sample of non-white noise dominated observations (i.e. those with sufficient

data points to be processed through this analysis), the results show the BKNPLC model
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FIGURE 3.4: An example case of IRAS 13224-3809, OBSID:0792180201, where the peri-

odogram is preferentially fitted with a BKNPLC (in purple) over a PLC model, follow-

ing the BIC criteria set out in equation 3.7. The plot also shows the level of underlying
white noise in red.

is preferred in ~ 10% of cases. This sample includes the re-identification of break fea-
tures in observations first reported in Gonzélez-Martin and Vaughan (2012), in a study
that, by comparison, found 16% of AGN PSDs in their sample to be best described by a
bending power law, and, as with this analysis, the majority instead by a simple power
law. An example of this methodology fitting a BKNPLC model is shown in Figure 3.4.

It is worth noting that the nature (e.g. the position and energy-dependence) of the
break is not well constrained across a large sample of AGN. Indeed, in some cases,
e.g. RE J1034+396 as in Gierliriski et al. (2008), a power law is sufficient to describe the
broad-band noise over the full XMM-Newton bandpass, down to ~ 10~5 Hz. Caution
must be taken however, to ensure that neither QPO candidate nor the broad-band noise
model are compromised by the presence of the break even after maximum likelihood
fitting and model selection through the BIC test — biases which are considered further
in Section 3.3.4. For simplicity, the primary focus of the subsequent analysis is on the
remaining datasets best described with a PLC model.

3.3.3.3 Uncertainty on the best-fitting PLC model

A common approach amongst previous AGN periodogram studies is to consider the
maximum likelihood broad-band noise (e.g. PLC) model in isolation, free from any un-

derlying uncertainty. To have a more complete grasp of the null hypothesis however,
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the uncertainty on the maximum likelihood parameters which describe the broad-band
noise model must be considered. For a generic M-dimensional model, the relation-
ship between parameters would be expected to form an M-dimensional paraboloid,
which Vaughan (2005) demonstrates takes the form of a highly covariant ellipse be-
tween (B,1og[Ny]) parameters in the 2-dimensional, PLC, case.

Following the approach of Vaughan (2005), AS = —2AIn [£] values may be used to
map confidence contours across parameter space, analogous to the Ax? statistic. The 1¢
parameter limits are defined following X% where in this case, v is the number of model
parameters (such that a 1o deviation for a 2-dimensional model occurs at AS = 2.3),
and may be determined from mapping the AS space. Given these confidence limits,
it is then possible to determine the terms of the covariance matrix (Coe, 2009) describ-
ing the M-dimensional Gaussian distribution, which can then be used as the basis for

subsequent Monte Carlo simulations.

A direct approach to modelling the parameter space is to use a numerical grid; this
allows the 1o parameter limits to be accurately determined, but is computationally
intensive and also dependent on the data quality (which sets the scale of the initial
grid). Semi-analytical methods assuming a Gaussian symmetry in the parameter space
were also tested and found to provide reasonable limiting values, however, such sym-
metry may not hold universally (i.e. in the case where the sampled parameter space
is not perfectly Gaussian, nor symmetric). A third approach is to utilise the boot-
strap method (Section 3.3.3.1) which automatically constructs a discretised distribution
of model parameters, centred on the best fitting values. This discrete distribution rep-
resents a probabilistic sampling of parameter space, which may then be described
by a continuous function (defined by an M x M covariance matrix). One effective
method of modelling this discretised bootstrap dataset is through the application of
a Gaussian-mixture-model (GMM), unsupervised machine learning approach, which
identifies and describes the data as a continuous model. The GMM uses a single Gaus-
sian, or sum of Gaussian distributions, with inbuilt maximum likelihood statistics in
its fitting process, using an internally defined covariance matrix. The GMM algorithm
implemented in this work is available from the SCIKIT-LEARN library (Pedregosa et al.,
2011).

The BIC test is again utilised to determine the number of independent Gaussians needed
in the GMM to best describe a given boostrapped dataset. For every iteration of GMM,
an additional Gaussian distribution is included, up to a maximum of 10 iterations. The
BIC penalises the added complexity of additional model parameters and the BIC value
is minimised in the case where the likelihood is sufficiently high for a sufficiently low
number of model parameters, through equation 3.7. Using this, the GMM successfully
models the bootstrap dataset with a combination of Gaussian distributions, and allows

for an efficient and effective modelling of AS parameter space. Parameters may then be
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FIGURE 3.5: Plots showing the modelling of PLC parameter space applied to the broad-

band noise, used to define the null hypothesis and constrain the QPO candidate signif-

icance. Left: discretised bootstrap distribution of PLC parameter space. Middle: a two-

stage (i.e. two overlapped Gaussians) GMM model (blue), with bootstrap ~ 68.3% and

~ 99.7% probability density contours. Right: individual GMM parameter draws, with

highlighted ~ 68.3% and ~ 99.7% probability density contours (i.e such that ~ 99.7%
of parameters drawn directly from the GMM lie within the outer contour).

drawn directly from this GMM distribution. Figure 3.5 outlines this procedure, show-
ing an example of a discrete bootstrap sample (left hand panel), which is modelled by
the GMM using two overlapping Gaussian distributions, which are shown to match
well to the discrete sample (middle panel) which then allows for the random draw-
ing of 10,000 samples from this continuous distribution, which replicate the expected
highly covariant elliptical shape of parameter space (right hand panel).

This approach to modelling uncertainty on the broad-band noise model is effective and
efficient, but by no means the only option. A commonly used, alternative approach
is through the use of a Markov-chain Monte Carlo (MCMC) methods. An MCMC is
a dependent sampling method for exploring and describing the posterior probability
distribution in Bayesian statistics (see e.g. Lambert 2018). As in Vaughan (2010), an
MCMC may be applied to model the broad-band noise and associated error through
credible intervals defined through this method. The computational intensity of MCMC
methods do not suit the scale of this analysis however, given a maximum of 245,000
lightcurves/periodograms (1225 energy binned lightcurves for each of the 200 obser-
vations in this sample) under investigation. As such, the bootstrap-GMM approach

presented here is considered a viable and effective frequentist alternative.
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3.3.3.4 QPO candidate significance testing

To evaluate the statistical significance of QPO candidates identified in the energy-resolved
periodograms the analysis performs Monte Carlo simulations of red noise power spec-
tra through the method described in Timmer and Koenig (1995). In this procedure, a
red noise time series is simulated, for some chosen index, 8, through a random walk.
For each iteration of the walk, two numbers are drawn at random from a Gaussian
distribution (¢ = 0,0 = 1) and are used to form the real and imaginary components
(RRe, Rim) of the simulated power, Prg. In order to obtain powers normalised to Np, the
term Byorm = v/ No/2 is introduced into the calculation. Altogether this takes form:

PRe<Vj) = BnormRReV;ﬁ/z
o2 (8)
PIm (V]) = BnormRImVj
and thus simulated powers by:
Prx (1/]) = PRE(V]')Z + Pryy, (1/]')2 (39)

which across the defined frequency range corresponds to a red noise time series with
power spectral index, B and normalisation Ny. As this method is used on power spectra
below the white noise cutoff, white noise may be introduced as a constant, from 2.14,
such that Prg c(v;) = Prk(v;) + C.

By invoking the inverse Fourier Transform, the procedure described above naturally
allows the production of simulated red noise lightcurves directly from the powers ob-
tained in equation 3.9. In this case, white noise can be added onto the purely red noise
time series through an additional term drawn at random from a Poisson distribution
for each bin of the light curve, and only requires knowledge of the mean count rate of
the lightcurve. These simulation methods were used to produce Figure 2.3. It should
be noted that these simulated lightcurves do not automatically follow a lognormal flux

distribution (Uttley et al., 2005), and highlights an important caveat of this method.

For each QPO candidate at this stage, a total of 10,000 fake periodograms are simu-
lated through the Timmer and Koenig (1995) procedure, with input (B, Ny) parameters
drawn at random from the GMM distribution, in order to account for the intrinsic un-
certainty on the maximum likelihood broad band noise fit. Each simulated dataset was
treated in an identical manner to the real data, first by fitting each fake periodogram
using a maximum likelihood minimisation routine (using a PLC model only), before
identifying the largest oulier (i.e. QPO candidate) in each, removing it and refitting the

underlying continuum as before. Importantly, the refitted PLC model at this stage will
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not be equivalent to the initial, input PLC model due to the inherent randomness of the

simulation procedure.

If the fitting routine was unsuccessful (as there is a very low but finite chance that the
fitting algorithm cannot successfully minimise), a new fake dataset was drawn, and
this is repeated if necessary to ensure the number of modelled simulation is equal to
10, 000.

20y .
pr- was evaluated across all frequencies
/)

(where, as before, Itk indicates the ‘observed’/simulated power, and Prk; the best-

In each successful case, the ratio Rrg; =

titting model power, at the same frequency). A search for a ‘false detection’ is then
undertaken, where a false detection occurs when Rtx; > R, where Rk can be an
outlier at any frequency (thereby treating each frequency as an independent free trial).

Across N simulations, M number of datasets are found with such ‘false detections” and
the global significance, GS, of the QPO candidate is defined through:

M

GS=1- N (3.10)
To exceed a 3¢ significance, it is required that GS > 0.9973 (equivalent to M < 27,
given N = 10,000). A global significance of 0.9973 thus represents the case where
under these conditions, a QPO candidate can expect to be replicated by chance with
a frequency of 27 times out of 10,000. It is important to note that any such candidate
identified in isolation must still be treated with caution until additional evidence is
obtained (e.g. the persistence of the signal across multiple observations and at similar
frequencies — Alston et al. 2014b — or other characteristic behaviour which distinguishes
it from the broad-band noise). Caution is also taken in the case of any detections at the
white noise cutoff, for at these frequencies, the relative fraction of Poisson noise (which
is assumed to be constant rather than providing any additional stochastic variability)
increases relative to the simulated red noise. Although only frequencies below the
white noise cutoff are investigated, the position of this threshold itself has uncertainty
(as explored in Section 5.3.1) and those frequencies at the cutoff are those most likely to

be biased by white noise.

In a similar fashion to the global significance calculation, 30 confidence limits on ob-
served powers from these Monte Carlo simulations can be obtained following the method
of Vaughan (2005). The (1 — €1)100% confidence limit at one frequency (e.g. €1 =
0.0027 — 99.73% confidence) can be expanded to include all n’ frequencies of the peri-
odogram as free trials, through the relation (Vaughan, 2005):

ew=1—(1—e€)" (3.11)
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which arises due to the multiplicative nature of performing for the same (1 —€) test,
over each of the n’ frequencies. These confidence limits are calculated directly from
the simulated periodograms, selecting the €, percentile power simulated at each fre-
quency. These values are used for illustrative purposes, being plotted onto periodograms
to highlight the confidence contours of interest (e.g. Figure 3.3).

Whilst each frequency is considered an independent free trial, this does not extend sim-
ilarly to each energy bin across an observation, as some level of correlation is expected
between bands (as evidenced in AGN rms spectra — see e.g. Middleton et al. 2011). Fi-
nally, the most statistically rigorous approach would be to take each AGN observation
itself to be an independent free trial. However, as the conditions required to produce a
QPO are not well known, nor for how long they persist, at this stage a more heuristic ap-
proach is taken whereby the number of free trials is considered to be the total number
of frequency bins investigated in the (white noise removed) periodogram. The impact
of instead considering all AGN observations as free trials is considered separately in
Section 5.2.

A working summary of this analysis is visualised in Figure 3.6, which details each
key step, across the three main stages of data processing, the analysis pipeline and the
Monte Carlo power spectrum simulations.

3.3.4 Further QPO candidate significance tests

Even in the case of a QPO candidate located with a high global significance value af-
ter Monte Carlo testing, it is plausible that, regardless of the fact a PLC model may be
statistically preferred in a given case, the BIC test may exclude a BKNPLC model due to
a low number of frequency bins below any putative break (i.e. if the break is not well
sampled). Any unaccounted-for break in the broad-band noise has the potential to
produce spurious peaks of power (which may be erroneously identified as QPO candi-
dates, or bias the modelled broad-band noise which is used to determine the statistical
significance of the QPO candidate). Thus an extra two tests are instigated in all cases
of interest (GS > 30) to better judge the validity of the QPO candidate located using a
PLC model.

1. In only those energy bands where a QPO candidate is located to > 30, the en-
tire frequency bandpass is refit (minus the a priori known QPO candidate fre-
quency bin, but including the previously discarded white noise) with a BKNPLC
model. The index above and below the break (81, 82) and the break frequency v,
are allowed to be free, while the break is bounded to be < vg. The requirement
for 1, < vg is motivated by observations of black hole binaries (notably GRS
1915+105), where the HFQPOs (as the expected analogues to AGN QPOs at these
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FIGURE 3.6: Flow chart summarising the key steps taken in this analysis. The proce-

dure is broken into three main stages: the data processing, which includes use of the

XMM-Newton SAS tools (steps in red) to prepare the lightcurve; the analysis pipeline

which is a fully automated, parallelised PYTHON package used to search for QPO can-

didates using the statistical techniques detailed above — including Timmer and Koenig
(1995) red noise Monte Carlo simulations.
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frequencies, Middleton and Done 2010) occur above the high frequency break in
the PSD (Morgan et al., 1997).

A new white noise cutoff frequency is established, which can differ from that
found in the PLC fitting (see Section 5.3.1), and the best fitting model is found
(vp B1, B2 and Np). Monte Carlo simulations are then performed assuming this
revised best-fitting model for the broad-band noise and a new GS value for the
QPO candidate is obtained. This is termed the ‘free-index test’.

2. In only those energy bands where a QPO candidate is located to > 3¢, the entire
frequency bandpass is refit once again with a BKNPLC model, but now with a
fixed lower index, B; set to —1.1, following the assumption made in Alston et al.
(2019). This is done to investigate whether f; = —1.1 can be a good assumption
and lowers of number of free parameters from 4 to 3. Again, the break frequency
must lie at, or below, the QPO candidate frequency 1, < vq. Asbefore, the revised
best-fitting model is then used for Monte Carlo simulations, returning a new GS
value for the QPO candidate. This is termed the ‘fixed-index test’.

3.4 Chapter summary

In this chapter I have outlined the use of XMM-Newton to search for QPOs in AGN, and
selected a sample of 200 archived observations from a total of 38 bright, variable AGN,
in an effort to maximise the data quality for investigations. Motivated by the potential
energy dependent nature of AGN QPOs, a sliding energy window was implemented
such that, for each observation, a total of 1225 energy bins are investigated, from 0.3
to 10 keV. The lightcurves are processed using standard XMM-Newton SAS tools, with
highly significant (> 5c) high energy flare events identified and removed. I chose
a conservative approach of (blindly) selecting the longest continuous segment of the

observation for analysis.

A standard Fourier analysis is applied to the lightcurve, and the periodogram used in
favour of the PSD to maximise frequency range. The white noise threshold is deter-
mined and from this only the red noise dominated section of the periodogram anal-
ysed. The QPO candidate is determined to be the greatest outlier in power in a single
bin above the broad-band noise assuming an initial PLC model. The null hypothesis is
based on this outlier, here called a QPO candidate, being a statistical fluke and is tested
using Monte Carlo simulations of red noise power spectra using the routine described
in Timmer and Koenig (1995).

Both PLC and BKNPLC models are fitted to each (non-white noise dominated) peri-
odogram using maximum likelihood statistics, in a search for breaks. For those which
are best modelled by a PLC model (according to a BIC test), the significance of the QPO
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candidate is tested with the aforementioned Monte Carlo simulation, while account-
ing for uncertainty on the PLC model by using both a bootstrap-with-replacement and
GMM methods. Those QPO candidates with a global significance of > 3¢ are deemed
QPO candidates of interest and are the subject of the following chapter.
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Chapter 4

Multiple detections of
energy-resolved QPOs in AGN

In this chapter I utilise the statistical framework developed in Chapter 3 to search for
QPOs in energy-resolved XMM-Newton lightcurves of AGN. I detail the results of these
findings, highlighting each statistically significant set of candidates in detail, conduct
a series of further tests on each, and investigate the characteristics of these features,

including frequency and energy dependence.

4.1 Results

From a total of 200 observations across a sample of 38 AGN, an initial 21 QPO candi-
dates are reported at a > 3¢ global significance level, with 3 candidates at a borderline
30 level (i.e. a candidate with GS ~ 0.9973, such that the uncertainty on each Monte
Carlo run is sufficient for this candidate to be on the border of the 3¢ threshold) — al-
together from 7 AGN. Within these results, the well-reported QPO in RE J1034+396
is re-detected in 4 observations, leaving up to 20 additional detections across a fur-
ther 6 AGN. These initial results, based on the procedure detailed in Chapter 3, are
shown in Table 4.1, which details the energy band in which the detection significance is
maximised, the candidate frequency (and its error), the fractional rms at this frequency
(found by integrating the QPO candidate’s power and removing the Poisson noise) and
the ‘quality factor” Q = v/Av. In addition, the table lists the duration of the studied
(flare removed) lightcurve — i.e. the longest continuous segment — and the reported
SMBH mass for each AGN. For each of these initial results of interest, the additional

tests listed in Chapter 3 are performed, with each AGN considered in turn.

An immediate result of importance is the non-detection of a QPO in all available ob-

servations of MS 2254.9-3712, likely due to the restriction of using only continuous
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Obs ID Duration (ks) Peak Peak QPO candidate Frequency FRMS Q
Significance Energy (keV) Frequency (Hz) Error (Hz) Value
RE J1034+396, Mgy ~ 6.17 °
0506440101 28.94 1.0000 0.7-1.0 234 x10°% 391 x 10~° 0.071 5.98
0655310201 41.60 1.0000 12-24 234 x10°* 391 x 107> 0.123 5.98
0675440101 23.92 1.0000 0.7-34 234 x 107* 7.81 x 107> 0.097 3.00
0675440201 28.82 1.0000 09-62 2.73 x 1074 391 x 107 0.112 5.98
IRAS 13224-3809, Mgy ~ 6.00 ©

+ 0780561301 125.29 0.9991 6.0-10.0 781 x107° 9.77 x 107 0.201 8.00
0780561301 125.29 0.9980 22-64 2.83x10°* 9.77 x 1076 0.121 29.0
+ 0780561401 82.92 1.0000 40-58 7.81 x 107> 1.95 x 1075 0.279 4.00
0780561401 82.92 0.9997 32-98 4.69 x 1074 1.95 x 107 0.136 24.1
0780561701 113.20 0.9995 32-38 9.77 x 107> 9.77 x 1076 0.209 10.0
* 0792180201 128.63 0.9979 40-56 1.66 x 104 9.77 x 107 0.294 17.0
+ 0792180301 53.26 0.9994 48-9.6 9.77 x 107> 1.95 x 107 0.304 5.01
0792180501 93.83 0.9992 09-16 1.02 x 1073 1.95 x 107 0.059 52.3
0792180601 105.02 0.9984 6.6-86 9.77 x 107> 9.77 x 1076 0.246 10.0

1H 0707-495, Mgy ~ 6.3 ©
0653510301 95.19 0.9984 48-62 195 x 10°% 1.95 x 1075 0.255 10.0
0653510501 94.72 0.9997 40-54 1.95 x 10~* 1.95 x 107 0.225 10.0
* 0653510601 105.85 0.9975 5.6-8.2 1.27 x 1074 9.77 x 1076 0.224 13.0

PG 1244+026, Mgy ~ 6.24 7

0675320101 71.81 0.9993 3.0-58 215 x 1074 1.95 x 10~° 0.074 11.0

NGC 4051, Mgy ~ 6.24 °
0109141401 25.77 0.9997 5.0-6.0 352 x 10~ 391 x 1072 0.095 9.00
0606321801 39.83 0.9998 3.4-40 1.56 x 10~* 391 x 1075 0.180 3.99

ARK 564, Mgy ~ 6.41 f
+ 0006810101 495 1.0000 3.0-54 1.88 x 1073 313 x 107 0.134 6.00
0670130501 17.18 0.9987 20-38 8.59 x 10~* 7.81 x 107> 0.073 11.0
0670130701 44.71 1.0000 26-28 273 x107* 391 x10°° 0.163 6.98
0670130801 51.65 0.9998 3.0-34 2.54 x 1074 1.95 x 107 0.072 13.0

MRK 766, Mgy ~ 6.63 8
*1 0304030301 38.35 0.9976 3.0-46 469 x 10~% 391 x 1075 0.055 12.0
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TABLE 4.1: 30 QPO candidate summary. The columns indicate: (1) Observation ID,
(2): The duration of the studied, longest continuous flareless lightcurve segment, (3):
the highest value of global significance obtained in a single energy bin, with the corre-
sponding p-value being (1 — GS), such that a GS = 1.0000 gives a p-value < 0.0001,
given 10,000 simulations were performed in each case (4): the energy range of this
bin, (5): the Fourier frequency of the QPO candidate detected at > 3¢, (6): the Fourier
frequency bin width, (7): the (peak significance) fractional rms (FRMS) value at the
QPO candidate Fourier frequency, (8): the QPO candidate quality factor (Q = #;). *
Note that IRAS 13224-3809, OBSID:0792180201, 1H 0707-495 OBSID: 0653510601 and
MRK 766, OBSID:0304030301 are considered borderline 3¢ results with ambiguous
detections assuming a PLC model. 1 highlighted observations are those which are not
validated by those further tests outlined in Section 3.3.4. All SMBH masses are pro-

vided in the form: 10%10(1\/%) The estimated SMBH masses are obtained from: # Done

etal. (2012), ! Alston et al. (2019), ¢ Done and Jin (2016), ¢ Gierliniski and Done (2004),
¢ Denney et al. (2010), Wang and Lu (2001), 8 Giacché et al. (2014).

(flare removed) data, which yields a 27.8ks observation for analysis, in comparison to
the 63ks combined EPIC-pn/EPIC-MOS segment defined in Alston et al. (2015) where

gaps were removed via interpolation.

4.1.1 REJ1034+396
4.1.1.1 Initial PLC search

To test the procedure for locating QPO candidates, eight observations of RE J1034+396
were examined, and the results compared to those in Alston et al. (2014b), noting once
again that the lack of interpolation in the approach here can act to restrict the frequency

range of the periodograms.

The previously reported QPO is detected to a > 3¢ confidence in four observations, all
ata frequency of 2 — 3 x 10~* Hz - see Figure 4.1. Notably, the energy band in which the
global significance is maximised (i.e. the maximum significance energy band) extends
down to 0.7 keV and reflects the presence of the QPO in the soft X-ray component (see
Middleton et al. 2011). For comparison, Alston et al. (2014b) detect a QPO in five of
the eight observations, including the four where a significant candidate is found. The
disparity arises from OBSID:0655310101, in which the flare-less segment has a duration
of only 28.2ks, from which the QPO candidate is reported only at a > 2¢ level. Also of
note is the renewed detection of the QPO (again at the same frequency) in the new 2018
observation of RE J1034+396 (see Jin et al. 2020, Jin et al. 2021) — the data from which

were not public at the time of this analysis.

Figure 4.2, presents energy-resolved significance heat-maps for all > 3¢ candidates de-
tailed in Table 4.1. It visualises the global significance values at the specific QPO candi-
date frequency in all other energy bands, in the case of a best fitting PLC model — energy

bands where a BKNPLC model is statistically preferred or where the periodogram is
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FIGURE 4.1: The highest significance (> 3¢) energy-resolved QPO candidates detected
in RE J1034+396, using the PLC model, with the corresponding frequency bin high-
lighted as a vertical dashed line. The consistency of the QPO frequency across each
observation has historically set RE J1034+396 apart, as it is highly improbable to create
false peaks in power across multiple observations at the same frequency. Following
the same format of Figure 3.3, the observed periodogram is shown in blue, the PLC
model in gold, white noise level in red, 3¢ confidence level in dashed silver and QPO
candidate frequency in dashed pink. This format is used throughout this chapter.
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white noise dominated are greyed out. Note, the significances presented in Figure 4.2
are purely blind (i.e. the full number of independent trials is still taken into account,
although the results are for a specific frequency a priori).

4.1.1.2 Further tests

As the QPO in RE J1034+396 is well established and thoroughly investigated in the
literature (e.g. Vaughan 2010), the application of additional tests was forgone in this

instance.

Frequency-restricted search: Given the detection of multiple > 3¢ QPO candidates at
consistent frequencies (i.e. ~ 2.34 x 10~* Hz), the reasonable assumption of a-priori
knowledge of the QPO frequency in RE J1034+396 is made, and a frequency-restricted
search conducted across all observations where a > 30 QPO candidate was not de-
tected. This revised search re-defines the QPO candidate to be in the bin at the a-priori
frequency (or the closest Fourier frequency bin to this). The procedure is repeated and
the global significance of this new candidate it reported. In effect, this revised p-value
test lowers the effective threshold for detection, as it reduces the number of free tri-
als from the full frequency range, to a single Fourier bin of interest. However, this

frequency-restricted search does not locate any additional QPO candidates at > 3c.

4.1.2 IRAS 13224-3809

IRAS 13224-3809 is one of the most variable NLS1 AGN (Boller et al., 1997; Dewangan
et al., 2002; Fabian et al., 2013; Alston et al., 2019) and has been the focus of a recent
1.5 Ms study with XMM Newton, yielding high quality data from individual orbits (see
Alston et al. 2019, Alston et al. 2020). 16 available observations were studied, and in 6
of these QPO candidates are detected at > 3¢, with one additional observation with a

borderline 3¢ detection.

4.1.2.1 Initial PLC search

Three observations are found to have consistent QPO candidate frequencies at 9.77 x
10~° Hz (OBSIDs:0780561701, 0792180301 and 0792180601) with an extremely high frac-
tional rms (> 20%) — see Figure 4.3 and Table 4.1. In addition to these, a borderline
30 QPO candidate with a frequency of 1.66 x 10~* Hz found in OBSID:0792180201;
although the significance fluctuates around 30, it sits close to the frequency of QPO

candidates detected in other observations and is therefore of interest.
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FIGURE 4.2: Energy-resolved significance heatmaps displaying the measured global
significance of QPO candidates (excluding IRAS 13224-3809, for which see Figure 4.4)
using the PLC model, at the frequency of the highest significance blind detection in an
energy bin defined as Ejoy — Epjgn- The grey areas, including ‘gaps” in the heatmaps,
indicate energy bands which do not fit the PLC criteria set out in Chapter 3 — including
both white noise dominated observations and BKNPLC model preferred fits.
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FIGURE 4.3: The highest significance (> 3c) QPO candidates found in IRAS 13224-
3809 using the PLC model, with the corresponding frequency bin highlighted. Of note
is the consistency of frequencies across multiple observations, with the clear exception
of OBSID:0792180501. See Table 4.1 for supplementary information. Borderline 3¢
results (*) and those not validated by further tests (+ — see Section 3.3.4) are shown.
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A > 30 QPO candidate is also detected at 7.81 x 107> Hz in two observations (OB-
SID:0780561301 and 0780561401). These two observations provide a potentially in-
triguing result in that they contain > 3¢ QPO candidates at two different frequencies,
dependent on the energy band selected, both of which are presented in Table 4.1. In
OBSID:0780561301, the higher frequency QPO candidate is found at 2.83 x 10~* Hz,
whilst in OBSID:0780561401 it is found at 4.69 x 10~* Hz. If assuming these candi-
dates to be harmonically related to the 7.81 x 10~> Hz feature then these correspond
to 7:2 and 6:1 resonances respectively. Figure 4.4 displays the energy dependence of
the global significance of these QPO candidates; the energies at which they become
statistically significant at > 3¢, are almost entirely confined to hard energies > 3 keV.
The notable exception to the energy-dependence is that of OBSID:0792180501, which
appears to show several features that are unique amongst the wider sample.

The QPO candidate in OBSID:0792180501 is found at a still higher frequency of 1.02 x
1073 Hz, as shown in Figure 4.5. This QPO candidate is almost unique amongst these
detections (the other example being found in ARK 564), as it lies at a frequency higher
than the Poisson noise cutoff for the vast majority of investigated observations across
the entire sample, but is detectable due to prominence of red noise power above the
white noise: due both to the high count rates and high variability of IRAS 13224-3809.
This, in combination with the extensive length of the observation at ~ 105 ks (which
sets the width of the natural Fourier frequency bin, Av), this QPO candidate has the
largest Q value of any of these detections (Q > 50). The energy band in which the
significance of this QPO candidate is maximised also differs from those of the lower
frequency QPO candidates, being found at softer energies (specifically 0.9 — 1.6 keV,
see Figure 4.4) without significant detections above 2 keV (although at these higher
energies, the data quality becomes insufficient to study such high frequencies as the
Poisson noise increases and brings this white noise cutoff to a lower frequency than the
QPO candidate). It is of interest to note that those QPO candidates detected at lower

frequencies do not appear in this observation.

4.1.2.2 Further tests

The two additional tests outlined in Section 3.3.4 are implemented here and the results

described on an observation-by-observation basis.

Free-index test:

e OBSID:0780561301. The duel QPO candidate detection in OBSID:0780561301 is an
important case to be studied with a forced break, as it is possible a break feature
in one energy band is being erroneously identified as a QPO. Applying a BKNPLC
model under these conditions finds the break to be energy dependent. A break
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FIGURE 4.4: Energy-resolved significance heatmaps displaying the measured global
significance of the QPO candidates in IRAS 13224-3809, using the PLC model, at the
frequency of the highest significance blind detection (see Table 4.1), in an energy bin
defined as Ejo,y, — Epjgh. The grey areas, including “gaps’ in the heatmaps, indicate
energy bands which do not fit the PLC criteria set out in Section 3.3.4 — including both

white noise dominated observations and BKNPLC model preferred fits.

at ~ 2 x 107* Hz is found at energies ~ 2 — 6 keV. In this case a sudden drop
in power is observed above the higher frequency QPO candidate at 2.83 x 104
Hz, as shown in the lower panel of Figure 4.6. This sudden drop in power may
not be best described by a high-frequency break, as the trend in power at higher
frequencies than this point is relatively flat, such that the change in index (i.e. B, —
B1) is considerable (> 1). This is similar to the findings of Gonzalez-Martin and
Vaughan (2012) when modelling the PSD of MS 22549-3712, in which they report
a poorly constrained fit using a bending power law with an extremely steep index
above the break, but no QPO. Assuming a free BKNPLC model (instead of a PLC
model) does not lower the significance of the higher frequency candidate QPO in
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FIGURE 4.5: The highest significance QPO candidate (in the 0.9 — 1.6 keV band) found

using the PLC model, in OBSID:0792180501 of IRAS 13224-3809. This standout candi-

date is observed with Q > 50 and is one of only two QPO candidate examples found
at > 1 x 1073 Hz. See Table 4.1 for supplementary information.

this observation (remaining > 3¢), and hence it remains of interest.

In the case of energies > 6 keV, a break is found at the lower frequencies of ~ 2 x
107> Hz or ~ 6 x 107 Hz (depending on the exact energy range), and in doing
so, the significance of the QPO candidate at 7.81 x 105 Hz drops to below 3¢, in
either case — as shown in the upper panel of Figure 4.6, where the BKNPLC model
is plotted. By including a break in this way, the white noise cutoff is brought to
lower frequencies, as compared to the maximum likelihood PLC model fit, and
restricts the number of frequency bins in the periodogram. As a result, multiple
energy bands which contained > 30 QPO candidates using the PLC model, are
subsequently deemed white noise dominated in this test —i.e. with < 13 Fourier
bins below the cutoff. This finding lends itself to the conclusion that the 7.81 x
10~° Hz QPO candidate (upper panel of Figure 4.6) being unlikely to be genuine
(t in Table 4.1). It is also worth noting that this feature also appears at lower
energies (lower panel of Figure 4.6), but with a lower global significance value.
The difficulty in detecting the break feature at ~ 2 x 107> Hz is likely because it
is covered by only a 2 — 3 bins, such that the applied BIC test finds a simpler PLC
model statistically preferable.

¢ OBSID:0780561401. Similarly to the previous observation, the possible significant

detection of two, separate, QPO candidates in OBSID:0780561401 is intriguing,
but is investigated in case of mis-identification of a break as a QPO candidate.
After enforcing a BKNPLC model, a break is identified at 7.81 x 107> Hz, and the
higher-frequency QPO candidate, at 4.69 x 10~* Hz, is found to lie consistently
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FIGURE 4.6: Energy resolved periodograms of IRAS 13224-3809 OBSID:0780561301,
fitted with BKNPLC models following test (i). Top: periodogram in the 6.0 — 7.6 keV
band, with the QPO candidate highlighted at 7.81 x 10~° Hz. Fitting with this model
causes the QPO candidate to drop to a 2¢ significance. Bottom: periodogram in the
2.2 — 6.4 keV band, with the QPO candidate highlighted at 2.83 x 10~* Hz, which
remains > 30 before a steep drop in power at higher frequencies. Note: this frequency
lies within the white noise in the higher energy band periodogram (top panel).

above the 3¢ threshold when below the white noise cutoff, as in upper panel
of Figure 4.7. For energy ranges above 3.2 keV however, the white noise cutoff
moves to frequencies below 4.69 x 10~* Hz and the QPO candidate is no longer
within the range of frequencies considered. This represents a case where the po-
sition of the white noise can make the significance of the candidate more difficult
to reliably constrain.

The lower frequency QPO candidate at 7.81 x 10~> Hz shows an interesting case
where fitting with a BKNPLC model results in no clear break feature. As a result,
the QPO candidate is found with a very high significance through either a PLC
or an enforced BKNPLC model. However, as is clear from Figure 4.7, this QPO
candidate investigated in the energy range 3.2 — 4.6 keV (bottom panel) is itself
identified as the location of the break feature across the broader energy range of
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FIGURE 4.7: Energy resolved periodograms of IRAS 13224-3809 OBSID:0780561401,
fitted with BKNPLC models following test (i). Top: periodogram in the 2.6 — 9.8 keV
band, with the QPO candidate highlighted at 4.69 x 10~* Hz, found at a > 30 sig-
nificance using a BKNPLC model, with the break located at 7.81 x 10~> Hz. Bottom:
periodogram in the 3.2 — 4.6 keV band; the QPO candidate is now found at the posi-
tion of the break (contrast with the top panel) at 7.81 x 10~> Hz. In this energy band,
a break does not well describe the data and, following test (i), the QPO candidate at
7.81 x 107 Hz is found to reach a > 3¢ significance. Note: the QPO candidate at
4.69 x 10~* Hz is beyond the white noise cutoff in this energy band (contrast with the
top panel).

~ 2 —10 keV - as it the case for when the higher-frequency QPO candidate is
investigated (top panel). Moreover, the higher frequency QPO candidate (4.69 x
10~* Hz) is beyond the white noise threshold in the 3.2 — 4.6 keV energy band,
such that it is not investigated.

Altogether, it may be reasonably assumed that the lower frequency QPO candi-
date is more likely to be an artefact of the high-frequency break, the shape of
which is clearly energy dependent and difficult to constrain, and it is highlighted
as a case that requires further investigation (t in Table 4.1). The higher frequency

QPO candidate remains of interest as it does not appear to correspond to a break
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feature (although it is close to the white noise and above the cutoff in some energy
bands).

¢ OBSID:0780561701. A weak break (i.e. a value of 51/ B> close to unity) is found at
~ 2 x 107> Hz and at energies > 3 keV, which has no impact on the significance
of the QPO candidate at 9.77 x 10~° Hz.

¢ OBSID:0792180201. The original PLC model found this QPO candidate at a bor-
derline 3¢ detection. Applying this enforced BKNCPLC test leads to a break being
found at ~ 8 x 107> Hz. However, the QPO candidate at 1.66 x 10~* Hz becomes
more significant when using this model as the null hypothesis.

» OBSID:0792180301. The QPO candidate at 9.77 x 10~> Hz drops to < 3¢ signif-
icance with the introduction of a break at ~ 4 x 10~ Hz, located before a steep
drop in power at frequencies above the QPO candidate. Neither the PLC or BKN-
PLC models are found to provide a good description of the broad-band noise,
but in assuming a BKNPLC model, the significance of the candidate drops and
the white noise cutoff is brought to sufficiently low frequencies for the data to be
white noise dominated. Due to poor constraints on the broad-band noise, this

candidate is labelled as an unreliable result (1 in Table 4.1).

e OBSID:0792180501. A weak break is found around ~ 4 x 10~° Hz, but the QPO

candidate at 1.02 x 1072 Hz remains unchanged in significance.

¢ OBSID:0792180601. Including a break does not lower the significance of the QPO
candidate at 9.77 x 10~° Hz, but the enforced BKNPLC model does reduce the
number of frequencies below the white noise cutoff, although still above the im-

posed restriction of 13 bins.

Fixed-index test:

All of the results with a fixed B agree with the reported findings from the free-index
test, (as expected given f; = —1.1 was found previously in the case of IRAS 13224-
3809 Alston et al. 2019) although this assumed shape below the break does not always
provide a good description of the broad-band noise, when considering different energy
bands. Importantly, the assumption of ; = —1.1 by Alston et al. (2019) is made when
not considering the same energy resolution as is implemented in this analysis.

Frequency-restricted search: As with RE J1034+396, the detection of multiple > 3¢
QPO candidates at consistent frequencies, allows the assumption of a-priori knowledge
for possible QPO candidates at frequencies of 7.81 x 107> Hz and 9.77 x 10~° Hz (or
the closest Fourier frequency). Searching at an a-priori frequency of 9.77 x 10~ Hz,
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a frequency-restricted > 30 QPO candidate is found at energy ranges > 3 keV in OB-
SID:0673580401, which matches similarly significant detections at this frequency in OB-
SIDs: 0780561701, 0792180301 and 0792180601. Note, this observation does not show
any > 3¢ global significance features, so does not appear in Table 4.1.

Searching at an a-priori frequency of 7.81 x 107> Hz, a single frequency-restricted > 3¢
QPO candidate is found in the narrow energy range 2.8 — 3 keV in OBSID:0792180201,
although this similarly could be the edge of the break possibly detected in OBSID:0780561301
and OBSID:0780561401.

In light of the possible harmonic features observed in OBSIDs:0780561301 and 0780561401,
a similar search for QPO candidates was undertaken at frequencies of 2.83 x 1074 Hz
and 4.69 x 10~* Hz respectively. At a frequency of 2.83 x 10~ Hz, frequency-restricted

> 30 candidates are found in OBSIDs: 0673580101 and 0780561601, both in the 3 — 6
keV range, comparable to the QPO candidate in OBSID:0780561301. At a frequency of
4.69 x 10~ Hz, frequency-restricted > 3¢ candidates are found in OBSID:0673580101
in the 2 — 8 keV range, and in OBSID:0780560101, at energies around 2 keV. In these
cases, it is important to remember that the claims are made based on a reduced number
of free trials.

4.1.3 1H 0707-495

1H 0707-495 has been studied extensively by XMM-Newton with a total observing time
in excess of 1 Ms (e.g. Kara et al. 2013).

4.1.3.1 Initial PLC search

As shown in Figure 4.8, > 3¢ QPO candidates are detected in three observations (in-
cluding one borderline detection), from a total of 11. The QPO candidates are measured
with a high fractional rms (> 20%) and across a narrow frequency range of 1 —2 x 10~*
Hz.

The > 30 QPO candidates in OBSID:0653510301 and 0653510501 both lie at the ex-
act same frequency, 1.95 x 10~* Hz. OBSID:0653510601 represents a borderline ~ 3¢
QPO candidate, and in this case, the QPO candidate frequency lies close to or even
at the white noise cutoff in some energy bins. In this observation, the candidate is
observed at a frequency of 1.27 x 10~* Hz, offset by only 0.68 x 10~* Hz. All three
QPO candidates are measured with almost identical fractional-rms fractions of 22.5%
(for OBSID:0653510301, 0653510501) and 22.4% (for OBSID:0653510601), suggesting the
strength of the QPO remains broadly consistent across the examined broad-band noise

in each observation.



4.1. Results 91

103 N

Lot EEEE

fop (OBS: 0653510301}
| 1 L L L 1
N
I
o
—= 103+
2o
12 A ) I
=
=
5 107
(0BS: 0653510501
; 1 L L L 1
O
o

103 N

Lot JEEEET)

(oBs: 0653510601]*

16> 10
Frequency (Hz)

FIGURE 4.8: The highest significance (> 3¢) QPO candidates detected in 1H 0707-
495 using the PLC model, with the corresponding frequency bin highlighted. As with
RE J1034+396 and IRAS 13224-3809, the consistency of the QPO candidate frequency
across multiple observations is important. The borderline 3¢ result is highlighted (*).

The peak QPO candidate significance in OBSID:0653510301 and 0653510501 are both
found in the ~ 4 — 6 keV range, with no > 3¢ energy bands extending below 3.8
keV, whilst only borderline 3¢ features in OBSID:0653510601 are found in the ~ 4 — 8
keV energy range. For this latter observation, there are only two > 3¢ energy bands
(where the QPO candidate is found at frequencies below the PLC white noise cutoff)
but > 2¢ significance detection clusters around similar energies (~ 4 — 6 keV) to the
observations OBSID:0653510301 and OBSID:0653510501. The extent of the significance
variation is highlighted in Figure 4.2, which shows the remarkable consistency of the
QPO detection significance as a function of energy across these three observations. Also
of note is that the fractional-rms of the QPO candidates in 1H 0707-495 is similar to that
found in IRAS 13224-3809.
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4.1.3.2 Further tests

Free-index test:

e OBSID:0653510301. Assuming a BKNPLC model with free parameters, a small
break is found at ~ 1 x 107* Hz. The biggest impact is the shift of the white
noise cutoff; in the 4.4 — 5.4 keV energy range the QPO candidate remains above
the 30 threshold but at the limit of the broad-band noise becoming white noise
dominated. Moving to harder energy bands, (namely 4.8 — 6.2 keV), the QPO
candidate sits at the location of the white noise cutoff but its significance remains
> 30.

e OBSID:0653510501. In the 3.8 — 5.4 keV band, a break is fitted at ~ 8 x 107> Hz,
whilst at 4.2 — 5.8 keV, the break is instead preferred at ~ 3 x 10> Hz. In both
cases, the QPO candidate at 1.95 x 10~* Hz remains > 3c¢. As with the previous
observation, there are also energy bands in which the white noise cutoff is moved
to within 13 bins. This is typically seen in narrower energy bands (e.g. 3.8 — 4.8
keV and 4.2 — 5.4 keV), as the number of counts is restricted and increases the
Poisson noise level. In these cases, the QPO candidate remains > 3¢ but is now

closer to the white noise cutoff.

¢ OBSID:0653510601. A borderline detection with a PLC model; when assuming
a BKNPLC model a tentative break is found close to the the QPO candidate fre-
quency at ~ 1 x 10~* Hz. For this observation, there are only two > 3¢ energy
bands, where the QPO candidate is found at frequencies below the PLC white
noise cutoff. For the peak significance band (5.6 — 8.2 keV), the QPO candidate
remains > 30, whilst in the 4.8 — 5.4 keV band, the QPO candidate falls below 3¢
due to the presence of the break.

Fixed-index test:

e OBSID:0653510301. Similar to the free-index case above, the QPO candidate re-
mains significant above the broad band noise, but with a white noise cutoff lo-
cated at a lower frequency, which in some energy bins leads to the periodogram

being white noise dominated.

¢ OBSID:0653510501. Due to the forced upper index f; = —1.1 providing a poor
description of the power spectrum of 1H 0707-495 at low frequencies, breaks are
found in only a limited number of energy bands. Notably, the > 3¢ detection
remains in the peak significance energy band (4.0 — 5.4 keV), but in others the
index above the break is forced to be so steep to compensate, that the position of
the white noise is moved such that these cases become white noise dominated.
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¢ OBSID:0653510601. Similar to OBSID:0653510301, the detection in the peak sig-
nificance energy band (5.6 — 8.2 keV), remains above the 3¢ threshold, but the
periodogram is at the limit of being white noise dominated, and in several en-
ergy bins where the detection significance is lower (~ 20), the candidate is now
found just beyond the white noise cutoff.

Frequency-restricted search: The detection of statistically significant QPO candidates
at the same, or approximately the same, frequency in independent observations pro-
vides sufficient motivation for a frequency restricted search. The search across the other
observations of 1H 0707-495 without blind detections uses the modal QPO candidate
frequency of 1.95 x 10~* Hz. Three additional candidates are detected at frequency-
restricted p-value of > 3¢ in OBSID:0148010301, 0506200501 and 0511580101. In each
case, a peak in power is found at the closest frequency bin to 1.95 x 10~ Hz, similar to
OBSID:0653510301, 0653510501 and 0653510601 where the blind > 30 QPO candidate
is found, but with a smaller peak in power above the broad-band noise (in all cases,
it remains the most prominent peak detected and is well modelled with a PLC model).
In OBSID:0506200501 the > 3¢ frequency restricted p-value observations occur pre-
dominately over an energy range of 4 — 9 keV, comparable to those aforementioned
QPO candidates, while both OBSID:0148010301 and OBSID:0511580101 are only over
a small number of softer energies, ~ 2.4 — 3 keV. At those harder energy ranges, these

observations are found to be white noise dominated.

Previous claims: There are previous claims of significant QPO detections in 1H 0707-
495, both concerning a single observation, OBSID:0511580401. Both Pan et al. (2016)
and Zhang et al. (2018) report a QPO at 2.6 x 10~* Hz in the full 0.2 — 10 keV XMM-
Newton energy range, via a Fourier and a non-Fourier wavelet analysis (see Scargle 1997
for an introduction to wavelet methods) respectively. A 3¢ result is not recovered at this
frequency in this analysis, where instead a 2¢ feature at energies > 2.2 keV is found.
Note, the blind selection criteria implemented here means a 88.9 ks flare-subtracted
segment is studied for this observation, whereas Pan et al. (2016) opt instead to focus
on the first ~ 55 ks, in a non-blind selection. Their selection process maximises their
QPO claim significance, whilst considering the full observation reduces it to 90%, well
below the 30 detection threshold.

414 PG 1244+026

PG 1244+026 is highly variable, well studied NLS1 which has been the focus of numer-
ous previous studies (Crummy et al., 2006b; Jin et al., 2013; Kara et al., 2013).
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FIGURE 4.9: The highest significance (> 3c) QPO candidate detected in a single ob-
servation of PG 1244+026 using the PLC model, with the corresponding frequency
highlighted.

4.1.4.1 Initial PLC search

From a total of 7 XMM-Newton observations of the NLS1 PG 1244+026, only a single
> 30 QPO candidate is detected, itself within the 71 ks longest continuous segment
of OBSID:0675320101. This QPO candidate is found at a frequency of 2.15 x 10~* Hz
(see Figure 4.9), similar to the frequencies of those found in RE J1034+396, IRAS 13224-
3809 (in some cases) and 1H 0707-495. The > 3¢ detections are largely restricted to
energies above ~ 3 keV, as shown in Figure 4.2, similar to IRAS 13224-3809 and 1H
0707-495. This differentiates it from all QPO candidates in RE J1034+396 and the singu-
lar candidate in IRAS 13224-3809 (OBSID:0792180501) however, which also show > 3¢

detections at softer energies (< 2 keV).

4.1.4.2 Further tests

Free-index test:

e OBSID:0675320101. In all cases where the QPO candidate is determined to be
> 30, a tentative break is found at ~ 4 x 107> Hz. The QPO candidate remains
highly significant in the ~ 2.0 — 7.0 keV energy range, with reduced significance
towards higher energies, e.g. ~ 2.0 — 9.0 keV. It is possible this break would be
more easily modelled given a longer observation where lower frequencies could
be sampled. In multiple energy bands, the QPO candidate is found to fall above
the white noise cutoff and/or the number of frequencies is reduced such that the
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periodogram would be considered white noise dominated by the criteria set out

in this analysis.

Fixed-index test:

e OBSID:0675320101. The periodogram can be well described with a fixed lower
index, 1 = —1.1 and the results from this test match those as above.

Frequency-restricted search: The frequency-restricted analysis was conducted across
all observations of PG 1244+026, setting an a-priori QPO candidate frequency of 2.15 x
10~* Hz. A single frequency-restricted > 3¢ candidate was found in OBSID:0744440301,
strongest in the 2.0 — 7.8 keV band, similar to the blind global significance test in OB-
SID:0675320101.

4.1.5 NGC4051

As with the cases of IRAS 13224-3809 and 1H 0707-495, NGC 4051 is one of best-studied,
highly variable NLS1s known (e.g. Breedt et al. 2010; Vaughan et al. 2011).

4.1.5.1 Initial PLC search

Across 17 XMM-Newton observations, two > 3¢ significance QPO candidates are de-
tected. These two candidates are found at frequencies of 3.52 x 10~* Hz and 1.56 x 10~*
Hz respectively. The former is shown as an example in Figure 3.3, and both candidates
are compared directly in Figure 4.10. Notably, the QPO candidates in these observa-
tions are significant to > 3¢ in energy ranges of 4.6 — 7.6 keV and 3.2 — 5.4 keV respec-
tively (as shown in Figure 4.2). Hence, there exists a difference in both frequency and
energy bands in which the QPO candidates are found at > 3¢ significance.

4.1.5.2 Further tests

Free-index test:

» OBSID:0109141401. A tentative break at ~ 1 x 10~* Hz is identified across most
energy bands, and in each case the QPO candidate remains > 3c. In a few en-
ergy bands — namely narrower bands such as 5.0 — 6.0 keV and 5.2 — 6.2 keV
— the observations now class as white noise dominated. It is possible that the
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FIGURE 4.10: The highest significance (> 3c) QPO candidates detected in NGC 4051
using the PLC model, with the corresponding frequency bin highlighted.

break occurs around the lowest frequencies observed this observation, such that
it would be more easily determined given a longer observation. Figure 4.10 il-
lustrates the QPO candidate being found at a frequency clearly higher than any
putative break, such that (> 3¢) significance is not diminished if assuming a null

hypothesis based on a BKNPLC model.

» OBSID:0606321801. A break is found consistently at ~ 1 x 10~* Hz, across all en-

ergy bands, close to the QPO candidate at 1.56 x 10~* Hz. The relative flatness of
the index has led to identification of a QPO candidate when using the PLC model
(as following the null hypothesis, removes the candidate bin from fitting), but de-
scribing the broad band noise with a break, lowers the candidate significance to a

borderline 30 detection.

Fixed-index test:

e OBSID:0109141401. Based on the previous test, the power spectrum of this obser-

vation can be well described with a lower index of —1.1. Freezing the index below
the break therefore leads to results almost identical to the prior test: returning a
QPO candidate well above the 3¢ threshold for those energy bins not deemed to

be white noise dominated.

¢ OBSID:0606321801. Unlike OBSID:0109141401, the power spectrum is not well

described with a lower index of -1.1, and the magnitude of the break is reduced
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near the QPO candidate frequency. In this case, the excess of power around the
break is sufficient for the QPO candidate to remain detected at > 3¢ — highlight-
ing the importance of model selection.

Frequency-restricted search: With two QPO candidate frequencies, it is difficult to
motivate a single a-priori frequency for a search across those observations without blind
detections. Searching at the two frequencies reported in Table 4.1, yields no supporting
evidence of a feature at 1.56 x 10~ Hz, but interestingly there is a single frequency-
restricted > 3¢ candidate at 3.52 x 10~* Hz in OBSID:0606320301, strongest at 3.6 — 5.0
keV, similar to the case of OBSID:0109141401.

Previous claims: NGC 4051 has been the subject of multiple X-ray variability studies
over several decades, with Papadakis and Lawrence (1995) reporting a broad QPO-like
feature in EXOSAT data at a frequency of ~ 4 x 10~*Hz, which appears stronger in
their low-energy band (0.05 — 2) keV, than their medium-energy band (2 — 10) keV. It
should be noted that their methodology does not include the simulation of red noise
following Timmer and Koenig (1995), but does consider fitting with complex mod-
els. They find a PLC + GAUSSIAN model provides a good description of the under-
lying power spectrum and QPO-like feature at low energies, with a highly signifi-
cant improvement over a PLC model. Of note is the QPO candidate detected in OB-
SID:0109141401 lies at a similar frequency (3.52 x 10~* Hz), but is significant at harder

energies within their medium-energy band (see Figure 4.2).

Green et al. (1999) studied two, 0.1 — 2 keV ROSAT observations of NGC 4051 and sug-
gest the possible presence of a QPO-like feature at frequencies >~ 103 Hz. However,
this is above the white noise limit for the observations studied here. Lastly, Vaughan
etal. (2011) conducted a variability analysis of NGC 4051 using a series of XMM-Newton
observations (with a total of ~ 570 ks), across the full energy range of 0.2 — 10 keV, and
across a frequency range of ~ 1 x 107~ ~ 1 x 1072 Hz. In which, they report no
evidence of QPOs, although they do note that their analysis at harder energies (2 — 10
keV) provided tentative evidence for a possible feature at ~ 4 x 10~3 Hz, again beyond
the frequency limit of this analysis. The key difference here is the high energy resolu-
tion of the lightcurves studied in this analysis, which allows for statistically significant
features to be uncovered at narrower energy ranges. If considering the 0.3 — 10 keV
or 2 — 10 keV energy bands only, this analysis would not detect any QPO features, in
agreement with Vaughan et al. (2011).
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4.1.6 ARK 564

ARK 564 is another well-studied NLS1, both on short (e.g. Kara et al. 2017) and long
(e.g. McHardy et al. 2006) timescales, providing deeper insights into the complex na-
ture of the broad-band noise, which is discussed further in Chapter 5.

4.1.6.1 Initial PLC search

QPO candidates are reported in 4 out of 11 XMM-Newton observations studied in this
analysis. The nature of these candidates appears less stable than in the other AGN in
the sample, and Figure 4.11 demonstrates the apparent movement of the QPO candi-
date towards lower frequencies with time (observations ordered chronologically).

The first observation in which a > 3¢ candidate is reported is OBSID:0006810101, and
at a frequency of 1.88 x 1073 Hz, is similar to the higher frequency QPO candidate
located in IRAS 13224-3809, at a frequency of 1.02 x 1073 Hz. The longest segment
in this observation is uncharacteristically short, at only 4.95 ks, but with a period of
~ 532s, a borderline acceptable quality factor of Q ~ 6 is obtained. The periodogram
itself consists of the minimum required number of Fourier bins below the white noise
to be able to well constrain the broad-band noise, making the model most at risk of bias
from individual bins.

In OBSID:0670130501, a QPO candidate is detected at a frequency of 8.59 x 10~% Hz,
prior to the observations of OBSID:0670130701 and OBSID:0670130801 in which QPO
candidates are found at 2.73 x 10~* Hz and 2.54 x 10~* Hz respectively — essentially
equivalent given the error on the Fourier binning (see Table 4.1). The energy ranges
in which these four QPO candidates are detected are largely consistent (2 — 3 keV), as
shown in Figure 4.2.

4.1.6.2 Further tests

Free-index test:

¢ OBSID:0006810101. In requiring a break to occur at or below the QPO candidate
frequency, this approach finds every energy bin of interest in this observation to
be considerably restricted in the number of available frequency bins below the
white noise cutoff. As a result, the significance of the QPO candidate cannot be
discerned following the pre-defined criteria, and this is indicated by t in Table
41.
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FIGURE 4.11: The highest significance (> 3¢) QPO candidates detected in ARK 564

using the PLC model, with the corresponding frequency bin highlighted. Of note is

the apparent shift of the candidate to lower frequencies across each observation (and

with time), where it appears to stabilise. Those which are not validated by further tests
are highlighted (t — see Section 3.3.4).

» OBSID:0670130501. A break is detected at a frequency of ~ 3 x 10~* Hz above
2 keV, and instead at ~ 5 x 10~* Hz when including energies below 2 keV. In
the case of the former, the QPO candidate, at 8.59 x 10~* Hz, is found to increase
in significance as it lies above the break. In those energy bands where the break
is located at 5 x 10~* Hz, the significance of the QPO candidate is reduced, but

remains around 3c¢.

¢ OBSID:0670130701. The break is found to reside at a frequency of ~ 8 x 1075 Hz
in the 2.4 — 3 keV energy range, and moves to ~ 1 x 10~* Hz for 2.6 — 3.0 keV and
~ 2 x 107* Hz for 2.6 — 3.2 keV. The QPO candidate remains > 3¢, but decreases
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in significance with increasing energy and a higher break frequency. The peak
significance band (2.6 — 2.8 keV) now classes as white noise dominated as the
BKNPLC invokes a cutoff at a lower frequency.

¢ OBSID:0670130801. This observation contains the strongest QPO candidate lo-
cated in ARK 564. Once again, the break is highly energy dependent: a break
is found at ~ 1 x 10~* Hz in the 3.0 — 4.0 keV energy range, but this moves to
~ 6 x 107° Hz for 5.0 — 10.0 keV, before the power spectrum flattens for energy
bands > 6 keV and no break is detected. In each case, the QPO candidate is
found above the 3¢ threshold, although the significance lessens in energy bands
> 6 keV.

Fixed-index test:

¢ OBSID:0006810101. All energy bands are classified as white noise dominated as-

suming this model.

¢ OBSID:0670130501. A lower index of —1.1 does not provide a good description
for the break at any energy. This model typically locates the break at 6 x 107* Hz

and reduces the QPO candidate significance, although not below the 3¢ thresh-
old.

¢ OBSID:0670130701. Once again, a lower index of —1.1 does not allow for a good
description of the periodogram, but the QPO candidate remains above the 3¢
threshold.

¢ OBSID:0670130801. As with the other observations, the periodograms are not
well described with a lower index of —1.1, and most QPO candidates remain
above the 3¢ threshold, with the exception of energy bands > 5.6 keV, in which
the candidates lie at the white noise cutoff frequency.

Frequency-restricted search: The observed variation in QPO candidate frequency means
there exists minimal a-priori knowledge of a stable frequency for deeper searches, and
therefore this step is excluded for ARK 564.

Previous claims: McHardy et al. (2007) reported an excess of power in the 2.0 — 8.8
keV band in OBSID:0206400101 at ~ 2 x 10~* Hz, but only at a 90% significance. This
frequency is similar to two of the QPO candidates reported here in OBSID:0670130701
and OBSID:0670130801. The analysis presented here does not reproduce the feature
found by McHardy et al. (2007), arguably because the longest continuous segment of
this ~ 101 ks observation is only ~ 21 ks (due to numerous flaring effects), severely
limiting the available frequency range.
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FIGURE 4.12: The highest significance — borderline — QPO candidate detected in the
single observation of MRK 766 using the PLC model, with corresponding frequency bin
highlighted. This observation is highlighted as being both a borderline 3¢ detection,
and a case which is not validated by further tests (*, T respectively — see Section 3.3.4).

4.1.7 MRK 766

MRK 766 is again well-studied (e.g. see Markowitz et al. 2007), with 9 archival XMM-

Newton observations which were studied in this analysis.

4.1.7.1 Initial PLC search

A single QPO candidate at 2 3¢ is located, present at this borderline detection sig-
nificance in a single energy bin, 3.0 — 4.6 keV, and shown in Figure 4.12. Figure 4.2
demonstrates how the QPO candidate significance is found at a > 2¢ threshold in sur-
rounding energy bins. At a frequency of 4.69 x 10~* Hz, the QPO candidate frequency
is similar to that of the other candidates located in the sample.

As the significance tests presented here are based on an underlying stochastic back-
ground, it is quite possible an observed outlier of power (above the modelled broad-
band noise) may appear to lie very close to 3¢ (peaking above or dipping below this
threshold under repeated tests). In the analysis of MRK 766, this occurs for this lone
candidate. The borderline 3¢ detection, coupled with a lack of supporting evidence
from other observations (cf. IRAS 13224-3809 and 1H 0707-495 where there appear to
be QPO candidates, at the same frequency, and similar energy ranges, observed across
multiple, independent, observations) means this candidate detection is treated scepti-

cally. It is reported here however for comparison.
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4.1.7.2 Further tests

Free-index test:

» OBSID:0304030301. A break is found at ~ 1 x 10~ Hz and white noise cutoff at
~ 5 x 10~* Hz, which heavily restricts the number of frequency bins such that
the periodogram is defined as white noise dominated.

Fixed-index test:

e OBSID:0304030301. With a frozen lower index of -1.1, identical results to test (i)

are obtained.

Frequency-restricted search:

In order to search for supporting evidence for this singular candidate, a frequency re-
stricted search was conducted at the frequency of 4.69 x 10~* Hz. Searching across
all other available observations, a restricted-frequency > 3¢ candidate is located in
OBSID:0096020101, where it appears strongest in the 0.7 — 1.2 keV band; notably at a
lower energy range than in OBSID:0304030301.

Previous claims: There are previous claims of a strongly significant QPO in a single
observation of MRK 766 (OBSID:0304030601) identified through a non-Fourier wavelet
method (Zhang et al., 2017). However, this analysis does not find a significant feature
at their reported frequency of 1.55 x 10~* Hz.

4.1.8 Non-detections

In total, this study initially finds 2 3¢ candidates in 22 of 200 total observations (N.B. 2
observations of IRAS 13224-3809 find two distinct QPO candidates in different energy
bands), which are then focus of further scrutiny. Another key result of this work how-
ever is the non-detection of QPOs to a 2 3¢ significance in 178 (or 89%) of observations.
The potential reasons for non-detection of QPOs are multi-faceted. Within the stud-
ied sample, some AGN are of below average brightness, resulting in an observation
with a lower signal-to-noise ratio and a relatively higher fraction of white noise, which
may obscure much of the broadband noise, and subsequently result in the observation

being deemed white noise dominated. Moreover, some observations are considerably
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shorter than those in which QPOs are detected (see Appendix A) and may be insuffi-
cient in length for the power spectrum to be reliably modelled (due to insufficient bins)
or a QPO detected (as it lies outside the frequency bandpass).

The non-detection of QPOs is also likely a result of the inherent rarity, or at least diffi-
culty in detection, of QPO phenomena. In the context of XRBs, HFQPOs are uncommon
phenomena, often detected with a low fractional rms and typically only in certain spec-
tral states. If this behaviour is extended to AGN, it would follow that QPOs may not
be detected as they are of insufficient rms to be detected above the broadband noise,
but also may be absent if the AGN exists in some spectral state analogous to XRBs
which do not show QPO features. Indeed, a high proportion of those observations in
the study were well described by a PLC model and showed no statistically significant
QPO features, as would be expected under the above assumption. In order to detect
more AGN QPOs therefore may require not just longer, high quality observations, but
also an increased number to identify those AGN which exist in a preferential state for
QPO detection. Future work may identify a link (spectral state, or otherwise) between

those AGN in this study showing potential QPO phenomena, and those which do not.

4.2 Chapter summary

In this chapter I have presented the main results from the framework described in
Chapter 3, in which 21 QPO candidates at > 30 were detected from the initial inves-
tigation, of which 4 are re-located QPOs in RE J1034+396. In addition, 3 borderline 3¢
candidates are reported. Of note were detections of QPO features at the same/simi-
lar frequencies across independent observations in IRAS 13324-3809, 1H 0707-495 and
ARK 564. This was not the case for NGC 4051, PG 1244+026 or MRK 766. The high en-
ergy resolution of this search uncovers the energy bands in which the QPO candidate
frequencies are of highest significance and outside of RE J1034+396, these are shown to
be almost universally at harder energies, above 2 or 3 keV. One exception is the highest
frequency QPO candidate in the entire sample, IRAS 13324-3809 OBSID:0792180501,
where it is detectable at soft energies only. This case is interesting due to the high co-
herence of the QPO (Q > 50) and the high frequency (> 1 x 1072 Hz), setting it apart
from the rest of the sample.

A key part of this work is understanding of the limitations of the approach. Further
testing for the presence of undetected breaks in statistically preferred PLC models high-
lighted possible deviations from > 3¢ detection in 5 out of 20 new QPO candidates.
These results are taken forward into the next chapter which further investigates addi-
tional sources of bias and uncertainty and draws some conclusions on how to interpret
these initially promising findings in greater detail.
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Chapter 5

Complexity in modelling
broad-band noise and QPO
detection

In this chapter I conclude the energy resolved search for QPOs in AGN by examin-
ing the biases introduced in the analysis procedure laid out in Chapter 3, and the
limitations on the results which were detailed in Chapter 4. After which, I will dis-
cuss whether the investigated QPO candidates should be considered new detections
of AGN QPOs, the key characteristics which they show and finally the implications of
this research in the broader context of AGN X-ray timing analysis.

5.1 Effect of low count rates

The combination of exploring narrow bands and a falling instrumental response to high
energies means that the effect of low count rates on the shape of the periodogram must
be considered. Specifically, source count rates can approach the background count rate
at high energies, even for the most luminous AGN. Due to the stochastic (Poisson)
nature of the background, in the case of very low source count rates, the background-
subtracted lightcurve may contain bins with unphysical, negative count rates. Across
the full sample of ~ 245,000 energy resolved lightcurves, one or more negative bins
were found in ~ 30% of cases. However, as shown in Figure 5.1, the vast majority of
such lightcurves contain only a very small fraction of negative bins overall. For those
cases where negative bins are present, the mean proportion of negative bins is ~ 3% of
the lightcurve, with the 90th percentile at 7%.

The impact of negative count rates may be explored by simulating multiple sets of
red noise lightcurves (using a PLC model and the Timmer and Koenig 1995 method
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FIGURE 5.1: Histogram showing the percentage of negative count rate bins in the
energy-resolved lightcurves with a minimum of a single negative bin (~ 30% of
sample) and with periodograms determined to be above the white noise dominated
threshold (> 13 frequency bins at frequencies below the cut-off). It is found that most
lightcurves have < 1% negative bins, with the 90th percentile at ~ 7%.

outlined in Chapter 3), each with a different fraction of negative count rates, achieved
by changing the mean count rate of the background. The bias introduced from such
negative count rate bins can then be directly inferred from the difference between the
input index and that determined from fitting the resulting periodogram (AB = Bin —

,Bout)-

To perform the simulations, a set of best fitting PLC model parameters were selected:
from IRAS 13224-3809, OBSID:0792180501 (B = —1.95,In Ny = —5.09), and ARK 564
OBSID:0670130801 (B = —0.99,In Ny = —2.59), as both have PLC models which well
describe the data and respective indices close to —2 and —1 respectively, thereby al-
lowing PLC parameter dependence to be investigated. Poisson noise was then added
to the simulated red noise lightcurves based on the corresponding mean source count
rate and a second Poisson noise lightcurve was added onto the first lightcurve, in order
to simulate X-ray background in the detector (the mean count rate of the background
being known in each case from the background lightcurve created through EVSELECT).
Following an identical procedure to a real observation, this background was then sub-
tracted using a new Poisson distributed lightcurve. This process then yields, in effect,
a simulated, background-subtracted lightcurve, the periodogram of which is modelled
following the method already described in Chapter 3.

The simulation described above is repeated 10,000 times in total (across a range of
increasing background count rates, from 0% — 100% the white noise level), with the



5.1. Effect of low count rates 107

Lor M 100
0.8 — ke}
- 80 g
0.6 [ ]
K
=
(0]
0.4Ff . 60 ©
Q 1U+He 2
g L HT 6l 1e @
0.2F A1 18 2
- @ 40 =
-1 2
0.0f -9 2
Pad o
20
-0.2} 3
1 1 1 0
0.6F
-80 =
o
wn
0.4F 1™, g
) - 1 -’ v
I B & 41 I O
/"’ [ J o
S 0.2} /,«' 1m S
- =
N
'40 ;
0.0f 2
o
(]
L20
-0.2} D
1 P | H 1 1 0
0 5 10 15 20

% of negative lightcurve bins

FIGURE 5.2: The impact on the inferred power spectral index, Af, as a function of the
percentage of negative bins found in a simulated Poisson-noise subtracted, red noise
lightcurve (with 68% confidence intervals plotted). The blue dashed line shows the
observed trend when these negatives are instead replaced with zeros. The pink bars
correspond to the proportion of lightcurves where the periodogram would be rejected
by the pre-defined requirement to have 13 or more Fourier bins at frequencies below
where the white noise starts to dominate. Top panel: example case where PLC index
B ~ —1, Bottom panel: example case where PLC index 8 ~ —2.

results shown in Figure 5.2. This figure indicates that for the vast majority of the ac-
tual lightcurves containing negative bins (7% at the 90th quantile level), their presence
introduces a bias error on the index of AB < 0.2, which lies comfortably within the
expected 68.3% confidence intervals of B values using a PLC model — as shown in the
case of Figure 3.5. This effect is slightly more pronounced in cases of steeper indices,
towards B ~ —2, but even at the limit of the % of negative bins observed in the real
data (~ 15%), this effect may be considered negligible compared to the uncertainty
from fitting with a PLC model itself.

For both example PLC models, the number of simulated cases deemed to be white noise
dominated (where the number of Fourier bins below the white noise cut off is < 13)
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increases with the % of negative bins. This is especially true in simulated cases with a
flatter index, B ~ —1, where this proportion becomes very high, at > 70% of cases when
considering 10% negative bins. The application of this strict white noise cutoff therefore
acts to reduce the bias from this effect, as those periodograms which are most affected
are those where the number of bins is < 13. In the remaining sample periodograms
there is only a very small proportion of negative bins, which introduce only a small

source of secondary error unlikely to impact the results of the QPO search.

An alternative method of replacing all negative bins with zeros is also explored (see
Figure 5.2), which results in a slightly increased level of uncertainty in the index, rela-
tive to the case of keeping negative bins as above. In both cases, Ap increasing linearly
with the fraction of negative bins in the time series. This approach clearly does not act
to reduce the impact on the measured index, AB, as the introduction of a non-stochastic
count rate (of zeros) does not reflect the nature of the stochastic source and background.
No statistical benefit is gained from this method, and this corrective procedure is not

implemented.

5.2 Observations as free trials

The significance values quoted in Chapter 4 for each QPO candidate rely on the as-
sumption that each observation is considered in isolation and only the number of free
trials is limited to only the Fourier frequency bins considered, in any given observation.
The motivation here for not treating each observation as being a free trial stems from the
distinct possibility that certain spectral states, perhaps connected to the accretion rate,
seem to be necessary for QPOs to appear (e.g. Alston et al. 2014b). A more stringent
QPO candidate significance can instead be obtained by assuming each observation (200
in total) to be a free trial — regardless of data quality. This is a procedure which takes
the most conservative perspective, but then fully accounts for the ‘look elsewhere” ef-
fect, which is the expectation to observe statistically unlikely events given a sufficient
number of observations, e.g. a 20 event is expected to occur by chance approximately

1in every 20 realisations of a random process.

In the case of those QPO candidates present at a single frequency in a single observa-
tion, such as PG 1244+026 and NGC 4051, the revised significance values fall to < 3c.
In the case of NGC 4051 OBSID:0109141401, this is reduced to the ~ 2¢ level, while PG
1244+026 OBSID:0675320101 falls to < 2¢. However it is important to stress that such
decreases are likely to overestimate the impact, as treating each observation as a free

trial assumes the data quality to be equivalent in all observations.

For those AGN with QPO candidate detections at the same frequency across multiple
observations, the more stringent ‘look elsewhere” effect is set against the conditional
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probability of detecting a QPO candidate at the same frequency in independent ob-
servations. This multiplicative probability calculation factors in N = 200 total observa-
tions (as a conservative estimate), the p-value (pg,) derived from the global significance
values of each QPO observation in a given AGN only at the same frequency (as in Table
4.1), with each subsequent detection (i.e. po, where i > 2) weighted by the number of
frequency free trials (7;) in each observation. Together this takes the form:

€ 1-rpo
Poalue = N X (1 - le)Hﬁ (51)

-1 M

for C number of observations where a QPO candidate is found at identical frequencies.
Using this equation leads to the QPO candidate in 1H 0707-495 being found at > 6¢
significance, while the IRAS 13223-3809 QPO candidate at a frequency of 9.77 x 107> Hz
may similarly be found at > 60 — although this drops to > 4c if excluding the detection
in OBSID:0792180301, where the broad-band noise is not well constrained. In the cases
of ARK 564 and RE ]J1034+396, the global significance values for some candidates of
interest reach GS = 1.0000, whereby the precision limit for 10,000 MC simulations is
reached. If instead considering these individual global significance values to be similar
to those observed in 1H 0707-495, the 2.54 — 2.73 x 10~ Hz QPO candidate in ARK 564
is found to be > 40, whilst RE J1034+396 reaches the > 70 level, due to exhibiting four
observations all at equivalent frequencies (and remains the QPO detected to highest
confidence in the AGN sample). These confidence values in themselves are additionally
conservative as they consider only > 3¢ global significance values in Table 4.1, with no
supplementary evidence from observations with lower significance candidates at the

same frequencies.

5.3 Additional uncertainty in the broad-band noise

The analysis presented thus far has utilised only relatively simple models for the broad-
band noise as these are typically a good description in the frequency range that is being
studied (e.g. Gonzalez-Martin and Vaughan 2012). However, there is the potential for
further underlying complexity in the broad-band noise and power leakage which can
affect the significance claims of a QPO candidate, and are considered here.

5.3.1 The impact of the white noise cutoff

Determining the frequency at which the underlying white noise within the observation
becomes dominant over the intrinsic red noise is subject to inherent uncertainty in any
titting of the broad-band noise. In the procedure of defining the null hypothesis (Chap-

ter 3) — the QPO candidate is removed from the periodogram and the broad-band noise
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is re-fitted (see Vaughan 2005), but the white noise cutoff frequency is left unchanged
from the fit where the QPO candidate is included. Defining this frequency is a complex
issue as the periodogram is by definition only one realisation of the underlying power
spectrum. This is represented by the uncertainty in the underlying PLC model fit (see
Figure 3.5), such that a different draw from the covariant matrix of model parameters
may determine a different cutoff. As such this threshold is, in reality, best represented
by a probabilistic distribution. When a single cutoff frequency is chosen in this analysis,

it is done so with the caveat of not directly sampling from this distribution.

Re-fitting the broad-band noise with the QPO candidate removed tends to bring the
white noise cutoff to a lower frequency. The result is that bins at high frequency may
then be outside the investigated range of interest. Due to requiring a minimum of
13 Fourier bins (which includes the QPO candidate bin — although this frequency is
ignored when the null hypothesis is defined) for fitting purposes, this can have the
knock-on effect of removing energy bands from the results of this study. The combina-
tion of these two effects can remove QPO candidates either because they now fall into
the white noise dominated region or because there are too few bins in the periodogram

to reliably fit the underlying noise.

As an investigation of these effects, the white noise cutoff frequency was set from the
PLC model applied to the data without the QPO candidate, rather than it being set by
the fit with the outlier included. It is found that ~ 39% of the > 3¢ energy bands
are now white noise dominated (with < 13 frequencies in the periodogram, or < 12
bins when excluding the QPO candidate bin), a change driven by the removal of those
narrow energy bands with relatively low count rates and so large amounts of white
noise, which were close to being white noise dominated in the original analysis. De-
spite the loss of numerous energy bands, the majority of the reported > 3¢ QPO can-
didates remain (albeit constrained across fewer energy bands), with the few exceptions
being: IRAS 13224-3809 OBSIDs: 0780561301 (v = 7.81 x 10~° Hz only), 0792180301,
0792180601; 1H 0707-495 OBSID:0653510301, ARK 564 OBSID:0006810101, MRK 766
OBSID:0304030301, and perhaps most notably: RE J1034+396 OBSID:0675440101 (as
well as almost all energy bins of OBSID:0655310201). It should be noted that a number
of these observations were already borderline/close to the white noise threshold, so
this result is as expected.

Whilst setting the white noise cutoff to the lower of the two frequencies is a more con-
servative approach, it also has the potential to remove real signals, as is evident for the
case of RE ]J1034+396 (see Figure 5.3). In a similar fashion, the QPO candidate of 1H
0707-495 in OBSID:0653510301, is discarded by this more stringent approach but is still
observed in OBSID:0653510501 at the same frequency, and so the choice of white noise
cutoff can lead to the discarding of data which contain high probability detections at
frequencies higher than the set threshold.
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FIGURE 5.3: Example of the impact of the white noise cutoff selection via the two
outlined approaches, for the established QPO in RE J1034+396, OBSID: 0675440101
(within the most significant energy band, see Table 4.1). Displayed are two PLC model
fits, one (gold) including the QPO candidate bin, and the other (black) without the
QPO candidate bin. The respective white noise cutoff frequencies in each case are
determined to be the point where the underlying PLC model (dot-dashed) intersects
the constant white noise level. As shown here, excluding the QPO candidate in the
model fit results in the frequency of the white noise cutoff being lowered on average by
~ 2 — 3 bins. As demonstrated in this example, there is a risk of reducing the number
of bins in the periodogram to below the minimum requirement set for modelling the
broad-band noise — which would lead to the exclusion of this established and accepted
Qro.

Alternatives to handling the uncertainty in the white noise cutoff include modelling
the entire power spectrum, including all frequency bins dominated by the white noise.
The limitation of this approach is that the quality of the fit can become dominated by
the region dominated by white noise bins. This effect influences the BIC test, which im-
plements a penalisation term for additional parameters, in addition to scaling by In (m)
for m bins in the fitted periodogram (see equation 3.7). The risk exists of favouring a
simpler model (e.g. PLC) over a more complex one (e.g. BKNPLC), in a scenario of fit-
ting some red noise data but now with white noise bins now included in the fitting, as
would result in an increased maximum likelihood, but solely from the trivial fitting of
white noise. This does not obtain insightful information about the AGN power spec-
trum. The BIC test may be preferred to the AIC test in this case for scaling with the
number of data, but the caveats of fitting a predominantly white noise power spectrum

remain.
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5.3.2 The effect of windowing/red noise leak

As any individual observation spans only a relatively small frequency range compared
to the full extent of the underlying power spectrum (see e.g. Uttley et al. 2002; McHardy
et al. 2006), some amount of power leakage (i.e. red noise leak) is expected from longer
timescales down into the observed band (see e.g. Gonzalez-Martin and Vaughan 2012).
In Fourier space, this is equivalent to convolving the Fourier transform of the window
function (the Fejér kernel) with the underlying power spectrum (van der Klis, 1988).
As a result, the intrinsic broad-band noise may not be well represented by that which
is measured in the sample periodograms — measurements which underpin the null hy-
pothesis test of all QPO candidates.

The impact of power leakage is explored on those periodograms in which there are
found to be (all initially) significant QPO candidate detections (see Table 4.1), by simu-
lating a lightcurve based on an underlying power law with an index of —2, following
Timmer and Koenig (1995), but extending back to 107> Hz, i.e. down to lower frequen-
cies than are typically observed in most cases, and then an effective window function
is applied equivalent to the length of non-flared observation. To obtain an appropri-
ate normalisation for the input power law, very long simulated lightcurves (far longer
than the real data) are created from a power law with an index of —2 and trial nor-
malisation. From each of these lightcurves a random segment of the same length as
the real data is selected (representing a real, finite observation of the effectively infinite
time series), the periodogram is generated and compared directly to the observed peri-
odogram. This is done iteratively over a wide range of normalisation terms, stepping
through each in log-space. The set of lightcurves whose median value minimises the
negative log-likelihood between fake periodograms and observed periodogram indi-
cate the normalisation of the intrinsic power spectrum — still assuming an index of —2.
This process then simulates the windowing effect and determines the most probable

(maximum likelihood) shape of the input power spectrum.

Using the best-fitting normalisation, 10,000 long, fake lightcuves are simulated, the
same window selection applied, periodograms obtained, and a search for false outliers
conducted following the same process as the analysis pipeline for the observed data. In
doing this, the standard analysis procedure is replicated for a case best approximating
the true, intrinsic AGN power spectrum. As a test of the impact on the measured
significance of the > 3¢ QPO candidates, this procedure is conducted on only the most
significant energy-resolved QPO candidates, including borderline cases (as listed in
Table 4.1). It is important to note that this is a somewhat extreme test, as it is likely that
a break to to flatter indices occurs in most AGN before such low frequencies are reached
(see e.g. McHardy et al. 2007) or that the power spectrum itself is flatter (i.e. p > —2),
especially as the energy bands extend to higher energies (see e.g. Jin et al. 2020; Chapter
6), which is of importance as this is where the observed QPO candidates are mostly
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located. Figure 5.4 presents an example of this test for the impact of windowing as
applied to NGC 4051 (OBSID:0109141401), where the intrinsic noise needed to create
the observed noise is plotted onto the periodogram.

In applying the above test it is found that 8 out of the 24 candidates remain above the re-
vised 3¢ threshold. These include RE J1034+396 (OBSIDs: 0506440101 and 0675440201),
IRAS 13224-3809 (OBSIDs: 0780561401 and 0792180501), NGC 4051 (OBSID: 0109141401)
and ARK 564 (OBSIDs: 0006810101, 0670130701 and 0670130801). The remainder lie
above a ~ 98% threshold, i.e. an upper 2¢ level. This is a clear indication that under
extreme conditions it is possible for red noise leak to have an impact on QPO detec-
tion. It is also important to consider other factors before downgrading the significance
of these candidates, such as those cases (e.g. RE J1034+396) where QPO candidate fre-
quencies are observed to remain similar across multiple observations, which itself is

hard to reproduce through fake signals generated by an underlying stochastic process.

The effect of red noise leak is most pronounced when dealing with short observations
and steeper power spectra (B ~ —2) — the index assumed in the test above. In a number
of cases, where the lightcurve is long (~ 100 ks) and /or the measured index flatter (e.g.
1H 0707-495 QPO periodograms are observed with B ~ —1), this effect is effectively

suppressed.

5.3.3 Complex broad-band noise models

A natural extension to a test using a PLC or BKNPLC model is one in which the un-
derlying noise is described by a series of Lorentzians (e.g. McHardy et al. 2007). This
concept is physically motivated by propagating fluctuations through the accretion disc,
where variability (at the viscous frequency) is produced locally at every radius, and the
flow acts as a low pass filter to dampen out higher frequencies through both viscous
and differential rotation effects (e.g. Churazov et al. 2001; Ingram et al. 2016; Chapter
2), such that variability is coupled between a broad range of timescales in the accretion
flow (Uttley et al., 2017). McHardy et al. (2007) propose a double Lorentzian model
to describe the underlying broad-band noise of ARK 564, and here the statistical im-
pact that such a model might have on QPO significance is investigated — assuming the
model can be applied to other AGN in the sample.

A set of fake periodograms are simulated down to a frequency of 107> Hz, using a
Monte Carlo routine that assumes the power is generated from the Lorentzian model
parameters used to describe the high energy power spectral data of ARK 564 (without
white noise) in McHardy et al. (2007). For each simulated periodogram in turn, the R
values, R; = 2I;/P; (see Chapter 3) are determined and a fit made with a PLC model
(minus white noise) to obtain the best-fitting parameter values for the index and nor-

malisation. Using these PLC parameters, a new set of fake periodograms is simulated,
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FIGURE 5.4: Top: example of a simulated light curve for NGC 4051 (OBS

1D:0109141401), with a highlighted, randomly selected segment of length equal to the

longest observed continuous segment of the real data. Bottom: observed periodogram

(QPO highlighted), with best fitting PLC model and the intrinsic, pre-windowed PLC
model.

assuming a PLC model. After 100,000 simulations, the distributions of powers across
both the periodograms simulation from the Lorentzian model, and PLC model, are used
to calculate the free-trial-corrected 3¢ contours obtained across the broad-band noise at

each frequency (see equation 3.11; Vaughan 2005).

Figure 5.5 compares the two sets of contours (determined from Lorenztian model in-
puts and PLC model inputs respectively) on top of two sets of simulated data (from
each model). It is clear that, over much of the frequency range, the significance is in

fact under-estimated when a PLC model is used as an approximation. The significance
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FIGURE 5.5: Simulated power spectra from 107> — 103 Hz, generated from the high

energy, double Lorentzian model for ARK 564 (McHardy et al., 2007) and a PLC model

fitted to the data generated from this. The model choice has a notable impact on the 3¢

significance contours (Vaughan, 2005). In this case, should a PLC model be assumed,

but a double Lorentzian model instead account for a more realistic description of the

broad-band noise, then the resulting QPO candidate significances may be underesti-
mated at low frequencies.

contours become more comparable as the higher frequency Lorentzian starts to domi-
nate the broad-band noise however.

Should a multiple Lorentzian model be a more appropriate description of the under-
lying noise for all of the observations at high energies, then the impact on the QPO
candidate significance is expected to be relatively minor. However, given the lack of
constraints on the nature and energy-dependence of any Lorentzians underlying these
data, it is clear that this remains an open question. A point worth reiterating is that
accurately modelling the shape of the noise is vital for any robust significance claims
(see Vaughan et al. 2016 for more discussion on this topic).

5.4 On the significance of QPO candidates

To-date, the presence of AGN X-ray QPOs across multiple observations has been lim-
ited to several significant detections in the NLS1 AGN, RE J1034+396 (Gierlifiski et al.,
2008), with a single claim in MS 2254.9-3712 (Alston et al., 2015), a number of tentative
claims in other NLS1s, and signals in tidal disruption events (TDEs, see Pasham et al.
2019). Following the methodology laid out in this work, an initial 21 QPO candidates
are detected at > 3¢ (and 3 borderline 3¢) across 7 AGN. Subject to further tests, a total
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of 16 are considered unaffected by remodelling with a BKNPLC model. If considering
the most conservative test in the impact of red noise leak, this number drops to 8.

5.4.1 Multiple independent detections

The reported results include the re-detection of the QPO in RE ]J1034+396 which was
used to corroborate this approach, as well as in bright, highly variable, well studied
NLS1s: IRAS 13224-3809, 1H 0707-495 and ARK 564, which have had QPO claims be-
fore, albeit quoted at different frequencies to those that are reported here. In addition,
this search provides details of the energy dependence of the reported significance and
the repeat occurrence of these signals across multiple observations. This last point is
important: in several cases (notably 1H 0707-495 and IRAS 13224-3809) the QPO candi-
dates appear at the same or very similar frequencies across multiple observations (see
Table 4.1). The nature of the stochastic broad-band noise is such that for two or more
independent realisations to show statistically significant QPO features at the same fre-
quency, is to greatly increase the likelihood that they are genuine — see the conditional
probabilities in Section 5.2, where significance levels in excess of 60 are obtained for
QPO candidates in 1H 0707-495, IRAS 13224-3809 and, as expected, RE J1034+396. It
should also be noted that in most cases, the quality factor and rms of the signal is large
(Q > 10 and FRMS 2 10%, see Table 4.1) in keeping with the characteristics of the
established QPO in RE J1034+396 (Middleton et al., 2011; Alston et al., 2014b; Jin et al.,
2020).

Repeat detections have not been made for all reported QPO candidates. Notably, sig-
nificant candidates in NGC 4051 and PG 1244+026 are seen in only a single observation,
with minimal evidence of a comparable feature in other observations when perform-
ing a non-blind (frequency-restricted) test in NGC 4051 (at 3.56 x 10~* Hz), and in
PG 1244+026 (at 2.15 x 10~* Hz). Although individually promising cases — much like
the MS 2254.9-3712 QPO claimed by Alston et al. (2015) - the probability that these
are bona-fide QPOs is reduced by the ‘look elsewhere effect’. The case of MRK 766 is
found to be both borderline 3¢ in only a single energy bin, with minimal supportive
evidence in a frequency restricted search and with an loss of the QPO if assuming a
BKNPLC model. Altogether, the case of MRK 766 is considered an unlikely candidate
and hereafter is not considered further.

5.4.2 Constraining the high-frequency break

A possible limitation in the approach taken to estimating the significance of QPO can-
didates, is rooted in the data-led maximum likelihood search for a break in the power
spectrum, which does not incorporate any prior expectations for its position (e.g. McHardy
et al. 2007; Gonzalez-Martin and Vaughan 2012). As such, in incidences where the high
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frequency break is not well sampled (i.e. only appears across a minimal number of
bins) or if the shape of the broad-band noise is not consistent with a BKNPLC model
more generally, then the break may not be identified. This issue is exacerbated due to
the fact observations are studied individually and independently of one another (i.e.
they are not concatenated, which would extend the frequency range and better sample
the high-frequency break).

To ensure the presence of an undetected break does not bias the calculated QPO candi-
date significance, the rigorous test of forcing a break into the periodogram (see Section
3.3.4) is implemented, and the occasional change in QPO candidate significance then
underlines the need for caution when claiming the presence of a QPO, even when the
PLC broad-band noise model is statistically preferred. In future, and with data which
extend to lower frequencies (i.e. from longer observations/segments), more stringent
tests will be possible. Naturally, a Bayesian methodology with informative priors moti-
vating the expected nature of the break may appear at first to be a preferred approach to
detecting the break, but it is important to note that the present lack of a well-constrained
probability distribution describing the position and particularly the energy dependence
of the break detracts from such an approach. The energy resolved nature of the search
performed here may sample the break over energy ranges in which the nature of the
break is not well understood (even if previously observed in a given AGN, in a broader

energy bandpass).

Given the situation of poorly motivated priors and somewhat limited data, the analysis
relies upon its frequentist approach, although Bayesian inference may allow for a more
accurate assessment of the presence of breaks in future, given further energy dependent
studies of AGN.

5.4.3 Key characteristics of QPO candidates

Given the above caveats and warnings over the uncertainty in the broad-band noise,
the following section discusses the QPO candidates this analysis has identified and the

possible unifying features in the sample.

5.4.3.1 Mass accretion rate

RE J1034+396 is well known for having a strong soft excess (Puchnarewicz and Soria,
2002; Casebeer et al., 2006; Middleton et al., 2007, 2009), likely a result of extremely
high accretion rates, which has led to comparisons being made between its QPO and
the ~ 67 Hz HFQPO observed in GRS 1915+105 when accreting at high Eddington
fractions (Morgan et al. 1997; Ueda et al. 2009; Middleton and Done 2010; Jin et al.
2020). More generally, HFQPOs are only seen in BHBs in their very high state (see
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Remillard and McClintock 2006), when the mass accretion rates can reach significant
fractions of their Eddington limit (see e.g. Nowak 1995). It is therefore reasonable to
postulate that the HFQPO mechanism is intrinsically tied to these high mass accretion
rates (Blaes et al., 2006a).

Of the AGN sample containing QPO candidates, RE J1034+396, IRAS 13224-3809, PG
1244+026, 1H 0707-495 and ARK 564 have all been reported accreting at close to their
Eddington limits (Done and Jin, 2016; Alston et al., 2020; Kara et al., 2017; Done et al.,
2012) as is also the case for MS 2254.9-3712 (Alston et al., 2015).

Indeed, NGC 4051 may be the only exception, accreting at ~ 0.1 Eddington (Peterson
et al., 2000; Alston et al., 2013a). Whilst the uncertainty involved in mass accretion rate
determination means it is not possible to be entirely certain of the true nature of these
sources, there could well be a link between the high accretion rates in these AGN (as
well as in TDEs) and the QPO candidates discovered.

Naturally, high accretion rates (and therefore high luminosities) could result in some
level of selection bias — the ability to detect a QPO relies on high signal-to-noise ratio
data and so an observer may be more likely to detect signals in predominantly bright,
high accretion rate AGN. A test for this bias is not easily achievable due to the uncer-
tainty on both the SMBH mass measurements and accretion rate estimates. It remains
quite possible however, that QPOs in AGN are far more commonplace than previously
thought, but the present difficulty in obtaining the required data quality to probe a
sufficient frequency range, biases this study towards intrinsically bright, or sufficiently
local AGN. In future, new, high-throughput instruments such as STROBE-X and Athena
will be able to probe many more AGN with a high signal to noise ratio, as well as extend
searches for QPOs to higher frequencies.

5.4.3.2 Energy dependence

The energy bands in which significant QPO candidates have been found vary between
sources, but remain largely consistent between observations of the same source and,
with the exception of RE J1034+396, the detections are most significant in bands above 2
keV. This was also found by Alston et al. (2015) in their investigation of MS 2254.9-3712,
where the QPO is detected at 2 — 5 keV and provides evidence that the hard energy
components (i.e. the coronal emission and reflection) of the AGN energy spectrum may
be central to QPO production. The exception of RE J1034+396 is interesting, as Jin et al.
(2020) argued for the QPO in this source to be driven by the soft excess component, in
observed changes in the soft excess (i.e. different spectral states) appear to change the
nature of the QPO, including the result where the QPO is absent in two observations in
which the soft excess is strongest. This conclusion aligns with one made by Alston et al.
(2014b), in which they speculate the soft component may impact the QPO state, given
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their report of the QPO being detected in five hard energy bands (1.0 — 4.0 keV) and
only once in the soft band (0.3 — 0.8 keV). Alternatively, Alston et al. (2014b) propose
the energy dependence of the QPO significance in RE J1034+396 could indeed relate to
the hard energy components, a conclusion reached in Middleton et al. (2011). Neither
conclusion need be at odds with the detection of the RE J1034+396 QPO in soft bands
only in this analysis however, as Figure 4.2 shows, the energy bands typically > 2 keV
become white noise dominated. This is in part due to the soft excess in RE J1034+396
which dominates the counts in the observations, such that at harder energies the excess
power in the periodogram is diminished sufficiently such that it tends to become white

noise dominated.

In the other investigated AGN, beyond RE J1034+396, the lack of QPO detection in the
soft band, < 2 keV, may support the notion of AGN QPOs being associated with the
Compton power law spectral component, in energy bands 2 2 keV. The case of IRAS
13224-3809 OBSID:0792180501, where the QPO candidate is clearly significant in the
soft band (see both Figure 4.4 and 4.5) is the stand-out exception, and future studies
will likely be able to investigate the spectral state of this observation to uncover if it has
a different physical origin to those other QPO candidates in IRAS 13224-3809.

The energy-dependence of the statistical significance of these QPO candidates also in-
dicates a reason as to why previous studies (e.g. Gonzélez-Martin and Vaughan 2012)
have not detected them, as they do not appear in the typically studied full bandpass
0.3 — 10 keV, nor in generic soft, 0.3 — 2 keV, or hard, 2 — 10 keV bands, as also inves-
tigated by Gonzdalez-Martin and Vaughan (2012). This, in turn, suggests the nature of
QPOs are physically tied to specific components of the SED, with variability intrinsic
to the QPO most prominent in specific energy bands. In broader energy bands how-
ever, there is the possibility this QPO variability can become effectively ‘washed out’
by noise from other components (e.g. the soft excess in RE J1034+396), such that the
QPO variability is not observed to be statistically significant. Moreover, the analysis
explores the energy dependent shape of the underlying broad-band noise in the power

spectrum, making it easier to locate QPOs in certain energy bands.

5.4.3.3 QPO frequency

The QPO frequency is naturally an important parameter in understanding the accre-
tion flow (e.g. as a result of motion of the flow or characteristic timescale of an insta-
bility). The prior knowledge of AGN QPO frequencies in this regard was somewhat
limited to the ~ 2.5 x 10~ Hz detection in RE J1034+396 (Gierliniski et al., 2008) and
the ~ 1.5 x 10~* Hz detection in MS 2254.9-3712 (Alston et al., 2015). In this analysis,
QPO candidates are detected with very similar frequencies to these in both 1H 0707-
495 and PG 1244+026, whilst NGC 4051 and IRAS 13224-3809 show greater variation
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in frequency between different observations, but still with some candidates around
~1x10"*Hz.

The physical relevance of these frequencies will tie closely to the QPO genesis mecha-
nism, which is as of yet not well determined. It is certainly of interest that the majority
of candidates appear to cluster around the ~ 1 —3 x 10~* Hz range. Care must be
taken before reading too much into this however, for the sample size remains small
(although greatly improved) and an observational bias exists given that the vast ma-
jority of AGN periodograms in this sample (and more widely) investigate (at most) a
~ 1x107% — 1 x 1072 Hz frequency range. The majority of the observations in this
sample are constrained between ~ 1 x 1072 — 1 x 1073 Hz, limited at low frequencies
by the length of observation and at high frequencies by the data quality (i.e. the Poisson

noise level).

IRAS 13224-3809 is of particular interest for both the number of > 3¢ candidates and the
consistency of their frequencies, with many close to ~ 1 x 10~* Hz. The presence of pos-
sible harmonic features or, as reasoned in Section 3.3.4), probable (energy-dependent)
break features is also unique amongst these observations, although this may simply be
a consequence of being able to probe to lower frequencies due to the the longer ob-
servations available for this source (in part due to the recent 1.5 Ms study with XMM-
Newton). Beyond the detection of QPO candidates at the same frequency, perhaps the
most interesting QPO detection is the case of OBSID:0792180501 at 1.02 x 1073 Hgz,
where it is observed at frequencies typically above the white noise threshold in most
observations (see Figure 4.3). It is possible that this is not a unique occurrence, but a
test for repeat detections is not possible in most of IRAS 13224-3809 (and other AGN
more broadly) due to the Poisson noise level, which is only low enough for frequen-
cies > 1 x 1073 Hz to be observed for energy bands with high count rates. Although
it is tempting to draw parallels with the speculated higher frequency QPO candidate
detected in ARK 564 (1.88 x 103 Hz), the cases are considerably different, with the
ARK 564 candidate detected only in a very short segment and where an additional test
of a BKNPLC model found the periodogram white noise dominated. These candidates
provide clear motivation for proving high, non-white noise-dominated frequencies (es-
pecially at higher energies) — an effort which may reveal many more QPO candidates

in future.

ARK 564 is rather unusual amongst the AGN sample, with a QPO candidate frequency
decreasing with time, before an apparent stabilisation around ~ 2 x 10~* Hz, where
a candidate is observed at the same frequency in subsequent observations. The ap-
parent motion of the QPO candidate is difficult to discern as the frequency range and
white noise cutoff similarly evolve across observations. It may however be the result
of the physical process creating a genuine QPO changing with time, potentially set-
tling, as suggested in the case of RE J1034+396 (Gierliniski et al., 2008). As noted ear-
lier, these results assume a simplified description of the underlying broad-band noise
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and, for ARK 564 specifically, previous modelling has identified the presence of breaks
and Lorentzians (e.g. Papadakis et al. 2002; McHardy et al. 2007), which in one ob-
servation occurs close to the QPO candidate frequency (OBSID:0006810101). However,
as evidenced via simulations, it is unlikely that modelling the broad-band noise with
Lorentzians could lead to an overestimate of QPO significance.

Should these AGN QPO candidates be analogous to those observed HFQPOs in BHBs
(Middleton and Done, 2010), then a simple inverse-mass relation might be expected
for the QPO frequency, assuming that the mechanism producing HFQPOs also scales
inversely with mass. Unfortunately, the SMBHs in the sample are of comparable mass
(see Table 4.1), and the present uncertainty in the mass measuring techniques renders
any correlation to be dominated by uncertainty, so investigating any linear relationship
between QPO frequency and black hole mass (across AGN and XRBs) — as had been
attempted previously, e.g. Smith et al. 2018 — is dominated by this uncertainty.

5.44 New AGN QPOs?

The search for X-ray QPOs in AGN has been an ongoing challenge within the field for a
number of decades (Vaughan and Uttley, 2005) with multiple studies claiming QPO de-
tections (e.g. Vaughan and Uttley 2005). To-date, only two AGN (non-TDEs) have sig-
nals which have been widely accepted as genuine (Gierlifiski et al., 2008; Alston et al.,
2015), with RE J1034+396 the exceptional (i.e. bona-fide) case with repeated detections
over many independent observations (Alston et al., 2014b; Jin et al., 2020). This work
builds upon the broad AGN search conducted by Gonzalez-Martin and Vaughan (2012)
by performing a highly energy-resolved search to locate significant (> 3¢) QPO candi-
dates across a small subset of bright AGN. Of those candidates located, the majority lie

in harder energy bands, and some with repeat detections across several observations.

An important strand of this work is to develop an comprehensive understanding of the
limitations of these statistically significant claims and robustly test the nature of models
applied to the broad-band noise, in order to develop a realistic view of the complex na-
ture of AGN variability. After conducting numerous tests in an attempt to investigate
the true nature of these QPO candidates, there remain a number of highly significant
features appearing at the same or similar frequencies across multiple (independent) ob-
servations, which diminishes the likelihood that they are spurious. As this study finds
no evidence that these are in fact related to a high-frequency break or other compo-
nent of the broad-band noise, it appears likely that the multiple QPO detections in 1H
0707-495 (at 1.27 — 1.95 x 10~* Hz), IRAS 13324-3809 (at 9.77 x 107> Hz) and ARK 564
(at 2.54 — 2.73 x 10~ Hz) are physically real QPO phenomena. This is arguably the
most important discovery since the initial reporting of the first confirmed QPO in RE
J1034+396, for it gives the first examples of AGN with a robust QPO signal in more than
one AGN. In doing so, it more than doubles the sample size of known AGN QPOs and
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opens up the opportunity to both explore these phenomena further and study energy
resolved power spectra of future observations for re-appearances of these features.

In addition to the above, it appears highly probable that the higher frequency QPO in
IRAS 13224-3809 (at 1.02 x 1073 Hz) is genuine. With a high coherence value, where
Q > 50, this feature appears over many cycles, at high significance, in an observation
that is over 100 ks in length (and is not preferentially selected or segmented). Unfortu-
nately, it is not trivial to search for this QPO in other observations, which may not reach
above 1 x 1072 Hz. This candidate will likely be a key target for future observations
of IRAS 13224-3809, in a search for re-detection. Beyond these AGN, the candidate in
PG 1244+026 appears similar to other candidates in the sample if comparing its fre-
quency (at 2.15 x 10~* Hz), energy dependence of its significance and the shape of the
broad-band noise. This is similarly the case for NGC 4051 (at 3.52 x 10~* Hz). These
factors alone typically warrant publication, even for a single observation, but consider-
ing the ‘look elsewhere effect’, it is best to be cautious and instead conclude that these

are interesting cases which warrant further searches in future observations.

In all, the detection of those robust AGN QPO candidates not only expands the known
sample size of such signals, but opens up the possibility of exploring the QPO forma-
tion mechanism in new, remarkable detail and implies that new missions (e.g. Athena
and STROBE-X) will more regularly detect such features.

5.5 Chapter summary

In this chapter I have explored many effects which add additional complexity to both
modelling the broad-band noise and subsequently testing the significance of QPO can-
didates. The effect of low count rates was investigated, finding that for a highly energy-
resolved approach, a number of negative count rate bins in a lightcurve is expected, but
a subsequent analysis finds the effect on the shape of the broad-band noise is typically
negligible and within the range of error from the maximum likelihood fit. In addi-
tion, the impact of determining the white noise threshold was investigated, finding
that this could negate QPO candidate detections, but not suppress those already re-
ported. An investigation into the impact of red noise leak finds that this effect would
reduce the significance of these candidates, some to below 3¢, but the assumptions
made here represent the most extreme test for QPOs, which do not necessarily hold up
in practice. More complex broad-band noise models were investigated, such as a dou-
ble Lorentzian model, which found that assuming such a model would actually increase

the significance of the reported QPO candidates at some frequencies.

The significance of each candidate was also re-evaluated, factoring in both the ‘look
elsewhere effect” if considering all observations as free trials, alongside the conditional

probabilities of multiple detections in some cases. This led to significances in each case
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of RE J1034+396 (> 70), IRAS 13224-3809 (> 60), 1H 0707-495 (> 60) and ARK 564
(> 40). Those in PG 1244+026, NGC 4051 and MRK 766 fall in significance to < 3¢
however.

A summary of the QPO candidate characteristics found the majority lie at frequencies
~ 1—3 x 107* Hz, with some lower and higher frequency exceptions. The majority
are also found to only become significant above ~ 2 keV, with only a few exceptions
such as in RE J1034+396 and IRAS 13224-3809 OBSID:0792180501. In almost all cases,
the coherence is fairly high, Q 2 6 with notable FRMS values in 1H 0707-495 and IRAS
13224-3809 in particular, highlighting the prominence of the reported detections. In all,
it was concluded that there are highly realistic QPO features present in IRAS 13224-
3809, 1H 0707-495 and ARK 564, with possible additions to this group in PG 1244+026
and NGC 4051 — which expands the known AGN QPO sample from one or two AGN
(depending on set criteria), to at least double that.
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Chapter 6

Constraining energy-dependent
emissivity profiles of AGN inflows

In this chapter I explore the energy dependent nature of the shape of the periodograms
of the full AGN sample studied in this work. I will investigate and present how the
power spectral index changes with energy across (independent) energy bands of mul-
tiple AGN, and develop and implement a theoretical framework which derives the
expected shape of the periodogram when incorporating the effect of propagating fluc-
tuations in the accretion flow, while also considering the impact of reflection. This
framework is based on a low pass filter and energy dependent emissivities. I then in-
vestigate whether there exists a relationship between the macroscopic properties of the

sample SMBHs and the emissivity profiles.

6.1 Exploring the energy dependence of AGN variability

Studying the variability of AGN on short (< Ms timescales) provides the observer with
the means to probe the otherwise unresolvable geometry of the inner accretion flow
(Fabian et al., 2009; Wilkins and Fabian, 2013; Kara et al., 2019; Alston et al., 2020);
search for quasi-periodic oscillations (QPOs) resulting from plasma dynamics or in-
stabilities (Gierliniski et al., 2008; Middleton and Done, 2010; Alston et al., 2014b), and
explore scaling relations to access the SMBH mass (e.g. Papadakis 2004; McHardy et al.
2006). Where data quality permits, the energy-dependence of the variability can pro-
vide even greater insight via, e.g. energy-lag spectra (Kara et al., 2019), deeper QPO
searches (Ashton and Middleton 2021a; Chapters 3, 4, 5), rms and covariance spectra
(Middleton et al., 2009, 2011; Uttley et al., 2014a).

The energy-dependent shape of the broad-band noise forming the power spectrum (pe-
riodogram or PSD) is thought to be a result of propagation of fluctuations (Lyubarskii
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1997; Churazov et al. 2001; Ingram and Done 2011; Turner and Reynolds 2021), the
sampling of different spatial scales, differing emissivities (Arévalo and Uttley, 2006),
and the different processes dominating various energy bands (e.g. the soft excess ver-
sus bands in which the intrinsic coronal emission dominates). Studies of the energy-
dependent shape of the power spectrum have been rather limited, partly due to the
requirement for high signal-to-noise data and long observations (to probe down to low
frequencies and accurately constrain the shape of the power spectrum). When stud-
ies have been performed, they are usually restricted to a single AGN of interest, e.g.
NGC 7469 (in three energy bands: Nandra and Papadakis 2001), MCG-6-30-15 (in three
energy bands: Vaughan et al. 2003b; McHardy et al. 2005), NGC 4051 (in two energy
bands: McHardy et al. 2004, and in three energy bands using concatenated observations
totalling ~ 570 ks: Vaughan et al. 2011), and most recently in RE J1034+396 (in three
energy bands: Jin et al. 2020). In all these previously published cases, the trend has
been that the index of the power law describing the power spectrum becomes flatter
with increasing energy (i.e. there is relatively more variability power at higher energies

across the observed frequencies).

6.1.1 AGN sample and data reduction

The work of Chapter 3, in which 200 observations from 38 AGN were analysed across
a sliding energy window of 1225 total energy bands, returns a catalogue of energy-
resolved power spectra which forms the basis of this detailed study of the energy-
dependent shape of the broad-band noise. The data processing is equivalent to what is
described in Chapter 3 (see Figure 3.6), in which the lightcurves considered are flare-
subtracted, and truncated to 2" bins to perform a FFT to then obtain the periodogram
in fractional-rms units (Vaughan et al., 2003a) (preferred over the PSD to maximise
frequency range). As before, to ensure sufficient bins in the periodogram for modelling,
a minimum of > 13 frequency bins with power at frequencies below where the white
noise starts to dominate are required, with the white noise threshold itself determined
as in Chapter 3. Similar to Gonzalez-Martin and Vaughan (2012) and as in Chapter 3,
each periodogram is modelled with maximum likelihood statistics and tested with both
PLC and BKNPLC models, where ~ 10% of the total sample of power spectra (which
match the data-quality criteria), are preferentially modelled with a broken power law
using a BIC test (Liddle, 2007). This included the re-identification of break features
in observations first reported in Gonzélez-Martin and Vaughan (2012). To remove the
impact of the break on the shape of the periodogram, these cases are excluded from the
subsequent analysis. An example of this PLC model fitting methodology is shown in

Figure 6.1.

From Chapter 4, 7 AGN in this sample of 38 were identified to show statistically signif-
icant QPO-like features in their power spectra, when the broad-band noise was found
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FIGURE 6.1: Example energy-binned (E;, Ep, E3 and E4) periodograms of IRAS 13224-
3809 OBSID:0780561601, each fitted using a maximum likelihood PLC model, with
best-fitting B values illustrated.

to be best described by a PLC model. Therefore, the additional precaution is taken of
identifying the Fourier bin corresponding to the most prominent outlier in power above
the maximum likelihood PLC model, removing it, and refitting using a bootstrap-with-
replacement methodology, as in Chapter 3. This approach minimises the bias from an

individual, outlier bin on the shape of the power spectrum.

6.1.2 Energy dependent power spectra

The energy-dependent shape of the best-fitting PLC model is investigated for each
AGN, in turn. As the data quality is insufficient to examine the energy dependence
of the power spectrum at the highest resolution of the sliding energy window, the
maximum likelihood PLC model parameters are obtained in five larger energy bins:
E; =03—-10keV, E; = 1.0-20keV, E3 = 20 —4.0 keV, E; = 4.0 — 6.0 keV and
Es = 6.0 — 10.0 keV. For each AGN and in each energy bin, the mean of the power
spectral index, B, and its 1o error are obtained (a sufficient number of observations are

averaged over in each case to provide quasi-Gaussian errors).
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Searching across all 38 AGN in the sample, those cases in which values for B were
constrained across a minimum of four energy bins were then the focus of further anal-
ysis. Due to diminishing data quality at high energies, B values approaching 10 keV
could not be constrained for the majority of the sample. It is unsurprising that, of the
five AGN for which B values were constrained across a minimum of four energy bins
(IRAS 13224-3809, 1H 0707-495, MRK 766, NGC 4051 and ARK 564), all are bright and
amongst the most well-studied AGN by XMM-Newton.

6.2 Empirical results

Figure 6.2 shows how p changes with energy across the five AGN of the sample which
satisfy the above criteria. For each AGN, the energy dependence of B follows an ap-
proximately linear trend, with less negative B values, i.e. a flattening of the power spec-

trum, as the observations approach higher energies. This change in index with energy,

Z—g, was modelled with a simple linear trend fitted with a widely available MCMC rou-

tine (emcee). Note, ordinary linear regression would also be a viable method here, as
Gaussian errors are assumed. The high data quality of IRAS 13224-3809 and NGC 4051
allows for constraints on the mean index in the highest energy bin (Es, 6 — 10 keV), but
for ARK 564, MRK 766 and 1H 0707-495, a measurement of the index is limited to only
a single observation in Es. These single points are highlighted in Figure 6.2, but are not
used to constrain the linear model. For the MCMC fitting, uniform priors are assumed,
and a routine with 100 walkers over 10, 000 iterations is implemented, with a discarded
burn-in time of the first 2000 steps. The median of each parameter’s posterior distribu-
tion is returned, along with the percentiles required to highlight 68% credible intervals
about the MCMC fit, as shown in Figure 6.2. The best-fitting Z—g values returned by this
method are provided in Table 6.1, and the total number of observations contributing to
each energy bin for each AGN is indicated in Figure 6.2.

As can be seen from Figure 6.2 and Table 6.1, IRAS 13224-3809, ARK 564 and MRK
766 all have near identical values of Z—é (indistinguishable within errors), between 0.15
keV~! and 0.16 keV~!, which differ compared to NGC 4051 and 1H 0707-495, which
have % of 0.08 + 0.04 keV~! and 0.22 4 0.05 keV ! respectively.

Although there is limited confidence in the values for § above 6 keV for most of the
sample AGN, it is intriguing to note that the single values for f in those cases appear
to lie below the linear model (see Figure 6.2), i.e. at steeper indexes than a linear model
would predict. It is unclear if this is real but may be confirmed in future using NuSTAR,
to probe energies above 10 keV. Also of note is that in all cases, the very softest mean
averaged index lies below the linear relation, indicating that the true description of the
energy-dependence likely requires a steeper rise before flattening to higher energies,
but there are insufficient data at present to move beyond a simple linear model. Finally,
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FIGURE 6.2: Energy-dependence of the mean power spectral index, 8, when modelled
with a PLC across the five AGN for which have constraints in a minimum of four
energy bins. The maximum likelihood fit and 68% credible intervals from the MCMC
based on a linear model are illustrated. The number of observations that are averaged
in order to calculate f in each energy bin are shown along the bottom of each panel.
In those cases limited to a single observation in an energy bin, a single measurement
of B is plotted (indicated by the filled triangles) but these values are not used in fitting
the linear trend due to insufficient statistics.
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TABLE 6.1: Summary of the best fitting % values shown in Figure 6.2. Columns in-
dicate: (1) AGN, (2) The gradient of the best-fit linear model, with associated 68%
credible interval.

&..‘ [
>

AGN

IRAS 13224-3809 0.16 £005 keV~!
1H 0707-495 022 £)9 keV~!
NGC 4051 0.08 £001 keV~!
ARK 564 0.16 £39; kev~!

MRK 766 0.15 £3%% kev~!

there may exist a bias from red noise leak in the lowest energy bin across each of the
AGN in Figure 6.2, as the measured PLC index for each is close to —2 — the shape of
the Fejer kernel — and this effect is most pronounced for steeper red noise profiles, as

observed at lower energies.

6.2.1 Excluded AGN

It is important to highlight those AGN where data were not available for > four bins.
In many cases, it was found that the sample AGN power spectra could only be con-
strained at soft energies, typically < 2 keV, and/or across a small number of obser-
vations in total. An example of this is the case of RE J1034+396, which is only well
described by a PLC model below 2 keV —likely due to its spectrum being dominated by
the soft excess (see e.g. Puchnarewicz et al. 2001; Casebeer et al. 2006; Middleton et al.
2009).

Both PG 1211+143 and RE ]J1034+396 do show the start of a positive linear trend be-
tween index and energy (as in Figure 6.2) but there are only constraints based on mul-
tiple observations in E; and E; for RE J1034+396, and, for PG 1211+143 the constraints

are drawn from only a single observation.

PKS 0558-504 is similar in appearing to show a weak positive linear trend across three
energy bins (E; — E3), but only a single observation contributes to the E3 bin and none
at higher energies for this AGN.

In the case of PG 0003+199, a strong linear trend across four energy bins (E; — E4), again
comparable to the AGN in Figure 6.2, but in this case the data are limited to a single
observation throughout. If considering only this one observation of PG 0003+199, a
value of Z—g = 0.35 keV~! would be inferred, which is notably larger than in the case
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of 1H 0707-495. However, with only a single observation it is not possible to constrain

reliable errors for %, and so the results for this AGN are simply highlighted as worthy

of future investigation.

Lastly, two further cases of statistically limited, apparent negative or non-linear index-
energy trends which are observed in PG 1244+026 and PG 1322+659. Both show a flat-
tening in index between E; and E;, before a sudden decrease in index in E3 to power law
indices which are even steeper than in the lower energy bins. In both cases however,
these trends are from only a single observation.

6.3 Theoretical Framework

The spectra of NLS1s tend to be a complex combination of components (Jin et al.
2012; Done et al. 2013), including a soft excess created by partially ionised reflection
(Crummy et al. 2006a, Done and Nayakshin 2007) and/or Compton upscattering of
seed disc photons in a cool corona (Middleton et al. 2009; Done et al. 2012), a power
law from a hot corona and its reflection from the disc, producing — in addition to a
soft excess — a characteristic Fe K, line and Compton hump (George and Fabian 1991).
Imprinted onto this continuum are lines due to photo-ionised absorption by outflows
(Tombesi et al. 2010; Tombesi et al. 2011; Pinto et al. 2018). Each component in the
spectrum can vary on a range of timescales and are interlinked either through direct
propagation (which produces the canonical rms-flux relationship: Uttley and McHardy
2001, and lag to hard energies at low frequencies: Walton et al. 2013), or via irradiation
(which can yield a soft lag at high frequencies: Zoghbi et al. 2012; Kara et al. 2016).

I proceed to construct a theoretical framework to model the observed change in power
spectral index based on a simplified model of the accretion flow loosely described
above. Under the assumption that reflection accounts for some or all of the soft ex-
cess, the variability observed is an energy-dependent weighted contribution from the
power law and the reflection component. Across any chosen energy band, E4 — Ep,
the total summed lightcurve is defined as s(E, t) = p(E, t) + r(E,t), where p(E, t) rep-
resents emission from the propagation (coronal) component, and r(E, t) from reflection.
Assuming that r(E, t) is linearly correlated with p(E, t), the two may be related through
an impulse response function ¢(E, t):

r(E, t) = ¢(E, t) ® p(E, 1) (6.1)

and its Fourier transform (and transfer function ®(v)):

R(E,v) = ®(E,v)P(E,v) (6.2)
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These components may be expressed in terms of their complex Fourier amplitudes in
the standard way:

|P|? = P*P (6.3)
IR|> = R*R = (®P)*(®P) = |®|*|P? (6.4)

The total lightcurve can be then expressed as:

s(E,t) = [¢(E, 1) ® p(E, )] + p(E, 1) (6.5)

and in the Fourier domain:

S(E,v) = [1+ ®(E,v)] P(E,v) (6.6)

In this highly simplified case, the observed AGN variability derives from the coro-
nal power law (propagation) and the interaction with the disc (which is determined
by the transfer function and therefore geometry). In terms of the Fourier frequency
binned power spectrum, the above can be related through weighted contributions in
a given band from each component. In rms-squared units, the total amount of power
in the power spectrum is directly related to the mean count rate in each component, I,
through:

<%>2 _ /1/2dt Sy .

for an observation s(E, t) of length T and with timebin size dt.

Where the soft excess is dominated not by reflection but by Comptonisation (Middleton
et al., 2009; Done et al., 2012), an additional term is added into equation 6.1. This is not
considered further however, as the impact of any reprocessing from such emission is
limited to considerably narrower energies than by reflection of the coronal emission
(which extends over a greater energy range), and — as shown in the Section 6.3.2 —
reflection has no impact on the shape of the power spectrum at the frequencies under
investigation).
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6.3.1 Propagation

The propagation of material inwards through the accretion disc imprints variability
across a broad range of radii (and therefore timescales) in the form of local mass ac-
cretion rate fluctuations (see Lyubarskii 1997; Kotov et al. 2001). Arévalo and Uttley
(2006) explored the effect of the propagation of material acting as a low-pass filter on
the shape of the intrinsic power spectrum of the AGN, a process which suppresses high
frequency variability. This low-pass filter is described as:

"min

[7 e(r)2mrdr

Tmin

[ e(r)Zr[rdr) 2 65)

PSDﬁ]tered - PSDintrinsiC (

where €(r) is the radial emissivity profile of the flux (i.e. flux(r) & r~7) and r, the local
radius, at which the variability is generated. From Arévalo and Uttley (2006), e(r) is
given by:

e(r)=r"" (1 — rmin) (6.9)

r

with emissivity index -y, from a minimum radius #min out to arbitrary radius r. A com-
monly assumed value for the emissivity index is v = 3 (i.e. that of a geometrically
thin disc). The value of y may vary broadly with energy, from a suggested minimum
of v ~ 2 for low energies up to v > 5 at the highest energies in the XMM-Newton
bandpass (Arévalo and Uttley, 2006).

Assuming the input power spectrum takes the form of a power law allows for the im-
pact of propagation in determining the changing index of the filtered power spectrum
(Arévalo and Uttley, 2006) to be explored. The variability is assumed to originate in the
inflow (for whichever chosen coronal geometry), with mass accretion rate fluctuations
propagating inwards from 7oyt to 7in. It is assumed that the variability generated locally
at each radius, ry, is at the viscous frequency (see Churazov et al. 2001) such that:

(6.10)

where the frequency is in units of ¢/ R, (see e.g. Kato et al. 1998; Arévalo and Uttley
2006). In the above, « and & are the dimensionless viscosity parameter of Shakura and
Sunyaev (1973), and scale height of the accretion disk respectively.
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6.3.2 Reflection

Reflection is a well-studied feature of AGN energy spectra (e.g. George and Fabian
1991; Fabian et al. 2004) and in its impact on the shape of the PSD (e.g. Papadakis et al.
2016; Emmanoulopoulos et al. 2016; Chainakun 2019). In assuming that reflection is
linearly related to propagation (see equation 6.1), the nature of the variability of the
reflection component depends only on propagation and the impulse response function
which relates them (see Section 6.4 for where these assumptions break down).

In order to infer the effect of reflection on the shape of the power spectrum, the transfer
function in equation 6.2 must be defined, which is both energy-dependent (Campana
and Stella, 1995; Poutanen, 2002; Cassatella et al., 2012; Wilkins and Fabian, 2013; Pa-
padakis et al., 2016; Ingram et al., 2019) and dictated by the geometry of the corona.
A number of coronal geometries have been considered in the literature including a
(point-source) lamppost corona, possibly at the base of a jet (Martocchia and Matt 1996;
Reynolds and Begelman 1997; Merloni and Fabian 2002; Taylor and Reynolds 2018a) or
in a two-source system (Chainakun, 2019), a sandwich-type corona on top of the disc
(Di Matteo et al., 1997), a corona as part of a hot, inner disc (Done and Kubota, 2006;
Done et al., 2012) and a spherical corona of uniform density and fixed temperature
(Raginski and Laor 2016; Fabian et al. 2017; Garcia et al. 2019; Chainakun et al. 2019).

In the very simplest case, the transfer function which describes the interaction between
disc and corona can be considered as a simple top-hat function, centred on t = 0, with
width a, equal to the light travel time between the corona and disk, and height, A,
chosen such that the area of the top-hat is normalised to unity:

A <<
¢(ta) = S (6.11)
0 otherwise

It must be emphasised that this is of course a naive assumption, as this transfer function
is discontinuous in time (not realistic for an extended reflector) and is ignorant of any
details about the reflector accept distance to the corona. It is, however, the most extreme
case of a reflector, where the impact of reflection is most dominant, and is used here to
show that this impact on the shape of the power spectrum is negligible, relative to
propagation.

To test this I choose to reparameterise a as 11/ c, where h is the distance between corona
and disc and ¢ the speed of light. The Fourier transform of this top-hat function then
takes the form:
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P(v) = Al sinc <hv> (6.12)

Due to the nature of the sinc function, variability is suppressed on timescales shorter
than the light crossing time between disc and corona, or at frequencies greater than
~ c/h. For a sandwich-type coronal model (where the reprocessing is assumed to occur
directly above the disc), the light travel time is negligible relative to the frequencies
under consideration (10> — 1073 Hz, i.e. 0.01 — 1 mHz). Clearly the most extreme
impact would theoretically occur for the largest separation between corona and disc,
i.e. that of a lamppost geometry, where & is the height of the corona above the black
hole.

Figure 6.3 shows a range of simulated power spectra, all produced from an intrinsic
slope of B = —1, assuming (¥)%x = 0.3 (following Arévalo and Uttley 2006), and
using various parameter combinations for y(E) and coronal height, /. It should be
noted that through equation 6.10, the value of (%)« only alters the viscous frequency
range and does not affect how the reflection component changes the shape of the PSD
(the impact of different values of « and H/R with reference to modelling propagation
are discussed Section 6.3.3). Given that the AGN 1H 0707-495 is known to be extremely
reflection dominated (Fabian et al., 2002; Kara et al., 2015), the properties of this source
are used to explore the impact of the transfer function. A mass of Mgy = 10®*M,,

(Done and Jin, 2016) is assumed as well as maximal spin (Dauser et al., 2012).

The reflection fraction, freq = I:/I, (see Dauser et al. 2014) for 1H 0707-495, has been
estimated at frn = 46ﬂ2 by Boller et al. (2021) (using the XSPEC model TBNEW X
TBPCF X RELXILLLP, to account for both a partial coverer and relativistic reflection)
in a recent study with eROSITA. The highly conservative assumption is made that
freft = 100 over all energy bands, to investigate an extreme case where the weighted
sum is completely dominated by the reflection component. Each panel of Figure 6.3
shows the power spectrum generated by both reflection and propagation, along with
the weighted sum,; it is clear that, unless the height of the reflector is large, 2 50Rg (con-
siderably larger than implied via modelling to-date — Wilkins and Fabian 2011; Taylor
and Reynolds 2018b; Alston et al. 2020), the impact on the shape of the power spectrum
due to reflection is negligible across the investigated 0.01 — 1 mHz frequency range.

6.3.3 Modelling propagation

In the previous section it is shown that only under the most extreme condition of a
lamppost corona at a height 2 50R,; above the disc will the input power spectrum
be distorted in the frequency range of interest. Of note is that some reflection from a
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FIGURE 6.3: Simulated power spectra for a set of pre-defined emissivity indices, y(E),
for an assumed coronal height /1, with an intrinsic power spectral slope of —1. Both
propagation and reflection components are shown, as well as the combined weighted
power spectrum (and for which only powers between 0.01 — 1 mHz are considered).
For this demonstration I consider 1H 0707-495, with Mgy = 10°3M, (Done and Jin,
2016), maximal spin (Dauser et al., 2012) and assume a conservative reflection fraction
of frenn = 100 (Boller et al., 2021) which is applied equally over all energy bands (which
is again an extremely conservative assumption). Assigned energy-dependent emissiv-
ity index values are: y(E;) = 2.5, v(Ez) = 3; 7(E3) = 4, 7(E4) = 8 and (E5) = 10.
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vertically extended jet cannot be ruled out, however, emission from closer to the black
hole will dominate the spectrum (both due to light bending but also due to Doppler de-
boosting of emission from an outflowing corona) and it is assumed that any signature of
reflection from more distant material (e.g. from the torus) will be considerably weaker
than that from the inner regions (as shown to be the case in ARK 564 by Kara et al.
2017).

This simplification allows for the theoretical framework to focus on soley on propaga-
tion as the source of energy-dependent changes in the shape of the periodogram (see
the propagation component of Figure 6.3). Regardless of the geometry of the corona,
it is presumed that the typically large amounts of the variability observed from this
component are driven by a changing electron temperature and density, as a result of
the mass accretion rate propagations through the disc. Where the corona is the base
of a jet (or lamppost) then the changes in the corona (and the power law component)
thus contain all of the viscous timescales in the disc down to the ISCO. Should the disc
be truncated with a hot flow (as invoked for X-ray binaries: Churazov et al. 2001) then
the timescales may be generated in this turbulent component on a potentially shorter
timescale (set by the scale-height and viscosity) relative to the disc. Finally in the case
of a sandwich geometry then the timescales of variability may well be those of the disc
below (Wilkins et al., 2016). In all cases, it can be presumed that the timescales being
studied here are limited by those at the ISCO.

Also of note is that variations in the seed photon population may be discounted as the
driver for changes in the power spectrum. This is both as the UV emission from the
disc is established to be considerably less variable than the corona in NLS1s (Leighly,
1999; Smith and Vaughan, 2007; Ai et al., 2013; Alston et al., 2013b; Done and Jin, 2016),
but also because any distortion to the emergent power spectrum due to the transfer
function between the disc and corona is approximately the same as that describing
reflection, i.e. the maximum impact would occur for a lamppost corona 2 50R, above
the disc (the travel time through the corona is assumed to be short, as the plasma is
optically thin).

Following equation 6.8, the filtered power spectrum can be obtained after the filtering
of some pre-defined intrinsic power spectrum, in a given energy range with a value
for the emissivity index y(E). By using equation 6.8 the implicit assumption is made
that the corona lies within the disc such that the radial emissivity profile is that of the
corona. This cannot be applied to the case where a lamppost geometry is assumed (but
see Section 6.4).

It is assumed that the intrinsic power spectrum is well described by a power law with
index, f = —1 which is appropriate for frequencies above the low frequency break but
below the high frequency break at the ISCO (Papadakis et al. 2002; Arévalo and Uttley
2006; McHardy et al. 2006). Following Arévalo and Uttley (2006), ri, is set to be the
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position of the ISCO. Given the reported high spin values for these bright AGN (Ogle
et al. 2004; Fabian et al. 2013; Done and Jin 2016; Kara et al. 2017; Buisson et al. 2018b),
the assumptions are made such that ri, = 1.25R,, and rout = 1O4Rg (as rout > 104Rg
corresponds to frequencies below those which are typically observed). Of note is that
for the mass range subtended by the AGN sample (from 10%% — 10963 M, see Table
6.2), should zero spin (rin = 6R,) instead be assumed, the viscous frequency at ri,
would enter the investigated bandpass (depending on the values of « and H/R) — the

high reported spins of these AGN implies this is not an issue for this analysis.

The range of viscous frequencies from those radii described above are accessed through
equation 6.10 which depends on (£)2a. Neither & nor « are well determined in practice
but the impact of ranges in these values and their combination can be explored. Very
low scale heights, or low values for the viscosity, combined in such a way that (% )2x <
0.1 yields a viscous frequency limit for the ISCO (with 7, = 1.25 Rg) of < ImHz, which
lies within the observable bandpass. Conversely, for ()2 > 0.1, the viscous frequency
limit is > 1073 Hz. In the following, it is assumed that (%)206 = 0.3, in order to be
consistent with Arévalo and Uttley (2006), and which is appropriate for large scale
height inflows (which is quite probable in the inner regions of those high Eddington

ratio AGN) and/or large values of «.

The output (filtered) power spectrum is investigated over a frequency range of 0.01 — 1
mHz, corresponding to the range of frequencies typically accessible in these observa-
tions. Finally, a power law is fitted to each simulated power spectrum and a new value

of the power law index, B (corresponding to the effect of propagation only) is obtained.

As can be seen from the propagation components in the top panels of Figure 6.3, sub-
stantial energy-dependent changes in 8 are observed, with less negative (flatter) values
obtained at higher energies, similar to observation (Figure 6.2). For a given (E) (and,
in the case of Figure 6.3, coronal height, 1), expectation values for B can be produced,
or conversely the observed B can be used to constrain y(E) in this simplified picture.
As the exact profile of y(E) is uncertain, it is parameterised in both a linear form:

_ D
Y(E) = ZZE+b (6.13)
and power law form:
7(E) = 7oE* (6.14)

from which values of parameters (Z%, b) and (o, @) can be determined which maximise
the likelihood function between the observed values of B, and those theoretical values
extracted via the above process Bmoq- This is equivalent to minimising the negative
log-likelihood, S = —21n [£] (Vaughan, 2005), which should be noted is a loss function
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assumes exponentially distributed data; an assumption which is made here. Assuming

emissivity indices §(Ey) across energy bands k= 1,2,...,n — 1, S may be written as:

n—1

s=2Y
k=1

{ln[lgmod,k] + Pobsi } (6.15)

,B mod,k

Similarly satisfactory values are obtained for the negative log likelihood for both mod-
els, with a breakdown of the results provided in Table 6.2. Given the small statistical
improvement afforded by the linear model (Si, < Spr), this model is used for y(E)
hereafter. A direct comparison between the data and simulated results for the linear
model is plotted in Figure 6.4.

As can be seen from Figure 6.4, the simple linear model for (E) provides a good de-
scription for the changes in power law index across all five AGN, and performs ex-
tremely well in the case of ARK 564. Deviations from a good description do occur in
the cases of IRAS 13224-3809, 1H 0707-495 and NGC 4051, where systematic offsets are

visible as a result of the model not replicating the steep observed linear trend.

The differing nature of the best-fitting emissivity profiles for each AGN is visible from
Figure 6.5. The uncertainty on the (E) values is evaluated through a Monte Carlo
routine, whereby x sets of B values are drawn for each AGN, where x is the number
of observations in each energy band (see Figure 6.2) to obtain an individual MC value
for B. The routine assumes Gaussian errors on the index, exactly as in Figure 6.2. This
process is repeated 1000 times and for each set of B values, for each AGN, a maxi-
mum likelihood set of y(E) values is determined which best describe the trend of
with energy, assuming only a propagation component as before. Figure 6.5 shows both
the maximum likelihood set of y(E) values and its 68% confidence intervals, where
notably, the emissivity appears considerably flatter with energy in NGC 4051 relative
to IRAS 13224-3809 and 1H 0707-495 in particular. The origin of such differences are
speculated upon in Section 6.4.

Finally, given the uncertain nature of the input power spectrum (pre-filtering), the im-
pact of having an intrinsic power law index of —0.5 and —1.5 (rather than —1) was
explored. In both cases poorer fit statistics between the model and observed values
were obtained, justifying the use of an input index of —1, following the assumptions
made in this framework.

6.4 On the employed theoretical framework

Modelling this sample of AGN indicates that, in all cases where the data allow for the
changing shape of the power spectrum to be explored, there is a positive correlation be-

tween power spectral index between 0.01 — 1 mHz (where the periodogram can be well
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FIGURE 6.4: A comparison of mean power spectral index values, 8, as a function of

energy between the model (red) and observed values (black), across the five AGN. 68%

credible intervals are shown as in Figure 6.2. The best-fitting linear model, y(E) =

Z%E + b, is determined and selects values for (E) that maximise the likelihood by
comparing the theoretical to observed values of .
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FIGURE 6.5: The maximume-likelihood determined values for the emissivity index
function, y(E), and ~ 68% (10) confidence intervals, when applying a linear model,
y(E) = Z%E + b, to the observed f values across each AGN (as in Figure 6.4). Bottom
right panel shows the overlay of the (1¢) confidence intervals in y(E) for all five AGN.
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described as a single power law) and energy (across the 0.3 — 10 keV range), such that
the index flattens with increasing energy. Assuming a simple model of propagating
fluctuations — which is observationally supported by the presence of hard lags at low
frequencies in AGN (Walton et al., 2013), the ubiquitous linear rms-flux relationship
(Uttley and McHardy, 2001), and log-normal flux distribution (Gaskell, 2004) — I have
been able to obtain corresponding constraints on the emissivity as a function of energy,
after accounting for the role of reflection (and assuming a disc-like geometry). To ex-
plore the latter, a top-hat transfer function is assumed in order to crudely approximate
irradiation of the disc, with the width set by the light-travel time from the corona to
the optically thick reflecting material. In the lamppost model this is set by the height of
the corona above the black hole and is the geometry where one would naturally expect
the biggest impact on the shape of the power spectrum. As reflection only distorts the
power spectrum at frequencies higher than 1/the light-travel time (equation 6.10), the
distance of corona to reflector needs to be substantial (2, 50Rg — Figure 6.3) for reflec-
tion to have a substantial effect on the shape of the power spectrum in the frequency

range of interest.

As the impact of reflection can be considered minimal in this study, the theoretical
framework focused only on propagation and assumed that the inflow acts a low pass
filter, weighted by the radial emissivity profile. This naturally finds an analogy with
those models where the coronal emission is created directly in the flow (e.g. Done et al.
2012). It is found that this model requires the emissivity to be around R~? for ener-
gies around the soft excess before increasing to a maximum of ~ R~°. It is perhaps
intriguing to note that radiation pressure or advection dominated flows are expected
to have flatter emissivity profiles (with v < 3: e.g. Watarai et al. 2000b) which may be
consistent with such a component producing some of the soft excess (Middleton et al.
2009; Done et al. 2012) or it may be that such a region has a larger scale-height which
pushes the variability to higher frequencies (as the viscous timescale goes as (H/R)?),
also potentially flattening the index. With increasing energy it appears the power law
index flattens (see Figure 6.2), appearing to saturate and then possibly begins to inflect.
At present, there are insufficient statistics to constrain this further, however, future ob-
servations using instruments with higher energy coverage e.g. NuSTAR, provide the
opportunity to investigate this further. Finally, whilst the analysis assumes an input
power law index of —1, other values for the shape of the intrinsic noise are excluded
by virtue of producing incompatible results, given the initial assumptions of coronal

geometry (as in Section 6.3.3).

6.4.1 Relation to black hole macroscopic properties

v(E) is found to vary across the AGN sample (Figure 6.5) through different measure-
ments of Z%. It is plausible that such differences could be due to geometrical effects (e.g.
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FIGURE 6.6: Key macro-properties for the AGN sample — spin, inclination, Eddington
ratio and BH mass plotted against Z% (see Table 6.2).

different scale-heights) or some bulk property of the AGN, notably accretion rate, mass
and spin. The spins, inclinations, black hole masses and Eddington scaled accretion
rates are obtained using Ly, from the literature — see Table 6.2. Note however that the
determination of both spin and inclination is highly model dependent, with statistical
errors on each very likely to be underestimates (e.g. see Reynolds 2014; Middleton et al.
2016). These values should therefore be used with due caution.

Figure 6.6 plots Z% versus the AGN parameters of interest and finds a lack of correlation
with spin, inclination and BH mass but possible hints of a positive correlation with Ed-
dington ratio. In examining the Eddington ratio, there appears to be slightly stronger
evidence of a correlation, with the only outlier being IRAS 13224-3809 with a highly
uncertain value for Ly, /Lggq (see Buisson et al. 2018a). Of note is that the Eddington
ratio is also highly uncertain for 1H 0707-495 (Done and Jin, 2016); clearly both a con-
siderably larger AGN sample and a more accurate handle on the key macro-properties

is required before any claim of a correlation can be made.
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6.4.2 Geometry limitations

One of the most important assumptions in this analysis is the geometry which dic-
tates how the variability is filtered and modified by an assumed radial emissivity (c.f.
Arévalo and Uttley 2006). The assumption here of a continuous disc-like inflow is in
contrast to models where the corona sits above the black hole and is probably the base
of a jet (Wilkins and Gallo, 2015). Such lamppost geometries lead to increased emis-
sivities in the inner portions of the disc — and therefore the reflected emission — due to
light-bending (Wilkins and Fabian 2011; Gonzalez et al. 2017). However, caution may
be needed in assuming a disc-like coronal geometry, as the magnitude of the hard lags
—set by propagation — may be in conflict with the radial extent of the corona as inferred
from micro-lensing studies (Mosquera et al., 2013).

Perhaps more importantly, the corona (regardless of geometry) is subject to other heat-
ing/cooling effects besides propagation which are beyond the scope of this work. Such
a model may well explain the changing shape of the power spectrum with energy with-
out the need to invoke a changing emissivity (e.g. Sun et al. 2020). Finally, in future it
will be interesting to compare the changing shape of the power spectrum with energy
in the AGN sample to that seen in XRBs, as there have been recent reports of similar
coronal behaviours and geometries between both types of accreting objects (see e.g.
Kara et al. 2019; Alston et al. 2020).

6.5 Chapter Summary

In this chapter I first identify a key empirical trend in the shape of the energy-dependent
periodograms of five bright, highly variable AGN (IRAS 13224-3809, 1H 0707-495, NGC
4051, ARK 564 and MRK 766) across multiple observations using XMM-Newton, find-
ing a ubiquitous flattening of the broad-band noise with increasing energy. This is in
agreement with several previous studies, most of which focus on a limited number of
observations, often for a single source. Utilising the energy resolution of the study pre-
sented in Chapter 3, this trend is observed over a minimum of four, and up to five,
energy bins in the XMM-Newton bandpass for these five AGN.

In an attempt to explain the above relationship, I develop a rudimentary framework
incorporating the effects of both propagating fluctuations through the accretion flow,
and the reflection component which I assume to be linearly related to propagation via a
simple top-hat impulse response function. Upon investigation, it is found that over the
frequency bandpass which is typically observed, 0.01 — 1 mHz, the impact of reflection

is essentially negligible, unless invoking a lamppost coronal geometry, with a corona
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at a height above the disc which is much beyond what is expected from current mod-
elling. Thus for even the most reflection dominated sources (e.g. 1H 0707-495), propa-
gation is the sole effect driving the change in the nature of X-ray variability, within this

framework.

By describing the propagation component as a low-pass filter which suppressed high
frequency variability and where the flux from the disc is described through a radial
emissivity profile, the change in power spectral index with energy can be related to
the energy-dependent emissivity index, y(E). I parameterise y(E) into both linear
and power law functions and use maximum likelihood statistics to determine the best-
fitting values of y(E) to describe the observed trend of flattening power spectral in-
dexes, for each AGN. I find the linear parameterisation of (E) very slightly statisti-
cally preferable, and show the difference in y(E) across each AGN in turn. From this
result, it is shown that y(E) goes as ¢ & R~2 at low energies, towards y & R~° at the
highest energies, across most of the sample — NGC 4051 being the possible exception

here, where only v & R~ is reached at the highest investigated energies.

I then attempt to relate the parameters of this linear function to macroscopic properties
of the black hole in each AGN (as determined from literature). In each case of black hole
spin, inclination and mass, there is no apparent trend, although the sample size is of
course highly restricted. There is a faint hint of a trend with Eddington ratio, although
the systematic uncertainties on all of these properties are such that drawing any further

conclusion is not possible.
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Chapter 7
Concluding remarks

The goal of this research was to investigate X-ray variability in AGN observed at a
high energy resolution, in order to both search for QPOs, and investigate the energy-
dependent nature of the power spectrum. In doing so, this work probes the nature
of AGN accretion over a large sample of highly variable AGN and builds upon previ-
ous studies of AGN variability which came before it. In this concluding chapter I will
summarise the key results of this work, highlighting both its successes and limitations,

before discussing the prospects for future exploratory research based on this work.

7.1 Search for AGN QPOs

An open question in accretion physics is whether QPOs in AGN are more widely
present than currently known, motivated by the detection of many LFQPOs, and to a
less numerous extent, HFQPOs, in XRBs (Remillard and McClintock, 2006; Ingram and
Motta, 2020). The search for QPOs in AGN has a chequered history however, with nu-
merous claims being subsequently disregarded for lack of proper statistical testing for
periodicities in red noise lightcurves (Vaughan and Uttley, 2005; Vaughan and Uttley,
2006). To-date, this leaves the only repeated detection of a statistically significant AGN
QPO in RE J1034+396 (Gierliniski et al., 2008; Alston et al., 2014b), alongside a > 3¢
detection in a single observation of MS 2254.9-3712, in an energy band of 1.2 — 5.0 keV
(Alston et al., 2015).

This work sets out first to conduct a deep search for AGN QPOs using an energy re-
solved approach across 200 archival XMM-Newton observations of 38 bright, variable
AGN. The analysis implemented for this search was based on a rigorous null hypoth-
esis test of QPO candidates confined to a single Fourier bin within the red noise domi-
nated periodogram, with both PLC and BKNPLC models used to determine the shape of

the underlying broad-band noise. PLC models were found to be statistically preferred
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in ~ 90% of cases, and the uncertainty on each model was determined through boot-
strap and GMM statistical methods. Global significance values for the QPO candidates
were determined in each case of a best-fitting PLC model, and the threshold for report-
ing these candidates of interest was set at > 3. Across the entire sample, a total of 21
QPO candidates are found at > 3¢, including 4 observations re-detecting the QPO in
RE J1034+396, while 3 other QPO candidates are found at borderline ~ 3¢. No 2 3¢
candidates are detected in the remaining 178 observations (N.B. 2 observations of IRAS
13224-3809 find two distinct QPO candidates in different energy bands, see Chapter 4).

This initial study alone is insufficient to claim multiple detections of highly significant
QPOs however, as several additional factors may influence the detection significance.
Correctly modelling the broad-band noise in AGN itself is a difficult procedure, due
to the limitations of data quality which are observed as AGN broad-band noise. Addi-
tional tests were conducted to test for the undetected presence of a break in the initial
BKNPLC model fit, in case of QPO mis-identification or in case of a comparable BKN-
PLC model (with a break at, or below the QPO candidate frequency) causing a drop in
statistical significance — this check flagged five candidates. Modelling the broad-band
noise instead as a ‘double Lorentzian’ following McHardy et al. (2007) found such a

model would not reduce QPO significance over the investigated frequency range.

A study into the uncertainty on the white noise cutoff, which sets the upper bound
of the investigated broad-band noise, showed the limitations in setting a fixed cutoff
frequency, above which any data are discarded. The method of white noise cutoff de-
termination, and the criteria by which a power spectrum is further investigated (e.g.
minimum number of bins), remains an open decision in any new study. Additional
biases were also investigated, including the impact of negative count rates (produced
from the subtracted, stochastic background) and found this to be within the error ex-
pected from the broad-band noise PLC model fits and the effect further suppressed by
the implementation of the aforementioned frequency cutoff. An analysis into the role of
red noise leak found it could reduce the detection significance of each QPO candidate,
causing sixteen candidates to drop to a < 3¢ significance if following the conservative
assumption of an intrinsic power law index of —2. Finally, a revised statistical philos-
ophy, in assuming all observations to be independent trials, found the significance of
the QPO candidates diminished, with the exception of those detected across multiple
frequencies which are instead found at very high significance (> 4c for ARK 564 and
> 60 for 1H 0707-495 and IRAS 13224-3809).

This study concludes with the significant possibility of new AGN QPOs being detected
in several NLS1 AGN —including in IRAS 13224-3809, 1H 0707-495 and ARK 564. If this
is indeed the case, it represents a remarkable finding, offering a new sample of AGN
QPOs to help advance the study of AGN variability.
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7.1.1 Future Prospects

There are a multitude of possibilities for further study branching out from this work.
A new sample of probable AGN QPOs allows for the study of the QPO state in greater
detail than was possible before, where studies relied only on RE J1034+396 (Middleton
et al., 2009, 2011; Jin et al., 2020, 2021). An investigation into the energy spectrum of
an AGN across observations where a QPO is, and is not, detected may infer some key
parameters or characteristics which underpin the QPO state. In addition, the nature
of the QPO variability can be probed with both the rms and/or covariance spectrum
(Middleton et al., 2011), especially at the QPO frequency and in energy bands where
the QPO significance is highest.

Future deep QPO searches have numerous avenues open to exploration. The timescales
of AGN QPOs reported to date likely correspond with those HFQPO in XRBs, assum-
ing mass scale invariance (Middleton and Done, 2010). LFQPOs in XRBs are more
commonly observed phenomena, but the expected LFQPO period on AGN timescales
corresponds to ~months. Given the capabilities of all-sky monitors such as MAXI, it
may be possible in future to concatenate ~years of X-ray observations of a large num-
ber of AGN, possibly allowing AGN LFQPO timescales to be probed.

On a statistical front, it is possible to move beyond the frequentist techniques imple-
mented in this analysis, either through the use of a fully Bayesian framework (Vaughan,
2010), or through more novel continuous time autoregressive moving average (CARMA)
methods (Kelly et al., 2014; Moreno et al., 2019). The latter which use Gaussian pro-
cesses to estimate the power spectrum through a summation of Lorentzian components
within a Bayesian framework — an approach implemented by Alston et al. (2019) in the
study of IRAS 13224-3809. With the ability to incorporate gaps in observations, this may
also be useful in a deep search for LFQPOs in AGN. A Bayesian approach would then
allow for the properties of the QPO candidates to be represented as fully probabilistic

distributions.

In addition to implementing a Bayesian modelling framework (given sufficient com-
putational power to do so), a future update could plan to effectively remove the white
noise cutoff routine to instead model both red noise and Poisson noise across the full
frequency bandpass, to ensure no QPO candidate is ‘lost” at a frequency higher than the
cutoff. This in turn may require a change in information criterion test, if now fitting to
Poisson noise. Such a future study could additionally investigate the remaining ’flare-
less” lightcurve segments for each observation, which were not blindly selected (and
in turn, act as additional blind tests for new observations and non-blind tests for those
observations already of interest) — in most cases of interest however, these unstudied
segments are considerably shorter than the analysed segment. Finally, the detection of
statistically significant breaks through the BKNPLC model allows for the possible study

of the energy dependence of break features across the investigated sample, which may
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in turn help set prior distributions for energy dependent breaks in AGN, if conducting
a Bayesian analysis.

7.2 Energy-dependent broad-band noise and emissivity pro-
files

Following from the analysis of 38 bright AGN in Chapter 3, energy-resolved peri-
odograms were modelled in five energy bins, 0.3 — 1.0, 1.0 — 2.0, 2.0 — 4.0, 4.0 — 6.0
and 6.0 — 10.0 keV. After applying strict data criteria (both in rejecting observations
without sufficient power and sources for which there were too few observations to pro-
vide error estimates), leaves a total of five AGN: IRAS 13224-3809, 1H 0707-495, NGC
4051, ARK 548 and MRK 766. In all five cases, the power law index is observed to
be steep at low energies and becomes increasingly flat towards higher energies (in all
cases, only PLC models, statistically preferred over BKNPLC models are considered). To-
date this has only been reported for a very small number of AGN (with only one such
AGN within the sample — NGC 4051, see McHardy et al. 2004; Vaughan et al. 2011)
and across only a small number of energy bins (Nandra and Papadakis, 2001; Vaughan
et al., 2003b; McHardy et al., 2005; Jin et al., 2020). This analysis therefore represents a
much broader investigation of the energy dependence observed in AGN power spectra.

Following Arévalo and Uttley (2006), a framework is created combining the impact of
both propagation and reflection, before determining that the impact of reflection is neg-
ligible, even for the case of extremely reflection dominated sources. The well-accepted
propagation model for accretion (Lyubarskii 1997; Kotov et al. 2001; Ingram and Done
2011; Turner and Reynolds 2021) makes a clear prediction that the shape of the observed
power spectrum should be modified by the area of the inflow producing the variability,
and the radial emissivity profile as a function of energy — the latter implicitly assuming
a simple disc-like geometry. Modelling the energy-dependence of the power spectrum
should therefore provide an insight into the changing radial emissivity under the con-

ditions of the assumed coronal geometry.

The power-spectra of the AGN sample are modelled in five energy bands assuming
changes driven by the propagation model of Arévalo and Uttley (2006) and are used
to determine the emissivity index as a function of energy, parameterising it as a linear
function. This modelling is remarkably successful in most cases with the index starting
at v < 3 at low energies (which may well be consistent with an ADAF providing some
of the soft excess emission, e.g. Done et al. 2012) and rising to v > 4. The best-fitting
emissivity function varies between sources; and an attempt is made to correlate y(E)
with some of the key macro-properties of the AGN (mass, spin, inclination and Edding-
ton ratio), finding either a lack of a correlation or only a tentative hint (with Eddington

ratio).
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7.2.1 Future Prospects

It will be interesting to compare these results for a simplified disc-like geometry to a
more complex geometry incorporating a more realistic Compton scattering scenario.
There is also opportunity to increase the number of sources for this study, to further
test this tentative correlation with Eddington ratio, or by using NuSTAR to extend the
energy range of this study up to ~ 80 keV. The latter would allow for an improved
study of the nature of the observed trend of flattening power spectral indices, which
was modelled with a linear function in this work, but showed signs of non-linearity at

the extremes of the investigated energy range.

Finally, this work opens up the potential for a comparison study investigating the ob-
served energy dependence of the power spectral index for XRBs. Given the broad en-
ergy range and shorter variability timescales of XRBs over AGN, NuSTAR could again
prove an ideal instrument for such a study. It remains an intriguing question as to
whether the energy dependent nature of the power spectrum of XRBs follow the ob-
served case of AGN presented here, and if such a framework could similarly apply to
the XRB accretion system as a further test of mass scale invariance.

7.3 Final Word

The study of X-ray variability in AGN offers insight into the most extreme physical
environments known to exist in the universe. This work has been undertaken with the
aim of examining only a few of the plethora of open questions which remain on the
topic. In doing so, it both shines some light into the nature of energy dependent AGN
variability and forms a basis for future investigations to expand our understanding
further.
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Appendix A

Observation Table

AGN Obs ID Duration (ks) Flareless Duration (ks) QPO?
PG 0003+199 0101040101 31.60 23.44
PG 0003+199 0306870101 132.70 61.24
PG 0003+199 0510010701 16.70 16.70
PG 0003+199 0600540501 80.70 34.96
PG 0003+199 0600540601 130.40 43.78
PG 0003+199 0741280201 137.40 30.51
PG 0050+124 0110890301 20.00 9.73
PG 0050+124 0300470101 82.90 24.00
PG 0050+124 0743050301 20.40 2.37
PG 0050+124 0743050801 20.40 7.10
PG 0157+001 0101640201 11.20 10.19
PG 0844+349 0103660201 21.20 9.86
PG 0844+349 0554710101 12.60 12.60
PG 0947+396 0111290101 18.80 18.79
PG 0953+414 0111290201 12.30 4.68
PG 1048+342 0109080701 30.00 17.30
PG 1115+407 0111290301 16.00 12.10
PG 1116+215 0111290401 7.00 6.99
PG 1116+215 0201940101 106.90 78.44
PG 1116+215 0201940201 7.10 1.94
PG 1116+215 0554380101 88.00 47.37
PG 1116+215 0554380201 88.20 70.50
PG 1116+215 0554380301 88.70 71.24
PG 1202+281 0109080101 13.80 13.29
PG 1211+143 0112610101 53.10 41.13
PG 1211+143 0208020101 57.40 20.54
PG 1211+143 0502050101 58.90 46.49
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AGN Obs ID Duration (ks) Flareless Duration (ks) QPO?
PG 1211+143 0502050201 43.40 36.59
PG 1211+143 0745110101 83.60 42.92
PG 1211+143 0745110201 100.60 62.67
PG 1211+143 0745110301 99.10 53.04
PG 1211+143 0745110401 96.60 92.03
PG 1211+143 0745110501 54.60 20.34
PG 1211+143 0745110601 91.90 35.79
PG 1211+143 0745110701 95.60 33.09
PG 1244+026 0051760101 8.10 8.10
PG 1244+026 0675320101 123.40 71.81 v
PG 1244+026 0744440101 117.90 44.02
PG 1244+026 0744440201 118.40 83.69
PG 1244+026 0744440301 120.40 42.78
PG 1244+026 0744440401 126.90 36.40
PG 1244+026 0744440501 118.50 27.60
PG 1307+085 0110950401 12.00 4.75
PG 1309+355 0109080201 26.90 17.64
PG 1322+659 0109080301 9.30 441
PG 1322+659 0206180201 66.40 38.28
PG 1352+183 0109080401 13.40 222
PG 1402+261 0109081001 9.70 9.70
PG 1402+261 0400200101 36.60 35.81
PG 1402+261 0400200201 18.40 17.30
PG 1404+226 0051760201 18.20 10.04
PG 1404+226 0763480101 99.60 66.15
PG 1427+480 0109080901 37.70 27.44
PG 1440+356 0005010101 24.50 19.44
PG 1440+356 0005010201 28.30 27.47
PG 1440+356 0005010301 26.00 16.17
PG 1440+356 0107660201 27.60 14.46
PG 1440+356 0801510101 133.70 6.55
PG 1444+407 0109080601 20.00 9.18
PG 1501+106 0070740101 10.80 10.41
PG 1501+106 0070740301 13.30 11.53
PG 1501+106 0112910201 8.40 8.40
PG 1501+106 0205340201 45.90 19.51
PG 1501+106 0205340401 29.00 12.09
PG 1501+106 0763790501 22.30 15.58
1H 0707-495 0148010301 78.00 65.48
1H 0707-495 0506200201 38.60 25.37
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AGN Obs ID Duration (ks) Flareless Duration (ks) QPO?
1H 0707-495 0506200301 38.60 38.60
1H 0707-495 0506200401 40.60 7.57
1H 0707-495 0506200501 40.80 29.58
1H 0707-495 0511580101 121.50 48.67
1H 0707-495 0511580201 0.20 0.20
1H 0707-495 0511580301 104.10 24.21
1H 0707-495 0511580401 101.80 88.99
1H 0707-495 0554710801 96.00 29.56
1H 0707-495 0653510301 113.90 95.19 v
1H 0707-495 0653510401 125.80 94.69
1H 0707-495 0653510501 117.00 94.72 v
1H 0707-495 0653510601 119.60 105.85 v
NGC 4051 0109141401 117.00 25.77 v
NGC 4051 0157560101 49.90 35.52
NGC 4051 0606320101 45.20 41.83
NGC 4051 0606320201 44.30 42.35
NGC 4051 0606320301 31.30 24.17
NGC 4051 0606320401 28.70 27.91
NGC 4051 0606321301 30.10 2451
NGC 4051 0606321401 39.20 34.61
NGC 4051 0606321501 38.80 36.12
NGC 4051 0606321601 41.40 37.95
NGC 4051 0606321701 38.30 28.37
NGC 4051 0606321801 39.90 39.83 v
NGC 4051 0606321901 6.20 4.30
NGC 4051 0606322001 36.90 24.05
NGC 4051 0606322101 37.60 29.51
NGC 4051 0606322201 41.10 39.16
NGC 4051 0606322301 42.20 24.27
NGC 4151 0112310101 29.90 29.90
NGC 4151 0112830201 56.90 33.63
NGC 4151 0112830501 19.60 19.60
NGC 4151 0143500101 18.50 6.87
NGC 4151 0143500201 18.50 7.83
NGC 4151 0143500301 18.50 10.31
NGC 4151 0402660101 39.90 37.64
NGC 4151 0402660201 48.20 37.75
NGC 4151 0657840101 11.80 11.80
NGC 4151 0657840301 10.40 8.87
NGC 4151 0657840401 9.70 9.70
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AGN Obs ID Duration (ks) Flareless Duration (ks) QPO?
NGC 4151 0679780101 9.40 6.67
NGC 4151 0679780201 12.40 11.96
NGC 4151 0679780301 7.60 7.60
NGC 4151 0679780401 9.40 9.40
NGC 4151 0761670101 33.60 14.23
NGC 4151 0761670201 41.10 17.44
NGC 4151 0761670301 43.60 17.95
NGC 4151 0761670401 43.40 18.57
NGC 4151 0761670501 38.30 34.90
NGC 4151 0761670601 42.60 39.23
NGC 4151 0761670701 48.00 38.08
NGC 4151 0761670801 43.40 25.77
NGC 4151 0761670901 43.90 25.50
RE J1034+396 0109070101 12.80 8.70
RE J1034+396 0506440101 91.30 28.94 v
RE J1034+396 0561580201 60.80 22.65
RE J1034+396 0655310101 44.30 28.26
RE J1034+396 0655310201 53.00 41.60 v
RE J1034+396 0675440101 36.20 23.92 v
RE J1034+396 0675440201 29.40 28.82 v
RE J1034+396 0675440301 32.20 31.30
ARK 564 0006810101 10.60 4.95 v
ARK 564 0006810301 11.80 3.96
ARK 564 0206400101 98.90 21.11
ARK 564 0670130201 59.00 16.63
ARK 564 0670130301 55.40 10.90
ARK 564 0670130401 62.50 21.22
ARK 564 0670130501 66.80 17.18 v
ARK 564 0670130601 60.40 33.20
ARK 564 0670130701 55.20 44.71 v
ARK 564 0670130801 57.70 51.65 v
ARK 564 0670130901 55.40 17.58
IRAS 13349+2438 0096010101 44.50 8.69
IRAS 13349+2438 0402080201 42.60 38.50
IRAS 13349+2438 (0402080301 68.40 25.52
IRAS 13349+2438 0402080801 18.40 11.41
E 1346+266 0109070201 70.10 51.67
PHL 1092 0110890901 25.50 12.49
PHL 1092 0505400101 61.90 18.72
PHL 1092 0610000201 28.10 28.10



157

AGN Obs ID Duration (ks) Flareless Duration (ks) QPO?
PHL 1092 0653840301 25.10 20.21
PHL 1092 0653840401 29.00 27.37
TON S180 0110890401 29.40 443
TON S180 0110890701 17.90 5.07
TON 5180 0764170101 135.30 61.31
TON S180 0790990101 30.40 11.65

PKS 0558-504 0116700301 5.40 5.39
PKS 0558-504 0117500201 0.10 0.10
PKS 0558-504 0117710201 0.10 0.10
PKS 0558-504 0117710601 16.00 15.99
PKS 0558-504 0117710701 19.50 13.23
PKS 0558-504 0125110101 13.50 13.50
PKS 0558-504 0129360201 10.70 3.27
PKS 0558-504 0137550201 11.70 7.17
PKS 0558-504 0137550601 11.40 11.40
PKS 0558-504 0555170201 121.00 52.18
PKS 0558-504 0555170301 126.00 73.53
PKS 0558-504 0555170401 123.30 66.22
PKS 0558-504 0555170501 124.40 14.44
PKS 0558-504 0555170601 115.30 37.00
MRK 359 0112600601 7.30 4.03
MRK 359 0655590201 29.40 24.44
MRK 359 0655590501 24.40 12.20
MRK 766 0096020101 38.90 21.30
MRK 766 0109141301 128.50 89.38
MRK 766 0304030101 95.00 77.85
MRK 766 0304030301 98.40 38.35 v
MRK 766 0304030401 98.40 22.62
MRK 766 0304030501 95.00 18.00
MRK 766 0304030601 98.40 85.38
MRK 766 0304030701 34.50 31.71
MRK 766 0763790401 26.30 22.45
MRK 1044 0112600301 7.90 4.89
MRK 1044 0824080301 136.30 13.42
MRK 1044 0824080401 138.40 126.10
MS 22549-3712 0205390101 70.90 27.84
MS 22549-3712 0748391001 97.00 32.04
IRAS 13224-3809 0110890101 60.80 26.74
IRAS 13224-3809 0673580101 126.10 57.63

IRAS 13224-3809 0673580201 125.10 76.46
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Chapter A. Observation Table
AGN Obs ID Duration (ks) Flareless Duration (ks) QPO?
IRAS 13224-3809 0673580401 127.50 85.22
IRAS 13224-3809 0780560101 52.00 38.42
IRAS 13224-3809 0780561301 134.40 125.29 v
IRAS 13224-3809 0780561401 86.20 82.92 v
IRAS 13224-3809 0780561501 137.40 95.25
IRAS 13224-3809 0780561601 137.40 83.14
IRAS 13224-3809 0780561701 137.40 113.20 v
IRAS 13224-3809 0792180101 137.60 124.58
IRAS 13224-3809 0792180201 137.10 128.63 v
IRAS 13224-3809 0792180301 130.60 53.26 v
IRAS 13224-3809 0792180401 137.40 92.64
IRAS 13224-3809 0792180501 131.70 93.83 v
IRAS 13224-3809 0792180601 132.60 105.02 v

TABLE A.1: Complete table of archived XMM-Newton observations used in the search
for AGN QPOs, with columns: 1) AGN, 2) Obs ID, 3) Total observation duration, 4)
Longest continuous ‘flareless’ segment (blind selection), 5) QPO candidate of interest,

which underwent further investigation in Chapter 4.
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