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UNIVERSITY OF SOUTHAMPTON
ABSTRACT

FACULTY OF PHYSICAL SCIENCES AND ENGINEERING
Physics And Astronomy

Doctor of Philosophy

FAST SPECTRAL VARIABILITY IN THE X-RAY EMISSION OF ACCRETING BLACK
HOLES

by Chris J. Skipper

The X-ray emission from accreting black holes provides the perfect probe for testing the
geometry, behaviour and conditions present in the innermost regions of the accretion
flow. In this thesis I use X-ray spectral analysis to investigate the properties of accret-
ing black holes that extend over several orders of magnitude in accretion rate (rhg) and
black hole mass (M), from the stellar mass black holes in X-ray binary systems (XRBs)
to the supermassive black holes in active galactic nuclei (AGN). Firstly, through a survey
of X-ray emission in the nuclei of nearby galaxies I show that the usefulness of the X-ray
to optical line ratios as a Compton-thick diagnostic does not extend to low luminosity
AGN, and instead these ratios may have more practical use in distinguishing between
AGN and non-AGN emission processes. Secondly, and more importantly, the main focus
of this thesis is upon the variability of the Comptonised power-law X-ray spectral com-
ponent, and more specifically an examination of how the photon index (I") varies with
accretion rate. By cross-correlating the count rate from an XRB source with the fitted I"
on time-scales as short as 16 ms I show the presence of separate components which I as-
sociate with Comptonisation of disc seed photons, Comptonisation of cyclo-synchrotron
seed photons in the hot inner accretion flow and asymmetry arising from the hard lags. I
further demonstrate that, in Cygnus X-1, the anti-correlation between luminosity and I"
is associated only with the most rapid variability, and tends to be absent when the data
are examined at lower time-resolution. Finally, I show that the relationship between lu-
minosity and T" in the hard state of two XRBs (XTE J1118+480 and GX 339-4) appears
to be very similar on both short (seconds) and long (months) time-scales, and discuss
whether the possibility of a fixed disc truncation radius on short time-scales can explain
why this does not appear to be the case for Cygnus X-1.
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CHAPTER

Introduction

Although the first observational evidence for the existence of black holes in space was
discovered only fifty years ago, much has been learnt in this time about the nature
of these exotic objects and recognition of their importance in astrophysics has grown.
Black holes, it seems, are the source of many contradictions. For instance, despite their
gravitational attraction being so great that not even light can escape, it transpires that
black holes are the most luminous objects in the universe, and, additionally, are often
responsible for driving the outflow of large quantities of matter at relativistic velocities!
Perhaps most befittingly, their reputation as indiscriminate eating machines that con-
sume all that venture too close is belied by their réle in the formation and evolution of
galaxies, in which they can justifiably be regarded as creators rather than destroyers.
Despite our inability to directly image features such as an event horizon or an accre-
tion disk, the extreme environments that exist in the vicinity of black holes provide a
rich melting pot of interesting physics, and the lack of any direct imaging capability
therefore seems only to increase the sense of mystery and further tantalise the curiosity.

In this chapter I present an overview of the various astronomical phenomena that are
attributed to accretion onto black holes, and discuss how many of these can be unified
under a model consisting of relatively few components. I briefly outline some of the
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different accretion mechanisms that may be responsible for the transport of matter to-
wards the centre of a black hole, and discuss some of the physics that are required in
order to understand them. In addition, I discuss the importance of the X-ray band to the
study of black hole accretion, and describe the characteristics of a typical X-ray spectrum
produced by this process. I also present an overview of the technical properties of the
Chandra X-ray Observatory and Rossi X-ray Timing Explorer (RXTE), both of which have
been used extensively throughout this thesis. Finally, I provide an outline of this thesis
and discuss the main aims and objectives of this work.

1.1 Active galactic nuclei

1.1.1 Overview

Active galactic nuclei (AGN) are compact regions at the centres of many galaxies from
which the radiation output across the electromagnetic spectrum is much higher than
can be explained by stellar processes alone. Galaxies that harbour AGN at their cores
are often referred to as ’active galaxies’, and are found at all redshifts and represent all
morphological types.

The first sources to be recognised as being different from ordinary galactic nuclei were
the Seyfert galaxies, first described by Carl Seyfert (Seyfert, 1943). Seyfert recognised
that many spiral galaxies exhibit broad Balmer emission lines in their optical spectra,
and that the maximum width of these lines increases with the absolute magnitude of
the nucleus.

Despite the identification of many more Seyfert galaxies over the following years, it
wasn’t until the discovery of large redshifts in the emission from quasi-stellar objects
(quasars) in 1963 that astronomers first began to associate AGN activity with accre-
tion onto a black hole. Quasars were originally identified from radio surveys in the
late 1950s, and subsequently associated with sources appearing to be ordinary stars in
optical images. However, their spectra revealed patterns of broad emission lines that
could not initially be identified, and the proposition by Schmidt (1963) that these lines
represented very highly redshifted Balmer series implied that the sources must be at
very large distances and of unimaginable luminosity. At the time, the most important
implication of this discovery concerned the big bang theory, as the lack of such highly
luminous objects at small redshifts implied that the Universe had evolved over the last
10? years so that the phenomena no longer existed. Today it is widely accepted that
AGN must be powered by the release of gravitation potential energy as matter is ac-
creted onto a supermassive black hole (SMBH; defined to be a black hole with mass
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greater than 100000 Mg), and Seyfert galaxies and quasars simply represent examples
of SMBH accretion at opposite ends of the luminosity scale.

In the early 1980s it was discovered that Seyfert galaxies are not the only class of low
luminosity AGN (LLAGN). Radio and optical surveys of the nuclei of bright galaxies
(which, at the time, were believed to be ordinary galaxies) revealed that weak radio
emission and optical emission lines were present in many of those studied (Heckman,
1980). The spectra of these objects differed from those of Seyfert galaxies and quasars
in that the emission lines appeared to originate from regions of much lower ionisation,
and thereafter they were referred to as low-ionisation emission line regions (LINERS).
In his original paper Heckman noted that LINERs appeared to occur more frequently in
galaxies of early Hubble type, were often associated with compact nuclear radio sources,
and exhibit emission lines that were of a similar width to those from narrow-line Seyferts
but lower in luminosity. Ho et al. (1997b) later expanded upon this with an extensive
spectroscopic survey of 486 local galaxies, and found that LINERs make up the bulk
of the AGN population in the local Universe, outnumbering Seyferts 2 to 1. Ho also
reported that the presence of LINERs strongly coincides with early-type hosts, while
Seyfert nuclei are usually found (although not exclusively) in spirals.

The true nature of LINERs has often been the subject of debate. It has been suggested
(e.g. Younes et al., 2011) that LINERs represent the AGN equivalent of hard-state X-ray
binary systems, in which radiatively inefficient accretion flows (see below) are respon-
sible for the X-ray emission. Alternatively, Gonzalez-Martin et al. (2009a) proposed that
LINERs are heavily obscured AGN, with an inner absorber responsible for the X-ray ab-
sorption and an outer absorber responsible for the optical extinction. Other theories
that have been suggested include post-starburst models (Taniguchi et al., 2000) and
old stellar populations (Cid Fernandes et al., 2009), but the consensus of opinion has
increasingly moved towards an AGN explanation for LINER emission.

1.1.2 The unified model

Seyfert galaxies were originally classified into one of two types, depending upon whether
their optical spectra contained both broad and narrow emission lines (type 1) or only
narrow lines (type 2), and these were later extended to include a variety of sub-classes to
reflect the relative strengths of the H « and H 3 lines (Osterbrock, 1977). In the 1980s it
was proposed by Antonucci and Miller (1985) (hereafter AM85) that the various classes
of AGN can be unified within a single model in which the orientation of the system with
respect to the observer is the main factor in producing the different observed properties
(see Figure 1.1). The gas producing the emission lines is ionised by the X-ray emission
from the central engine, and the line widths are an indication of the Keplerian velocity
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Type-1 Seyfert

Type-2 Seyfert

g

: Narrow line
}“egion (NLR)

/
Broad line
region (BLR)

Figure 1.1: The AGN unification model, first proposed by Antonucci and Miller
(1985). The BLR in the centre is obscured by the torus when the system is
observed at a high inclination angle (i.e. edge-on), while the NLR further out is
unaffected. This figure was modified from Urry and Padovani (1995).

of these gas clouds. It must be the case, therefore, that the broad line region (BLR) is
considerably closer to the black hole than the narrow line region (NLR). The model of
AMS8S5 can only explain the data if we infer the existence of an absorber, which must
take the form of a torus (although AMS8S5 originally referred to this as an optically and
geometrically thick disc), surrounding the central engine and obscuring the BLR from
high-inclination (i.e. edge-on) observers.

The unified model of AM85 was inspired by their discovery of polarised broad emission
lines in the optical spectrum of the Seyfert-2 galaxy NGC 1068, and similar discover-
ies have since been made in ~50% of Seyfert-2 galaxies for which we have suitable
spectropolarimetric data. The presence of polarised broad lines implies that the type-2
source contains a hidden type-1 nucleus, the emission from which is scattered into our
line of sight by matter situated along the poles. In Chapter 2 I discuss the unified model
in more detail, and look at some of the growing evidence of the model’s inability to
explain the X-ray spectra of a number of type-2 Seyferts.
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1.2 X-ray binaries

In 1962 the very first X-ray emission from outside our own solar system was detected
by Geiger counters on board an Aerobee rocket (Giacconi et al., 1962). The source
was eventually designated Scorpius X-1 and consists of a neutron star and a less massive
stellar companion, V818 Scorpii, which orbits around it with a period of ~18.9 hrs. Since
the early 60s many more examples of X-ray binaries (XRBs) - which consist of a compact
object (black hole or neutron star) accreting matter from a secondary star - have been
discovered, and the study of these has revealed a great deal of information about the
physics of accretion. XRBs are divided into low-mass XRBs (LMXBs), where the donor
star’s mass is typically < 1 Mg, and high-mass XRBs (HMXBs), where the donor star’s
mass is > 1 Mg.

The transfer of matter from the donor star to the compact object can be either through
the process of Roche-lobe overflow (which is always the case in LMXBs) or wind-fed
accretion. In this thesis I refrain from discussing either of these processes in detail, and
instead refer the reader to Paczynski (1971) and Mauche et al. (2008) for useful reviews.
In this introduction I shall confine my discussion to consider only those processes that
are responsible for accretion onto the compact object, and therefore the remainder of
this chapter is relevant to both HMXBs and LMXBs, as well as AGN.

1.3 Mass accretion onto black holes

1.3.1 Overview

Accretion, in astrophysics, is a term used to describe the steady flow of matter onto
an object (which, throughout this thesis, is assumed to be a black hole). The large
gravitational fields of compact objects are, on their own, insufficient to explain the high
mass flow rates often detected from AGN and XRBs, and we therefore require accretion
models which are able to explain how the accreting matter loses energy and angular
momentum.

The total energy of a particle orbiting a black hole is given by the sum of the kinetic
energy (T) and potential energy (), such that
1 GMm

E=T+V = -mv?— . (1.1
2 r
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Differentiating the vector r = r4 twice with respect to time (in a rotating coordinate
system) gives
P =7+ rw) (1.2)
i = (i — rw?)i + <r;lt(r2w)> 7, (1.3)
where w is the angular velocity.

The angular momentum is therefore

L =m(r x 1) = mriwk. (1.4)

By relating Equation 1.3 to the acceleration due to the gravitational force, #* = —(GM /r?)t,
and resolving in the ¢ and j directions, we get

L) = 0. (1.5)

The second equation (the angular term) can be expressed as rL/m = 0 (from Equa-
tion 1.4) and confirms that angular momentum is conserved. Assuming circular motion
(where 7 = 0 and w = v/r), the first equation simplifies to

s GM

v : (1.6)
r

which can be substituted into the kinetic energy term of Equation 1.1 to give

7 LGMm (1.7)
2 r

Differentiating 7" and V' with respect to r gives

df  1GMm dV _ GMm

— 1.8
dr 2 72 7 dr r2 (1.8)
or, in other words,
dT 1dV
@ T aar (1.9)

This means that half of the potential energy liberated as accreting matter falls deeper
into the potential well is converted into kinetic energy in order to maintain a circular
orbit, and the other half must be lost either in the form of radiation or through some
mechanical process (such as launching a jet).

The exact amount of gravitational potential energy that is liberated in the accretion
process, and can therefore be radiated, depends upon the black hole spin, and is usually
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expressed in terms of the rest mass energy in the form E,.,q = nmc? (where 7 is the
efficiency). A simplistic approach would be to consider the innermost stable orbit of a
Schwarzschild (non-rotating) black hole, given by ris., = 6 GM/c?, at which a particle
arriving from an infinite distance would have experienced a change in potential energy
of AV = —mc?/6. Since half of this liberated energy would have been converted into
kinetic energy then the maximum amount of energy that can be released as radiation is
mc?/12 (i.e. n = 0.083). This efficiency compares favourably with other forms of energy
generation, such as nuclear fusion ( ~ 0.003), nuclear fission ( ~ 0.001) or burning
coal (n ~ 3 x 10~!1). For a Kerr (rotating) black hole the efficiency could possibly be as
high as 0.4 (Shakura and Sunyaev, 1973).

Since the energy radiated by the accretion process has to escape the system, and each
photon carries a momentum p, = E, /c, then there must be an outward radiation pres-
sure exerted upon the infalling matter. By summing over all the radiated photons, and
then differentiating with respect to time, we get

d 1d
dt;f’v:cdt;@

dp _ Lyal (1.10)
dt c
L
Ftot _ bol

where Ly, is the bolometric (total) radiated luminosity. Assuming that the photons are
radiated isotropically then the radiation pressure, P,,q4, at a distance d becomes

Poog = . (1.11)

The radiation pressure will apply a force to all charged particles that is in proportion to
the Thomson cross section for that particle, given by

8w q° 2
=—(—s] . 1.12
orT=3 <47T60m62> (1.12)

Since o is inversely proportional to m?, and the mass of a proton is 1836 times larger
than that of an electron, then the Thomson cross section of an electron is 3.4 million
times larger than that of a proton. If the infalling matter is comprised of hydrogen gas
then the radiation pressure will therefore apply most strongly to the electrons, and the
force on an atom will be

Lygior
Froqg = . 1.13
T rd?e (1.13)
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In contrast, the gravitational force on a hydrogen atom, Fg = GMm/d?, will apply most
strongly to the proton. By equating F;.q and F(, and solving for L, we arrive at the
Eddington limit (named after Arthur Eddington, who first proposed it)

4rGMmy,e
Lpag = ———2, (1.14)
oT
and, in addition, the Eddington mass accretion rate
. L
Mygq = —2dd (1.15)

The Eddington limit, although based upon a number of assumptions and simplifications
(such as isotropic radiation and spherical accretion), provides a simple theoretical upper
limit on the luminosity of an accretion-powered source. The ratio of the bolometric
luminosity to the Eddington limit (Ly.1/Lgqq, referred to as the Eddington ratio and
usually denoted M) is often used as a first order approximation to the accretion rate
(which is itself denoted g when expressed in Eddington units). A dimensionless form
for the accretion rate is usually more useful than expressing this parameter using mass
per unit time, as it enables a direct comparison between the accretion rates of multiple
sources that may have very different black hole masses. However, it should be noted
that the Eddington ratio is only an accurate proxy for /g at high accretion rates, where
luminosity and accretion rate are related by L, o mp. When the source is accreting in
a radiatively inefficient way then we instead expect Ly o 7%, and the Eddington ratio
is no longer synonymous with the accretion rate.

1.3.2 Spherically symmetric accretion

The simplest form of accretion is Bondi accretion (Bondi, 1952), which describes the
spherically symmetric accretion of a gas initially at rest at an infinite distance from the
black hole. Bondi accretion was a theory based upon earlier works by Hoyle and Lyt-
tleton (1939) and Bondi and Hoyle (1944), but simplified the problem through the as-
sumption that the compact object was at rest with respect to the gas cloud. Under these
conditions, the system will have no angular momentum and only the radial motion of
the accreting gas needs to be considered. For spherically symmetric accretion, therefore,
the infalling matter does not need to radiate its energy or lose angular momentum in
order to accrete.

Bondi accretion was originally proposed to described the accretion of interstellar gas
by stars and is not generally a realistic model for black hole accretion. The radiative

efficiency of Bondi accretion is low and this theory is therefore not able to explain the
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large bolometric luminosities that are emitted by quasars, Seyferts, XRBs, etc, nor is it
able to explain the large mass accretion rates that have been observed.

1.3.3 The thin-disc accretion model

In order to explain the large luminosities that are often emitted by black hole accretion,
we require an accretion mechanism that allows the gravitational potential energy to be
radiated. In a seminal paper, Shakura and Sunyaev (1973) argued that matter flowing
away from a star and onto its compact companion would have a large angular momen-
tum, and would only be able to accrete if an effective mechanism existed for transporting
this angular momentum outward. The authors proposed that the outward transfer of an-
gular momentum leads to the formation of a disc around the black hole, and viscosity in
this disc (defined to be v = acsH, where « is the viscosity parameter from Shakura and
Sunyaev (1973), ¢ is the sound speed and H is the height of the disc) is responsible for
the loss of part of the potential energy by radiation. The Shakura-Sunyaev disk is thin
(with height H much less than radius R), highly radiatively efficient and all motion in
the disc is approximately Keplerian at all radii.

Material of mass dM moving inwards through an annulus of the accretion disk of width
dr at radius r will liberate potential energy

_aM

dV = ——dMdr. (1.16)
r

From Equation 1.9 we know that only half of this energy is radiated (with the remaining
half converted into kinetic energy in order to maintain a circular orbit). The luminosity
from this annulus is therefore

_1dV _ GMdM

ar = =4 - G e
2 dt 2r2 dt

dr, (1.17)

and this must be radiated from the top and bottom surfaces of the disc in accordance
with the Stefan-Boltzmann law

dL = eoT(r)*dA, (1.18)

where € is the emissivity, o is the Stefan-Boltzmann constant and 7' is the radius-
dependent temperature. The surface area of the annulus, dA = 4nrdr, includes an
additional factor of 2 to represent the top and bottom surfaces. Rearranging gives

 GMM

8mreo’

T(r)! (1.19)
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and expressing this equation in terms of the gravitational radius and Eddington accretion
rate (Rg = GM/c? and Mgaq = Lgaa/nc? respectively, such that ry = r/Rg and g =

M / Mgqq) We obtain
1 mpg

T(Tg)4 X M’]‘T (1.20)
g

The temperature therefore scales with r, 3% and with fr'nlla/ *and M1/ at all radii.
Consequently, for an equivalent accretion rate we would expect the accretion disc of a
typical AGN with mass 107 M, to be ~30 times cooler than that of a typical XRB with
mass 10 Mq.

The luminosity of each small annuli is

MM
ar = GMM (1.21)
22
and the total luminosity .
MM
L= G . (1.22)
27"jn

The latter represents half of the potential energy liberated as material falls from an infi-
nite distance to the inner edge of the disc (the truncation radius, r;,). These equations
show that most of the radiation is emitted from the innermost regions of the disc, and
the truncation radius is equally as important as the accretion rate in determining the

luminosity of the system.

1.3.4 Timescales in accretion disc theory

There are several important time-scales which are relevant to accretion disk theory, and
the simplest of these is the dynamical time-scale, ¢4, defined to be the Keplerian orbit
time at radius r. From Equation 1.6,

r3

il (1.23)

tayn = 27

The thermal timescale, ¢}, is the time required to establish thermal equilibrium in the
disc, and is defined as the ratio of heat content in the disc to the dissipation rate. A
simpler definition is in terms of the dynamical time-scale, such that

t
ty = -m (1.24)
8]

where « is the viscosity parameter.
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Finally, I introduce the viscous time-scale, t;s., Which is the time-scale on which matter
diffuses through the disc, given by

lth
Lvise = 7(H/7“)27 (125)

where H is the disc height. For typical accretion parameters we would find that

tayn < tih < lyise- (1.26)

1.3.5 Radiatively inefficient accretion flows

In an attempt to explain the behaviour of many low accretion rate sources, a different
set of accretion solutions were found (Shapiro et al., 1976; Ichimaru, 1977) in which the
accreting material is optically thin and radiatively inefficient. Accretion models that have
these properties are known as radiatively inefficient accretion flows (RIAFs) and consist
of a two-temperature plasma in which the ions and electrons are no longer in thermal
equilibrium (e.g. Narayan, 1996). The ions, being poor radiators, become significantly
hotter than the electrons (7;~10'! K, T,~10% — 10° K; Narayan et al. 1998) and the
accretion flow becomes geometrically thick (puffed up). The best known example of
a RIAF model is the advection dominated accretion flow (ADAF; e.g. Narayan and Yi
1994) in which the accretion energy is advected through the event horizon.

In ADAF theory there exists a critical accretion rate (riit) above which the existence of
an ADAF is not possible. This value, measured in Eddington units, is a function of radius
such that (from Narayan et al. 1998)

Oé2

Merit X W, (1.27)
where « is the viscosity parameter. The implication of this relation is that, at a certain
range of accretion rates, an ADAF can exist only at low values of r. This scenario,
in which an inner RIAF gives way to an outer thin disc (e.g. Esin et al., 1997; Done
and Gierlinski, 2006; Qiao and Liu, 2010), is referred to as the two-zone accretion or
truncated disc model and largely forms the basis of all discussion and interpretation
within this thesis. The radius at which the outer disc evaporates into an inner hot, thick
flow is called the truncation radius and is denoted 7,.

Narayan et al. (1998) expressed the energy conservation equation of black hole accre-
tion in the form ¢ = ¢t — ¢—, where ¢®1" is the advective transport of energy, ¢+
is the energy generated by viscosity and ¢~ is the radiative cooling. The three forms
of accretion mechanism discussed in this section can therefore be summarised by the
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conditions ¢t ~ ¢~ > ¢ (thin disk accretion, where potential energy is liberated by
friction in the disc and efficiently radiated), ¢*¥ ~ ¢ > ¢~ (RIAFs, where viscous en-
ergy is carried into the black hole by the accretion flow) and —¢*® ~ ¢~ > ¢+ (Bondi
accretion, where some of the thermal energy in the accretion flow is radiated and almost

no energy is generated by viscosity).

1.4 The X-ray spectra of accreting black holes

1.4.1 Overview

The energy radiated by the accretion process is distributed right across the electromag-
netic spectrum, but in this thesis I shall focus predominantly on the X-ray emission. High
energy photons contribute greatly to the overall bolometric luminosity of an accreting
black hole, and the origin of this emission must be the innermost region of the accretion
flow where temperatures are high enough and the gravitational and magnetic forces
strong enough to accelerate particles to relativistic velocities. Although X-ray observa-
tories have insufficient angular resolution to resolve features on these very small scales,
spectral and timing analysis can reveal a great deal about the physical processes taking
place in these extreme environments.

The X-ray emission from accreting black holes usually consists of just a few common
components, all of which are though to originate in two regions of the accretion flow.
The first is the accretion disc, which contributes black body emission to the X-ray band
in XRBs but not AGN (AGN accretion discs are much cooler and typically radiate in the
UV - see Equation 1.20), along with reprocessed emission in the form of reflection and
an iron K « fluorescence line at ~6.4 keV. In addition to the accretion disc, we also find
X-ray emission due to inverse-Compton scattering of seed photons by hot electrons in the
vicinity of the black hole. However, the exact nature of the Comptonising electrons is not
always clear. For instance, at low accretion rates when the disc is truncated (referred to
as the hard state) then the hot, geometrically thick inner accretion flow can provide the
relativistic electrons required for Comptonisation. Alternatively, the hard state in XRBs
has been associated with strong radio emission, which indicates the presence of powerful
jets (relativistic outflows of charged particles along the system’s angular momentum
vector), and such jets could perhaps be the source of Comptonisation. However, at
higher accretion rates a thin disc extends all the way down to the innermost stable orbit
(referred to as the soft state) and strong jets and RIAFs are not present. Instead, the
Comptonising electrons in the soft state are thought to take the form of either a corona or
a disc wind, and are likely to be found above the innermost regions of the accretion disc.
For the purposes of this thesis, and by convention, I shall often refer to the relativistic
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Figure 1.2: An interaction between a photon with initial energy hy; and an
electron with initial energy ~;m.c?. The photon scatters through an angle 6.

electrons (including those in a geometrically thick flow or in the jets) simply as "the
corona” without implying or favouring any particular geometry over another.

1.4.2 Inverse-Compton scattering

Inverse-Compton scattering is the process whereby a photon scatters off a high energy
electron such that the photon will gain energy from the collision and the electron will
lose energy. Figure 1.2 represents an interaction between a photon and an electron with
initial momentum p/; and p; respectively, and final momentum p’; and p;; respectively,

such that
hy; 1 hv, 1
Phi=—1 . Py = = .
(1.28)

I ¢ I ¢
Pei = 7iMe N Peg = VEMe .
ViTlei VfNef

where 7.4, Tlei, tyr and Tier represent the initial and final unit directional vectors of
the photon and electron, and v; and vy represent the initial and final velocities of the
electron.

Applying conservation of energy and momentum gives
Pl + i = iy + vl (1.29)

which I choose to express as
P = Pl + Pl — Pl (1.30)
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The Lorentz invariant product is

1 2
Pl et = Mmec
ef Fetp e (1.31)

(pgi +p51 - pgf) (pvi,u + Peip — p»yf#) = 'mecz,

which can be simplified using the Lorentz invariant products p; pei,, = mec?, pﬁy‘i Dryip =0
and pgf p~i = 0 to give

hVi %3

1%1 (C — Uiflei . ﬁ.yi) — Vg (C — 'Ui'ﬁzei . ’fLﬁ') — ’yimeCQ (1 — ﬁ,ﬁyi . ’fl-yf) = O, (1.32)
or ,
Af (1= Bicosai) — A (1 — Bicosag) = ———— (1 — cos0), (1.33)
YimeC

where 3; = v;/c.

For normal Compton scattering we would regard the electron as being initially at rest
(so #; = 0 and ~; = 1), and would recover the familiar equation

h

MeC2

Af— A\ = (1 —cosf), (1.34)
but for inverse-Compton scattering the electron is relativistic and Equation 1.33 cannot
be simplified much further.

Instead, the problem can be tackled slightly differently by making some additional as-
sumptions. Firstly, the scattering can be assumed to occur in one dimension so that the
various angles need not be considered and, secondly, the electron momentum can be
assumed to be much greater than the seed photon momentum (ymev > hv;/c) so that
the photon scatters through 180° and the electron energy and momentum is considered
to be unaffected (which is, essentially, simplifying the problem by conserving energy but
not momentum; in addition, the subscripts ¢ and f have now been dropped from ~ and
v since 7; =~ ¢ and v; = vg). If the photon is initially travelling in the —z direction with
energy hv; and the electron is travelling in the +z direction with speed v then we can
boost the photon into the rest frame of the electron

W [ v —v/c hvi/c
Py = <—v/c vy > (—hui/c>

(1.35)
g = (e )
" c \—vy—v/c
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log E

Figure 1.3: Inverse-Compton scattering of a black body seed spectrum. The sum
of many scatterings takes the form of a power law, F, o« E~'.

The electron is scattered through 180° so that the sign of its momentum changes, and
we can then boost back into the original frame

. v/e) hy [v+v/c

= \oje v ) e \yrose
o= hvg/c _ I 2+ 2yv/c+v?/c? .
7 hvg/c ¢ \y2+2yv/c+v?/c?

The energy of the photon is therefore boosted in the scattering by a factor of 42 +2vyv/c+

(1.36)

v?/c? or (v +v/c)?. Since the electron is relativistic, and v < ¢, then v > v/c and we
can say that
hyg ~ 72h1/i. (1.37)

A black body disc spectrum that is Compton up-scattered by electrons of energy ym.c?
will have a Comptonised spectrum that is of the same shape, but shifted by a factor of
+? to higher energies. However, the electrons will not all be of the same energy and
will instead have their own energy spectrum so that the Comptonised spectrum will be
the convolution of the electron and seed photon energy spectra. In addition, photons
can be Compton scattered multiple times before escaping the electron cloud so the final
Comptonised spectrum can be approximated as the sum of many Compton up-scattered
black body spectra (see Figure 1.3).

Inverse-Compton scattered spectra typically take the form of a power-law (where F,
E~T and T is called the photon index), but this power-law often often breaks (turns
down) at low and/or high energies. The lower energy break will occur at energies



16 Chapter 1 Introduction

similar to the typical seed photon energy, and can therefore be used to distinguish be-
tween disk black body emission and cyclo-synchrotron emission as the main source of
seed photon supply. If the Comptonising electrons are thermally distributed (thermal
Comptonisation) then we would also expect to find a break in the spectrum at high en-
ergies as a seed photon cannot be up-scattered to an energy higher than that available
to the scattering electrons. Thermal Comptonisation is usually successful in describing
the spectra of hard-state XRBs, although the source of seed photons can vary depend-
ing upon the accretion rate. The alternative to thermal Comptonisation is non-thermal
Comptonisation, in which the scattering electrons have a power-law energy distribution
(n(y) o v~ P) and the power-law Comptonised spectrum can extend out to very large
energies (> 800 keV for Cygnus X-1, see Gierlinski et al. 1999). Non-thermal Compton-
isation is usually applied to the soft state of XRBs, suggesting a switch in the electron
energy distribution during a state transition.

1.4.3 Spectral states in X-ray binaries

The broadband spectra of black hole XRBs can usually be divided into characteristic
states, defined by their spectral and timing properties. The exact number of states can
be fairly arbitrary - and their defining properties have often been refined over the years
- but can roughly be described as the quiescent state, the hard (or low) state (HS), the
intermediate state (IS, usually divided into hard- and soft-intermediate state), the soft
(or high) state (SS) and the very high state (VHS). Figure 1.4 shows a simple diagram
of the soft and hard states, with the former represented by a thin accretion disc at all
radii beyond the innermost stable orbit and a compact corona above the inner region
of the disc. The exact geometry of the corona is not known, and may instead take the
form of a disc wind; alternatively, Churazov et al. (2001) proposed that the thin disc in
both the soft and hard states is sandwiched by the corona out to a large distance from
the black hole. The truncated thin disc in the hard state is replaced at smaller radii
by a geometrically thick, optically thin and radiatively inefficient accretion flow (RIAF)
which launches powerful relativistic jets along the polar axes. Whilst in the hard state,
XRBs are usually found to have relatively stronger radio emission than in the soft state,
and greater fractional RMS variability.

One of the best ways of distinguishing these states is by plotting the hardness ratio (the
ratio of count rate or flux in two separate X-ray bands) against the source count rate,
which is usually referred to as the hardness-intensity diagram. An example of such a
plot is shown in Figure 1.5, which shows the evolution of the low-mass XRB GX 339-4
during its 2002/2003 outburst.
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Figure 1.4: Diagram of the accretion flow in the soft and hard states. The exact
geometry of the soft-state corona is unclear, and it may instead take the form
of a disc wind. The truncated thin disc in the hard state is replaced at smaller
radii by a geometrically thick, optically thin and radiatively inefficient accretion

flow (RIAF).
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Figure 1.5: The hardness-intensity diagram of GX 339-4 during its 2002/2003
outburst (Belloni et al., 2005). The data form a characteristic g-shaped hys-
teresis curve (called the turtle-head diagram) which is always traversed in an
anti-clockwise direction.
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When plotted on the hardness-intensity diagram the data from GX 339-4 take the form of
a g-shaped hysteresis curve (called the turtle-head diagram), which is always traversed
in an anti-clockwise direction. The arrows on the plot (starting from the upwards arrow
on the right-hand side) represent the hard state, the intermediate state, the soft state
and the intermediate state respectively. GX 339-4 is amongst a number of sources that
enter and leave the soft state at different accretion rates (e.g. XTE J1650-500, XTE
J1859+226; see Belloni 2010), but this behaviour is not common to all black hole
XRBs (Cygnus X-1 being one notable exception). There will be further discussion of the
hardness-intensity diagram in Chapter 4.

1.4.4 The X-ray spectral components of XRBs and AGN

In this section I have already discussed the Comptonised power-law and disc black body
emission often found in the spectra of accreting black holes. In addition to these compo-
nents it is often necessary to model photoelectric absorption and reprocessed emission
such as reflection and an iron K « fluorescence line (see Figure 1.6). Photoelectric ab-
sorption is the process by which an incoming photon transfers all its energy to an atomic
electron (usually a K-shell electron) resulting in the electron’s ejection from the atom.
For an observer viewing an X-ray source through an absorbing cloud of gas, the loss of
flux due to photoelectric absorption will be energy dependent, and takes the form

n(E) = ng(E) e Nuo(E) (1.38)

where n(F) is the observed photon number density, no(E) is the intrinsic (unabsorbed)
photon number density, Ny is the column density of hydrogen gas (atoms per cm?)
and o(F) is the photo-electric cross section (not including Thomson scattering). The
photo-electric cross section is greater at soft X-ray energies, and absorption is therefore
experienced more strongly at low energies than at high energies (as demonstrated by
Figure 1.6).

The reflection component represents reprocessed emission from the Comptonised power-
law and is characterised by a prominent hump at ~30 keV and a strong iron K « fluo-
rescence line at ~6.4 keV. The reprocessor is usually believed to be either the accretion
disc or, for AGN, the molecular torus that surrounds the system, and the reflection is
most strongly observed above ~10 keV where it causes a typical hardening of the spec-
tra. Reflection can be modelled in a variety of ways but, in this thesis, I choose to use
the models of Magdziarz and Zdziarski (1995) which apply to both ionised (PEXRIV)
and non-ionised (PEXRAV) material. The iron line is the result of excitation of atoms in
the accretion disc (or, for AGN, narrow iron lines may also originate in the molecular
torus) by Comptonised photons from the corona, and often displays extreme relativistic
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Figure 1.6: X-ray spectra of the HMXB Cygnus X-1, showing an accretion disc,
Comptonised power-law (mildly absorbed at low energies) and reflection and
iron line components (Gierliniski et al., 1999).

effects. Broadened iron lines are generally indicative of reprocessing from the innermost
regions of the accretion disc, but gravitational redshift and Compton scattering reduce
the symmetrical appearance of the line and further complicate the analysis.

The soft-state 0.3 — 20 keV X-ray spectra of XRBs typically show a strong thermal compo-
nent from the accretion disc which can dominate energies up to ~10 keV, a non-thermal
Comptonised power-law tail (with photon index, I, of between 2 and 3) and strong iron
line and reflection components. The hard-state spectra in this energy range are usually
much simpler, and are dominated by a strong thermal Comptonised power-law (with I"
roughly in the range 1.4 to 1.8) complemented by weak reflection and iron line compo-
nents. As this thesis does not examine the spectra at energies higher than 20 keV, I need
not be too concerned with the high energy break in the power-law.

The X-ray spectra of AGN differ from those of XRBs in a number of ways. Firstly, the disc
black body component is not present at X-ray energies in AGN, but is instead replaced
in some sources by a much more mysterious ”soft excess”. The soft excess has generally
been found to be a poor fit to disc black body models, and attempts to do so find the
temperature to be constant across many sources and accretion rates (e.g Gierlifiski and
Done, 2004). Secondly, although AGN show reflection from the accretion disc there
may also be a significant reprocessed component originating from the inner edge of the
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torus. The unified model asserts that in many type-2 AGN the orientation of the torus
is such that the emission from the innermost regions (i.e. the intrinsic black body and
power-law emission from the disc and corona respectively) are completely suppressed,
and instead we see a strong reflection spectrum, presumably from the inner edge of
the far side of the torus. Studies of classical type-2 AGN, such as NGC 1068, generally
support this theory (e.g. Iwasawa et al., 1997; Matt et al., 2001) and find that most of
the iron line flux is from a narrow component emitted from cold, neutral matter situated
at a larger distance from the black hole than can be attributed to the accretion disc (i.e.
the torus, perhaps); the broad component, emitted from warm, ionised matter close to
the black hole is, by comparison, relatively weak.

1.4.5 \Variability in black hole accretion

The X-ray emission from XRBs and AGN is known to vary on all time-scales and, in the
soft state of XRBs, most of this variability is associated with the power-law component
(Churazov et al., 2001). Uttley and McHardy (2001) found that the rms variability is
linearly related to the average flux (the rms-flux relation), which implies that the source
of the variability is in the accretion flow. When combined with the presence of hard lags
in the data (whereby the hard X-rays are found to slightly lag the soft X-rays - e.g. see
Kotov et al. 2001) the rms-flux relation favours the model of Lyubarskii (1997) in which
fluctuations in the accretion rate propagate inwards through the accretion flow and, as
they do so, are continuously modulated by more rapid local accretion rate fluctuations.
To produce a hard lag requires that the emission region is both extended and radially
stratified, such that the more energetic (hotter) Comptonising electrons are, on average,
found closer to the black hole than the cooler electrons. Under this scenario, both
the hard energy photons and the most rapid variability are produced in the innermost
regions of the accretion flow.

In this thesis I focus mainly upon the variability of the power-law spectral component,
which is ubiquitous in the X-ray spectra of both XRBs and AGN and is known to vary on a
wide range of time-scales. Previous studies of black hole X-ray spectra have established
a correlation, within samples of active galactic nuclei (AGN), between the power-law
photon index (I") and the source accretion rate (mg) (e.g. Constantin et al., 2009; Gu
and Cao, 2009; Shemmer et al., 2006). A similar relationship has also been found within
individual X-ray binary systems (XRBs) (e.g. Wu and Gu, 2008; Sobolewska et al., 2011;
Zdziarski et al., 2002). Above a critical accretion rate (rfit), typically 0.5 — 1% of the
Eddington limit, meqq, " is found to be positively correlated with the accretion rate (the
source is softer when brighter) while below m.,;; these two properties are anti-correlated
(the source is harder when brighter). This switch in the relationship between mp and
I' is not the same as the state transition from the hard to the soft state, which usually
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Figure 1.7: Diagram of the Chandra X-ray observatory showing the location of
the CCD Imaging Spectrometer (ACIS). This figure is from the Chandra website.

occurs at a higher accretion rate of around a few percent of the Eddington limit or
greater (e.g. Maccarone, 2003; Gierlinski and Newton, 2006).

Within individual AGN the positive I'-my, correlation is well established on time-scales
of months to years (e.g. Lamer et al., 2003; Sobolewska and Papadakis, 2009) as well as
on very short time-scales of hours (Ponti et al., 2006). The negative correlation has also
been found in one AGN on long time-scales (Emmanoulopoulos et al., 2012). Within
individual XRBs both the positive and negative correlations have been observed on long
time-scales of days to years (Wu and Gu, 2008; Sobolewska et al., 2011; Zdziarski et al.,
2002), and, although little is known about the relationship between I" and mg on very
short time-scales, Wu et al. (2010) showed that the positive correlation exists on time-
scales of 62 ms in a single observation of Cygnus X-1.

1.5 The Chandra X-ray observatory

The Chandra X-ray Observatory is a NASA mission that was launched on 1999 July 23
into an elliptical high-earth orbit with a period of ~64 hours. The telescope consists of
four pairs of highly-polished mirrors and four scientific instruments: the High Resolu-
tion Camera (HRC), the Advanced CCD Imaging Spectrometer (ACIS), the High-Energy
Transmission Grating Spectrometer (HETGS) and Low-Energy Transmission Grating Spec-
trometer (LETGS); see Figure 1.7 for a diagram of the telescope layout.

The HRC is an imaging instrument (consisting of two micro-channel plates) sensitive
to the 0.1 — 10 keV energy range, and has better than 0.5 arcsec angular resolution.
The ACIS consists of ten Charge-Coupled Device (CCD) chips split into four ACIS-I chips
(arranged in a 2 x 2 grid, numbered I0 - I3, and used specifically for imaging) and six
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Figure 1.8: Diagram of the Rossi X-ray Timing Explorer, showing the location of
the main instruments. This figure is from the HEASARC website.

ACIS-S chips (arranged in a 1 x 6 array, numbered SO - S5, and used either for imaging
or as a grating readout). Each CCD offers 1024 x 1024 image resolution and targets are
usually aimed onto either the I3 or S3 CCDs. When the ACIS is used in combination with
either the LETGS or HETGS then Chandra is able to provide excellent energy resolution
of up to E/dE ~ 1000. In addition, ACIS provides an angular resolution that is better
than 0.5 arcseconds. In this thesis I have used the ACIS instrument for studying AGN
and, where required, I have also used the ACIS in combination with either the LETGS
or HETGS. Aside from the improved spectral resolution that is obtained when using one
of the transmission gratings, the sensitivity is also somewhat reduced which can help to
reduce the effect of pileup for the brighter sources.

1.6 The Rossi X-ray Timing Explorer

The Rossi X-ray Timing Explorer (RXTE) was a NASA mission that was launched on
1995 December 30 into a circular low-earth orbit with a period of 90 minutes. Despite
an initial goal of a 5 year mission time, the spacecraft continued to operate successfully
for 16 years. RXTE is unusual amongst X-ray observatories of the time in that it has no
imaging capability and is instead designed to study X-ray variability on time-scales as
short as 1 us.
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RXTE carries three instruments: the Proportional Counter Array (PCA), the High Energy
X-ray Timing Experiment (HEXTE) and the All-Sky Monitor (ASM); see Figure 1.8 for
a diagram of the observatory layout. The PCA and HEXTE are pointing instruments,
and are collimated to provide a field of view of 1°, whereas the ASM is a wide-field
instrument and scans 80% of the sky (in the 2 — 10 keV range) with every orbit. The
PCA consists of an array of five proportional counters (numbered O to 4) and covers the
energy range 2 — 60 keV. The PCA’s timing resolution of 1 us is unprecedented, although
the spectral resolution of dE/FE ~ 0.18 at 6 keV is only moderate. The PCA data are
provided in either event mode or binned mode, with the former recording each individ-
ual photon event and the latter being binned into a reduced number of energy and time
bins. The simplest and most commonly used data mode is the Standard-2 binned format,
which provides maximum spectral resolution and 16 s time-resolution; the Standard-2
data format is normally the mode of choice for observers unless better time resolution is
required. The HEXTE instrument consists of two clusters of scintillation counters cover-
ing the energy range 15 — 250 keV. Although the HEXTE time resolution of 8 us is a little
lower than that of the PCA, the spectral resolution of dE'/FE ~ 0.15 at 60 keV is slightly
better.

With no imaging capability to allow background regions to be selected, the background
subtraction process in RXTE data reduction instead relies upon a model designed to
estimate not only the X-ray background but also the effect of cosmic ray bombardment
and other particle contamination. At high energies, where the X-ray background begins
to dominate over the source, the reliability of the spectra from many sources can become
reduced. In this thesis I therefore use only the PCA instrument to examine energies up
to 20 keV.

1.7 Summary of this thesis

The main focus of this thesis is upon two separate, but loosely related, aspects of black
hole research through the X-ray waveband that ultimately combine to allow a compar-
ison to be drawn between the behaviour of XRBs and AGN. Firstly, I examine the prop-
erties of nearby galactic nuclei through an unbiased Chandra snapshot survey which I
complement with data from other wavelengths that have been harvested from the liter-
ature. This work was originally undertaken as part of a project (the LeMMINGS survey)
expected to provide e-MERLIN radio data on a sample of nearby galaxies, but unfortu-
nately the delivery of these data has been significantly delayed and the focus of my re-
search has therefore had to change. Nevertheless, in Chapter 2 I present the results from
my X-ray survey and discuss the effect of absorption on the data. In particular, I examine
whether the often-used relationship between the X-ray luminosity and the strength of



24 Chapter 1 Introduction

various optical emission lines (such as [O111], H o, etc) is a suitable diagnostic of Comp-
ton thickness, and discuss what these results could mean to our understanding of the
emission processes in LLAGN. Although this chapter may seem a little disconnected from
the variability work that follows, it nevertheless provides some relevant information on
the same sample of LLAGN and the extent to which absorption may be affecting their
X-ray observations

The second, and most important, focus of this thesis is upon the variability of the X-ray
power-law component in both XRBs and AGN, on time-scales that allow the behaviour
of these two classes of object to be compared. The X-ray photon index, T', is known to be
correlated with the source flux in a variety of different ways that depend upon the spec-
tral state and accretion rate, and in Chapter 3 I examine the relationship between the
source count rate and I" for the HMXB Cygnus X-1 by extracting lightcurves of count rate

and I" from RXTE data on millisecond time-scales and cross-correlating these properties.

In Chapter 4 I introduce a new technique for examining the rhy — I relationship in XRBs
that involves many spectra with similar count rates (extracted from RXTE data with a
100 ms timing resolution) being ’summed’ to produce a single spectrum with improved
signal-to-noise ratio. This technique is also applied to AGN, for which the black hole
mass/variability time-scale scaling relationship requires the spectral timing resolution
to be of the order of a few days. I thereby examine the 7y — I distribution plots of XRBs
and AGN on comparable (mass-scaled) time-scales.



“Scientific theory is a contrived foothold in the chaos of living phenomena.”

WILHELM REICH (1897 - 1957)

CHAPTER

AGN: Absorption, spectral classification and the optical emission
lines

2.1 Synopsis

In this chapter I examine the properties of a sample of nearby galaxies through the use
of an archival Chandra snapshot survey, with particular emphasis on absorption and the
identification of Compton-thick sources. I also discuss the importance of the optical
emission lines and, in particular, their use in distinguishing direct AGN emission from
starburst emission or reprocessed emission from obscured sources. Although this chapter
arises from a separate body of work from that described in later chapters, the results
are nevertheless relevant to the selection of AGN sources in Chapter 4. In addition,
the distribution of I" with respect to rng within this sample (which is discussed at the
beginning of Chapter 4) leads naturally to my examination in Chapters 3 and 4 of how
this relationship evolves within individual sources.

25
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2.2 Introduction

Active galactic nuclei (AGN) are widely believed to be powered by accretion onto super-
massive black holes (SMBHs), and it is therefore natural to expect that their behaviour
should, at least to some extent, mirror that of Galactic X-ray binary systems (XRBs).
However, the galactic nuclei in which AGN lie are likely to have very different properties
from the local environments of Galactic XRBs, with a much greater density of surround-
ing matter and therefore an increased risk of contamination from nearby sources.

Observationally, AGN are divided into several different types depending upon their prop-
erties, and some types are further divided into several sub-types. For example, sources
from which broad emission lines have been detected are classified as either type 1.0, 1.2,
1.5, 1.8, 1.9 or 2.0 (Osterbrock, 1977), depending upon the strength of the H« and H 3
lines. It has been suggested (e.g. Antonucci and Miller, 1985) that these different classes
can be unified within a single scenario in which the orientation of the system with re-
spect to the observer is the main factor in producing the different observed properties.
The original proposal for a unified scheme was based upon the discovery of polarised
broad lines in the optical spectrum of the Seyfert-2 galaxy NGC 1068 and, since then,
polarised broad lines have been discovered in ~50% of Seyfert-2 galaxies for which we
have suitable spectropolarimetric data (Tran, 2001). However, in recent years a number
of sources have been identified that appear to be inconsistent with the unified model
(e.g. Pappa et al., 2001; Panessa and Bassani, 2002; Georgantopoulos and Zezas, 2003;
Bianchi et al., 2008) and, in particular, very little is known about the degree to which
the unified model applies to low luminosity AGN (LLAGN).

In order to compare the behaviour of AGN to that of XRBs it is therefore crucial that
we understand the nature of the objects that we are studying. For instance, it has
been suggested that low ionisation nuclear emission line regions (LINERs) are the AGN
equivalent of hard-state Galactic XRBs (e.g. Narayan and McClintock, 2008; Constantin
et al., 2009; Younes et al., 2011), and should therefore be described using a radiatively
inefficient accretion flow (RIAF) model (Narayan et al., 1998; Quataert, 2001). Another
potential source of confusion when studying AGN is the degree of absorption affecting
our view of the source, and recognising the difference between AGN emission that is
unabsorbed and emission that is reprocessed (by reflection or scattering, for example)
has often proved more difficult than one would imagine.

The majority of nearby galaxies are classified as having H11 region nuclei, and it is
expected that star formation is likely to play a significant role in most (if not all) of
their properties. H1I region galaxies are almost always late-type spirals with relatively
small black hole masses (Mpy < 107 M) and few of these sources contain unresolved
nuclear emission. However, bridging the gap between H 11 region galaxies and AGN are



Chapter 2 AGN: Absorption, spectral classification and the optical emission lines 27

the transition regions galaxies; these sources are much more likely to have unresolved
nuclei, and possibly represent the ”"switching on” of AGN in very dense nuclei that are
dominated by star formation.

Possibly the greatest question mark surrounding the nature of LLAGN concerns LINERs.
Whereas there is little doubt that LINER nuclei that exhibit broad emission lines are
powered by AGN (Younes et al., 2011), the origin of the emission in narrow-line LINERs
(type 2) is more open to debate. Gonzdlez-Martin et al. (2009b) found that 80% of
their sample of LINERs were AGN, but many alternative theories have been proposed to
explain the emission from these objects such as poststarbursts (Taniguchi et al., 2000)
or old stellar populations (Cid Fernandes et al., 2009). Gonzalez-Martin et al. (2009a)
also noted that LINERs may be more heavily obscured than Seyferts. The presence of
hard X-ray emission in the nucleus of a LINER is a strong indication of AGN activity, but
it does not necessarily follow that the AGN emission is responsible for ionising the NLR.
In general, type-2 LINERs are regarded as something of a "mixed bag” and certainly
cannot be understood without due consideration of the whole nuclear environments in
which they are found.

2.3 The sample

My sample is based upon the well studied Palomar sample of local galaxies, which was
the subject of an extensive spectroscopic survey by Ho et al. (1997a). This sample
contains 486 northern galaxies (§ > 0°), brighter than By = 12.5 mag and no further
in distance than ~100 Mpc, and provides a variety of nuclear spectral types (H 11 region
nuclei, transition region nuclei, LINERs and Seyfert nuclei).

A nearby galaxy sample such as the one I have chosen to use offers a number of advan-
tages when studying AGN activity. Firstly, at distances of less than ~100 Mpc the host
galaxies are easily detectable by ground-based surveys such as Palomar or the Sloan
Digital Sky Survey (DSS), and, consequently, the sample is complete and does not suf-
fer from the selection effects that plague surveys at larger redshifts. Secondly, nearby
galaxies allow us to probe accretion rates that are several orders of magnitude below
the Eddington limit and therefore examine accretion on vastly different scales within
the same survey. In addition, the angular resolution of Chandra allows us to separate
emission associated with the SMBH from the many other sources that surround it and
therefore reduce the contamination from nearby X-ray binary systems (XRBs) and ultra-
luminous X-ray sources (ULXs).

In addition to the main sample, I have also included a small number of Palomar Green
(PG) quasars (namely PG 01574001, PG 0844+349, PG 1004+130, PG 1100+772,
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PG 1115+407, PG 1211+143, PG 1404+226, PG 1512+370, PG 1543+489 and PG
2112+059). Although this chapter focuses heavily upon the Palomar sample, which
provides an unbiased view of accretion in the local Universe, the quasars can help pro-
vide the high accretion rate perspective when included on the same plots. The distances
were estimated using redshift data from the NASA/IPAC Extragalactic Database (NED,
with the Hubble constant assumed to be Hy = 73kms~! Mpc™1), and the black hole
masses were taken from Inoue et al. (2007).

2.4 The optical emission lines from AGN

The first step towards understanding AGN comes not from X-ray studies but from an
appreciation of their optical spectra. Fortunately, much work has already been done in
analysing the optical spectra of the Palomar galaxies, and this has been published in a
series of papers (Ho et al. 1997a,b,c, 2009). Figure 2.1 shows the optical spectra of a
selection of LINER (left) and Seyfert-1 (right) galaxies (from which the stellar contri-
bution has been subtracted), and highlights some of the emission lines that are most
relevant to this chapter. It can clearly be seen from the relative strengths of the [O 111]
and [O1] lines that LINERs exhibit lower ionisation that Seyferts, but it is also clear that
LINERs can show weak broad H « lines. The presence of broad lines is probably the
most reliable indicator that the emission is from the vicinity of a SMBH, and in Seyfert
galaxies the broadening can be as much as FWHM ~ 7600kms~! (Ho et al., 1997¢).

2.5 Classifying low luminosity AGN

Many galaxies in the nearby Universe show emission lines from their nuclei (Ho et al.
(1997a) detected emission lines in 421 of their 486 sample galaxies), and accretion
onto a SMBH is not the only possible explanation for this phenomenon. For instance,
the ionisation could be the result of nuclear starbursts, in which a large number of stars
are born in a compact area in a short period of time, and subsequently ionise the sur-
rounding gas with powerful winds. Alternatively, it could be the result of a high density
of X-ray binary systems (XRBs) or supernova remnants (SNR) in the region surrounding
the galactic nuclei.

To help make sense of the variety of different properties observed amongst LLAGN,
these sources are usually classified using a plot similar to those proposed by Baldwin
et al. (1981). This kind of diagnostic diagram has become known as a BPT diagram,

and these plots utilise various different emission lines in order to differentiate between



Chapter 2 AGN: Absorption, spectral classification and the optical emission lines 29

6 + T | T HIB T [‘5 H[“l T Hmld—__ \INIII] \j_ | T | T T | T T ‘]17 T }\—[a | T T [N|]” T
g0 A3007 o ¥ 1&55_«/&:;] h,ﬁ?;l ;Tsao . [1(;-)1(],[7] A6563 — ,[Zh;]?? |
3 NGC 404\ / mc{ [N 1] 1 r L:q]c](, I?:\Ié]i]%\ A6716,6731]
L A L A L 16 - g, \ =
r NGC 1961 4T |
e L _
KON SRy WY 3 -
2 I NGC 4235 |
S r NGC 3507 1
= L5 7
g et . “
B 0 1t NGC 4639 8
?;" r NGC 4278 1 r B
5 ka__JLd
Z B =il )
[0
= 2 i
r NGC 4594 -
L 7T 4
HEEa0 r NGC 5273 4
0 oWl bt L 0 | e/ N
| 1 1 | 1 1 | 1 1 é 1 | 1 1 | 1 | 1 1 | 1 1 | 1 1 il 1 1 | 1 1 | 1
4200 4500 4800 6400 6700 4200 4500 4800 6400 6700
Rest Wavelength (&) Rest Wavelength (4)

Figure 2.1: Optical AGN spectra from Ho et al. (1997a) for a selection of LINERs
(left) and Seyfert-1s (right), offset from each other for clarity. The authors have
subtracted the stellar contribution from each source by using various nearby ab-
sorption line galaxies as templates. The higher ionisation of Seyferts compared
to LINERs is clear from the relative strengths of the [O111] and [O 1] lines. Both
classes can show broad H« and H  lines, but these tend to be stronger in the
Seyferts.

ionisation due to star formation and accretion. Typical diagnostics include [N11]/Ha,
[Stu]/Ha or [O1]/Ha versus [O111]/H 3, as shown in Figure 2.2 (Kewley et al., 2006).

The Palomar data used within this chapter have already been classified into their various
spectral types, and these are supplied in the same paper as the emission line strengths
(Ho et al., 1997a). However, these classifications are based upon line strength ratios
that have not been corrected for reddening (see Richings et al. 2011) and, therefore, I
instead choose to use classifications that are based upon the extinction-corrected data.
These data have been provided by Phil Uttley (private communication), along with the
de-reddened emission line strengths. The latter were corrected for extinction using the
extinction law of Cardelli et al. (1989), and spectral classifications assigned to each
source using the BPT diagnostic diagrams of Kewley et al. (2006). Figure 2.3 shows the
[N11]/H « versus [O111] /H 3 diagnostic for the complete Palomar sample.

Using this new classification scheme based upon extinction-correction line ratios I find
that I have 142 H 11 region nuclei, 73 transition region nuclei, 134 LINERs, 56 Seyfert
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Figure 2.2: The relative strengths of the emissions lines used as a diagnostic
between ionisation due to star formation and accretion (Kewley et al., 2006).
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Figure 2.3: Re-classified, extinction corrected BPT diagram for the complete
Palomar sample. Red squares are H1I regions, orange circles are transition re-
gions, blue diamonds are LINERs (filled are type 1, unfilled type 2) and green
triangles are Seyferts (filled are type 1, unfilled type 2). The H 11 regions sweep
from the top left to the bottom of the plot (referred to as the star-forming se-
quence by Kewley et al. (2006)) and the Seyferts and LINERs occupy the upper-
right region of the plot.
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nuclei and 81 unknowns. The 'unknowns’ include the 79 galaxies from which Ho et al.
(1997a) detected no visible emission lines (or only very weak emission lines).

2.6 The optical lines as indicators of X-ray luminosity

The X-ray luminosity from AGN, and especially at energies above 2 keV, is often used
as a reliable indicator of accretion rate. The reason that this region of the electromag-
netic spectrum is particularly suitable for this purpose is due to the origin of the X-ray
emission, which is believed to be produced on scales comparable to the accretion flow
through processes such as inverse Compton scattering of lower energy seed photons in
a corona of hot electrons or blackbody emission from the accretion disc. Furthermore,
the energetic nature of X-ray photons enables them to penetrate the often dense clouds
of gas and dust that may surround a SMBH and therefore provide a direct view of the
innermost regions of the system.

In some sources, however, the column density (/Ny) is so high (presumably the result
of matter predominantly in the vicinity of the SMBH) that not even X-ray photons in
the typical 0.3 — 10 keV sensitivity range of a modern X-ray telescope such as Chandra
are able to penetrate. In this scenario, which occurs when Ny exceeds ~10%* cm ™2, the
source is said to be Compton-thick and the intrinsic X-ray flux below 10 keV is completely
absorbed, replaced instead by a combination of scattered and reflected emission which
is expected to be a couple of orders of magnitude weaker than the intrinsic emission.
However, under the standard model of AGN (Antonucci and Miller, 1985), the absorbing
matter takes the form of a torus and therefore a column density > 10%* cm~2 in the
observer’s line of sight will not prevent the ionisation of the narrow line region (NLR)
which surrounds the whole system to a distance of up to ~100 pc.

The strengths of various optical emission lines originating in the NLR, in particular the
Balmer lines (H« and H ) and [O 111] y5007, have often been used as good isotropic in-
dicators of X-ray luminosity or AGN power (e.g. Panessa et al., 2006; Gonzalez-Martin
et al., 2009b). The strength of the correlation between the 2 — 10 keV X-ray luminos-
ity and the optical lines is particularly strong amongst sources that also exhibit broad
emission lines in their optical spectra, the presence of which is probably the clearest in-
dication one can get that an AGN is responsible for the X-ray emission. Figure 2.4 shows
the correlation between Ly 19 kev and L 5007 for three samples of Seyfert-1, demon-
strating the tight correlation that is often found between these properties in unobscured
sources. Many authors have also examined the correlation between X-ray luminosity
and H « luminosity (e.g. Ho et al., 2001; Panessa et al., 2006; Terashima et al., 2000)

and found that it persists down to bolometric luminosities as low as 103 erg s—1.
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Figure 2.4: Plot of Loy versus Lx for three samples of Seyfert-1 (Georgan-
topoulos and Akylas, 2010).

A reliable indicator of intrinsic X-ray luminosity is a valuable tool in identifying Compton-
thick AGN. The standard model predicts that the NLRs of sources that are heavily ob-
scured (Ng > 10%* ecm™2) by the torus will still be ionized by the X-ray emission from
the central engine along the less obscured axis perpendicular to the observer’s line of
sight. These Compton-thick sources will be expected to show L|q;/Lx ratios that are
significantly greater than for those where lower obscuration allows the intrinsic X-ray
emission to be viewed directly.

2.7 Data reduction

2.7.1 Observation selection

In order to ensure a consistent approach throughout it was decided to use only obser-
vations made with the Advanced CCD Imaging Spectrometer (ACIS) instrument and
neglect those that used the High Resolution Camera (HRC) which, in any case, has
rarely been used to observe any of the sources in my sample. The Chandra archive
was searched for each of the sources and suitable observations identified and retrieved.
In general, observations with particularly short exposure times (< ~2 ks) were ig-
nored but, in anticipation of the effect of pileup on the brighter sources, observations
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with shorter frame times or those which utilised the High Energy Transmission Grating
(HETG) were also desirable.

2.7.2 Image analysis

For each observation the level 2 event data were examined in DS9 and source and back-
ground regions placed around the X-ray point source that was thought to represent
emission from the central engine. In all cases I took the presence of an unresolved
nuclear source in the 2-10 keV band as evidence of AGN activity and, although identifi-
cation of the nucleus was generally straightforward, for some sources it was necessary
to reference the literature for a more precise location. In most cases a circle of radius
1.5” was used to contain the source region and an annulus of between 8" and 12" used
for the background region, but this varied slightly depending upon the proximity of
nearby sources. Observations in which no unresolved emission was detected were ig-
nored, as were those of NGC 4151 and NGC 4486 due to the severe effects of pileup. An
unresolved X-ray nucleus could be identified with confidence in 89 sources.

Data reduction was performed using CXC Chandra Interactive Analysis of Observations
(c1a0) software version 4.2. After restricting the event files to the energy range 0.3-
10 keV the script PSEXTRACT was then used to automatically generate grouped spectra
with 15 counts per channel. In most cases it was necessary to recreate the response
matrix file (RMF) and ancillary response function (ARF) files manually using the cia0
tools MKACISRMF and MKARF respectively.

2.7.3 Spectral fitting

Once spectra had been extracted the fitting was performed using XSPEC version 12.6.0
over the energy range 0.3 to 10 keV. Each source was initially fitted with a model
comprising Galactic absorption (PHABS) fixed to column densities obtained using the
NH program from the NASA HEASARC FTOOLS software ! (Blackburn, 1995), a power
law component (ZPOWERLW) and a second absorption component (ZPHABS) represent-
ing absorption in the host galaxy. In some cases additional components were included
such as an Iron K« line at 6.4 keV (modelled with ZGAUSS) or a thermal component
(MEKAL) but these were only used if the spectrum had sufficient counts to justify the
extra parameters and the quality of the fit was significantly improved.

For each observation the ratio of the bolometric luminosity to the Eddington luminosity
serves as a proxy for accretion rate (see Chapter 1 for a discussion of how luminosity
relates to 7hy), and is estimated using

'http://heasarc.gsfc.nasa.gov/ftools/
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Lvol  Fa_10 kev X 4md?

= Co_ 2.1
Toa Lom X C2-10 keV (2.1)

where Fy_1g kev 1S the 2 — 10 keV flux from the Chandra fit, d is the distance to the
galaxy (from Ho et al. 1997a), C5_1g v is the bolometric correction (see below) and
Lggqq is the Eddington limit for the source given by

4 GMpu mp ¢

or

Lgaa = (2.2)
where G is the gravitational constant, Mgy is the black hole mass, m, is the mass of a
proton and o is the Thompson scattering cross-section for an electron. For each source,
Mpy was estimated using the relation between black hole mass and velocity dispersion
(o, obtained for the Palomar sample from Ho et al. 2009) given by Tremaine et al. 2002,
namely

1OgMBH
Mo

=a+ ﬁlogai (2.3)
0

where a = 8.13+£0.06, 5 = 4.0240.32 and o = 200 km s~'. The bolometric correction,
Csy_10 kev, is estimated using the relation from Marconi et al. 2004, rearranged to

Lbol
Lo—10 kev (2.4)
logCh_10 kev = 2.98 — 0.26410g L1,0; + 0.031og? L1 — 0.0015 log® Lo

logCa_10 kev = log

where Ly, is the bolometric luminosity in units of Ls. Equation 2.4 must be solved
iteratively in order to find Ly from the known Ls_1¢ kev.

2.8 Distribution of Mgy, Eddington ratio and Ny for the Palomar
sample

Amongst the properties derived directly from the spectral fits to the Chandra data are
the source flux (F5_19 kev), the photon index (I'), the Iron K « line width and the ab-
sorbing column density (/Ny1). To these results I add data from the literature, such as
the colour excess (F(B — V)), host galaxy morphology, emission line luminosity (H «,
H 3, [O111]A5007, [N 11]x583 and the sum of [S1I|y¢716 and [S11]xg731), source distance (all
Ho et al., 1997a), velocity dispersion (¢) (Ho et al., 2009) and 15 GHz radio luminosity
(Nagar et al., 2005). From these data I then derive the luminosity (Ls_1¢ kev), the black
hole mass (Mpy) and the Eddington ratio (A = Ly,o1/LEdq)-
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Figure 2.5: Left: Histogram of black hole mass for the complete sample. LINERs
and H1I regions generally do not overlap much in black hole mass, with the
latter occupying the high-mass end of the scale. Right: Histogram of Eddington
ratio from the Chandra analysis of the sample. The Seyferts extend over a
much larger range of A\ than the other spectral types, and appear to show a
slightly bimodal distribution (the distribution can be fitted with a two Gaussian
components, centred on log A = —2.95 and —5.65; I find that an F-test rejects
a single-Gaussian fit at the 1-0 level); both of these facts can be attributed to
absorption, with the unobscured Seyfert-1s occupying the A > 10~ end of the
scale and the Seyfert-2s the A < 10~* end.

Figure 2.5 (left) shows a histogram of Mpy for the complete Palomar sample, broken
down by spectral classification. The range of masses over which each spectral type is
distributed can be explained by the possible evolutionary sequence from H I regions
to transition regions, to Seyfert galaxies, and finally to LINERs (e.g. Constantin et al.,
2009). In particular, there is very little overlap in Mpy between the LINERs and H 11
regions, both of which occupy the low accretion rate end of the scale (A < 1073).

Figure 2.5 (right) shows a histogram of Eddington ratio (A = Ly/Lgqq) from the
Chandra analysis of the sample. Whereas the transition regions, LINERs and H 11 regions
are generally low Eddington ratio (A < 10~3), the Seyfert galaxies cover a much wider
range spanning several orders of magnitude. The Seyfert galaxies also show a bi-modal
distribution in ), with the type-1 Seyferts found at high Eddington ratios (A > 10™%)
and the type-2 Seyferts found at low Eddington ratios (A < 10~%).

The slight differences in Mgy and A\ between different spectral types are more clearly
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Figure 2.6: Plot of black hole mass Mgy versus Eddington ratio A = Ly /Lrddq
(serving as a proxy for accretion rate) for the Palomar sample galaxies and a
small selection of PG quasars. The quasars (open red circles), Seyfert-1s (filled
green triangles), LINERs (filled and open blue circles, representing type 1 and
type 2 respectively) and H 11 region nuclei (red squares) are generally found in
different regions of the plot. The remaining symbols represent Seyfert-2s (open
green triangles) and transition region nuclei (orange circles).

seen when the two parameters are plotted against each other (Figure 2.6). In this plot
I have marked regions where the different spectral types are generally found, and there
appears to be a fairly clear distinction between the quasars, type-1 Seyferts, H 11 regions
and LINERs, with the transition regions and type-2 Seyferts more scattered.

The standard model of AGN asserts that many of the differences in fundamental proper-
ties that we observe in these sources can be explained as an effect of inclination, and the
lack of broad optical emission lines in type-2 sources is simply a result of obscuration
from the torus. If this is true, it would therefore be reasonable to expect that type-2
sources should, on average, exhibit greater absorption than type-1 sources. However,
there is always a degree of uncertainty over any measurement of the column density,
especially when Ny < ~1023 cm™2; to fit an absorption model one must know the ex-
act form of the underlying continuum, a challenge that is made more difficult by the
presence of soft emission of a fairly uncertain nature in many AGN.

Figure 2.7 shows a histogram of the absorbing column density (/Vy1), measured directly
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Figure 2.7: Histogram of X-ray column density (Ny) for the complete sample,
and also broken down by spectral type. Seven sources were excluded because
the fits to the soft emission were too uncertain to obtain a reliable estimate of
the absorption, and a further ten sources (7 type-1, 2 type-2 and 1 transition
region) appeared to show no absorption.

from the Chandra spectral fits. The type-2 AGN, transition regions and H1I regions
generally show a quite narrow range of absorption, with 30 of the 46 sources (65%)
from which the absorption could be measured having a column density of between
10207 and 10217 ¢cm~2. This level of absorption is within an order of magnitude of
Galactic absorption, and is therefore not unexpected in the region of a galaxy nucleus;
a column density of ~10%! cm~2 could easily be produced by dust lanes, for instance.

In contrast, the type-1 sources exhibit a much greater variety of column densities and
show no evidence of being less absorbed than their type-2 counterparts. Figure 2.7,
however, does not show the intrinsic absorption of sources that are Compton-thick; these
sources may instead appear on the plot with much lower column densities, representing
the absorption that affects the reprocessed emission as X-rays are scattered or reflected
into our line of sight. Furthermore, there are ten sources (7 type-1, 2 type-2 and 1
transition region) where the absorption is too low to be detectable (usually due to having
too few photons to avoid heavy rebinning of the data), and these have been excluded
from the plot.
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2.9 Identifying the Compton-thick AGN in our sample

It is unfortunate that, in order to assess the effectiveness of a particular technique for
identifying Compton-thick AGN, one must first apply another - possibly equally un-
certain - technique in order to determine which members of the sample are indeed
Compton-thick. A good indicator of heavy absorption is the presence of polarised broad
lines in the optical spectrum (Antonucci and Miller, 1985), and when combined with an
X-ray column density that appears very low then Compton-thickness is almost assured.
However, the detection of polarised broad lines is only possible in the brightest sources
and there is currently very little spectropolarimetric data in the literature for sources

within my sample.

Another useful indicator of Compton thickness is the presence of hard X-ray emission
(> 10 keV) which can penetrate an absorbing column that is dense enough to block
the 2-10 keV emission that is within the peak sensitivity range of observatories such as
Chandra and XMM Newton. Surveys such as the Swift BAT survey (Baumgartner et al.,
2012) have produced catalogs of X-ray sources at energies above 14 keV, and 17 of
the 89 sources for which I have obtained Chandra spectra are found amongst the 1171
sources detected by BAT. Figure 2.8 shows a plot of the 2-10 keV Chandra luminosity
from my survey against the 14-195 keV Swift BAT luminosity (Baumgartner et al., 2012)

Ultimately, AGN are classified as Compton-thick or Compton-thin depending upon ev-
idence from multiple indicators and, initially, I choose to select the Compton-thick
sources in my sample using the 0.3-10 keV spectra. Figure A.1 in Appendix A shows the
Chandra spectra of 11 sources that have at least one of two Compton-thick indicators,
which are a flat spectrum above 2 keV and a large iron K « line equivalent width. Five
of these sources (NGC 1052, NGC 1068, NGC 3079, NGC 4102 and NGC 7479) were
also detected by the BAT survey with larger than average ratios of Li4_195 kev/L2-10 kev
(Figure 2.8).

After Compton-thick candidates had been identified from their Chandra spectra, I next
performed a literature search in order to verify or reject those sources. Aside from
the archetypal Compton-thick Seyfert-2, NGC 1068 (for which this step wasn’t consid-
ered necessary), this provided support for the inclusion of NGC 2782 (Zhang et al.,
2006), NGC 3079 (Iyomoto et al., 2001), NGC 3690 (Della Ceca et al., 2008), NGC
4036 (Gonzalez-Martin et al., 2009a), NGC 4102 (Gonzalez-Martin et al., 2011), NGC
4501 (Brightman and Nandra, 2008), NGC 5194 (Cappi, 2006) and NGC 7479 (Geor-
gantopoulos et al., 2011). However, the classification of two further sources, NGC 1052
and NGC 4111, is more uncertain. Gonzalez-Martin et al. (2009a) found that, for both
these sources, the only indication of Compton thickness is their unusually flat spectra,
and other common indicators suggest that they are in fact Compton-thin. In this chapter
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Figure 2.8: Plot of the 2-10 keV Chandra luminosities from my survey against
the 14-195 keV Swift BAT luminosities from Baumgartner et al. 2012. Sources
with Chandra spectra that show signs of Compton thickness, such as a flat
spectrum above 2 keV or a large iron K« line equivalent width, are plotted
with filled red circles and sources that show no such signs are plotted with
open blue triangles. A linear fit to the latter has equation logLi4 195 kev =
3.54 + 0.93 IOgLQ,lo keV -

I include both these sources in my list of likely Compton-thick candidates, but highlight
instances where their properties are inconsistent with the other 9 sources.

2.10 The relationship between L, _1¢ xov and Loy and its use as

an absorption indicator

The emission line most commonly used as an indicator of intrinsic X-ray luminosity
is the [O 11| forbidden line of doubly ionised oxygen (e.g. see Bassani et al., 1999;
Georgantopoulos and Akylas, 2010; Gonzalez-Martin et al., 2009b; Panessa and Bassani,
2002; Panessa et al., 2006), emitted in the green part of the optical spectrum at 500.7 nm
and 495.9 nm. In this thesis I use only the 500.7 nm line intensities, which were published

for the entire Palomar sample by Ho et al. (1997a).

Previous studies of the relationship between Ly 1 ey and Ljoyy have reported upon
a bimodal distribution in the histogram of Rx/om = L2-10 kev/Ljom (€.g. Maiolino
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et al., 1998; Gonzalez-Martin et al., 2009b), which the authors associate with the pres-
ence of Compton-thick and Compton-thin populations in the sample. In Figure 2.9 I find
only a slight suggestion of bimodality in my data, and fit the histogram of all sources
with two Gaussian components (centred at logRx /o) = —0.129 and 1.549). However,

an F-test fails to reject a single-Gaussian fit at the 1-o level.

When the data are broken down by spectral classification it can be seen that the sources
for which we can say with greatest certainty that the X-ray emission originates from
an accretion flow (Seyferts and LINERs, types 1.0 to 1.9) show the highest Lo_1g ey tO
Lo ratios (logRx /o) = 1.23), and are clustered around the second Gaussian peak.
The lowest ratios are found in the H 11 regions/transition regions and the Compton-thick
sources (logRyx sjom] = —0.199 and —0.178 respectively) and the former are strongly
clustered about the first Gaussian peak (more so than the Compton-thick sources, which
are more spread out). These results suggest that star formation (which is expected to
contribute strongly to the [O 111] emission of H 11 region and transition region nuclei) may
be responsible for the double-Gaussian distribution of the Ly 10 kev/Ljo1y histogram
in LLAGN, bringing into question the validity of using this ratio as a Compton-thick
diagnostic.

In Figure 2.10 I plot Ly 10 kev against Lo 5007, dividing the sources into type-1 and
2 AGN, starburst sources (H 11 regions and transition regions) and Compton-thick AGN.
The solid red line corresponds to the local minimum between the two Gaussian compo-
nents that were fitted to the Ly 19 kev/Ljo ) histogram (Figure 2.9), and most of the
Compton-thick candidates lie to the left-hand-side of this line. However, amongst the
sources on the left-hand-side of the red line (sources where Ligyy > 0.181 Ly 10 kev),
there is a clear distinction in luminosity between Compton-thick and Compton-thin with
the Compton-thick sources being found at higher luminosities. This division in luminos-
ity between Compton-thick and Compton-thin sources (shown with a dashed grey line)
also marks a change in the distribution of sources for the sample as a whole. At higher
luminosities there is a noticeable gap in the density of points with mostly type-1 AGN to
the right-hand-side of the red line and mostly Compton-thick AGN to the left-hand-side.
A histogram of Lx /Lo as007 for these data would produce a far clearer bimodal dis-
tribution than the one I find in Figure 2.9. However, at lower luminosities (beneath the
dashed grey line) this gap disappears and the data points become more evenly spread.
Here I find an absence of Compton-thick sources, replaced instead by a population of
starburst sources (H 11/transition region nuclei), all of which are found to the left-hand-
side of the red line. This result is consistent with recent studies (e.g. Hopkins et al.,
2009; Panessa and Bassani, 2002) which report that LLAGN that are heavily obscured
by the torus are less common than previously thought.
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Figure 2.9: Histogram showing the ratio of X-ray luminosity to [O I11] y5007 lumi-
nosity. Top panel: All sources for which Chandra spectra were extracted. The
distribution appears slightly bimodal and has been fitted with two Gaussians
(centred at -0.129 and 1.549), which are shown in each of the panels (black
line). Second panel: Sources classified as either Seyfert 1.0-1.9 or LINER 1.0-
1.9. Ifind a mean logio La—10 kev/L{o ) ratio of 1.23. Third panel: Sources clas-
sified as either Seyfert-2 or LINER-2. I find a mean log19 L2 10 kev /Lo m] Tatio of
0.344. Fourth panel: Sources with X-ray spectra showing evidence of Compton
thickness, such as a flat spectrum above 2 keV or a large iron K « line equiva-
lent width. I find a mean logio La—10 kev/Ljouy ratio of -0.178. Bottom panel:
Sources classified as either H 11 region or transition region nuclei, in which emis-
sion associated with stellar processes would be expected to contribute greatly
to the optical emission line strength. I find a mean logio L2 10 kev/Ljom) Tatio
of —0.199. Compton-thin sources that are powered by an AGN tend to have
X-ray/[O 111] ratios that are scattered about the second Gaussian peak, whereas
sources that are believed to be Compton-thick are more scattered. However,
the spectral classifications most strongly clustered about the first Gaussian peak
are the H1i/transition region nuclei, raising the possibility that star formation
may be a significant factor in producing the double-Gaussian distribution of the

L2 10 kev/ Lo m histogram in LLAGN.
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Figure 2.10: 2-10 keV X-ray luminosities from my Chandra survey plotted
against the luminosity of the [O I11]\5007 emission line (from Ho et al., 1997a).
The red line (Ljoy; = 0.181 La 10 kev) corresponds to the minimum in the
double-Gaussian fit to the Ly 10 kev/Ljo ;) histogram. Type-1.0-1.9 LINERs and
Seyferts are shown with filled blue triangle, type-2 LINERs and Seyferts with
open blue triangles and H 11/transition region nuclei with filled green diamonds.
The sources selected as Compton-thick candidates are marked with filled red
circles. Any observations with fewer than 100 counts, in which the spectra
were not of sufficient quality to identify Compton-thick candidates, are marked
with grey crosses. Most of the Compton-thick sources are found in the region
Liou) > 0.181 Ly 19 kev, but are clearly distinct in their [O 111] luminosity from
Compton-thin sources (shown separated by the dashed grey line), suggesting
that the usefulness of the X-ray/[O 111] ratio as a Compton-thick diagnostic may
not extend down to LLAGN.

The picture that emerges from these data is that the Lo 1( ey /L[Om] ratio diagnostic

of Compton-thickness is only valid above Ly ~ 10 ergs™!. At lower luminosities,

starburst contamination creates considerably more scatter in the data and the likely

disappearance of the torus means that we no longer see a separate population of sources

representing the Compton-thick candidates. In this luminosity regime, the standard

model of Antonucci and Miller (1985) no longer applies and the Ly 19 kev/Ljo 1y ratio

may instead be useful in separating starburst nuclei from AGN.

The similarity of the X-ray to [O 111] ratios in Compton-thick sources and starburst sources

(H1 regions/transition regions) may suggest a connection between the two, further
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evidence for which is provided by the breakdown of Compton-thick sources by spectral
type, which reveals that 33% (3 from 9) of transition regions for which I have spectra
available and at least 100 spectral counts are actually Compton-thick. This figure is
comparable to that found for Seyferts of type 1.8 to 2.0, where 23% (3 from 13) appear
Compton thick, and higher than for the other spectral types, with 0% (0 from 7) of
Seyferts of type 1.0 to 1.5 and 10% (4 from 41) of LINERs also appearing Compton-
thick. Only three H1I regions have at least 100 spectral counts, and none of these
appear Compton thick.

2.11 A comparison of absorption in the X-ray and optical bands

The X-ray emission from an accreting black hole is believed to arise in the innermost
regions of the accretion flow (< 1 pc) where the in-falling material is at its hottest. In
contrast, the narrow emission lines (such as Ha, Hf, [O111], [N11], [S11], etc) observed
from AGN are produced in the narrow line region (NLR) at distances of up to ~100 pc
from the black hole. Therefore, it should be expected that, even in sources where the
alignment of the torus is such that it does not obscure the emission from the central
engine, the X-ray emitting region should be more heavily obscured than the NLR.

Absorption in the X-ray band is mostly due to the presence of gas between the source and
the observer, which is quantified in terms of its hydrogen column density (Ny) in units
of atoms per cm?. Extinction in the optical band is mostly due to dust and is estimated
from the colour excess

E(B - V) = (B - V)observed - (B - V)intrinsic (2.5)

where B — V is the difference between the magnitudes in the B and V filters. The gas
and dust that are responsible for X-ray and optical extinction respectively usually exist
together in a ratio that is reasonably consistent (at least, the estimates of this ratio from
the literature vary by a factor of less than ~5, which is small when compared to the
scatter found in my data). In this chapter I choose to use the empirical relationship of
Bohlin et al. (1978) (Ny/E(B — V) = 5.8 x 10?! ecm™2 mag™!), but I could also have
chosen Predehl and Schmitt (1995) (Ny/E(B — V) = 1.79 x 10*! cm~2 mag™1).

Figure 2.11 shows a histogram of the ratio between Ny and E(B — V'), broken down to
separately show Compton-thin sources with low and high X-ray to [O 111] ratios (where
Liom = 0.181 Ly_10 kev is the boundary between the two). Also shown on the same
plot is the Bohlin et al. (1978) relationship between Ny and E(B — V') (dotted red line).
The Seyferts and LINERs with high X-ray to [O 111] ratios (i.e. the sources clustered under
the second Gaussian peak of Figure 2.9) have much higher Ny /E(B — V) ratios than
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Figure 2.11: Histogram showing the ratio of column density (Ny) to colour
excess (E(B-V), Ho et al., 1997a). Top panel: Sources with X-ray spectra that
show evidence of Compton thickness. Second panel: AGN (Seyferts and LIN-
ERs) with low X-ray to [O111] ratios and X-ray spectra that do not show evi-
dence of Compton thickness. The only type-1 Seyfert in this population is NGC
1275, the central member of the Perseus cluster. Third panel: Starburst sources
(H1i/transition regions). Bottom panel: AGN with high X-ray to [O 111] ratios,
most of which are classified as type-1 Seyferts or LINERs. The vertical red line
at 5.8 x 10?! cm~2 mag~! shows the known empirical relationship between col-
umn density and colour excess (Bohlin et al., 1978). Seyferts/LINERs with high
X-ray to [O111] ratios generally show much higher absorption in the X-ray band
than in the optical, presumably due to the origin of the X-rays being deep within
the AGN where the photons are subjected to much greater obscuration than that
which affects the narrow line region further out. Seyferts/LINERs with low X-
ray to [O111] ratios instead show Ny /E(B — V) ratios that are consistent with
absorption by the same material in both X-ray and optical bands.

we would expect if the same material were responsible for both the X-ray and optical

extinction. These sources undoubtedly contain a high proportion of AGN, with broad
optical lines detected in 23 of 36 sources (64%) compared to just 5 of 28 (18%) in the
sources with low X-ray to [O 111] ratios, and this ’excess’ of X-ray absorption is due to the

origin of the X-rays being deep within the AGN where the photons are subjected to much

greater obscuration than that which affects the narrow line region further out.
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Figure 2.12: Chandra spectrum of the Seyfert-2 galaxy NGC 3147. Left:
Column density, Ny, is allowed to vary during the fit. The best-fit value is
Np = 1.217 x 10?° ¢m~—2, which is more than an order of magnitude less than
the value we would expect from the optical extinction. Right: Ny is fixed to
3.074 x 10! cm~2, which is the value we would expect from applying the rela-
tionship of (Bohlin et al., 1978) to the colour excess (E(B — V) = 0.53). This
larger column density provides a very poor fit to the data at low energies.

2.12 The unusual case of the Seyfert-2 galaxy NGC 3147

Figure 2.11 also reveals that there are four sources (NGC 1068, NGC 2782, NGC 3147
and NGC 3998) which have X-ray column densities that are more than an order of mag-
nitude less than we would expect from their optical extinction. Although the spectral fit
for NGC 2782 is somewhat uncertain in the soft X-ray band (see Appendix A), the X-ray
absorption affecting the other three sources is very well constrained.

Figure 2.12 (left) shows the X-ray spectrum of NGC 3147 with the absorbing column
density of 1.217 x 10?° cm~? obtained from a free fit. On the right-hand-side of the same
figure Ny has been fixed to 3.074 x 10?! cm~2, which is the value we would expect from
applying the relationship of (Bohlin et al., 1978) to the colour excess (F(B—V) = 0.53).
The higher value of Ny provides a poor fit to the data at low energies and the source
therefore exhibits much lower extinction in the X-ray band than in the optical. Clearly
this discrepancy between the X-ray and optical observations of this source cannot be
attributed to uncertainty in fitting the X-ray absorption component.

The X-ray emission from AGN is generally believed to come from the innermost regions
of the system and, even if the X-ray source in NGC 3147 is unobscured within the inner
few parsecs, we would still expect there to be absorption from the same material (per-
haps the NLR) that is responsible for the reddening of the Balmer lines. Of course, it
is possible that the narrow Balmer lines that are used to estimate F(B — V') may not
originate from the vicinity of the central black hole, but the Chandra ACIS image shown
in Appendix B fails to identify any other strong, compact X-ray sources within a radius of
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30 arcseconds of the central source (about 6 kpc at an estimated distance of 40.9 Mpc)
that could be responsible for the ionisation. A more likely explanation is that the NLR
around NGC 3147 is anisotropic, and our line of sight to the central black hole passes
through a region of the NLR that is less dense.

NGC 3147 is an example of a class of galaxy often referred to as a ’true’ Seyfert-2 (e.g.
see Ptak et al., 1996; Panessa and Bassani, 2002; Georgantopoulos and Zezas, 2003;
Matt et al., 2012; Bianchi et al., 2008, 2012), which is a term used to describe a Seyfert
nucleus that appears unobscured and in which no broad lines are detectable in the
optical spectrum. In such cases, it is expected that the broad line region (BLR) must
be missing as the absorption is insufficient to entirely obscure these lines. Nicastro
et al. (2003) suggested a mechanism whereby the BLR region is formed by accretion
disk instabilities and showed how it may therefore disappear at accretion rates lower
than 7hg < 1073, a limit which is consistent with the low Eddington ratio of NGC 3147
(A = 2.811 x 10~*). Contrary to this claim, however, I find many of the Palomar sources
with broad emission lines (especially amongst the LINER population) have Eddington
ratios well below the 103 limit (see Figure 2.6), although it must be added that the
detection of broad H o and H /3 lines in the spectra of the low accretion rate sources (Ho
et al., 1997c) is likely to be subject to some considerable uncertainty.

Various alternative theories have been proposed to explain the lack of broad lines in
NGC 3147. For instance, Matt et al. (2012) argue that the source could actually be
Compton-thick (despite the soft, power-law spectrum suggesting otherwise) if a highly
ionised surface were responsible for the reflection. However, the authors’ Suzaku obser-
vation of energies above 10 keV failed to find any convincing evidence of an obscured
AGN. A more likely explanation for the lack of broad lines is possibly that NGC 3147 is
completely face-on in terms of inclination (as suggested by Shi et al. 2010), and the or-
bital motion which we would normally expect to broaden the emission lines is therefore
perpendicular to our line of sight.

2.13 X-ray luminosity, radio luminosity and the fundamental plane

The emission from AGN is distributed throughout the electromagnetic spectrum and, in
order to understand the nature of LLAGN, it will be necessary to consider more than
one waveband. The penetrating nature of radio emission, combined with the very high
angular resolution that can be obtained, makes it particularly suitable for studying AGN.
In XRB systems it is known that radio loudness increases at lower accretion rates as the
source enters the hard state, which is indicative of the presence of jets launched by a
geometrically thick, radiatively inefficient accretion flow (RIAF) (e.g. Meier, 2001; Wu
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and Cao, 2008). Merloni et al. (2003) found a relation between the black hole mass, the
radio luminosity and the X-ray luminosity (known as the fundamental plane) such that
logLg = (0.60%011)logLx + (0.7870:34) logMpn + 7.33%105. This relationship applies
for both AGN and stellar mass black holes and could provide a powerful method of
confirming the AGN nature of many LLAGN.

Figure 2.13 (top left) shows a plot of X-ray luminosity against radio luminosity, where
the X-ray luminosity data are from my Chandra survey and the radio data are from
the literature (the Palomar sources from Nagar et al. 2005 and the PG quasars from
Kellermann et al. 1994). The plot shows considerable scatter, with the Seyfert-1s clearly
distinct from the LINERs. By fitting a fundamental plane to the data, and adjusting
the x-axis accordingly, the scatter is reduced and the correlation becomes much tighter
(see Figure 2.13, top right). From my fits I find that logLg = 0.68logls 10 kev +
0.92logMpy + 3.34, which compares favourably to the values found by Merloni et al.
(2003). However, the same cannot be said of the fits to only the Palomar sources
(logLr = 0.37logLo_1g kev + 0.77logMpy + 16.57) or the LINER sources (logLg =
0.48logLy 10 xev + 0.77logMpy + 12.35 - see Figure 2.13, bottom left and right). Un-
fortunately, very few of the H 11 regions or transitions regions have radio luminosities
available in the literature (although, in the case of the former, very few are expected
to have compact radio cores). If these data were available then the fundamental plane
could potentially be used to verify whether or not the emission in these sources is of
an AGN origin. For example, if the X-ray and radio emission were caused by a compact
population of 1000 X-ray binary systems in the vicinity of a 10° M, SMBH then the
radio emission would be expected to be ~2.7 orders of magnitude weaker than if the
emission was from the SMBH itself. A source with these properties would be sufficiently
offset from the fundamental plane correlation to be easily identifiable. The forthcoming
LeMMINGs e-Merlin legacy survey will provide detailed radio observations of all Palo-
mar objects above declination 20° and may help provide some answers concerning the
nature of these sources.

2.14 Summary of the main observational results

e The 2 — 10 keV X-ray spectra of Palomar galaxies show no indication of Compton-
thickness amongst sources where the luminosity of the [O111] line satisfies Loy <
1039 erg s~!. At low luminosities the ionisation of the narrow line region may be dom-
inated by stellar processes and the ratio of optical line strength to X-ray luminosity is
probably unreliable as a Compton-thick indicator.

e Seyferts and LINERs with high X-ray to [O111] ratios show (by their Ny/E(B — V)
ratios) much higher absorption in the X-ray band than in the optical, indicating that the
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Figure 2.13: Top left: Plot of X-ray luminosity (Lo_1¢ kev) versus radio luminos-
ity (vL,). Top right: As before, except the X-ray luminosity has been corrected
by fitting a fundamental plane to the data, such that logLg = 0.68logLs_1¢ kev+
0.92logMpy + 3.34. Bottom left: Best fit to the fundamental plane from my
LINER data. I find that logLg = 0.48logLo_10 ey + 0.77logMpy + 12.35. Bot-
tom right: The fundamental plane fitted to the LINER data is applied to the
other sources as well, and appears to be an unsatisfactory fit to the quasars
and the two radio-loud Palomar sources (NGC 315 and NGC 1275). In all plots
the filled and open blue diamonds represent type-1.0-1.9 and type-2 LINERs
respectively, filled and open green diamonds represent type-1.0-1.9 and type-2
Seyferts respectively, red circle represent the PG quasars and the orange circles
represent the transition regions. X-ray data are from my Chandra survey, radio
data for the Palomar sources are 15 GHz VLA observations (Nagar et al., 2005)
and radio data for the PG quasars are 5 GHz VLA observations (Kellermann
et al., 1994).
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origin of the X-ray emission is deep within the AGN where the photons are subjected
to much greater obscuration that that which affects the narrow line region further out.
Seyferts/LINERs with low X-ray to [O 111] ratios instead show Ny /E(B — V') ratios which
are consistent with absorption by the same material in both the X-ray and optical bands.

e The majority of type-2 Seyferts and LINERs in the sample have X-ray column densities
of ~10?! ¢cm~2, whereas type-1 Seyferts and LINERs have column densities that are
distributed evenly over a large range (< 10** cm~2). The type-2 sources are therefore
consistent with either a non-AGN origin or with scattering of intrinsic AGN emission
from a reprocessor further out from the centre.

e H 11 region nuclei and LINERs all have Eddington ratios below ~0.1% of the Eddington
limit, and show little or no overlap in black hole mass (with the LINERs occupying the
high end of Mpy-space). Some LINERs with broad optical emission lines have Eddington
ratios as low as 1075, which is not consistent with theories promoting the disappearance
of the broad line region at low accretion rates.

2.15 Discussion

Low luminosity AGN remain a somewhat untidy, confusing and complex class of object,
with no single model seemingly able to describe all the properties in an entirely consis-
tent way. For instance, there’s no doubt that the unified model of Antonucci and Miller
(1985) successfully explains the presence of polarised broad lines in many sources by
invoking the dusty torus but, equally, it’s also clear that there are just as many type-2
sources to which this model does not apply. The major difficulty that is encountered
when studying low accretion rate sources is that the luminosity of the AGN no longer
greatly exceeds that of the other sources expected to exist within the host galaxy, and
contamination is therefore a problem at all wavelengths. Even the sub-arcsecond an-
gular resolution of Chandra does not necessarily isolate the emission related to the ac-
cretion flow. LLAGN may therefore be fairly diverse in nature and, in order to compare
these sources to Galactic X-ray binary systems, it is likely that careful selection of the
sample will be more effective than attempting to model all the different spectral classi-
fications of LLAGN.

Possibly the most important progression towards an understanding of LLAGN would be
to reliably identify the Compton-thick candidates. In this chapter I have shown that
the use of the [O111]5097) emission line as an indicator of intrinsic X-ray luminosity is
unreliable at low luminosities and, in fact, there is little evidence for Compton thickness

039 1

amongst any source where Loy < 10° erg s~ . Instead, at these low luminosities

the ionisation of the narrow line region may be dominated by stellar processes, and the
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discovery of a compact and massive stellar cluster co-existing with the AGN in the inner
few parsecs of the transition region galaxy NGC 4303 (Colina et al., 2002; Jiménez-
Baildn et al., 2003) raises the possibility that nuclear star formation occurring on scales

comparable to the torus may be common.

One thing that is clear, however, is that the detection of broad optical lines implies the
presence of an AGN and broad-line sources generally show a tight correlation when their
X-ray luminosity is plotted against properties such [O 111] luminosity, radio luminosity or
H o« luminosity. It seems reasonable to expect that studies which are restricted to only
type-1 Seyferts and LINERs are likely to find more similarities in behaviour with XRBs
than studies which include all spectral types, and the presence of broad lines in some
LINER sources at Eddington ratios as low as 10~ means that such a restriction would

have little effect on the range of accretion rates surveyed.



“The most exciting phrase to hear in science, the one that heralds new discov-

eries, is not ’Eureka!” (I found it!) but ‘That’s funny ...".”

ISAAC ASIMOV (1920 - 1992)

CHAPTER

Very Fast X-ray Spectral Variability in Cygnus X-1

This chapter has been published in MNRAS:
Skipper, C. J.; M°Hardy, I. M.; Maccarone, T. J., 2013, MNRAS 434 574-
584

3.1 Synopsis

In this chapter I switch my focus from AGN to XRBs, and introduce a new technique for
examining the rapid variability of the X-ray power-law spectral component. I describe
here how I extract and fit spectra from each 0.1 s section of RXTE data in order to cross-
correlate the count rate with I" at high time resolution, and show how the shape of the
cross-correlation function evolves with the hardness ratio of the source. This chapter
discusses in detail, and attempts to justify, the methods that are later (see Chapter 4)
applied to three XRBs and several AGN.
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3.2 Introduction

The X-ray spectra of accreting black holes can often be fitted with just a few common
components, such as a power-law continuum, an iron Ko fluorescence line at ~6.4 keV, a
reflection component and, if required, a thermal component possibly representing emis-
sion from an accretion disc. The power-law component, which takes the form N, x E~T
(where I is the photon index, N, is the photon number density and E is the energy),
is usually attributed to Comptonisation of lower energy seed photons by high energy
electrons (Sunyaev and Titarchuk, 1980) in either a central corona or the base of a jet

and is observed in both the soft and the hard spectral states.

The correlation between the power-law photon index (I") and the source accretion rate
(rn,) has already been discussed in the introduction (Section 1.4.5) and will be briefly
recapped here. Previous studies (e.g. Wu and Gu, 2008; Gu and Cao, 2009; Sobolewska
et al., 2011; Zdziarski et al., 2002) have established a positive correlation between mp
and I" (the source is softer when brighter) at accretion rates above a critical accretion
rate (rheit - typically 0.5 — 1% of the Eddington limit, rhgqq), and an anti-correlation at
accretion rates less than 1. (the source is harder when brighter).

In all Comptonisation models the way in which I" varies with luminosity, or accretion
rate, is a major diagnostic of the physical parameters of the emission region, such as
the temperature and optical depth of the high energy electrons and the energy and flux
of the seed photons. These parameters, in turn, depend upon the origin of the seed
photons and Comptonising electrons, the latter of which may be of uniform energy, or
may be energy stratified as a function of radius.

In the soft state the accretion flow is believed to take the form of a radiatively efficient,
optically thick, geometrically thin disc at all radii, with the seed photon supply being
dominated by black body photons from the inner edge of the accretion disc. The ori-
gin of the positive correlation between I' and my in the soft state is therefore often
attributed to Compton cooling of the corona by seed photons from the accretion disc.
In the hard state the flow at small radii may become a geometrically thick but optically
thin and radiatively inefficient accretion flow (RIAF) (Gu and Cao, 2009; Wu and Gu,
2008; Done and Gierlinski, 2006; Narayan and McClintock, 2008; Qiao and Liu, 2010;
Niedzwiecki et al., 2012) which contributes significantly to seed photon supply through
synchrotron and bremsstrahlung emission. The anti-correlation found in the hard state
at low accretion rates, when the spectrum is expected to be dominated by Comptoni-
sation of these synchrotron and bremsstrahlung photons, may be due to an injection of
high energy electrons into the corona producing both an increase in seed photon emis-
sion and a harder Compton-scattered spectrum (Qiao and Liu, 2013). However, under
the truncated disc model (Esin et al., 1997), the inner radius of the accretion disc in the
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hard state moves inwards with increasing luminosity, and the balance of seed photon
supply may consequently shift from synchrotron and bremsstrahlung emission from the
RIAF at low mp to disc black body emission at high my.

Within individual XRBs, however, there is little information available on the relationship
between I' and my on very short time-scales (i.e. comparable, when scaled by mass,
with the relatively short timescales on which X-ray spectral variability has been studied
in AGN). Wu et al. (2010) showed that the positive correlation exists on time-scales
of 62 ms in a single observation of Cygnus X-1, but had to correct for a significant
amount of Poisson noise in order to do so. This time-scale corresponds approximately
to the Compton cooling time-scale for the corona around a 10 M, black hole (Ishibashi
and Courvoisier, 2012) or the viscous time-scale and so is one of the shortest time-
scales on which observable changes in the emission region may be expected to occur.
Scaled by mass, this time-scale also corresponds to approximately 17 hours for an AGN
with a 10% Mg black hole and thus enables the study of spectral variability in binaries
on almost the shortest (scaled) time-scale on which spectral variability in AGN can be
studied. However, XRB systems offer the additional benefit of allowing me to study a
much wider range of accretion rates within a single object, including transition across
the Mgt boundary, something which is impossible with an AGN.

In order, therefore, to measure the important I'-mg diagnostic in a single black hole
system, as it passes from the hard to the soft spectral state, across the m..;; boundary,
I select here fifteen observations from the Rossi X-ray Timing Explorer (RXTE) archive
of the well known high mass X-ray binary (HMXB) system Cygnus X-1. This source
was chosen because it has comprehensive archival coverage and is sufficiently bright
to allow time-resolved X-ray spectroscopy on time-scales as short as 16 ms. In order
to study small changes in I" on these very short time-scales I measure I" from 2 million
separate observational sections (of time-scales between 16 and 100 ms, depending on
flux level) and thus produce a I" lightcurve which I cross-correlate with the count rate
lightcurve (used as an indicator of the accretion rate). Thus I can determine not only
whether T rises or falls with count rate but also examine whether or not changes in one
of these parameters lags those in the other. In addition, I can measure the characteristic
time-scale of the correlation (the width of the cross-correlation function) and examine
how this evolves with accretion rate and hardness ratio over much longer time-scales.

3.3 Observations

All data used in this work have been selected and retrieved from the RXTE archive, which
provides a vast repository of observations of Cygnus X-1. To simplify the reduction I have
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decided to use only those datasets that provide both Proportional Counter Array (PCA)
standard-2 and generic binned array mode with at least 16 ms time resolution. The
standard-2 data provide good spectral resolution, with 47 channels available to cover
the 3 — 20 keV energy range, but poor time resolution with data binned into intervals of
16 s. In contrast, the generic binned array modes provide excellent time resolution of
typically 4 — 16 ms and the reduced spectral resolution helps to ensure a healthy number
of counts per bin.

In total, 15 observations of Cygnus X-1 were retrieved from the RXTE archive ranging
in date from March 1996 until February 1998. These datasets, listed in Table 3.1, were
selected to provide coverage of both the soft-state outburst in 1996 and the more steady
hard state in which the source was found for the subsequent two years.

3.4 Spectral fitting

3.4.1 Time-averaged fits to each complete observation

In order to examine variability on time-scales of 100 ms or less, I use the PCA generic
binned array mode data. However, there are not enough counts, or spectral resolution,
in each 16 — 100 ms section of these data to allow me to fit a complex model with all
parameters free. I must therefore determine, from the lower time resolution, but higher
spectral resolution, standard-2 data, a realistic model which can be applied to all the
shorter time-scale spectral fits.

Initially, spectra were extracted from the standard-2 datasets for each full observation
and fitted in XSPEC version 12.8 over the 3—20 keV energy range with a model consisting
of absorption (PHABS), a power-law component and its associated reflection (PEXRAV;
Magdziarz and Zdziarski 1995), a Gaussian representing the iron Ka fluorescence line
at ~6.4 keV (GAUSSIAN) and, if required, a disc black body component (DISKBB). The
inclination angle of the PEXRAV component is fixed to 30°, and the fold energy, redshift,
metal abundance and iron abundance to default values. My choice of inclination angle
is reasonably consistent with both the most recently published figure of 27.1 + 0.8°
(Orosz et al., 2011) and also my own fits to the data, which vary by observation but
tend to give best fit values slightly above 30° in the hard state. However, when the
inclination angle was fixed to a higher value of 53° I found no discernible differences
in the appearance of my count rate versus I' cross-correlation functions, and therefore
suggest that the short time-scale, relative changes to I" such as I discuss in this chapter
are insensitive (or only weakly sensitive) to the choice of inclination angle.
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Figure 3.1: Plot shows the 3 — 20 keV X-ray luminosity to Eddington luminos-
ity ratio, the photon index and hardness ratio (L5_13 kev/L3—5 kev) of Cygnus
X-1 between March 1996 and February 1998. The source entered the soft state
around March or April 1996. The numbers shown next to each datapoint iden-
tify the observation, and a summary of these is shown in Table 3.1.

In four of my fifteen observations (2, 3, 4 and 5) it was found that the addition of a
disc black body component with an average disc temperature of 0.47 keV significantly
improved the fit. Hereafter, I refer to these four observations as being in the soft or
intermediate states and the remaining eleven observations, that lacked an obvious ther-
mal component, as being in the hard state. The soft/intermediate-state observations
were also found to have broader average iron Ko lines than the hard states (one sigma
Gaussian widths of 1.31 keV and 0.52 keV respectively) and stronger reflection scaling
factors (1.66 and 0.46 respectively).

The results of my spectral fitting are shown in Figure 3.1, which gives I, the hardness
ratio (Ls—13 kev/L3—5 kev) and the ratio of the 3 — 20 keV luminosity to the Eddington
luminosity. The validity of the latter as a proxy for accretion rate is reduced somewhat
by the potentially large differences in bolometric correction between the spectral states,
and no attempt has been made here to estimate these. Furthermore, the sensitivity range
of the PCA instrument does not provide coverage of the soft (< 2 keV) or very hard (>
60 keV) energy bands in which most of the power is emitted in the soft and hard states
respectively (Zdziarski et al., 2002; Churazov et al., 2001), and the 3—20 keV luminosity
may not therefore be an ideal choice for estimating accretion rate. The luminosity and
Eddington limits were estimated using a distance of 1.867017 kpc (Reid et al., 2011) and
a black hole mass of 14.8 + 1.0 My (Orosz et al., 2011). The numeric labels correspond
to the observation number as shown in Table 3.1. During the 1996 soft-state outburst

the increase in I" and the reduction in the hardness ratio is clearly evident.
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3.4.2 Determining which model parameters to fix

Although I now have suitable models for each of my observations, there are still not
enough counts, or spectral resolution, on 100 ms time-scales to allow all the model
parameters to remain free during the fit. Fortunately, I expect that the power-law will
be varying more on short time-scales than the other components so therefore adopt a
strategy whereby the power-law is allowed to vary and all the other components remain
fixed. I must be cautious, however, as although my models show that an iron line and
a reflection component are important parts of the overall spectrum, they do not tell me
whether the reflection scaling factor or the total flux in the reflected component remains
constant over the whole observation. Similarly, I do not know if the flux in the iron line
or the equivalent width of the iron line remains constant. Incorrectly fixing either one
of these parameters, and particularly the reflection component, can lead to erroneous

conclusions regarding the variation of I" with flux.

In order to determine which parameters in my models should be fixed, I extracted 657
spectra - each 16 s in length - from the standard-2 data of the hard-state observation 7,
sorted them into order of count rate and then summed them to produce 33 new spectra,
each 320 s in length. These data were fitted in xSPEC with all components allowed to
vary. The results are shown in Figure 3.2 and reveal that the equivalent width of the iron
Ko line remains roughly independent of the count rate (which has also been observed
by Maccarone and Coppi (2002) for Cygnus X-1 and Nowak et al. (2002) for GX 339-4)
and therefore fixing the equivalent width whilst fitting my 100 ms spectra seems entirely
reasonable. To do this, I replace the GAUSSIAN component in my models with the GABS
component, and fix the line depth to a negative value in order to model an emission
line. The reflection scaling factor, however, tends to increase slightly with the count rate
(which is likely to be a short time-scale expression of the correlation between reflection
and I" reported by Zdziarski et al. 1999), although not to the same extent as the total
reflection flux. Therefore, I determine that fixing the reflection scaling factor seems
more acceptable than fixing the whole reflection component.

These observations suggest an origin for the iron line, and most of the reflected compo-
nent, in a close reprocessor such as the accretion disc. It is not clear why there is a small
variation in the reflection scaling factor with flux. The positive sense of the correlation
is opposite to that predicted by the light bending models designed to explain spectral
variability (e.g. Miniutti and Fabian, 2004) and, if interpreted within the context of light
bending, would imply that the X-ray source becomes closer to the reflector as the overall
luminosity goes up. Instead, this correlation may perhaps be attributed to a decrease in
the disc truncation radius with increasing flux, which consequently increases the surface
area of the reflector. Since I expect the variations in the fitted iron line equivalent width
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Figure 3.2: Relationship between the count rate and the properties of three of
the spectral components for the hard-state observation 7 (1996 December 17).
A total of 657 spectra, each 16 s in length, were extracted from the standard-2
data and sorted into order of count rate. The 16 s spectra were then summed
to produce 33 new spectra each of length 320 s, which offer sufficiently high
count rates to allow all the spectral components to vary during the fit. Top: The
strength of the iron K« line at 6.4 keV, expressed in terms of its photon flux
(left) and equivalent width (right). The photon flux scales with the count rate
in the whole spectrum whereas the equivalent width remains roughly constant,
suggesting that the latter should be fixed when fitting much shorter time-scale
spectra. Centre: The strength of the reflection component expressed in terms
of its 3 — 20 keV flux (left) and its reflection scaling factor from the PEXRAV
component (right). Both properties scale with the count rate (the latter to a
lesser extent than the former) which could be indicative of either an increase
in the optical depth of the disc or a reduction in the truncation radius at higher
accretion rates. Zdziarski et al. (1999) found a similar correlation between
reflection and I in a Ginga sample of Seyferts and XRBs. Bottom: The photon
index of the power-law shows a strong correlation with the count rate.
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Table 3.1: A summary of the observations. Spectra were classified as either
hard, soft or intermediate state depending upon the photon index and whether
or not a disc black body component was required to fit the data in the 3 —20 keV

range.

No Observation Date Spectral State  No.“®
Spectra
1 10238-01-08-00 26 Mar 1996 Hard 58 540
2 10238-01-04-00 07 Apr 1996 Intermediate 30000
3 10412-01-02-00 22 May 1996 Soft 25000
4 10412-01-01-00 23 May 1996 Soft 32100
5 10412-01-05-00 11 Aug 1996 Soft 25000
6 10241-01-01-00 24 Oct 1996 Hard 34972
7 10236-01-01-02 17 Dec 1996 Hard 102500
8 20175-01-02-00 04 Oct 1997 Hard 36 980
9 30157-01-01-00 11 Dec 1997 Hard 19100
10 30157-01-03-00 24 Dec 1997 Hard 28800
11 30157-01-04-00 30 Dec 1997 Hard 15400
12 30157-01-05-00 08 Jan 1998 Hard 20000
13 30157-01-07-00 23 Jan 1998 Hard 25600
14 30157-01-08-00 30 Jan 1998 Hard 11620
15 30157-01-10-00 13 Feb 1998 Hard 28692

NOTES: * The number of 100 ms spectra extracted from the observation.

will be dominated by Poisson variations, rather than real ones, I hold the equivalent
width fixed in order not to let random variations affect the other parameters.

3.4.3 Fitting the spectra at 100 ms time resolution

Spectra were then extracted at 100 ms time resolution from the binned array mode
datasets of the observations listed in Table 3.1, and fitted in XSPEC over the 3 — 20 keV
energy range. The absorption, reflection scaling factor, disc black body component and
the equivalent width of the iron Ko line were fixed at the values determined from fits to
each total observational dataset, and only the photon index and the normalisation of the
power-law were allowed to vary. The spectra were extracted and fitted automatically
by scripts that make use of the HEASARC tools SAEXTRCT and XSPEC. For some of my
observations it was also necessary to further rebin the data to improve the number of
counts per bin, especially at energies above 12 keV.

The range covered by these spectra is displayed in Figure 3.3, which shows a density plot
of approximately 500 000 spectra, each 100 ms in length, that compares the X-ray lumi-
nosity (divided by the Eddington luminosity) with the photon index of the power-law



Chapter 3 Very Fast X-ray Spectral Variability in Cygnus X-1 59

3 T T T T T 600
28 - -
500
26 = Soft State T
24 - 400
-
§ 22 | .
£ 300
C
S 2 b .
o
£
18 | - 200
16 -
100
14 -
Hard State
12 | | | | | 0

-3.2 -3 2.8 2.6 2.4 2.2 -2
log L3 oo kev / Lego

Figure 3.3: Density plot of ~500000 spectra, each 100 ms in length, extracted
and fitted from 11 hard-state and 4 soft/intermediate-state observations of
Cygnus X-1. The plot shows the ratio of the X-ray luminosity to the Edding-
ton luminosity (L3_o0 kev/LEdq) against the photon index (I'). The hard and
soft states are easy to distinguish with the latter forming a trail out towards the
top of the plot. The scale on the right-hand-side refers to the number of spectra
per pixel, where each pixel extends over a range Alogl. = 0.02 on the x-axis
and AI' = 0.01 on the y-axis. It should be noted that the relative densities of
the soft and hard states are biased by my choice of observations, and are not
necessarily indicative of the amount of time the source spends in each state.

component. The soft and hard states are easy to distinguish, with the former exhibiting
a much higher average photon index (2.42, compared to 1.63) and higher luminosity
(L3_20 kev Was 0.392% of the Eddington limit, compared to 0.224%). The cluster of
points that appear intermediate between the soft and hard states are from observation
2 (7th April 1996), which relates to the start of the soft-state outburst and shows only a
weak disc black body component in its X-ray spectrum.



60 Chapter 3 Very Fast X-ray Spectral Variability in Cygnus X-1

3.5 Cross-correlation of I' and count rate on 100 millisecond time-
scales

3.5.1 The hard states

In Figure 3.4 I show the cross-correlation functions (CCFs) between I" and the 3 —20 keV
count rate for all eleven of my hard-state observations at 100 ms time resolution. I
choose to use the discrete correlation function (DCF) method of Edelson and Krolik
(1988) and normalise my results using the excess variance. The CCFs in this plot are
ordered by hardness ratio (H.R. = L5_13 kev/L3—5 kev), Which is also shown on the right
hand side of each panel along with the accretion rate in Eddington units. I choose to use
the source count rate instead of the flux in my CCFs as the latter, like T, is derived from
my spectral fits and a degeneracy between these properties could produce erroneous

results.

As each measurement of I' is subject to considerable statistical uncertainty, the peak
values of some of the hard-state CCFs are not high. However, a large number of spectra
contribute to each CCF (between ~10000 and ~100000 for each observation) and the
results are none the less highly significant. A further discussion of noise in my data can
be found in Section 3.8.

The CCFs suggest the presence of positive and negative correlations, both peaking
at around zero lag, and either of which can be missing from individual CCFs. Most
of the plots reveal a strong lack of symmetry, with the positive correlation declining
more slowly towards negative lags (source counts trail the photon index) and the anti-

correlation always declining towards positive lags (photon index trails the source counts).

The most obvious conclusion to be drawn from examination of Figure 3.4 is that there
is a steady transition from a positive to a negative correlation (i.e. an anti-correlation)
as the hardness ratio increases. Some of the CCFs (particularly from observations 8, 9
and 14) show a greater degree of asymmetry than others, with a positive correlation
being found at negative lags and a negative correlation at positive lags. I find that the
changes in CCF shape occur over a quite limited range of hardness ratios. Examination
of the data in the 2 — 3 keV range indicates that if the soft band was extended down
to 2 keV, the hardness ratio range would expand. However as the response of the PCA
below 3 keV is both lower, and more uncertain, than at higher energies, I invoke the
relatively standard procedure of only using data down to 3 keV.

The steady transition in the shape of the CCF is not seen so clearly if the observations are
ordered by count rate. In particular I find that observation 6, which dates from a time



Chapter 3 Very Fast X-ray Spectral Variability in Cygnus X-1

61

Cross Correlation

Figure 3.4: Cross-correlation functions between the photon index and the
3 — 20 keV source counts for 11 hard-state observations of Cygnus X-1. The ob-
servations are ordered by hardness ratio (H.R. = L5_13 xev/L3—5 kev), Which is
also shown on the right hand side of each panel along with the X-ray luminosity
to Eddington luminosity ratio. The positive peaks imply that the source becomes
softer when brighter and the negative peaks that the source becomes harder
when brighter. The plots show a broad positive correlation and a narrower
anti-correlation, the relative strength of which appears to be more strongly con-
nected to the hardness ratio than the accretion rate. Although the strengths of
some of the correlations in this plot are weak, they cannot be explained as the
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result of noise (see Section 3.8 for a discussion of this).
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when the source has just emerged from the soft state (24th October 1996), is both the
softest and faintest observation and shows no sign of an anti-correlated component in its
CCF. These observations suggest that the relative strength of the positive and negative
correlations depends more strongly upon the hardness ratio than upon the accretion
rate. I note, however, that given the large spectral changes that occur in this source (e.g.
Zdziarski et al., 2002) the 3 — 20 keV count rate is far from being a perfect indicator of
accretion rate, being particularly poor during transitions between states.

3.5.2 The soft/intermediate states

The cross-correlation functions of photon index against source counts are shown in Fig-
ure 3.5 for my four soft/intermediate-state observations and, shown for comparison, the
three hard-state observations with the softest hardness ratios. The soft-state CCFs show
less complex profiles than the hard-state CCFs, with much stronger, narrower and more
symmetric positive correlations. The anti-correlation that was evident in most of the
hard-state CCFs is not obvious here.

The widths of the peaks found in the soft/intermediate-state CCFs, along with those
found in the hard-state observations 1, 6 and 7, have been measured (see Table 3.2) and
the FWHM of the peaks are plotted against the hardness ratios (L5_13 kev/L3—5 key) in
Figure 3.6. Although this sample is limited in size, my data suggest that the width of the
peak is correlated with the hardness ratio of the source but not the accretion rate.

3.6 Cross-correlation of I' and count rate on 16 millisecond time-

scales

3.6.1 A closer look at the soft state, bright hard state and faint hard state

All results discussed up to this point have been based upon 100 ms time-resolution spec-
tra, and separate cross-correlation functions have been generated for each observation.
However, it would be useful to examine the differences between the soft states and the
bright and faint hard states in a little more detail and, to do this, I approach the problem
in two ways.

For the soft states and the bright hard states I choose to reduce the data again, but this
time using 16 ms time-resolved spectra. For the faint hard states I do not have sufficient
counts to allow me to fit spectra on this time-scale, so I instead choose to combine the
existing 100 ms data from several observations and, from this combined data, produce a
single cross-correlation function with improved signal-to-noise ratio.
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Figure 3.5: Cross-correlation functions between the photon index and the 3 —
20 keV source counts for four soft/intermediate-state observations of Cygnus
X-1 (red lines) and, shown for comparison, the three hard-state observations
with the lowest hardness ratios (blue lines). The CCFs are ordered by hardness
ratio (H.R. = Ls_13 xev/L3—5 kev), Which is also shown on the right hand side
of each panel along with the X-ray luminosity to Eddington luminosity ratio.
All the CCFs show a single positive peak, centred at or near zero lag. Both the
width of the peak and its asymmetry appear to increase with hardness ratio and
there is no sign of the anti-correlation which is evident in many of the hard-state
CCFs.

Figure 3.7 (top) shows the CCF for the soft-state observation 4 (1996 May 23) using
16 ms time-resolved spectra. This plot was generated from a total of 199,989 spectra,
with an average of 147 counts in the 3 — 20 keV range and a mean photon index of 2.30.
The peak in the CCF is smooth and featureless even on time-scales as short as these, but

I also find a very slight asymmetry that was not clear at 100 ms time resolution.

Figure 3.7 (centre) shows the CCF for the bright hard-state observation 7 (1996 Decem-
ber 17), also using 16 ms time-resolved spectra. This plot was generated from a total
of 361868 spectra, with an average of 66 counts in the 3 — 20 keV range and a mean
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Table 3.2: Properties of the four soft/intermediate-state CCFs, shown along
with those of the three hard-state observations with the lowest hardness ratios.
In this limited sample I find that the widths of the peaks in the CCFs show a
stronger correlation with the hardness ratio than the accretion rate.

No.  Observation Date L3_20ev/Leaq® H.R.P  Width (FWHM)¢ Width LHS?
x1073 [ms] [ms]

1 10238-01-08-00 26/03/1996 3.67 2.404 888 822

2 10238-01-04-00 07/04/1996 2.69 1.582 382 240

3 10412-01-02-00 22/05/1996 3.80 1.204 140 91

4  10412-01-01-00 23/05/1996 4.81 1.536 249 169

5 10412-01-05-00 11/08/1996 4.59 1.375 189 138

6 10241-01-01-00 24/10/1996 1.74 2.393 895 844

7 10236-01-01-02 17/12/1996 2.82 2.497 1348¢ 13527

NOTES: ¢ Ratio of X-ray luminosity to Eddington luminosity. ° Hardness ratio
(L5-13 kev/L3—5 ev). ¢ FWHM of peak. ¢ Width of the left-hand side of the peak,
measured from the left-hand side of the half maximum up to the y-axis. ©f At half max-
imum the entire peak is to the left of the y-axis, and therefore the distance from the
left-hand side to the y-axis is greater than the FWHM for this observation.

FWHM of CCF peak
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Figure 3.6: The widths of the peaks in the CCFs plotted against the hardness
ratio for the four soft/intermediate states and the three hard-state observations
with the lowest hardness ratios. Each of the peaks was found to be slightly
asymmetric, with the width of the left-hand side slightly wider than that of
the right. The symbols in the plot represent both the measured FWHM (filled
symbols) and twice the width of the left-hand side (open symbols). In both
cases the width is correlated with the hardness ratio, which possibly suggests a
connection to the truncation radius of the accretion disc.
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photon index of 1.48. The model is the same as that which was used for the soft-state
observation, except the disc black body component was not required. Although the peak
is found close to zero lag, it is not quite symmetric in appearance and is instead skewed
towards negative time lags.

Figure 3.7 (bottom) shows the CCF for the combined faint hard-state observations (8 to
15), using 100 ms time-resolution spectra. The narrow anti-correlation is clearly evident
and is found mostly at positive lags, while the positive correlation is either missing or
has been significantly broadened.

The peaks found in the CCFs of Figs. 3.4 and 3.5 show a degree of asymmetry that tends
to increase with the hardness ratio. I find that the CCFs that show a positive correla-
tion between source counts and I' often have peaks that are skewed towards negative
lags and those showing an anti-correlation are always skewed towards positive lags. A
possible explanation for this could be that the positive and negative correlation peaks
are actually symmetric in each of my observations, but as the strength of the correlation
decreases the presence of another, non-symmetric, component begins to become more
apparent, resulting in a peak that is broader on one side of the y-axis than it is on the
other.

In Figure 3.8 (left panel) I plot the autocorrelation functions (ACFs) of the source counts
for four soft/intermediate-state and five hard-state observations and find that the widths
of the peaks, especially those generated from the soft-state observations, are reasonably
consistent with the widths of the peaks in the source counts/photon index CCFs (Figure
3.8, centre panel). The ACF widths tend to increase with the hardness ratio, which
is consistent with reports that the power spectral density (PSD) shifts towards higher
frequencies as the spectra soften (see Pottschmidt et al., 2003, and references therein).
I then compare the right-hand side of the CCFs with the reflection of the left-hand side
(shown as a dotted purple line in Figure 3.8, centre panel) and, in the rightmost panel
of the same figure, plot the difference between the two. The result is not unlike the
anti-correlation peak found in some of the hard-state CCFs (Figure 3.4) and raises the
possibility that this highly asymmetric component may be present in all of my CCFs,
including those from the soft-state observations.

3.6.2 A lag between the soft and hard counts

Further analysis of the combined 100 ms data from the eight hard-state observations
reveals a small asymmetry in the CCF (Figure 3.9, dashed red line) of hard counts
(5 — 13 keV) versus soft counts (3 — 5 keV), which can only be produced if a small
component of the hard count rate lags the changes in the soft count rate. Although
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Figure 3.7: Top: Cross-correlation function (CCF) between the photon index
and the 3—20 keV source counts for the soft-state observation 4 (1996 May 23),
shown with 16 ms time resolution. The peak in the CCF is smooth and feature-
less, even on time-scales as short as these, but is slightly asymmetric. Centre:
CCF between the photon index and the 3 — 20 keV source counts for the bright
hard-state observation 7 (1996 December 17), shown with 16 ms time resolu-
tion. The peak in the CCF is non-symmetric with a gradual decline towards
negative time-lags and a steeper decline towards positive time-lags. Bottom:
CCF between the photon index and the 3 — 20 keV source counts, produced by
combining the data from 8 low accretion rate/high hardness ratio observations
of Cygnus X-1. The plot reveals a narrow, non-symmetric anti-correlation in
which the photon index trails the counts by a period of less than one second. In
addition to this peak, I find the two properties are weakly correlated at negative
time-lags and weakly anti-correlated at positive time lags.
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Figure 3.8: Left panel: Autocorrelation functions (ACFs) generated from the
source counts of four soft/intermediate-state and five hard-state observations
of Cygnus X-1. The width of the peak increases as the hardness ratio increases,
as shown in Figure 3.6. This is consistent with the findings of Pottschmidt
et al. (2003), who reported that characteristic features of the power spectral
density (PSD) shift towards higher frequencies as the spectra soften. Centre
panel: Cross-correlation functions between the source counts and the photon
index (solid green line). I note that the width of the peak is always greater on
the left-hand side of the y-axis than the right-hand side and suggest that this
may be caused by the presence of at least three components in the CCFs - a
positive symmetric correlation, a negative symmetric correlation and an asym-
metric component. Also shown on the same plots is a reflection in the y-axis of
the left hand side of the CCFs (dotted purple line). Right panel: The difference
between the right hand side of the CCF and the reflection of the left hand side
in the y-axis (green line minus purple line). Many of these plots appear similar
to the CCFs produced from the faintest hard-state observations (see Figure 3.4),
which lacked a strong positive correlation, and may therefore suggest that the
asymmetric component that was clearly evident in the hard-state observations
may also be present in the soft-state observations.
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Figure 3.9: Cross-correlation function between the hard (5 — 13 keV) count
rate and the soft (3 — 5 keV) count rate (dashed red line) for the combined
lightcurve from 8 hard-state observations. The function is almost symmetric,
but when plotted alongside its own reflection in the y-axis (solid green line)
the slight asymmetry reveals that the hard count rate, or some component of
it, slightly lags the soft count rate. The bottom panel emphasises this point by
showing the difference between these two functions. In Section 3.10 I consider
the effect that this lag may have on my measurements of I', and suggest that
it may be the most likely explanation for the asymmetric shape of my I' versus
counts CCFs.

the peak in the CCF is almost symmetric, when plotted alongside its own reflection in
the y-axis (i.e. the CCF of soft counts against hard counts, solid green line) the slight
asymmetry becomes apparent, and can be further emphasised by subtracting one CCF
from the other (bottom panel, solid blue line). This asymmetry in the CCF of Cygnus
X-1 was first observed by Priedhorsky et al. (1979) and Nolan et al. (1981), and later
re-examined in more detail by Maccarone et al. (2000), who ruled out light travel delays
in the corona as an explanation.

In Section 3.10 I consider the effect that this lag may have on my measurements of T,
and suggest that it may be the most likely explanation for the asymmetric shape of my
I" versus counts CCFs.
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Figure 3.10: Cross-correlation functions between the photon index and the
3 — 20 keV source counts for the low-mass X-ray binary (LMXB) system GX
339-4. The panels show three observations from the RXTE archive, dating from
April/May 2002, and ordered by hardness ratio (L5_13 kev/L3—5 key). The re-
sults show similar behaviour to that found in the soft-state and bright hard-state
observations of Cygnus X-1 (Figure 3.4), with the shape of the CCFs reminiscent
of observations 1, 8 and 10. The anti-correlation found in the faint hard state
of the Cygnus X-1 CCFs is also present here in the observation with the greatest
hardness ratio.

3.7 A comparison with GX 339-4

In order to investigate whether the results discussed in this chapter are unique to Cygnus
X-1 or are also found in other Galactic black holes I have extended my analysis to include
the low mass X-ray binary (LMXB) system GX 339-4. In the quiescent state, this source
is generally much too faint to allow spectra to be fitted on 100 ms time-scales and I
am therefore restricted to using only those observations that were made at times when
GX 339-4 was experiencing an outburst. However, although the source is sufficiently
bright at these times, I often find that most of the photons are coming from a thermal
component and not from the power-law, which can still be difficult to fit on short time-
scales. I have attempted to resolve this problem by selecting datasets from times when
the source was ascending towards its maximum brightness (around April and May 2002,
during which time the source could be found first in a hard state, and then later a
soft state), and neglecting the softer state observations which followed in subsequent
months. For a discussion of GX 339-4 during this outburst see Belloni et al. (2005).
The cross-correlation functions produced from these data are shown in Figure 3.10 and
reveal similar behaviour to that found in the CCFs of Cygnus X-1, namely a positive
peak that becomes wider and more asymmetric as the hardness ratio increases and,
in the observation with the greatest hardness ratio, the emergence of a narrow anti-

correlation skewed towards positive lags.
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Figure 3.11: Autocorrelation functions (ACFs) for the hard-state observation 7,
showing source counts (top) and I" (bottom). The extremely narrow peak in the
I ACF shows that these data are heavily affected by noise, which was already
suspected from the large amount of scatter that was evident in Figure 3.3. This
does not mean, however, that I' should be entirely uncorrelated with the source
counts nor that this noise is responsible for generating the peaks found in the
CCFs.

3.8 The effect of noise on my results

In the hard-state CCFs shown in Figure 3.4, the strongest anti-correlation has a corre-
lation coefficient of approximately —0.2. Such a weak correlation may be the result of
noise in the data and it is therefore worth exercising a little caution. Figure 3.11 shows
the autocorrelation functions (ACFs) of the source counts and I' for the hard-state ob-
servation 7, shown at 40 ms time resolution. The ACF of a lightcurve consisting of just
white noise would have a form similar to a delta function and it is clear from the nar-
row peak that I" is heavily affected by noise. This does not mean, however, that I" is
entirely uncorrelated with the source counts and, since a large number of spectra (be-
tween ~10000 and ~100000 for each observation) contribute to each CCF, we believe
that the results are still highly significant.

In order to test this assertion we have generated a new CCF by completely randomising
the photon index data while leaving the source counts unaltered (Figure 3.12). This
new CCF shows small amplitude variations that are more than an order of magnitude
weaker than the peak we see in the CCF of the real data.
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Figure 3.12: A comparison between the CCF for observation 7 and a new CCF,
generated by completely randomising the photon index data while leaving the
source counts unaltered. The new CCF shows small amplitude variations that
are at least an order of magnitude weaker than the asymmetric peak we see in
the real data CCF.

3.9 Summary of the main observational results

e In the hardest states of Cygnus X-1 which I have examined, the photon index, T, is
anti-correlated with the count rate. Where a positive time lag is defined as I' lagging
behind the count rate, there is little correlation at negative lag. However, a strong anti-
correlation occurs very sharply within 16 ms of zero lag and then decreases over the
following few seconds. The strongest anti-correlation has a correlation coefficient (~-
0.2) which is relatively weak when compared to the strength of the positive correlations
found in the soft state.

e In the softest states which I have examined, I" increases as the count rate increases
(i.e. there is a positive correlation between the two parameters). The CCF is nearly
symmetric about zero lag and the peak correlation coefficient is quite high (> 0.75) -
see Figure 3.5.

e When the data from the three softest of the hard/intermediate state observations are
excluded (i.e. observations 1, 6 and 7), a CCF generated from the remaining hard-state
data (Figure 3.7, bottom panel) shows a weak, broad, positive correlation at negative
lags and a weak, broad, negative correlation at positive lags, together with a sharp
negative peak in the CCF near zero lag. The weak and broad components of the CCF are
remarkably close in shape to that which was produced when I examined the difference
between the hard count rate versus soft count rate CCF and its reflection about zero lag
(Figure 3.9, bottom panel).

e There is an almost monotonic transition with varying hardness ratio between the
shapes of the CCF in the softest and hardest states with the CCFs in the intermediate
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hardness states being simply replicated as a sum of the two extreme CCFs, each added
in proportion with hardness ratio.

e The full width of the CCFs in the soft state, together with twice the half-width at
negative lags in the harder states, correlates well with hardness ratio, as does the full
width of the ACF in all states.

e Although I have not yet investigated the behaviour of other XRBs in as much detail, I
have presented some early indications that the CCFs of GX 339-4 exhibit similar features
to those of Cygnus X-1, suggesting that this behaviour may be common to all black hole
XRBs.

3.10 Discussion

The CCFs provide clear evidence for two distinct components contributing to the X-ray
emission. The soft-state CCFs are the simplest to explain. They show the standard
behaviour expected when an increased seed photon flux, perhaps resulting from an in-
crease in the accretion rate through the disc, is sufficiently large that it cools the Comp-
tonising corona and leads to both an increased X-ray flux and also a softer spectrum
(Laurent and Titarchuk, 2011; Qiao and Liu, 2013). Thus energy is released primarily
through the production of seed photons rather than in heating the corona. Seed photon
production is most efficient from the optically thick part of the accretion disc and the
small width of the CCF is consistent with a change in the seed photon flux on a viscous
time-scale associated with an accretion disc at small gravitational radius. The very direct
link between seed photon flux and coronal cooling leads to a relatively high peak CCF
value and a lag close to zero. The decreasing width of the CCF with decreasing hard-
ness is consistent with the inward motion of the inner part of the disc with increasing
accretion rate.

The hard-state CCFs are more complex. As I explained above (Section 3.9), they appear
to consist of a broad anti-symmetric component and a narrow symmetric component
(see Figure 3.7 - bottom panel). The narrow width of the symmetric component implies
that the origin of the flux change and of the spectral index change for this component
have to be very closely coupled and in the same physical location. Cyclo-synchrotron
self-Compton emission, where the cyclo-synchrotron seed photons are scattered by their
very nearby parent electrons, naturally provides this component to the CCF, and should
dominate in the highest density, inner regions of the corona or RIAF where the locally
produced cyclo-synchrotron photons may form the bulk of the seed photons. Enhanced
cyclo-synchrotron radiation implies that more high energy electrons have been injected,
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i.e. energy has been put into the Comptonising electrons of the corona rather than into
the seed photons.

To produce the broad anti-symmetric component I require that the soft part of the spec-
trum rises first, leading to a steepening of the spectrum with count rate. I then require
that, some time later, the count rate in the higher energy parts of the spectrum rises,
leading to a hardening of the spectrum with count rate. Thus, as the count rate rises,
a steepening of the spectrum (I" is positively correlated with the count rate) precedes
a hardening of the spectrum (I" is anti-correlated with the count rate) and introduces
the weak asymmetric component found in my CCFs. This scenario, which requires that
some component of the hard flux lags the soft, agrees entirely with the hard versus soft
band CCF (Figure 3.9) and is illustrated in Figure 3.13. Such spectral changes can be
explained physically if there is an extended emission region with a radial gradient in the
energy or temperature of the Comptonising electrons such that the higher energy elec-
trons are mostly closer to the black hole than are the lower energy electrons. Thus the
emission weighted centroid of the high energy photons would be closer to the black hole
than that of the lower energy photons. An inwardly moving perturbation, perhaps in ac-
cretion rate, would then boost the low energy photon emission rate before that of the
higher energy photons. This scenario is entirely consistent with what is now becoming
the standard paradigm to explain most aspects of X-ray spectral variability, i.e. accretion
rate perturbations, produced probably in the accretion disc (Lyubarskii, 1997), propa-
gating inwards and affecting the X-ray emission from a radially temperature-stratified
emission region (e.g. Kotov et al., 2001; Churazov et al., 2001; Arévalo and Uttley, 2006;
Arévalo et al., 2008).

For the above propagating fluctuation model to work I require that the main X-ray
production mechanism at intermediate hardness is not self-Compton scattering of lo-
cally produced cyclo-synchrotron photons, which would only produce a narrow anti-
correlation. Instead, I require that, outside of the densest central region of the corona,
the seed photons will be dominated by a mixture of thermal disc seed photons and a
significant component of cyclo-synchrotron photons produced in more distant regions,
although there will also be some locally produced cyclo-synchrotron seed photons. Thus
the factor which mainly drives flux variability in the outer regions will be enhance-
ment of the scattering electron population rather than seed photon enhancement and so
lags will indeed be expected between soft and hard photons as the perturbations pass
through the energy stratified scattering region.

Figure 3.14 (panel a) shows an illustration of how an asymmetric component, generated
purely from my simple model of an energy/temperature gradient and propagation lag
rather than any genuine change in I', might appear on the CCF of count rate versus I".
When added to a narrower, symmetric anti-correlation (panel b) I find that the result is
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Figure 3.13: An illustration of an X-ray spectrum with a single power-law com-
ponent (panel a), demonstrating how a lag between the soft count rate and the
hard count rate may temporarily affect the measurement of I" and potentially
influence the CCF of count rate versus I'. An increase in count rate is initially ob-
served more strongly at soft energies, which causes the spectrum to temporarily
soften (panel b). At some later time the hard energy count rate will also start to
rise and the spectrum will now begin to harden (panel ¢). Together, one might
expect this softening and hardening of the spectrum to produce a positive cor-
relation between I' and the total count rate at negative lags (I" leads count rate)
and an anti-correlation at positive lags (count rate leads I'). Observationally,
the hard-state observations provide some indication that this may be the case
(see Figure 3.7, bottom, and Figure 3.4, observations 10, 13 and 14).

a skewed anti-correlation (panel c) that has at least some potential for reproducing the
overall shape of the CCF generated from the eight hard-state observations (panel d).
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Figure 3.14: An illustration of a CCF between count rate and I', demonstrating
how a lag between the soft count rate and the hard count rate may be respon-
sible for the asymmetric shape of the hard-state CCFs. Panel a: The highly
asymmetric components introduced into the CCF by small changes in I" as vari-
ations in the hard count rate lag those in the soft count rate (see Figure 3.13).
Panel b: The narrow anti-correlation which I tentatively associate with Comp-
tonisation from cyclo-synchrotron photons in the hot inner flow. Panel c: The
sum of the components in panels a and b. Panel d: The CCF generated from
eight hard-state observations, showing a positive correlation at negative lags, a
negative correlation at positive lags and a narrow, asymmetric anti-correlation.






“Not only is the Universe stranger than we think, it is stranger than we can
think.”

WERNER HEISENBERG (1901 - 1976)

CHAPTER

The g — I relationship in XRBs and AGN

4.1 Synopsis

In this chapter I continue my strategy of very high time resolution spectral fitting of
XRBs, and extend this analysis to include a study of AGN on comparable (mass-scaled)
time-scales. As well as cross-correlating count rate with I" for the XRBs, I also demon-
strate that the spectra extracted from each 100 ms time-block can be summed together
with other spectra of similar count rates to improve the signal-to noise ratio and allow
a direct examination of the distribution of I" with rhg. This technique is then applied to
AGN using spectra extracted from long-term RXTE monitoring observations instead of
the 100 ms data sections that were used for the XRBs.

4.2 Introduction

The relationship between the bolometric luminosity of accreting black holes and the
observed X-ray photon index (I') has already been extensively discussed in the intro-
duction, as well as in Chapter 3. Here, I will briefly recap upon those elements of this

77



78 Chapter 4 The g, — T relationship in XRBs and AGN

relationship that are most relevant to this section, and extend the discussion to include
a comparison of the behaviour observed in AGN and XRBs.

The power-law component found in the X-ray spectra of AGN and XRBs (which takes
the form N, oc E~L, where N, is the photon number density, E is the energy and T is
the photon index) is the result of Comptonisation of lower energy seed photons by high
energy electrons in either a central corona or the base of a jet. Observationally, T" has
been found to be positively correlated with the source flux above a critical accretion rate
(1herit), typically 0.5 — 1% of the Eddington limit, and anti-correlated at lower accretion
rates (Constantin et al., 2009; Gu and Cao, 2009; Shemmer et al., 2006; Wu and Gu,
2008; Sobolewska et al., 2011; Zdziarski et al., 2002). This change in the gy — I’
relationship at 1.,y has been observed in both AGN and the hard state of XRBs, and, in
the latter, it has been observed over both long (days to years) and short (sub-second)
time-scales.

In Figure 4.1 I show the relationship between g (or Lyo/Lrqq) and I' for the same
sample of AGN that I discussed extensively in Chapter 2. These data are all based upon
0.3—10 keV spectral fits to archival Chandra observations of the 486 galaxies in the Palo-
mar sample (Ho et al., 1997a) and, in addition, a small number of Palomar-Green (PG)
quasars. The plot shows a strong anti-correlation amongst the Palomar sources, with I"
typically between 2 and 2.5 at accretion rates below ~1076. In addition, the strength of
this correlation is likely to improve if only type 1.0-1.9 sources are considered (filled
symbols), which indicates that a reduction in contamination from non-AGN sources
would enhance the clarity of this "harder-when-brighter” behaviour. In contrast to the
LLAGN, the quasars exhibit a positive correlation between 7 and I' (which was also
observed in a similar sample of quasars by Shemmer et al. 2006) that, once fitted with
a straight line, intersects the fit to the LLAGN at an accretion rate of ~3.5 x 10~3. This
value is consistent with that at which hard-state XRBs switch from an anti-correlation
to a positive correlation, and is lower than the accretion rate at which XRBs make the
transition from the hard to the soft state (around a few percent of the Eddington limit -
see Maccarone, 2003; Gierlinski and Newton, 2006).

The anti-correlation found in my LLAGN Chandra data (Figure 4.1, solid green line) is
somewhat steeper than that reported by Gu and Cao (2009) (I find a slope of -0.35,
compared to their slope of -0.09). This discrepancy is possibly due to a slight bias
introduced by the presence in my data of several Compton-thick AGN at high accretion
rates, but may also be the result of greater scatter in their data, which was collected
from multiple literature sources (the authors make a similar point in their discussion).

Although large snapshot surveys of AGN present a simple and effective method of study-
ing the g — I relationship, it would also be useful to examine how individual sources
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Figure 4.1: Accretion rate versus photon index for a sample of LLAGN and
quasars. Green triangles represent Seyferts, blue diamonds represent LINERs,
red squares represent H 11 regions, open orange circles represent transition re-
gions and filled red circles represent PG quasars. For the Seyferts and LINERSs,
filled symbols represent spectral types 1.0-1.9 and open symbols represent type
2.0. The solid green line (I' = —0.35log(Lpo1/ Lraq) 4+ 0.30) is a fit to the LLAGN
sources, the solid red line (I' = 0.67 log(Lyo1/ Lraq) +2.73) is a fit to the quasars
and the dashed green line (I' = —0.09 log(Lyo1/ Lraq)+1.55) is the best fit found
by Gu and Cao (2009) for a similar sample of LLAGN.

evolve on this plot. It has been shown (e.g. Ponti et al., 2006) that some AGN exhibit
correlations between I" and the source flux on time-scales of only a few hours, and
their evolution on the 7y — I plot can therefore potentially be examined using a single
XMM or Chandra observation. However, in anticipation of large uncertainties in I', I in-
stead opt to study individual AGN over much longer time-scales (weeks or months) and
thereby hope to observe the changes in I" over a much larger variation in flux. In addi-
tion, this strategy has the further advantage of providing a potentially greater number
of data points and a greater number of counts within each spectrum.

In order to compare the spectral variability of AGN with that of XRBs, it is necessary
to consider the black hole mass (Mpy) of the source. McHardy et al. (2006) showed
that variability time-scales scale with Mpy and inversely with iy, which means that
variability behaviour observed in AGN on time-scales of weeks should, if present in XRBs,
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be found by studying variability on time-scales of seconds. For this reason, I choose
to examine the spectral variability of AGN by using multiple observations from long
monitoring campaigns, and examine the spectral variability of XRBs by monitoring the
rapid variations in I" and flux on millisecond time-scales within individual observations.

4.3 Observations and data reduction

4.3.1 The sample

During its lifetime, the RXTE satellite undertook many long-term monitoring campaigns
of AGN and, in this chapter, I choose to focus on five sources that have accretion rates
below a few percent of the Eddington limit. Four of these sources (NGC 1052, NGC
3516, NGC 3998 and NGC 5548) are part of the Palomar sample, which was discussed
extensively in Chapter 2. The X-ray spectrum of the LINER-1.9 galaxy NGC 1052 has
been the subject of a number of papers (e.g. Weaver et al., 1999; Guainazzi and An-
tonelli, 1999), all of which remark upon its unusual flatness in the 2 — 10 keV range. In
Chapter 2 I included NGC 1052 as a potential Compton-thick candidate, but noted that
very little evidence has been found to support this inclusion beyond its unusually flat
spectrum; in addition, the lack of a strong iron line in this source (Guainazzi and An-
tonelli, 1999) is not consistent with other known Compton-thick candidates. The other
three Palomar sources included in the sample (NGC 3516, NGC 3998 and NGC 5548)
are all Compton-thin type-1 Seyferts or LINERs, chosen primarily due to the relative
simplicity of their spectra, which show no evidence of a significant soft excess or similar
features which could complicate the fitting process. The fifth source I have chosen to
include in my sample is the Seyfert/LINER hybrid NGC 7213, which is already known
to demonstrate an anti-correlation between 7y and I' (Emmanoulopoulos et al., 2012)
over long time-scales.

The choice of X-ray binary systems suitable for inclusion in my sample is heavily re-
stricted by the available source flux. If the AGN observations are typically sampled at a
frequency of one observation every four days (or ~3.5 x 10° s), then this implies a spec-
tral timing resolution for XRBs of ~100 ms (assuming a typical AGN has a black hole
mass of ~5 x 107 M, and a typical XRB a mass of ~10 Mg). In order to fit spectra on
time-scales as short as this, I require a count rate of at least several hundred counts per
second and, furthermore, a source in which the X-ray spectra are not dominated by the
disc black body component. However, it is also desirable to include sources that cover
as large a range of accretion rates as possible in order to examine their behaviour either
side of the 1y boundary and to enable a comparison with the AGN, which may cover
several orders of magnitude in accretion rate. In consideration of the above restrictions,
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Table 4.1: A summary of the sample.
Source AGN/XRB  Distance Mpgy RA® Dec®
[kpc] [Mg]

NGC 1052 AGN 178007  1.80 x 1059 02h41m04.8s -08d15m20.8s
NGC 3516 AGN 389007  9.03 x 1079 11h06m47.5s +72d34m06.7s
NGC 3998 AGN 216007 7.32 x 1089 11h57m56.1s +55d27m12.9s
NGC 5548 AGN 670007  6.09 x 1039 14h17m59.5s +25d08m12.5s
NGC 7213 AGN 22120%  9.77 x 107/ 22h09m16.3s -47d10m00.0s
Cygnus X-1 XRB 1.867017% 14.841.0° 19h58m21.7s +35d12m05.8s
GX 339-4 XRB > 7.00¢ 5.8¢ 17h02m49.4s  -48d47m22.8s
XTE J1118+480 XRB 1.81" 8.53¢ 11h18m10.8s +48d02m12.6s

NOTES: “ Reid et al. (2011), ® Orosz et al. (2011), ¢ Zdziarski et al. (2004), ¢ Hynes
et al. (2003), ¢ From SIMBAD Astronomical Database, / Woo and Urry (2002), ¢ Based
upon the relation between black hole mass and velocity dispersion from Tremaine et al.
2002, with the velocity dispersion data obtained from Ho et al. 2009, " Average of
distances estimated by Wagner et al. (2001) (1.9 + 0.4 kpc), McClintock et al. (2001)
(1.8 + 0.6 kpc) and Gelino et al. (2006) (1.72 + 0.1 kpc), * Gelino et al. (2006), 7 Ho
et al. (1997a), * Emmanoulopoulos et al. (2012)

the sample was defined to be the high-mass binary system Cygnus X-1, the low-mass
binary systems GX 339-4 and XTE J1118+480.

A summary of some of the key properties of the sample is provided in Table 4.1.

4.3.2 Data reduction

All observations used in this chapter have been selected and retrieved from the RXTE
archive. In total, 115 observation of NGC 1052 were retrieved, along with 627 observa-
tions of NGC 3516, 376 observations of NGC 3998, 1 055 observations of NGC 5548 and
238 observations of NGC 7213. In addition, all observations of Cygnus X-1, GX 339-4
and XTE J1118+4480 were retrieved.

For all observations good time intervals (GTIs) were generated based upon the space-
craft elevation angle being greater than 10°, the pointing offset being less than 0.02° and
the time since the last south Atlantic anomaly (SAA) passage being at least 30 minutes.
Next, synthetic background data based upon the faint (for the AGN) or bright (for the
XRBs) PCA background models were generated using the script RUNPCABACKEST and
suitable response files created using the PCARSP tool. Spectra were then extracted from
both the standard-2 data and background data for PCU2 only (a restriction designed to
improve the quality of the spectra, especially those from the faintest sources).
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For the XRBs, response files were also generated for the binned array modes (where
available) or, alternatively, the event mode data. The observations selected from the
archive all provide time resolution of 100 ms or better, and are therefore able to support
the study of XRBs on (mass-scaled) time-scales that are comparable to those we can
study in my AGN observations. The binned array modes are the simplest to reduce,
and are therefore preferred, but offer less flexibility than the event modes (for instance,
binned array mode data generally contains data from all PCUs binned into a single
column (XeCnt), and therefore prevent any possibility of using only PCU2 data). Once
response files had been generated, spectra were then extracted from each 100 ms section
of the data (as described in Section 3.4).

For the AGN, high time resolution is not required and therefore only the standard-2
datasets have been reduced. This mode offers 16 s time-resolution and at least 40 chan-

nels to cover the 3 — 20 keV energy range.

4.3.3 Spectral fitting

In order to determine suitable models for fitting the 100 ms XRB spectra, we first fit the
standard-2 data for each full observation using XSPEC version 12.8.0. The higher spec-
tral resolution of these data make them particularly suitable for fine tuning parameters
such as iron line width and equivalent width, absorption column density and reflection
scaling factor. All XRB observations were initially fitted over the 3 — 20 keV energy
range with a model consisting of absorption (PHABS), a power-law and reflection com-
ponent (PEXRAV; Magdziarz and Zdziarski 1995), a Gaussian representing the iron K «
fluorescence line at ~6.4 keV (using the GABS component, with the line depth set to a
negative value to model an emission line) and, if required, a disc black body component
(piskBB). The inclination angle of the PEXRAV component was fixed to 30° for Cygnus
X-1 and 53° for GX 339-4 and XTE J1118+480.

Once suitable models had been established for each observation, the iron line width and
equivalent width, absorption, reflection scaling factor and disc component were fixed,
and all the 100 ms binned array mode spectra were fitted in XSPEC. From these fits
I record the photon index, count rate and absorption corrected flux, along with their
uncertainties. Further discussion of the validity of fixing various spectral components

can be found in Section 3.4.

For the AGN observations, only the standard-2 data have been fitted. This was per-
formed in XSPEC using a model consisting of an absorbed power-law (Ny was set to
3.07 x 10%° ¢cm~? for NGC 1052, 3.05 x 10** em~2 for NGC 3516, and 1.22 x 10?° ¢cm ™2
for NGC 3998, 1.69 x 1020 cm ™2 for NGC 5548 and 1.06 x 10%° cm~2 for NGC 7213). In
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addition, NGC 3516 and NGC 7213 each required an iron line at ~6.4 keV (modelled
using the GABS component) with one sigma widths 0.76 keV and 0.14 keV respectively
and equivalent widths 0.61 keV and 0.15 keV respectively.

4.4 The myg — I relationship in X-ray binary systems

4.4.1 Short time-scale data

Previous studies of the 7y — I relationship in hard-state XRBs on very short time-scales
are fairly uncommon, but have shown (e.g. Wu et al., 2010) the correlation to be heavily
affected by Poisson noise. This issue is illustrated in Figure 3.3, in which the iy — T’
correlations in both the hard and soft-state data have been completely buried in noise.
In order, therefore, to investigate this relationship in my 100 ms data I chose in Chapter
3 to cross-correlate I with the source count rate. This technique allowed the Poisson
noise (which is random) to cancel and successfully resolved the shape of the peak in the
CCF (see Figure 3.4). However, although CCFs are a useful tool for investigating XRBs,
they cannot be similarly used to study the 7 — I relationship in AGN. The much slower
variability from AGN, combined with their relative faintness, means that spectra from
these sources must be extracted from complete observations that are spaced several days
apart, and few (if any) AGN have a sufficient number of observations in the archives to
permit this kind of analysis.

Instead, in this chapter I employ another method which allows the behaviour of XRBs
and AGN to be directly compared. For the XRBs, the 100 ms PCA spectra are sorted into
order of count rate, grouped together into groups of 600 (unless otherwise stated) and
added together using the ADDSPEC tool. In doing this I have chosen to group spectra
only with others from the same observation, and all other spectra are processed entirely
separately. For the XRBs, it is not necessary to combine the RMF files and background
spectra when running ADDSPEC because these files have been generated based upon the
entire observation, and are unlikely to change significantly on 100 ms time-scales.

Figure 4.2 shows a plot of L3_90 xev/Lraq versus I' for eight observations of Cygnus X-1,
four observations of GX 339-4 and two observations of XTE J1118+480. The soft states,
in which I" > 2, are clearly distinct from the hard and intermediate states and show very
strong and steep positive correlations. At low accretion rates the hard-state observa-
tions show an anti-correlation in XTE J1118+480, and at high accretion rates a positive
correlation in GX 339-4. Perhaps more interesting is the case of Cygnus X-1, which is
intermediate in accretion rate between the other two sources and clearly shows both
an anti-correlation and a positive correlation in the two hard-state observations. The
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Figure 4.2: Accretion rate (using L3_20 kev/LEdd @S a proxy) versus photon
index for the X-ray binary systems XTE J1118+480, Cygnus X-1 and GX 339-4.
The hard and soft states are easily distinguishable, with the latter occupying the
top half of the plot (I" > 2). The hard-state data show an anti-correlation at low
accretion rates and a positive correlation at high accretion rates.
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intermediate states (30157-01-27-00 and 30157-01-50-00) show a steeper correlation
and the anti-correlation that is evident in the hard state has disappeared even though
these observations extend over roughly the same range of accretion rates. This be-
haviour in Cygnus X-1 is consistent with the count rate versus I' CCFs described in Chap-
ter 3, in which many of the hard-state observations showed a narrow anti-correlated
component and a broader correlated component. In my discussion of those results I
suggested that the broad, positive correlation represented Comptonisation of accretion
disc black body photons and the narrow anti-correlation represented Comptonisation of
cyclo-synchrotron emission in the hot, inner regions of the accretion flow.

The distribution of data points from the hard-state observations in Figure 4.2 shows a
remarkable continuity between sources. For instance, the position and correlation slope
of XTE J1118+480 data points makes these data appear to be a continuation of the
anti-correlation observed in Cygnus X-1; similarly, many of the data points represent-
ing GX 339-4 could be described as a continuation of the positive correlation observed
in Cygnus X-1, with the exception of those from observation 20056-01-01-00. This
latter observation, dating from 1997 April 5, appears to suggest the presence of an
anti-correlation in GX 339-4 at a much higher accretion rate than the anti-correlation
observed in Cygnus X-1. However, the faintness of this observation, combined with the
relatively short observation time of 2.37 ks and lack of corroborative support from other
observations, somewhat reduces the certainty of this result.

The assertion that the anti-correlation in Cygnus X-1 is associated with the narrow com-
ponent found in the CCFs of Chapter 3 is supported by data shown in Figure 4.3. Here,
I have extracted spectra from the binned PCA data on 100 ms, 1.5 s and 5 s time-scales,
and added these spectra in groups of 600, 60 and 20 respectively. The plot shows that,
although the positive correlation is clearly evident on all time-scales, the anti-correlation
weakens in the lower time-resolution data. This result is consistent with the "two-zone”
accretion model, in which seed photons from the accretion disc are responsible for the
slower variability from the outer regions of the corona and cyclo-synchrotron seed pho-
tons from the hot, inner accretion flow dominate the more rapid variability.

The presence of both an anti-correlation and a positive correlation (indicating coronal
heating and cooling, respectively, in response to increased flux) in the 100 ms data
demonstrates the capability of the source of making this transition within a time-scale
defined by the length of the observation (20 hrs in this case) and, in all likelihood,
considerably faster than that. If it can be established that a change in the gy — T’
relationship can occur on very short time-scales then this may suggest that the cause of
the transition is not a major change in the geometry of the accretion flow, but instead the
data may be explained as the result of inwardly propagating accretion rate perturbations
causing fluctuations in seed photon production in different parts of the accretion flow.
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Figure 4.3: Accretion rate (using L3_20 kev/LEdd @S @ proxy) versus photon in-
dex for the X-ray binary system Cygnus X-1, observation 10236-01-01-02 (17th
December 1996). Top: Spectra were extracted from the binned PCA data at
100 ms time-resolution, sorted by count rate and then added together in groups
of 600 (using the ADDSPEC tool). The summed spectra were then fitted in XSPEC.
This plot demonstrates how an anti-correlation at low g and a positive cor-
relation at high rhg can be found within a single 72 ks observation. Centre:
Plot generated from the same data as above, except the spectra were originally
extracted at 1.5 s time-resolution instead of 100 ms. The spectra were then
added together in groups of 60. Bottom: Spectra originally extracted at 5 s
time-resolution and added together in groups of 20. The anti-correlation found
in the high time-resolution data becomes weaker at lower time-resolution, sug-
gesting that the harder-when-brighter behaviour we see in Cygnus X-1 exists
only within the most rapid variability.
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Figure 4.4: Top left: First 30 s of the lightcurve of Cygnus X-1 observation
10236-01-01-02, with the data divided into those with count rate greater than
(red points) and less than (blue points) 4 000 counts per second. Top right: Plot
of count rate versus I" for the same data, with spectra sorted by count rate and
added together in groups of 600. The data have again been divided by count
rate. Bottom: CCF of count rate versus I for the same data. As expected, the
high count rate data (solid red line) shows a positive correlation between the
two properties and the low count rate data (dashed blue line) shows an anti-
correlation. The anti-correlation is considerably narrower and weaker than the
positive correlation.

Figure 4.4 provides some further evidence in support of the idea that the switch in
the g — I' correlation can be extremely rapid. In this figure I have divided all the
data into those where the count rate is greater than 4 000 counts per second (marked
in red) and those where the count rate is less than this (marked in blue). A value of
4000 ctss~! was chosen so that a plot of count rate versus I' (top-right-hand corner
of the figure) is divided neatly between the anti-correlation at low count rates and the
positive correlation at high count rates. The source lightcurve (part of which is shown
in the top-left-hand corner of the figure) shows that the source count rate repeatedly
crosses this 4 000 ctss~! threshold on sub-second time-scales, and therefore we require
a model that can explain the changes in the /gy — I" correlation on similar time-scales.
The bottom panel of the figure shows the CCF of count rate versus I', with separate
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CCFs generated from the high and low count rate data (in each case there were no
restrictions placed upon I'). As expected, the high count rate CCF (red line) shows
a strong positive correlation and low count rate CCF (blue line) shows a weaker anti-
correlation. However, the plot also confirms that the anti-correlation found in the fainter
observations is much narrower than the positive correlation, which is consistent with the
disappearance of the anti-correlation in Figure 4.3 when low time-resolution data were
analysed. The low count rate CCF also shows positive peaks at around +1 — 2 s, which
suggests that the broader positive peak found in the high count rate CCF persists at
lower count rates. The width of this positive peak is exactly the same in both the high
and low count rate CCFs (about 4 — 5 s at the base), indicating that the inner edge of
the accretion disc is fixed in truncation radius on the short time-scales examined here.

4.4.2 Long time-scale data

The investigation of the /g — I' relationship over different time-scales (Figure 4.3) can
be extended to much longer time-scales of days or weeks. In order to do this it is
necessary to reduce the XTE standard-2 data from as many observations as possible,
and then group and add these spectra in the same way that was described above for
the binned PCA spectra. Figure 4.5 shows the same data that was presented in Figure
4.2 (grey points) and, in addition, data extracted from the summed standard-2 spectra
of all three sources. The observations from which these spectra were extracted are
typically found in the archive with a gap between observations of between one and four
days, and several hundred observations were retrieved for each source. The plot shows
that, on long time-scales, XTE J1118+480 shows remarkably similar behaviour to that
which was observed in the 100 ms PCA data, suggesting that the temperature/luminosity
relation in the advection dominated accretion flow of this source is independent of the
time-scale. In contrast, Cygnus X-1 shows only a very steep correlation that is consistent
in slope with that observed in the 100 ms PCA data from the soft-state observations.
Unfortunately, there is no archive data that catches Cygnus X-1 in a lower flux state so
the presence of an anti-correlation on long time-scales cannot be verified in this source.
In GX 339-4 we find a positive correlation at high iy that is consistent with the 100 ms
PCA data. In this plot I only show the data up to the time when the source enters the
intermediate state (2010 January 12 to 2010 April 09), as the uncertainty on I" was
found to be too large after this point. In addition, the plot shows data from a period in
which GX 339-4 was leaving the soft state and returning to the hard state (2003 March
29 to 2003 April 27), and here we find a much steeper distribution of I'" at a lower
g that is more alike to the long-term data from Cygnus X-1. The different rhgy — T’
distributions of GX 339-4 when entering and leaving the soft state are reflective of the
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Figure 4.5: Accretion rate (using L3_20 kev/LEdd @S @ proxy) versus photon in-
dex for Cygnus X-1 (filled red circles), XTE J1118+480 (open blue circles) and
GX 339-4 (filled green diamonds) over long time-scales (months and years); the
grey points are the short time-scale data from Figure 4.2 (shown for compari-
son). The data from GX 339-4 are split into those from when the source was
moving towards the soft state (small, light green diamonds) and those from
when the source was leaving the soft state (large, dark green diamonds); the
different correlations in these data are reflective of the hysteresis curve in the GX
339-4 hardness-intensity diagram. The short and long time-scale data from XTE
J1118+480 show remarkably similar behaviour, but the long time-scale Cygnus
X-1 data all show a correlation between 7y and I' that is consistent with the
short time-scale soft-state observations. This is true even of the observations
from proposal P30157, which individually appear to be of hard or intermediate
state. Only the hard-state observations of GX 339-4 are shown, but in the data
from just before the soft-state transition I find a Lx /T" correlation that is similar
to that found in the 100 ms PCA data from this source.
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hysteresis curve found in the hardness-luminosity diagram of this source (see Section
4.4.4, below).

GX 339-4 makes the hard state to hard intermediate state transition at a much higher
accretion rate than Cygnus X-1, such that the accretion rate of the transition (rivyg—pr)
is at least an order of magnitude greater than 7. Consequently, GX 339-4 displays
a positive correlation in the long-term hard-state data that is not present in the Cygnus
X-1 data. A further examination of the hard-state GX 339-4 data reveals an increase in
the equivalent width of the iron line with count rate (see Figures 4.6 and 4.7 in both
the long- and short-term observations. This is somewhat unexpected, and is inconsistent
with the results found for Cygnus X-1 in Chapter 3 and for GX 339-4 by Nowak et al.
(2002).

4.4.3 A comparison of the 7 — I correlation on long and short time-scales

In Figure 4.8 the different behaviours of GX 339-4 and Cygnus X-1 are further empha-
sised by a closer examination of the data from observing programmes P30157 (Cygnus
X-1; 1997 December 11 to 1998 March 12) and P95409 (GX 339-4; 2010 January 12
to 2010 April 09), with the latter again cut off at the time the source enters the inter-
mediate state. The plot shows the long time-scale standard-2 data (large purple and
blue crosses) alongside the short time-scale data from a small selection of observations
(open circles). In the hard state of Cygnus X-1 the change in I" in response to a change
in Lx (i.e. the temperature change of the corona) is very different on 100 ms time-scales
to that found on ~7 dy time-scales, whereas in GX 339-4 the rhy — I' distribution is
very similar on both time-scales (though the gradient is slightly less steep in the 100 ms
data). In Cygnus X-1 we also find that the 7y — I" correlation on 100 ms time-scales
changes considerably as the source softens, with the gradient of the positive correlation
increasing. In GX 339-4 the 7y — I correlation in the 100 ms data appears exactly the

same in all the observations examined.

The different g — I' correlations found in the long and short-time scale data from
Cygnus X-1 could perhaps be attributed to physical changes in the accretion flow on
long periods of time. When observed over long time-scales, the positive iy — I" correla-
tion (which is always due to Compton-cooling of the corona) is more likely to be affected
by changes in the accretion disc geometry, such as variations in the truncation radius. A
change in the truncation radius not only increases the temperature and luminosity of the
inner edge of the disc (from where the seed photons for Comptonisation are generally
supplied), but also increases the proportion of disc photons that intersect the Compton-
ising region in the centre. Therefore, an increase in flux combined with a decrease in

the truncation radius could easily be responsible for creating a stronger cooling effect
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Figure 4.6: Top: Hard-state X-ray spectra of GX 339-4 from the event mode data
of observation 95409-01-12-01, expressed as a ratio to an absorbed power-law
fit. The spectra were extracted with 1 s time-resolution, sorted by count rate
and then added together in groups of 1 200. The panels are sorted by count rate,
which is also displayed in the top right-hand corner. The iron line can clearly
be seen as an excess of photons at about 6 keV, and shows a slight increase in
equivalent width with count rate. Bottom: Hard-state spectra of GX 339-4, but
this time extracted from the standard-2 mode data with ~32 hr time-resolution.
There data are all dated from between 2010 January 12 and 2010 April 09,
during which time the source was in the hard state and showed a strong mg — I’
correlation. The increase in the strength of the iron line with the count rate is
much clearer in these data than in the 1 s time-resolution data, which is perhaps
a consequence of the latter covering a much smaller range of accretion rates.
The increase in the iron line equivalent width is unexpected, and is inconsistent
with the results found for Cygnus X-1 in Chapter 3 and for GX 339-4 by Nowak
et al. (2002). I gratefully thank Diego Altamirano for verifying my reduction of
these data.
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Figure 4.7: The equivalent width of the iron line versus count rate in GX 339-
4, shown in the standard-2 data with ~32 hr time-resolution (left) and in the
event mode data with 1 s time-resolution (right).

than that would be possible with just the flux increase on its own. Over much shorter
time-scales (when there may not be sufficient time for these physical changes in the
accretion disc to occur) the correlation is simply the result of changes in disc luminosity

due to accretion rate variations.

It is also interesting to see in the 100 ms Cygnus X-1 observations that the transition
between an anti-correlation and a positive correlation at 7., moves to lower accretion
rates as the source becomes softer. It can clearly be seen that there is a range of accretion
rates at which I' is positively correlated with g in observation 30157-01-50-00 and
anti-correlated in observation 30157-01-03-00 and 30157-01-23-00, although it should
be noted that changes in the bolometric correction between observations could have a
significant effect on these results. As both 7 and I increase over long time-scales the
truncation radius of the disc moves inwards and the balance of seed photon supply for
Comptonisation shifts from the RIAF to the disc. However, rapid changes in the flux
on 100 ms time-scales do not result in similar changes in the truncation radius and 7.,;t
gradually evolves with the hardness ratio over long time-scales. This result can therefore
also be interpreted in the context of a fixed (or only slowly varying) truncation radius

on short time-scales.

The count rate/I" CCFs generated from the same four Cygnus X-1 observations and three
of the GX 339-4 observations are shown in Figure 4.9 (the fourth GX 339-4 observation,
95409-01-08-02, was too faint for this analysis). The CCFs show the positive correlation
in Cygnus X-1 growing in strength as the source softens, and at the same time the width
of the peak becoming narrower. This result is consistent with the findings of Chapter 3
and can be attributed to a decreasing truncation radius as the source softens. The CCF of
the softest GX 339-4 observation (95409-01-13-03) reveals a peak with a similar width
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Figure 4.8: Long and short time-scale date from two observing programmes
of Cygnus X-1 (P30157, hard and intermediate state) and GX 339-4 (P95409,
hard state). The response of I' to changes in 7 in the hard state of Cygnus
X-1 is completely different on 100 ms time-scales to that found on ~7 dy time-
scales, while in the intermediate state there appears less difference. In GX 339-4
we find a much more similar gradient on both time-scales (though slightly less

steep in the 100 ms data).
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to the softest Cygnus X-1 observations (which is consistent with the similar hardness

ratios of these observations) but a weak strength and high degree of asymmetry that are

more consistent with the hardest observations of Cygnus X-1.

4.4.4 Hardness-intensity diagrams

The different hard-state behaviour of Cygnus X-1 and GX 339-4 is clearly illustrated
when hardness ratio is plotted against count rate for these sources (Figure 4.10). GX

339-4 displays the distinctive g-shaped hysteresis curve that is always traversed in an

anti-clockwise direction; the hard-state (which is represented by a curve that sweeps
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Figure 4.9: Count rate/I" Cross-correlation functions for the four Cygnus X-1
observations and three of the GX 339-4 observation shown in Figure 4.8 (GX
339-4 observation 95409-01-08-02 was too faint for this analysis). For each
source the softest (and highest accretion rate) observations are shown at the
top and the hardest (and lowest accretion rate) observations at the bottom.
The Cygnus X-1 data show the positive correlation narrowing as the source
softens, which is consistent with a decreasing truncation radius. The softest GX
339-4 observation has a peak width similar to that found in the softest Cygnus
X-1 CCFs (note that the FWHM of the peak scales with the hardness ratio - see
Chapter 3), but the weak strength of the peak and its high degree of asymmetry
are more consistent with the hard-state observations of Cygnus X-1.

from the bottom-left of the plot to the top-right) shows a hardening with increasing
count rate at low luminosities and a softening with increasing count rate at high lumi-
nosities, which is analogous to the switch in /g — I" correlation. In contrast, Cygnus
X-1 shows only a single path between the hard and soft states, and the extreme changes
in hardness ratio in response to only small changes in count rate appear more closely
related to the intermediate states of GX 339-4 than the hard states.

In order to compare the hardness-intensity diagrams of GX 339-4, Cygnus X-1 and
XTE J1118+480 I choose to apply a correction factor to the count rates, such that
CReorr = CR x (d?/Mgn) (see Figure 4.11). This term is proportional to the factor
that would be used to convert from Fx to Lx/Lgqq, and therefore C R, is roughly
proportional to accretion rate. The plot also indicates the hard, intermediate and soft
states of GX 339-4, and highlights the separate "harder-when-brighter’ and ’softer-when-
brighter’ behaviour of the hard state of this source. Although this plot does not include
bolometric corrections, which may be different in each source and also heavily depen-
dent upon the spectral state, the Cygnus X-1 data appear to be most strongly associated
with the path taken by GX 339-4 as it exits the soft state at around the m.,;; accretion
rate.
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Figure 4.10: Hardness intensity diagrams (based upon the ratio of count rates
in the 5 — 13 keV and 3 — 5 keV bands) for XTE J1118+480, Cygnus X-1 and
GX 339-4, based upon all available RXTE standard-2 data. Whereas the XTE
J1118+480 plot resembles the hard tail of the GX 339-4 plot, Cygnus X-1 enters
the soft state without showing the same g-shaped hysteresis curve that is found
in GX 339-4.

4.4.5 An alternative interpretation of the short time-scale anti-correlation in
Cygnus X-1

In Figures 4.2, 4.3 and 4.4 I showed that in many of the hard-state Cygnus X-1 observa-
tions I' can be anti-correlated with g at low accretion rates and positively correlated
at high accretion rates. In Figure 4.4 I further showed using CCFs that the source con-
tinuously crosses the boundary between these two accretion rate regimes on time-scales
of less than one second. Throughout this chapter I have associated this anti-correlated
component with Comptonisation in a RIAF, and this mechanism is undoubtedly respon-
sible for producing the anti-correlation in XTE J1118+480. However, in Cygnus X-1 the
very high speed with which the source appears to switch between a correlation and an
anti-correlation precludes the possibility that changes in the disc truncation radius are
responsible, and it therefore seems worthwhile including a discussion of the validity of
this result along with a summary of my efforts to investigate alternative explanations.

One obvious solution to the problem would be to invoke the presence of a soft and con-
stant (or only slowly varying) component. Under this scenario, a reduction in flux from
the power-law component on short time-scales would increase the relative strength of
the fixed component and cause the spectrum to soften. The very rapid change between
a positive correlation and anti-correlation would therefore be naturally explained, as
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Figure 4.11: Hardness intensity diagrams with the count rate corrected for dis-
tance and black hole mass (C'R x d?/Mgp). A similar correction is applied to the
flux in order to estimate the accretion rate, and therefore the y-axis on this plot
should be roughly proportional to accretion rate. The labels show the hard, in-
termediate and soft states of GX 339-4 and the separate ’harder-when-brighter’
(black line) and ’softer-when-brighter’ (red line) behaviour of the hard state of
this source.

would their presence at high and low accretion rates respectively. The idea of a soft,
fixed component immediately suggests an accretion disc and throughout my research
I have therefore spent some considerable time attempting to fit my spectra with disc
components that are able to explain the anti-correlation in Cygnus X-1.

In general I have found that a soft, fixed component can very nicely explain the Cygnus
X-1 results from Figure 4.8, but an attempt to do this using a disc black body compo-
nent (DISKBB) in XSPEC requires extremely unphysical model parameters. For instance,
the spectrum with the lowest flux amongst the summed spectra of the hard-state ob-
servation 30157-01-23-00 can be fitted with a power-law with I" ~1.6 and a disc black
body component with inner radius temperature of 1.38 keV and normalisation of 5.3.
Once this model was applied to the rest of the summed spectra from this observation
then the anti-correlation was indeed found to disappear. However, this disc temperature
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Figure 4.12: A comparison of the ACF (top) and I" versus count rate CCF (bot-
tom) of Cygnus X-1 observation 20175-01-02-00. The width of the peak in the
ACF is comparable to the positive peak in the CCF, but considerably wider than
the negative peak in the CCF.

is almost three times as high as that found in the soft-state observations 10412-01-01-
00, 10412-01-02-00 and 10412-01-05-00 and, even worse, implies a truncation radius
well below 1 Rg (which, in Cygnus X-1, is ~22 km). In the soft state, the spectral fits
found the disc normalisation to be between 20000 and 26 000 (implying an inner radius
of approximately 28 — 32 km), which (given the non-relativistic nature of the model)
is reasonably consistent with a disc extending inwards to the innermost stable orbit.
Consequently, when the disc component normalisation was forced to be at least 20 000
whilst fitting observation 30157-01-23-00 (which is essentially an insistence that the
truncation radius is at least as large as that found in the soft state) then the spectral fits
forced the temperature to be much lower (~0.25 keV) and the disc component was no
longer able to explain the anti-correlation found in the data at low accretion rates.

A more viable alternative for fitting the soft component is perhaps by using an addi-
tional power-law; unlike a disc component, a power-law has parameters that provide
no physical interpretation with which to constrain the fit. Using the same hard-state
observation, 30157-01-23-00, it was found that the addition of a fixed power-law with

I' = 2.27 results in the disappearance of the anti-correlation, although the gradient of



98 Chapter 4 The g, — T relationship in XRBs and AGN

the g — T correlation does become considerably less steep at low accretion rates (per-
haps suggesting that the parameters of this new component require some tweaking). If
a fixed power-law is indeed present in the data then I can currently offer no physical
interpretation of this component, but suggest that the study of rapid spectral variability
could potentially be a more effective tool for further examination than spectral fitting
alone.

Possibly the most convincing reason for rejecting the fixed, soft component hypothesis is
provided by the CCF and ACF analysis of Chapter 3. If a soft, fixed spectral component
were responsible for producing the anti-correlation then the width of this component in
the CCF should be expected to be comparable to the width of the peak in the ACF (since
I" should be varying at the same speed as the flux). Figure 4.12 shows a comparison of
the ACF and T versus count rate CCF of the hard-state Cygnus X-1 observation 20175-
01-02-00, and reveals that the width of the peak in the ACF, although comparable to the
width of the positive peak in the CCF, is considerably greater than the width of the nar-
row anti-correlated peak in the CCF. It is therefore difficult to interpret this component
as being a direct consequence of rapid flux changes and it was for this reason that the
possibility of a fixed, soft component was originally not considered in Chapter 3.

4.5 The myg — I relationship in AGN

The five AGN sources included in my sample have been analysed in a similar way to
the XRBs, with the main difference being that, for the AGN, it is the spectra from the
complete standard-2 observations that are added together and not the binned PCA spec-
tra. The spectra are sorted by count rate, grouped together into groups of ~15 — 20
and then added together. In doing this I have chosen to group spectra only with others
from the same proposal, and spectra with a different proposal ID are processed entirely
separately. When adding standard-2 datasets it is also necessary to generate new back-
ground spectra and RMF files by using the QSUBBACK and QADDRMF parameters of the
ADDSPEC tool.

In the following subsections I discuss each of my five AGN sources separately.

4.5.1 NGC 1052

The LINER 1.9 galaxy NGC 1052 is located at a distance of 17.8 Mpc and hosts a black
hole of mass 1.8 x 108 M. This source is characterised by an unusually flat X-ray
spectrum, and shows evidence of possible heavy absorption by a patchy absorber with
a column density close to being Compton-thick (Guainazzi and Antonelli, 1999; Weaver



Chapter 4 The g, — T relationship in XRBs and AGN 99

o~

% | NGC 1052 ' ' ' K

€| i o
éo.e _+H\“wMWM“M\ i “MMMM*\MNW\WH MW‘M I -
LE HH {I\ }‘WH IW\ HH | m H‘HM ’H‘H ”H | H”M\I
= L I Iy A e

Figure 4.13: Top: 3 — 20 keV count rate and photon index as a function
of time for the LINER-1.9 galaxy NGC 1052. Bottom: Accretion rate (using
L3_90 kev/LEgdq as a proxy) versus photon index for NGC 1052. There appears
to be no correlation between these properties for this source, and it is likely that
variable absorption plays an important réle in the spectral changes observed in
this source.

et al., 1999). This source was also the first LINER galaxy in which polarised broad
emission lines were detected (Barth et al., 1999). In Chapter 2 I listed NGC 1052 as
a possible Compton-thick candidate, but this has never been firmly established despite
the detection of polarised lines. The Chandra spectra reveal that the accretion rate is
approximately 7.2 x 1073 per cent of the Eddington limit, but the true value may be at
least an order of magnitude higher if the source is indeed Compton-thick.

The lightcurve (Figure 4.13, top panel) reveals the source to be extremely faint, with
a count rate that places it on the very limit of the detection capability of XTE’s PCA
instrument. The questionable reliability of the background subtraction process in very
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faint sources means that these data should be treated with a certain level of distrust.
The measurements of I" shown on the same plot suggest a much softer spectrum than
that which was generated from Chandra observation 5910 (shown in Appendix A) or
that which was observed by Guainazzi and Antonelli (1999) or Weaver et al. (1999),
which raises further questions over the reliability of these data. When the luminosity
(L3-20 kev/Luaa) is plotted directly against I' (Figure 4.13, bottom; note that prior to
fitting in XSPEC the spectra were sorted by count rate and added together in groups of
7) there appears to be no correlation between the two properties (a Spearman rank test
gives rs = —0.208, and therefore fails to find a correlation at the 1-0 level of signifi-

cance).

4.5.2 NGC 3516

NGC 3516 is a type-1.2 Seyfert galaxy located at a distance of 38.9 Mpc and hosts a
black hole of mass 9.0 x 10" M. The Chandra spectra (see Appendix B) take the form
of a power-law, with a relatively complex soft excess below ~1 keV and a narrow iron
line at ~6.4 keV. The average accretion rate obtained from the Chandra observations
was found to be 7.9 per cent of the Eddington limit, but this value varied by a factor of
up to 7.5 between observations. Some of the Chandra observations also suffer from the
effects of pile-up.

Figure 4.14 (top) shows the lightcurve (measured in counts per second in the 3 — 20 keV
range) and photon index between 1997 February and 2002 August, which represents
498 of the 624 XTE observations that have been reduced for this source. A positive
correlation between these properties would be expected from a source with an accretion
rate above one per cent of Eddington, and such a correlation is clearly evident in this
plot. The data from proposals P40223 (96 observations dating from 1999 January 1 to
2000 February 19) and P96390 (90 observations dating from 2010 December 31 to 2011
December 30) have been processed using the method described above (i.e. their spectra
have been sorted by accretion rate and then added to improve the signal to noise ratio),
and the relationship between L3 99 xev/Lrdq and I' is shown in Figure 4.14 (bottom).
A Spearman rank test finds that L3 o kev/Lgqq and I' are correlated in both data sets
at a 3-0 level of significance (rs = 0.937 in both cases).

4.5.3 NGC 3998

NGC 3998 is a type-1.9 LINER galaxy located at a distance of 21.6 Mpc and hosts a black
hole of mass 7.3 x 10® M. The Chandra spectra of this source are amongst the simplest
in form of any I have studied in this thesis, showing only an unabsorbed power-law
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Figure 4.14: Top: 3 — 20 keV count rate and photon index as a function of
time for the Seyfert-1.2 galaxy NGC 3516. The correlation between these
properties can clearly be seen in several places. Bottom: Accretion rate (us-
ing L3_20 kev/LEdq as a proxy) versus photon index for NGC 3516, showing a
strong correlation in both datasets.

and lacking any thermal component or iron line. The accretion rate was found to be
4.0 x 1073 per cent of the Eddington limit, which places the source firmly within the
range from which we would expect advection dominated accretion to operate.

The lightcurves of both count rate and I" (Figure 4.15, top) are considerably more noisy
than those of any other AGN studied in this chapter, and show less evidence of genuine
variability. However, in several places (especially the peak in the count rate at around
MJD 55610) an anti-correlation between count rate and I is clearly seen in the data.
This anti-correlation becomes much clearer when L399 kev/Lgqq is plotted against T’
(Figure 4.15, bottom), and reveals the gradient to be very steep. A Spearman rank test
finds a correlation at the 3-¢0 level of significance (r¢ = —0.840). It should be noted,
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Figure 4.15: Top: 3 — 20 keV count rate and photon index as a function of
time for the LINER-1.9 galaxy NGC 3998. The separation of the lightcurves
into left and right panels is to facilitate a change in scale of the x-axis, which
was required to reflect a change in the sampling frequency of the observations.
Bottom: Accretion rate (using L3_90 kev/LEqq @s a proxy) versus photon index
for NGC 3998, showing a very steep anti-correlation.

however, that this source is extremely faint, and therefore the background subtraction
process may not be completely reliable. The lack of an iron line in my spectral fits
is consistent with previous XMM studies of this source (e.g. Ptak et al., 2004), which
have found neither an iron line nor any reflection features; NGC 3998 is therefore best
described using a RIAF model, with any accretion disc truncated at some large radius.
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Figure 4.16: Top: 3 — 20 keV count rate and photon index as a function of
time for the Seyfert-1.5 galaxy NGC 5548. Bottom: Accretion rate (using
L3_90 kev/LEqdq as a proxy) versus photon index for NGC 5548.

4.5.4 NGC 5548

NGC 5548 is a type-1.5 Seyfert galaxy located at a distance of 67.0 Mpc and hosts a black
hole of mass 6.1 x 10® M. The Chandra spectra of this source are heavily affected by
pile-up at energies greater than ~6 keV, but otherwise are consistent with a power-law
that shows only a weak excess of absorption above the Galactic level. The accretion rate
was estimated to be 1.6 x 10! per cent of the Eddington limit.

The lightcurve of this source (Figure 4.16, top) covers almost the entire era of RXTE
operations, with only two gaps in the data centred on MJD 52 900 and MJD 55 000. The
source can be seen to vary in count rate by a factor of ~10 over long time-scales but,
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interestingly, shows very little variation in I" that could correspond with these long time-
scale changes in count rate. For instance, the source shows a broad (~400 days) peak
in count rate centred on MJD 51 000, but we see no significant change in I" during this
time.

Despite the lack of any obvious correlation between count rate and I in the lightcurves,
the plot of L3_99 xev/Lrqq against I' for this source (Figure 4.16, bottom) suggests that
the two properties are indeed positively correlated (a Spearman rank test finds that
rs = 0.855, and therefore a correlation at the 3-¢ level). This plot shows the data from
335 XTE observations (all from proposal P50155, and dating from between March 2000
and August 2001), with the spectra grouped by count rate into 23 groups of ~15. The
strength of the correlation is slightly weaker than that found in the other Seyfert galaxy
in my sample, NGC 3516, and the gradient is also less steep.

4.5.5 NGC 7213

NGC 7213 hosts a Seyfert/LINER hybrid nucleus powered by a 9.8 x 10" M® black
hole, and is located at a distance of 22.1 Mpc. This source has already been shown to
demonstrate an anti-correlation between flux and I' (Emmanoulopoulos et al., 2012),
and has been included in my sample in an attempt to reproduce this result and therefore
validate my methods.

The lightcurve of NGC 7213 (Figure 4.17, top) shows the source to vary by a factor of
less than two over a period of ~16 months, while the measurements of I" also show little
variability over the same period. Plotting L3_o( kev/Lrqq directly against I' (Figure 4.17,
bottom) reveals a weak anti-correlation (consistent with the findings of Emmanoulopou-
los et al. 2012). A Spearman rank test finds a correlation at the 2-o level of significance
(rs = —0.618), which persists even if the outlying data point at I" ~ 1.99 is excluded (in
which case ry = —0.554).

4.5.6 Summary of AGN results

In Figure 4.18 I show the results for all five of my AGN sources on the same plot, along
with the results of the 100 ms study of my XRB sources (grey points) for comparison. In
general, we see a positive correlation between Lx and I in the two brightest sources (the
Seyfert galaxies NGC 3516 and NGC 5548), and an anti-correlation in two of the fainter
sources (NGC 3998 and NGC 7213); the data from NGC 1052 show no correlation.
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Figure 4.17: Top: 3 — 20 keV count rate and photon index as a function of time
for the LINER/Seyfert-1.5 galaxy NGC 7213. Bottom: Accretion rate (using
L3_90 kev/LEdq as a proxy) versus photon index for NGC 7213. The data are
from spectral fits to 238 XTE observations (all from proposal P92119, and dat-
ing from between March 2006 and June 2007), grouped by count rate into 20
groups of ~12. The plot reveals a weak anti-correlation between the properties.

Whereas the presence of a positive correlation in the bright sources and an anti-correlation
in the faint sources is not a surprise, the AGN data are still difficult to understand. Un-
like the XRBs, for which some observations show a non-linear relationship between Lx
and I', the AGN data can generally be fitted with straight lines, and the best fits to NGC
3516 and NGC 3998 have much steeper gradients than any of the hard-state XRB ob-
servations, indicating quite strong changes in spectral index in response to only slight
changes in source flux. Furthermore, three of the AGN are found to display quite ex-
treme values of I" that can be as low as 1.2 (NGC 1052 and NGC 3516) and as high as 3
(NGC 3998). Although the very hard spectra of NGC 1052 can possibly be attributed to
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Figure 4.18: Plot of Lx versus I for the five AGN sources, with the XRB sources
(grey points) shown for comparison. The data from NGC 5548 and NGC 7213
appear to be fairly consistent with that from the hard- and intermediate-state
XRB observations, whereas NGC 3516 and NGC 3998 show correlations with

much steeper gradients. The observations of NGC 1052 appear to show no
correlation between Lx and T'.
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heavy absorption, there is little evidence in the literature to support a similar conclusion
for NGC 3516.

Of the five AGN sources in the sample, only NGC 5548 and NGC 7213 show behaviour
that is consistent with that found in the hard- and intermediate-state XRBs. NGC 7213,
for example, has a spectral index, an accretion rate and a Lx/I" correlation that are all
very similar to the observations of XTE J1118+480, and NGC 5548 is very similar to
the intermediate-state observations of Cygnus X-1 (especially observation 30157-01-27-
00). The very steep correlations found in NGC 3516 and NGC 3998 are more consistent
with the soft-state XRB observations, but the low value of I" in NGC 3516 and the anti-
correlation in NGC 3998 would certainly appear to preclude this possibility.

4.6 Summary of the main observational results

e By extracting spectra from thousands of 100 ms sections of RXTE data, and adding
together those with similar count rates, I show here for the first time the presence of an
anti-correlation between 7 and I in a single observation of a X-ray binary system (XTE
J1118+480). This anti-correlation has exactly the same gradient as that found for the
same source on long time-scales (weeks and months).

e A similar analysis of the hard state of GX 339-4 (only accretion rates above ~1% were
examined) reveals a positive rig /I’ correlation that also has a similar gradient on two
vastly different time-scales (seconds and months). The data also reveal an increase in
the equivalent width of the iron line with accretion rate on both time-scales, which is
inconsistent with the results from Cygnus X-1 in Chapter 3.

e In contrast to the other two XRB sources, the analysis of Cygnus X-1 reveals a very
different behaviour on short time-scales to that found on much longer time-scales. On
long time-scales, Cygnus X-1 shows a very steep 7 /T" correlation that is similar to that
found in GX 339-4 as it exits the soft state and moves towards the hard state. On short
time-scales, and especially in the hard state, the gradient of the g /I" correlation is
much less steep, and is more similar to that found in the hard state of GX 339-4.

e Many of the hard-state Cygnus X-1 observations reveal the presence of both an anti-
correlation and a positive correlation within the same observation. This much was
already suspected from the CCFs of Chapter 3, but these data confirm that the anti-
correlation dominates when the count rate is low and the positive correlation when
the count rate is high. The lightcurves from these observations suggest that the source
continuously switches (on sub-second time-scales) between an anti-correlation and a
positive correlation, and CCFs between count rate and I" further suggest that the width
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of the positive correlation (perhaps associated with the truncation radius of the accretion
disc) does not change significantly during these times.

e Many of the observations from Cygnus X-1 observing programme P30157 show both an
anti-correlation and a positive correlation, and an examination of these data reveal that
the critical accretion rate (i) at which the source switches from an anti-correlation
to a positive correlation appears to move to lower accretion rates as the source softens.

e Of the five AGN sources examined, four show a correlation between rg and T'.
Whereas two of these sources (NGC 5548 and NGC 7213) have T distribution that are
similar to those found in the XRBs, two further sources (NGC 3516 and NGC 3998) show
much steeper correlations that have large gradients which are similar in magnitude to
the long-term Cygnus X-1 data or the short time-scale soft-state Cygnus X-1 data.

4.7 Discussion

In this chapter I have introduced a technique for directly comparing the spectral vari-
ability of XRBs with that of AGN, taking into account the effect of black hole mass on the
variability timescale. By adding together spectra with similar count rates I can hopefully
reveal any intrinsic correlation between accretion rate and I', whilst allowing any other
random variation (which may affect the measurement of I" in any individual spectrum)
to cancel out. This technique is particularly suitable for studying the low/hard states
of XRBs, in which the spectra are of a simple power-law form and lack features such as
a disc component, iron line or soft excess that could be changing independently of the
power-law. The addition of hard-state XRB spectra has the further advantage of increas-
ing the low count statistics from these observations, and therefore improving both the
signal-to-noise ratio and the quality of the spectral fits.

In Figure 4.2 I showed the presence of an anti-correlation between Lx /T in two observa-
tions of XTE J1118+480 (of length 12.4 ks and 13.9 ks), sampled with a time-resolution
of 100 ms. Although the anti-correlation in low accretion rate XRBs has been shown
before over long time-scales (e.g. Wu and Gu, 2008), I believe this plot is the first time
it has been shown to exist within a single observation.

More interesting, perhaps, are the observations of Cygnus X-1 from the same plot (and
analysed further in Figure 4.4) which reveal a transition from an anti-correlation to a
positive correlation within a single XTE observation. The lightcurve in Figure 4.4 shows
that the source switches continuously from a low count rate (< 4000 cts s~'), in which
the CCF of count rate versus I" reveals an anti-correlation, to a high count rate, in which
the CCF reveals a positive correlation, on time-scales of less than one second. The pos-
itive correlation peak in these CCFs is considerably broader than the anti-correlation,
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which supports the idea that the latter originates in the innermost regions of the accre-
tion flow. The CCFs also indicate that the broad wings of the positive correlation peak
are still present in the CCF generated from only the low count rate data, implying that
this component is always present throughout the duration of this observation. Further-
more, the width of the positive correlation peak (measured at the base) remains the
same in both the high and low count rate CCF. In Chapter 3 I argued that changes in the
width of the positive correlation peak were caused by changes in the truncation radius
of the accretion disc, and therefore the identical widths of the peaks in the high and low
count rate CCFs suggest that the truncation radius of the disc is not varying significantly
on very short timescales and cannot be responsible for the transition between positive
correlation and anti-correlation in this observation. However, although it is entirely
plausible that accretion rate perturbations can propagate inwards through the accretion
flow and alter the balance of seed photon supply between the disc and the RIAF, it is
not entirely clear how disc- and RIAF-dominated Comptonisation can be associated with
high and low accretion rates respectively without invoking an accretion-rate-dependent
truncation radius.

The way in which T" reacts to flux changes in hard-state XRBs shows some surprising
consistencies on two very different time-scales. In Figure 4.5 I show that the Lx /I’
anti-correlation found in the 100 ms PCA data from XTE J1118+480 is almost identi-
cal to the anti-correlation found in the standard-2 data spanning a period of months.
Similarly, the positive correlation found in the 100 ms PCA data from GX 339-4 (obser-
vations 40031-03-02-03 and 70109-01-04-00) resembles that found in the standard-2
data spanning the period 2010 January 12 to 2010 April 09. There is, however, some
suggestion of a softening in I" at the low accretion rate end of the GX 339-4 100 ms data
(when compared to the long time-scale data), which becomes a clear anti-correlation in
observation 20056-01-01-00. A similar effect is also observed in Cygnus X-1 (see also
Figure 4.3), in which an anti-correlation is observed in the 100 ms time-resolution data,
is found to become much weaker in the 1.5 s time-resolution data and is not present at
the same accretion rate on longer time-scales. This association of the anti-correlation
with the fastest variability implies an origin that is deep within the innermost regions
of the accretion flow; in addition, its tendency to be found only at low accretion rates
suggests that the RIAF is responsible for producing this component.

Although the gradient of the Lx /I" anti-correlation within the 100 ms data is reasonably
consistent between sources, the same cannot be said of the positive correlation on long
time-scales. I have already described how, on short time-scales, Cygnus X-1 can show
both a negative and positive correlation within data from the same hard-state obser-
vation, and the gradients of these correlations are consistent with those found in the
short time-scale data of XTE J1118+480 and GX 339-4. On long time-scales, however,
Cygnus X-1 shows a much steeper, positive correlation that is similar in gradient to both
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the 100 ms data from the soft-state observations and the long time-scale GX 339-4 data
from when the source was returning to the hard state. The reason for this difference
between the two sources is connected to the accretion rate at which the source makes
the transition from the hard state to the hard intermediate state (7hg_mp1), Which is an
order of magnitude lower in Cygnus X-1 than in GX 339-4. Unlike GX 339-4, Cygnus X-1
does not display a hysteresis effect in its hardness-intensity diagram (see Figure 4.10)
and state transitions to and from the soft state occur at the same accretion rate. In
Cygnus X-1, rhy_yp is very close to mei Which means there is only a very small range
of accretion rates at which the source can be in the hard state and exhibiting a positive
Lx /T correlation. The fact that a positive correlation with a shallow gradient is ob-
served in the 100 ms hard-state data may be further evidence in support of a fixed disc
truncation radius on these time-scales (as discussed above), and, conversely, the very
different behaviour observed on long time-scales may be a consequence of the accretion
flow having sufficient time to restructure itself in response to changes in accretion rate
(such as changes in the truncation radius).

One of the main objectives of this chapter was to investigate the Lx/I" relationship in
such as way as to permit a direct comparison between XRBs and AGN. Unfortunately,
the large number of observations of each source that are required for this analysis meant
that I was restricted to studying only five targets. Although four of the five sources show
correlations between Ly and I that are positive at high accretion rates (NGC 3516 and
NGC 5548) and negative at low accretion rate (NGC 3998 and NGC 7213), only in
NGC 5548 and NGC 7213 did the spectral variability behaviour appear similar to that
observed in the XRBs. Of the other sources, NGC 1052 shows no clear correlation and
NGC 3516 and NGC 3998 have dI"'/d Lx gradients that are extremely steep. Although the
soft-state XRB observations show similarly steep dI'/dLx gradients, the hard spectrum
of NGC 3516 and the low accretion rate of NGC 3998 preclude the possibility that these
sources are in the soft state.
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“The main purpose of science is simplicity and as we understand more things,
everything is becoming simpler.”

EDWARD TELLER (1908 - 2003)

“Science may be described as the art of systematic oversimplification.”

KARL R. POPPER (1902 - 1994)

CHAPTER

Conclusions

5.1 Summary of findings

In this thesis I have presented the results of an extensive RXTE archival study of short
time-scale X-ray spectral variability in XRBs, with particular emphasis on the Comp-
tonised component of the emission. I further attempted to examine the variability of
the same Comptonised component in AGN spectra over comparable mass-scaled time-
scales. In a related study I have also examined the nuclear emission from a sample of
nearby galaxies through a large Chandra archival snapshot survey, and discussed the
implications of this work towards developing an improved understanding of the nature
of low luminosity AGN. In this section I shall summarise the main conclusions of this

work, and suggest areas in which future research could augment these results.

5.1.1 The nature of compact emission regions in nearby galactic nuclei

In order to compare the spectral variability of AGN with XRBs, it is first necessary to
ensure that the emission we see in nearby galactic nuclei is indeed the result of accretion
onto a SMBH and not contamination from nearby sources. The safest way to ensure a

111
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sample consists only of AGN is to select sources that have very high X-ray luminosities
and broad Balmer lines in their optical spectra, but to do so would restrict the study to
accretion rates well above 7, and prevent any opportunity of examining the expected
anti-correlation at low accretion rates.

In Chapter 2 I found there to be no evidence of Compton thickness amongst sources

1 and the unified model (in which the orientation of the

where Loy S 103 ergs™
torus with respect to the observer determines the level of absorption) does not appear
to apply to low accretion rate sources. Whereas sources with bright X-ray and [O 111]
luminosities show a clear distinction between Compton-thick and Compton-thin candi-
dates when plotted on a graph of Ly 10 ey versus Lo (see Figure 2.10), faint sources
show neither any spectral evidence of Compton thickness nor any bimodality in their
L 10 kev/Ljomy ratios. The lack of Compton-thick candidates at low luminosities, com-
bined with low column densities found in these sources, suggests the molecular torus is
either absent or has weakened to a level that makes it indistinguishable from absorption

on larger scales (see also Panessa and Bassani 2002).

If the torus is absent then the scatter in the Ly 19 xev/Ljomy Tatio of low luminosity
AGN is unlikely to be a reliable indicator of heavy obscuration and, instead, the ionisa-
tion of the narrow line region around these sources may often be dominated by stellar
processes. Further evidence of the non-AGN nature of highly ionised low-luminosity
sources comes from a comparison of their Ny/E (B — V') ratios with the empirical rela-
tionship between column density and colour excess of Bohlin et al. (1978). Compton-
thin Seyferts and LINERs with high X-ray to [O 111] ratios (La_10 kev > 5.53 Lo ) show
much larger X-ray column densities than would be expected from their optical extinction
(see Figure 2.11), presumably due to the origin of the X-ray being deep within the AGN
where the photons are subjected to much greater obscuration than that which affects
the narrow line region emission further out. Compton-thin Seyferts and LINERs with
low X-ray to [O111] ratios (La—10 kev < 5.53 Ljoyy)) show no such discrepancy between
Ny and E(B -V).

5.1.2 X-ray spectral variability in XRBs

The main focus of this thesis has been upon the rapid variability of the Comptonised
spectral component of XRBs, and specifically the switch in the sign of the g — I" corre-
lation at riv.i¢. In Chapter 3 I showed that I and count rate (acting as a proxy for mg)
are correlated on time-scales as short as 16 ms in Cygnus X-1, and the cross-correlation
functions (CCFs) of these properties are highly asymmetric in the hard state. The shape
of the CCFs is also highly dependent upon the hardness ratio, with a positive correlation
in the softest states (attributed to Compton-cooling of the corona by disc black body



Chapter 5 Conclusions 113

seed photons), an anti-correlation in the hardest states (attributed to Comptonisation
of cyclo-synchrotron seed photons in a hot, optically thin, geometrically thick RIAF),
and in the remaining CCFs an almost monotonic transition with varying hardness ratio
between the shape of the soft- and hard-state CCFs. The positive correlation was found
to be extremely narrow in the softest states (FW HM = 140 ms), and broadens with
increasing hardness ratio until the first hint of an anti-correlation is detected (at which
point FW HM = 1.4 s). The broadening of the positive correlation implies that the size
of the emission region is increasing, which is consistent with the expected increase in
the disc truncation radius with hardness ratio and, consequently, the increase in the size
of the corona that has been hypothesised to exist above the inner region of the disc. The
anti-correlation is narrow (FWHM < 0.5 s) and, although its strength increases with
increasing hardness ratio, it shows little evidence of broadening; in the CCFs where
both the positive correlation and anti-correlation are visible then the latter is at least
four times narrower than the former, which suggests these components may originate
in the outer and inner regions of the accretion flow respectively. The data are therefore
consistent with a two-zone accretion model with an inner RIAF and an outer thin disc.

The high degree of asymmetry found in the hard-state CCFs may be connected to the
presence of hard lags. If an increase in soft flux is detected slightly before an increase
in hard flux then measurements of I' during this time would reveal a slight softening
followed by a slight hardening, thereby introducing the weak asymmetric component
into the CCFs. Such spectral changes can be explained if there is an extended emission
region with a radial gradient in energy or temperature of the Comptonising electrons
such that the higher energy electrons are closer to the black hole. An inwardly moving
perturbation in the accretion rate would therefore boost the low-energy photon emission
rate before that of the higher energy photons.

The switch in the sign of the rhy — I" correlation at i, is widely believed to represent
a transition between Comptonisation in a hot, optically thin, geometrically thick accre-
tion flow (RIAF) at low 7 to Comptonisation of black body seed photons from a thin,
optically thick accretion disc at high 7. In Chapter 4 (Figure 4.4) I showed that this
transition is happening on time-scales comparable to the sampling time-scale of 100 ms
and, therefore, major changes in the geometry of the accretion flow (such as changes in
the truncation radius) seem unlikely to be responsible. Instead, the observation shown
in Figure 4.4 can be better explained using a two-zone accretion model of a truncated
disc (with truncation radius roughly fixed on these time-scales) with an inner RIAF, and
inwardly travelling perturbations in the accretion rate are therefore able to alter the
balance of Comptonised emission from the two accretion zones on time-scales as short
as the viscous time-scale.
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Finally, I show in Figure 4.5 that the long-term hard-state spectral changes in GX 339-4
and XTE J1118+480 (sampled with ~1 — 4 dy time-resolution over a period of ~4 —
12 mnths) are remarkably consistent with those observed on 100 ms time-scales for
these sources, but that this is not the case for Cygnus X-1. In the discussion at the end of
Chapter 4 I suggest that the positive correlation between Lx and I" in the 100 ms Cygnus
X-1 data (which has a much steeper gradient in the long time-scale data) may be the
result of a fixed disc truncation radius on 100 ms time-scales.

5.1.3 A comparison with AGN

The nature of AGN-like emission from nearby galaxies can be both varied and com-
plex, and therefore requires a little caution be exercised before any comparison is made
with XRBs. AGN are usually found in much denser environments than their stellar-mass
equivalents, and their X-ray spectra often show both complex absorption and the pres-
ence of additional components (such as a soft excess or emission spectrum from a hot,
diffuse gas). In Chapter 4 I examined the long-term spectral variability of five AGN
and found that only two (NGC 5548 and NGC 7213, both type-1.5 Seyferts or LINERs)
showed behaviour that is similar to that seen in XRBs. An additional two sources (the
Seyfert-1.2 NGC 3516 and the LINER-1.9 NGC 3998) showed the expected positive cor-
relation at high g and anti-correlation at low 7y, but the gradients were considerably
steeper than those found in XRBs. The fifth source, the LINER-1.9 galaxy NGC 1052, has
a spectrum that is extremely hard and shows no correlation between iy, and T'; for this
source, as well as for the other unusually hard source NGC 3516, a patchy or variable
absorber has been proposed to explain its properties (e.g. Weaver et al., 1999; Turner
et al., 2011).

The four AGN sources that are also members of the Palomar survey (namely NGC 1052,
NGC 3516, NGC 3998 and NGC 5548) have Ly 19 ev/Ljouy ratios that are between
56 and 1300, which in Chapter 2 I found to be generally consistent with emission from
Compton-thin AGN. However, despite this positive suggestion of AGN activity, each of
the five sources that have been examined have properties (such as spectral hardness
and the gradient of the 7y /I" correlation) that are quite distinct from the others. The
difficulties encountered when attempting to perform this kind of analysis on AGN extend
beyond the low count rates and patchy absorbers, and sources such as NGC 2992 and
NGC 4051 were omitted from this study because of uncertainty over the correct model
with which to fit the soft excess found in these sources. Despite these problems, NGC
5548 and NGC 7213 show g /T correlations that are remarkably similar to those found
in the three XRB sources.
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5.2 Future work

The CCF of count rate versus I" provides an unexplored and potentially useful tool for in-
vestigating hard-state spectral variability, and further work could perhaps help constrain
both the geometry of the accretion flow and the nature and origin of the Comptonising
electrons. The large number of high time-resolution RXTE observations available in the
archive means that any research that makes use of this technique is especially suited
to the study of XRBs, and much work can be carried out without the need to request
further observations. In particular, I have in this thesis identified 67 observations of GX
339-4 - 95409-01-01-00 (2010 January 12) to 95409-01-14-00 (2010 April 09) - which
deserve further study. These data were discussed in Chapter 4 (see Figures 4.5 and 4.6)
and are unusual in that they exhibit a very tight 1ng — I correlation without the need
to add spectra together to improve the signal-to-noise ratio. Overall, the observations
extend over an order of magnitude in accretion rate and trace almost the entire range of
mg between the 7, boundary and the (fairly sudden) transition from the hard to the
intermediate state. Although no accretion disc is present in the 3 — 20 keV energy range
of these data, the positive rmp — I" correlation implies the presence of a disc that may;,
or may not, be experiencing changes in the truncation radius. The typical hard-state
behaviour and positive 7 — I' correlation exhibited by GX 339-4 during this time is not
found in Cygnus X-1, which instead begins to make the transition to the soft state at an
accretion rate iy g1 & Merit, and the increase in the equivalent width of the iron line
with accretion rate (see Figure 4.6; this behaviour has not been observed in my obser-
vations of Cygnus X-1 or in those of GX 339-4 by Nowak et al. 2002) further increases
the importance of examining these data.

” 7

In hardness-luminosities diagrams many XRBs exhibit a characteristic ”q”-shaped curve
(the hysteresis curve; see GX 339-4 in Figure 4.10), caused by the different paths taken
on this plot when entering and leaving the soft state, such that the hard- to hard-
intermediate-state transition in GX 339-4 (rhy_p) occurs at a significantly higher ac-
cretion rate than the reverse hard-intermediate- to hard-state transition (rhy;_—y). If the
67 observations of GX 339-4 discussed above represent the period just before a hard- to
hard-intermediate-state transition, then it would be interesting to compare the evolution
of the CCFs from these data with those produced from data taken as the source exited
the soft state. During these times, we would expect the accretion flow to take the form of
a two-zone accretion model with both RIAF and thin-disc components present, and the
CCFs to be dominated by the positive correlation. However, Kylafis et al. (2012) argued
that the familiar two-zone accretion model with an inner RIAF and outer thin-disc may
become reversed, such that the geometrically thick flow appears first on the outer edge
of the accretion flow. If this remarkable claim is true then we may perhaps expect to see
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the positive component of the CCFs become narrower as it weakens, instead of broader

as we might otherwise expect.

Although the opportunity for further XRB research using the techniques discussed in
this thesis is encouraging, the potential for further investigation into AGN provides less
cause for optimism. Of the five sources that were included in Chapter 4, none has more
than ~1400 observations in the RXTE archive, which, although sufficient for producing
plots of i versus I, is too few to enable an analysis of the count rate versus I' CCFs.
Furthermore, the problem of variable absorption in AGN and its effect on measurements
of T" suggests that a reliable analysis of AGN spectral variability cannot be performed
without including the soft X-ray band (0.3 — 3 keV) in order to obtain an accurate mea-
surement of Ny from each spectrum. Accurately fitting absorption additionally requires
long exposure times in order to avoid excessive binning and maintain maximum spec-
tral resolution. These restrictions preclude the use of the RXTE archive, which is only
sensitive above ~3 keV and tends to provide only short 2 — 3 ks snapshots when conduct-
ing long-term monitoring campaigns, and obtaining a sufficient number of observations
from Chandra or XMM would be impossible given the high demand for these instru-
ments’ time. Therefore, any attempt to apply the count rate versus I' CCF technique to
AGN will probably have to wait until a new X-ray timing instrument is developed.

Instead, any continuation of the AGN research in this thesis would likely involve the
acquisition of further optical/X-ray data in order to provide more information on the
nature of LLAGN. A comparison of the absorption corrected X-ray luminosity with var-
ious optical line strengths (i.e. the Lx v Loy plot) seems to have much potential in
breaking the Compton-thick/starburst degeneracy amongst low-luminosity sources, but
to improve significantly upon the results from Chapter 2 (and references therein) would
require simultaneous X-ray and optical observations in order to reduce the scatter in the
plot.



APPENDIX

Spectra of Compton-thick AGN

This appendix contains the 0.3 — 10 keV Chandra images and X-ray spectra of 11 sources
that show at least one of the chosen indicators of Compton thickness, namely a flat
spectrum above 2 keV and a large iron K « line equivalent width. Only sources with at
least 100 counts in the 0.3 to 10 keV range are shown.

In many of the observations the nuclear region contains numerous point sources. To
identify which of these sources coincides with the central black hole, several different
approaches have been taken. Firstly, data from the Hubble WFPC2 instrument were
downloaded (where available) and the position of the optical nucleus was compared to
the positions of the X-ray point sources. If this approach was unsuccessful (which was
usually the case in edge-on spirals) then the literature was searched for previous studies
that may have identified the nuclear emission in some other way (such as radio maps),
and these references are provided next to the appropriate plots.
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Figure A.1: Chandra images and X-ray spectra (0.3-10 keV) for the 11 sources
that show at least one of the chosen indicators of Compton thickness (which are
a flat spectrum above 2 keV and a large iron K « line equivalent width). Only
sources with at least 100 counts in the 0.3 to 10 keV energy range are shown.
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Figure A.1: (continued) Chandra images and X-ray spectra of 11 Compton-thick

sources.
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NGC 4102 Obs: 4014  Transition region
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Figure A.1: (continued) Chandra images and X-ray spectra of 11 Compton-thick
sources.
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Figure A.1: (continued) Chandra images and X-ray spectra of 11 Compton-thick
sources. NGC 1068 and NGC 7479 were modelled with an absorbed power
law (ZPOWERLW), a reflection component (PEXRAV) and one or more Gaussian
components (ZGAUSS) representing the iron lines. NGC 2782 and NGC 4111
were modelled with PEXRAV + MEKAL + ZGAUSS. NGC 3079, NGC 3690 and
NGC 4102 were modelled with ZPOWERLW + ZGAUSS. NGC 5194 was modelled
with ZPOWERLW + MEKAL + ZGAUSS. NGC 1052 and NGC 4036 were modelled
with PEXRAV + MEKAL. NGC 4501 was modelled with PEXRAV.






APPENDIX

Spectra of Compton-thin AGN

This appendix contains the 0.3 — 10 keV Chandra images and X-ray spectra of 56 sources
that lack both of the chosen indicators of Compton thickness, namely a flat spectrum
above 2 keV and a large iron K « line equivalent width. Only sources with at least 100
counts in the 0.3 to 10 keV range are shown.

Some sources, such as NGC 1275, NGC 3031, NGC 3227, NGC 3516, NGC 4051, NGC 4579,
NGC 5033 and NGC 5548 show evidence of pileup in their spectra. This is usually char-
acterised by a turn-up in the continuum above ~7 keV and has been fitted in these
spectra using the XSPEC component PILEUP.
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Figure B.1: Chandra images and Chandra X-ray spectra (0.3-10 keV) for the 56
sources that lack both of the chosen indicators of Compton thickness (which
are a flat spectrum above —2 keV and a large iron K « line equivalent width).
These spectra have been fitted with an absorbed power-law (ZPOWERLW) and, if
required, an additional thermal component (MEKAL) to model the soft emission.
Only sources with at least 100 counts in the 0.3 to 10 keV energy range are
shown.
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Figure B.1: (continued) Chandra images and X-ray spectra of 56 Compton-thin

sources
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NGC 2841 Obs: 6096 LINER 2.0
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Figure B.1: (continued) Chandra images and X-ray spectra of 56 Compton-thin
sources
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NGC 3147 Obs: 1615  Seyfert 2.0
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Figure B.1: (continued) Chandra images and X-ray spectra of 56 Compton-thin
sources
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NGC 3226 Obs: 860 LINER 1.9 .
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Figure B.1: (continued) Chandra images and X-ray spectra of 56 Compton-thin

sources
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NGC 3379 Obs: 7075 LINER 2.0
Position confirmed by Fabbiano et al. (2006).
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Figure B.1: (continued) Chandra images and X-ray spectra of 56 Compton-thin
sources
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NGC 3521 Obs: 9522  Transition region
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Figure B.1: (continued) Chandra images and X-ray spectra of 56 Compton-thin
sources
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Figure B.1: (continued) Chandra images and X-ray spectra of 56 Compton-thin

sources
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Figure B.1: (continued) Chandra images and X-ray spectra of 56 Compton-thin
sources
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Figure B.1: (continued) Chandra images and X-ray spectra of 56 Compton-thin

sources
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Figure B.1: (continued) Chandra images and X-ray spectra of 56 Compton-thin
sources
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NGC 4303 Obs: 2149  Transition region
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Figure B.1: (continued) Chandra images and X-ray spectra of 56 Compton-thin
sources
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Figure B.1: (continued) Chandra images and X-ray spectra of 56 Compton-thin
sources
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Figure B.1: (continued) Chandra images and X-ray spectra of 56 Compton-thin

sources
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Figure B.1: (continued) Chandra images and X-ray spectra of 56 Compton-thin
sources
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Figure B.1: (continued) Chandra images and X-ray spectra of 56 Compton-thin
sources
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Figure B.1: (continued) Chandra images and X-ray spectra of 56 Compton-thin
sources
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NGC 4736 Obs: 808 LINER 2.0
Position confirmed by Pellegrini et al. (2002) and Eracleous et al. (2002).
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Figure B.1: (continued) Chandra images and X-ray spectra of 56 Compton-thin
sources
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Figure B.1: (continued) Chandra images and X-ray spectra of 56 Compton-thin
sources
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Figure B.1: (continued) Chandra images and X-ray spectra of 56 Compton-thin
sources
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Figure B.1: (continued) Chandra images and X-ray spectra of 56 Compton-thin
sources
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NGC 7331 Obs: 2198  Seyfert 2.0
Position confirmed by Stockdale et al. (1998).
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Figure B.1: (continued) Chandra images and X-ray spectra of 56 Compton-thin
sources
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