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PhD Thesis, October 2005

Abstract

It is now a century since Einstein tore down the edifice of classical physics, ultimately
replacing it with his crowning achievement, the General Theory of Relativity, the most
remarkable prediction of which is the black hole. There are many astrophysical examples
of black holes, understanding which has long been a goal of high-energy astronomy. We
review how these observations can be explained in terms of a two-phase accretion flow.
Hard X-ray photons produced in an optically thin gas are reflected from a cool accretion
disk, resulting in a complex reflection spectra, which are dominated by a narrow Iron
Ko fluorescence feature at 6.4 keV (dependent on the ionisation state of the cool disk).
The photons that form this spectral feature originate in rapidly moving material, close
to the black event horizon. They are therefore sub ject to the combined dynamical effects
of the accretion disk and those of General Relativity, resulting in a highly broadened line
profile. The observed form of the line can then, in principle, be used as a test of the
strong gravitational field of the black hole.

We have developed a new, extremely fast strong gravity code that accurately calculates
the effect of strong gravity on photons originating close to the black hole event horizon,
including the ability to calculate the trajectories of photons that perform multiple orbits
of the black hole. We compare results from the code to the standard models describing
relativistic smeared lines available to the community, finding that they match to within

< 5%. We apply this code to the observed shape of the Iron Ko line and show that



the (poorly understood) vertical structure of the accretion disk strongly affects the de-
rived radial emissivity profile, which has important consequences for the interpretation of
observational data.

Following on from this, we consider the spectral and imaging properties of thin Keple-
rian accretion disks, fully including the effects of photons that perform multiple orbits of
the black hole. Viewed at high inclinations, these photons can carry as much as ~ 60% of
the total luminosity of the system, which returns to the disk at a range of radii. At low
inclinations, the multiple orbit photons re-intercept the disk plane close to the black hole.
For a Schwarzschild black hole, this lies within the plunging region and so the photons
need not be absorbed by the disk. The resultant ring is bright it may well be possible to
use these as a future test of strong gravity via X-ray interferometric images of accreting
black holes.

Finally, we examine the observational properties of accretion flows where angular
momentum transport is provided by the Magneto-Rotational Instability. It is shown that
the dissipation profile derived from the magnetic 4-current density in these simulations
provides a remarkably close match to that derived from the standard relativistic disk
model at large radii. At small radii however, the descriptions of dissipation in the two
models are rather different, which has important observational consequences. With this
model of dissipation, we examine the observed properties of optically thin accretion flows,
discussing the implications of these calculations for the low / hard state of Galactic Black
Holes. Additionally, we describe a simple reflection geometry for Iron Ko fluorescence,
assuming that this MHD flow is optically thick in the equatorial plane. The resultant line
shapes are markedly different to those predicted in the standard relativistic disk model,
showing that the (currently unknown) flow dynamics are also important in shaping the

line.
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Chapter 1
General Relativity and

The Failure of Classical

Physics

Abstract

The failure of the Michelson-Morley experiment led to the downfall of classical physics as
the description of the universe. Einstein, exactly one century ago!, seized this remarkable
opportunity with breath-taking audacity, remoulding the classical concepts of space and
time into a singular entity, spacetime. However, these ideas were directly in conflict with
Newtonian Gravity, which led Einstein to his crowning achievement, the General Theory
of Relativity. To date, this modern theory of gravity has passed every test to which it
has been subject with flying colours, but what of the future? As an introduction to the
remainder of this work, we outline the shortcomings of classical physics and how these led
Einstein to a General Theory of Relativity, along with one of the theories most remarkable

predictions, the Black Hole.

1.1 The Failure of Classical Physics

The beginning of the twentieth century witnessed a remarkable revolution in our under-

standing of the universe. The failure of the Michelson-Morley experiment to detect the

lat the time of writing




1. General Relativity and The Failure of Classical Physics 2

motion of the Earth through the mysterious ether, through which it was thought that
Maxwell’s Electromagnetic waves must propagate, lead to the realisation that ‘something
was rotten in the state of Denmark’. At the time, a little known Swiss patent clerk
wondered with his friends as to whether one would see ones image in a mirror whilst
travelling at the speed of light. This simple puzzle marked the beginning of a quest that
would shatter classical physics, for the young patent clerk was Albert Einstein.

Einstein finally rejected the notion of the all-pervading ether, leading to his 1905
paper, ‘On the Electrodynamics of Moving Bodies’ (Einstein, 1905), containing his two

famous postulates of Special Relativity:

‘The phenomena of electrodynamics as well as of mechanics possesses no prop-
erties corresponding to the idea of absolute rest. They suggest rather that
.. the same laws of electrodynamics and optics will be valid for all frames
of reference for which the equations of mechanics hold good. We will raise
this conjecture (the purport of which will hereafter be called the 'Principle of
Relativity’) to the status of a postulate, and also introduce another postulate,
which is only apparently irreconcilable to the former, namely, that light is al-
ways propagated in empty space with a definite speed ¢ which is independent

of the state of motion of the emitting body

These two postulates enable Einstein to derive the transformation (previously derived
by Lorentz, see e.g. Lorentz, 1928) between two inertial frames, S, S’ moving with relative
velocity w:

=y —ut); ¥y =y Z=uz t’=7(t—g§-); 7=—1— (L.1)
c 1— %;

Clearly, the application of the Lorentz Transformations result in the mixing of the

spatial and temporal co-ordinates (rotation in a four-dimensional space). Space and time

can no longer be considered as distinct entities, but instead must be unified into a single

whole, spacetime.
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The fundamental implications of Special Relativity for classical physics do not finish
there, however. Newtonian mechanics, based on the Galilean transformation was refor-
mulated such that it was consistent with the Lorentz transformations, a tedious process
that is discussed in many texts on the subject (see e.g. Jackson, 1975). More interestingly,
Special Relativity is fundamentally incompatible with the "jewel in the crown’ of classical
physics, Newtonian Gravity. Newton’s Universal Law of Gravitation tells us that the
gravitational force between two bodies, Fy is proportional to their masses, m,;, My and

inversely proportional to the square of the separation between them, r2:

mim;

FG X (12)

P2

However, Newtonian gravity makes no comment about the nature of transmission of this
force that links the two bodes. Furthermore, the theory predicts that changes in the mass
of either of the bodies, or the separation between them results in an instantaneous change
in this force. This prediction is clearly at odds with Special Relativity, where nothing can
travel faster than the speed of light.

There is a further question upon which Newtonian gravity is disturbingly silent. New-
tons First Law of Motion states that the acceleration of a body, a is equal to the force

acting upon it, F', divided by the inertial mass of the body, m;:

F
- 1.3
a= i (1.3)

For a body falling under the influence of the gravitational field of a body of mass, M, we

therefore have that:

a=—r——2 (1.4)

Here, G is Newton’s Universal Gravitational constant and my is the gravitational mass
of the falling body. Experimentally it is found that that the ratio mg/m; is a constant
to one part in 102, yet Newtonian gravity gives no indication as to why this should be

the case. Contrast this with the situation in Electromagnetism, where the force acting
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between two charged particles (with charges e;, e5, masses m;, ms) is given by:

F =8

r2
In this case, the acceleration acting on particle 1 due to particle 2 is given by:

€2 €

r2my
Here, the ratio e;/m; varies hugely, for example, electrons and protons both posses the
same charge, yet their masses differ by three orders of magnitude.

In fact, this equivalence of inertial and gravitation mass presents Special Relativity
with something of a problem. If these masses are equivalent, then it is impossible to
distinguish between a free-falling reference frame in a gravitational field and an accelerated
reference frame in free space. Special Relativity is a theory of inertial, not accelerated
frames and if we cannot distinguish between a free-falling frame in a gravitational field
and an accelerated frame in free space, then an inertial frame cannot be applied in the
presence of a gravitational field.

Einstein, however, was able to turn this seemingly fundamental contradiction to his
advantage in 1907, when he had what he later described as ’the happiest thought of my
life’:

I was sitting in a chair in the patent office at Bern when all of a sudden
a thought occurred to me: "If a person falls freely he will not feel his own
weight.” I was startled. This simple thought made a deep impression on me.

It impelled me toward a theory of gravitation

Simply put, gravity can be eliminated by surrendering oneself to its hands, which raises
a fundamental problem with the infinite inertial reference frame described by Special
Relativity. In the presence of a massive body, different paths in spacetime must be
freely falling at different rates to properly remove the effects of gravity and it is clearly

impossible to define a global reference frame that accomplishes this feat. Instead we
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must define a Local Reference Frame which is small enough that the acceleration due
to gravity is constant across the frame. This notion is embodied in the cornerstone of

General Relativity, the Principle of Equivalence:

All local, freely falling, non-rotating laboratories [locally inertial reference

frames] are fully equivalent for the performance of all physical experiments.

Einstein followed this remarkable realisation with the crowning achievement of General

Relativity, the deduction of the Einstein Field Equations (Einstein, 1916):

8

1
Ry — zguwR+Ag, = —

5 Ty (1.5)

These equations allows to relate the mass-energy density, encapsulated in the stress-energy
tensor, T, to the curvature of spacetime, described by the metric guv?. The above is the
most general form of the Einstein Equations, which includes the cosmological constant,
A. Einstein regarded these equations as too complex to allow a solution to ever be found.
However, in 1916, just one year after the publication of General Relativity, the German
astronomer, Karl Schwarzschild published an exact solution to the Einstein equations
describing the external static, spherically symmetric gravitational field of a point mass,

M, known as the Schwarzschild metric:

- -1
ds? = g, dz'dz” = (1 _ oM ) Adt? — (1 _ M ) dr? — 72 (d6° + sin® 0dg?) (1.6)

cir cir

Even more remarkably, Kerr (1963) was able to write down an explicit analytic solu-
tion describing the exterior of a rotating point mass (see e.g. Misner et al., 1973; Chan-
drasekhar, 1983). This solution, known as the Kerr metric, will be the sub ject of extensive

discussion in Chapter 3.

2Note that the Ricci tensor, R, and the curvature scalar, R are generated from the Riemann curvature
tensor, Rg,ﬂ;, which is the only tensor that can be constructed from the metric and its second derivatives
(Weisstein, 2005).
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1.2 Black Holes & Properties of Strong Gravitational
Fields

General Relativity, as encapsulated in the Einstein Field Equations (Eqn. 1.5), provides
a remarkable theoretical framework to understand the relationship between mass-energy
and spacetime curvature. However, the Einstein Field Equations are not an ab-initio
prediction of the theory, rather they were deduced by Einstein as having the correct
mathematical form to describe this relationship. Their validity (or otherwise) does not
lie in some esoteric mathematical proof, rather it lies in the experimental verification of
their predictions, which, fortunately, was rapidly forthcoming. We have already seen that
Newtonian gravity was undone theoretically by its inconsistency with the fundamental
principles of Special Relativity. Furthermore, Newtonian gravity was unable to explain 43”
per century of the advance of the perihelion of Mercury, which led some of the physicists
of the time (the mid-Nineteenth century) to suggest that either gravity did not obey an
exact inverse square law, or that another (as yet unseen) planet must exist inside the
orbit of Mercury. Einstein’s first act upon completion of General Relativity was to apply
this new theory of gravity to this problem, with the remarkable result that this new
theory explained exactly the perihelion shift. In fact, General Relativity has passed every
experimental test to which it has been subjected, from predictions regarding the passage
of light through curved spacetime to the effect of time dilation in the gravitational field
of a massive body (see e.g. Will, 2001).

General Relativity’s most remarkable predictions can be found in the Kerr metric
describing a rotating point mass, which reduces to the Schwarzschild metric (Eqn. 1.6)
in the non-rotating limit. These solutions to the Einstein Field Equations, the properties
of which will be discussed extensively in Chapter 3, predict that, if one concentrates a
sufficient amount of mass in a sufficiently small space, then the resulting gravitational field

will be so strong that not even light can escape. Naively, we can see this in Newtonian
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gravity by following the Eighteenth century amateur astronomer and clergyman, George
Michell (Michell, 1784). He proposed that if light were indeed composed of particles (as
was the case in Newtons corpuscular theory of light), then it would be subject to the
influence of gravity. As such, light would be unable to escape from a star whose escape
velocity was the speed of light, v.,. = ¢ = \/W/r*, implying that r, = 2GM/c?, which
for a star with the mass of the Sun, is approximately 3km.

In full General Relativity, such a radius is described by a null hyper-surface, un-
derstanding the nature and existence of which is somewhat more complex. Notice that
something strange occurs in the Schwarzschild metric at r¢ = 2GM /c?, known as the
Schwarzschild radius, whilst remembering that the co-ordinates in which the line element
(Egn. 1.6) is written are physically meaningless®. In the region below rg, notions of
space and time are reversed and material within this region must necessarily fall radially
inwards. Furthermore, if a photon were to be emitted by this material, then it would also
necessarily fall to ever smaller radii, independent of its in initial direction. The radius rs
therefore marks the boundary (the event horizon, ;)% from within which not even light
can escape. Any object whose radius falls within this boundary is effectively cut-off from
the outside world, able to digest any object foolish enough to approach it - a black hole.
The predictions of General Relativity as to the nature of these compact objects (i.e those
objects with r, = r;) do not end here - many of the properties of spacetime contrast
markedly with Newtonian gravity. These properties are discussed at length in Chapter 3

- here, we merely give a summary of those that are most important for our purposes®:

e Particle orbits: Stable circular orbits are only possible outside the 'marginally stable

3Note that it is possible to transform to co-ordinates where the strange behaviour of the line element

at rs disappears - a co-ordinate singularity
4Note that whilst r, = rg for the Schwarzschild metric, this is not true in general (see Chapter 3)
SLight bending and gravitational redshift are not unique to black holes - they are a fundamental con-

sequence of General Relativity. The solutions describing black holes enable us to make specific prediction

regarding these effects, which can then be tested by comparison to observational data.
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orbit’, once within this radius, particles are necessarily captured by the black hole.

e Light bending: Photons follow null geodesics, which are determined by the curvature
of spacetime, i.e. light no longer travels in straight lines. Light is able to exist in

unstable circular orbits close to the black hole.

¢ Gravitational Redshift: Photons emitted from radius r, with energy E, are received

at radius r, with energy E, where E,/E. = 1/(gu)o/ (9tt)e-

Furthermore, if we consider the general case of a rotating black hole, then we have an

additional property that we wish to test:

e Frame dragging: Material close to a rotating black hole is dragged round by the an-
gular momentum of the hole itself. Within the ’ergosphere’, no geodesics exhibiting
purely radial motion are possible - test particles are forced to rotate in the same

direction as the black hole.

Clearly, confirming the existence and nature of black holes is an extremely important
step in confirming the validity of General Relativity. The past three decades have seen
remarkable progress in attempting to accomplish this aim, driven (in part) by the rapid
development of the relatively young field of X-ray astronomy. It now seems almost certain
that supermassive black holes (M ~ 108M(,) are present at the hearts of many (if not all)
Galactic Nuclei, whilst stellar mass black holes are thought to be the compact companion
in many Galactic Binary systems. In recent years, a new class of Ultraluminous X-ray
sources have emerged, which may well harbour intermediate mass black holes, although
this result is still uncertain (see e.g. Miller & Colbert, 2004). Testing the properties of
the associated space-times remains a highly controversial topic however, but even here,

efforts have met a remarkable degree of success, as we shall shortly see.



Chapter 2
Black Holes, Accretion

and Tests of Strong

Gravity

Abstract

Astrophysical black holes are macroscopic objects, ranging from the stellar mass black
holes found in many galactic sources to the supermassive black holes found at the hearts
of many galactic nuclei. In this Chapter, we outline how such objects are detected and
examine in detail the high-energy spectral characteristics of stellar mass black holes where
gas is accreted by means of a disk. We briefly review how, in these systems, it is possible
to interpret the two canonical spectral states in terms of two corresponding accretion
geometries, which can be used to drive our understanding of the physics of accretion.
llumination of gas within the accretion disk necessarily results in the production of a
complex reflection spectrum, which, for low to moderately ionised material contains an
intrinsically sharp Iron Ko fluorescence line at ~ 6.4 keV. The observed properties of
photons emitted from an accretion disk within a strong gravitational field are determined
by both the accretion disk and the gravitational potential, which has led to the adoption
of the properties of the Iron Ko line as a test of strong gravity. We review the processes
by which this spectral feature is formed and briefly examine the observational evidence

in support of these ideas.
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2.1 Detecting Black Holes

The formation of a stellar mass black hole represents the likely end point of stellar evolu-
tion for massive stars. Calculations of the structure of the degenerate remnants of these
objects, using realistic equations of state and applying General Relativity, indicate that
the upper mass limit for a relativistic compact star is 2 — 3Mq - above this limit collapse
to a black hole seems inevitable. The question therefore is to identify such objects within
the galaxy - black holes are, by their very nature, dark objects and so we must infer their
existence from secondary data. Gas accreted onto a stellar mass compact object within
a binary system is expected to emit radiation in the medium to hard X-ray bands (see
Section 2.4), which implies that luminous galactic X-ray sources may well be associated
with stellar mass black holes. We can determine whether such as system does indeed

contain a black hole by use of the mass function, f(M):

_ PopK}  Misin®i
(M) = 2rG  (1+q)? (2.1)

f(M) allows us to infer the mass of the compact star (the primary), M; from observations
of the inclination, ¢ and the mass ratio, ¢ = M/M;, where M is the mass of the companion
star. Inspection of Eqn. 2.1 reveals that f(M) represents a minimum estimate for the mass
of the compact star in a binary system. Therefore, if we determine that f (M) 2 3Mp,
then this alone is sufficient to strongly imply that the compact star is indeed a black hole.
To date, 12 galactic binary systems have been confirmed as containing a black hole using
this technique, with a further 6 being confirmed by combination with additional data,
which implies that M, >

~

3Mp. Additionally another 22 binary systems are strongly
suspected of containing a black hole primary. For a detailed review of all of these systems,
the reader is referred to McClintock & Remillard (2003) and references therein. Of course,
the mass of the compact object in the binary system may not exceed the critical mass
for gravitational collapse - in this case the compact object is likely either a Neutron Star

for masses 1.4 — 2.0M)) or a White Dwarf (for masses < 1.4Mc). These systems are,
O] 0]
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of 3 x 108 M, concentrated within a distance of 2 x 1013m (Schodel et al., 2002; Eisenhauer
et al., 2003; Ghez et al., 2003, 2005). Furthermore, observations of the (seemingly) asso-
ciated radio source, Sagittarius A* indicate that the dark object possesses M > 10° M,
R < 27Rgs (Bower et al., 2004). It therefore seems likely that the galactic centre contains
a supermassive black hole. Taken in context, this result is unsurprising, Magorrian et al.
(1998) had already used extensive data from the Hubble Space Telescope to demonstrate
that most, if not all, nucleated galaxies harbour a supermassive black hole at their centre.

However, as with the stellar mass black holes, it is far easier to identify supermassive
black holes by looking for copious amounts of radiation being produced in a small region.
The nuclear luminosity of many galaxies (i.e emission from the very centre of the galaxy)
far exceeds that of the combined emission from the rest of the galaxy. Not only are
these nuclei extremely bright, but are also highly variable, which implies a large energy
output in a small region. The only description of these Active Galactic Nuclei (AGN)
which appears capable of describing the central engine powering the output of the galactic
nucleus is accretion onto a super-massive black hole (Lynden-Bell, 1969). One can explain
the bewildering variety of associated phenomena via the unified model of AGN (Figure
2.1, see e.g. Krolik, 1999). In this description, emission from the central disk is reprocessed
on larger scales giving rise to the wide variety of phenomena associated with these ob jects
(examples of which are show in Figure 2.1), with the model gaining widespread acceptance

through the work of Antonucci & Miller (1985).

2.2 Observing Black Holes

It seems likely that many astronomical systems contain a massive compact object whose
properties strongly resemble those of the black holes predicted by Einstein’s General
Relativity. Proving that these are indeed the black holes predicted by General Relativity
and that their properties are correctly described by General Relativity is somewhat more

challenging. To accomplish this, we need more detailed information than it is possible
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to obtain from the mass function (in the case of the BHBs) or qualitative arguments
regarding the properties of AGN.

We first turn our attention to the Black Hole Binaries. Here, if the companion star
fills its Roche Lobe, then mass transfer can occur through the inner Lagrange point and
flow towards the compact object. This includes all of the systems where the companion
star has lower mass than the primary (known as a Low Mass X-ray Binary, LMXB).
Alternatively, if the companion star is of sufficiently high mass (2 10Mg), then it is
capable of driving a strong wind, which can then be accreted by the compact object
(known as a High Mass X-ray Binary, HMXB). Independent of the type of system, the
fate of the transferred matter depends principally on three physical properties / processes

(see e.g. Frank et al., 2002, for a review):
1. The angular momentum of the material
2. The physical process by which the material loses angular momentum
3. The physical process by which the material cools

We refer to the structures formed by the gas in this process as the accretion flow, which
(generically) must provide some method for the gas to lose angular momentum (and
hence flow towards the black hole) and, if the flow is to be luminous, some method by
which gravitational potential energy released in the accretion process can be converted
into radiation. For LMXBs, the luminosity of the system is dominated by emission in
the X-ray spectral band, which has its origin in the inner regions of the accretion flow
and is accompanied by emission in the optical band due to reprocessing of the X-ray
flux. By contrast, the spectra of HMXBs are rather more complex, due to (for example)
absorption and / or a wind from the companion star. In common with many other types of
accreting objects (from young stars to AGN), BHBs also exhibit outflows and collimated
jets, which also seem to posses the relativistic velocities observed in similar phenomena

in Active Galactic Nuclei. Co-ordinated radio, infrared and X-ray observations of sources
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these sources. The recently launched Japanese observatory Astro-E2 will further enhance
our understanding, as it is capable of providing high-resolution, broad band spectra of
many of these systems.

In the most simplistic description (following Done & Gierlifiski, 2004; Zdziarski &
Gierlifiski, 2004), the X-ray spectra associated with these sources can be divided into
two categories (known as spectral states). The first of these, known as the soft state, is
dominated by a strong black body component, peaking at ~ 1keV for a 10M black
hole at the Eddington luminosity? (having its origin in thermalised emission from a cold
accretion disk) along with an additional X-ray tail to higher energies (the cut-off of which
is, as yet, undetermined). The properties of this X-ray tail allow us to divide the soft
state into three sub-categories: (i) the ultrasoft state (US, weak tail); (i) the high state
(HS, moderate tail); (iii) the very high state (VHS, strong tail). At lower luminosities
(as denoted by L/Lgqyq), Black Hole Binaries exhibit a rather different spectra, known
as the low/hard state (LS), characterised by a weak soft black body component, but is
dominated by emission at energies substantially higher than that of the disk, which cut-
off at energies 2 100keV. To produce any emission at energies substantially higher than
that of the intrinsic disk energy requires that some fraction of the gravitational potential
energy is dissipated in optically thin regions, so that a small number of electrons gain the
majority of the released energy and are therefore able to produce hard X-ray emission by
Compton up-scattering of lower energy photons.

It is possible to interpret the two distinct spectral states observed in BHBs in terms of
two different accretion geometries (see Figures 2.2, 2.3 Zdziarski & Gierliriski, 2004; Done
& Gierliniski, 2004). The soft states correspond to a cold accretion disk, surrounded by
an optically thin, Comptonising corona, the relative strength of which is correlated with
the strength of the hard X-ray tail. By contrast, the canonical hard state corresponds

to an optically thin, geometrically thick accretion flow close to the black hole, joining

2The Eddington luminosity, Lgqq is defined as the luminosity at which the gravity is exactly balanced

by radiation pressure, for a system with negligible angular momentum
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on to a cold accretion disk at larger radii. It is important to realise that the spectral
states of individual sources evolve in time, thereby enabling us to trace the evolution of
the accretion flow. Note, however, that (in general), state transitions in LMXBs can take
place at a wide range of luminosities and so the spectral state for a particular source at
any given moment is determined by the history of the source (hysteresis, see Zdziarski &
Gierlinski, 2004). The maximum luminosity associated with the hard state (determined
by cooling processes within the flow) overlaps that of the minimum luminosity associated
with the soft state (determined by evaporation of the cold disk) and so the transition can
take place at a range of luminosities. Fender et al. (2004, 2005) have recently proposed
a model, based on combined radio, infrared and X-ray observations of a range of BHBs
which shows how the spectral evolution of BHBs can be related to the changing accretion
geometry and, more importantly, to injections of relativistic blobs into the jet- observed
in many BHBs (see Figure 2.5).

Black holes are incredibly simple objects, which can be fully described by knowledge
of their mass and angular momentum (see Chapter 3). Theoretically, we should therefore
be able to understand the behaviour of the supermassive black holes found at the hearts of
AGN simply by scaling, for a given L/Lgqq, the observed properties of the accretion flow
in BHBs (Done & Gierlinski, 2005). The principal effect (in theory at least) of this vast
increase in black hole mass is to move the peak energy of the spectrum from ~ 1keV in
BHBs to ~ 10eV in AGN (for systems emitting at Lgqq, see Section 2.4). This complicates
the picture for observations of AGN in the canonical soft state? as the 2 — 10keV spectral
band is now dominated by the highly variable X-ray tail due to the optically thin corona,
in contrast to the BHBs, which are disk dominated here (see Figure 2.3).

3such as the PG quasars (the likely counterpart of the high state, see Sanders et al., 1989; Elvis et al.,
1994; Laor et al., 1997; Boroson, 2002) and NLS1’s (the likely counterpart of the very high state, see
Boller et al., 1996; Brandt et al., 1997)
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2.3 Reflection and Iron Ko Fluorescence

In reality, the spectra of these systems are rather more complex. Consider, for example,
the situation in the soft states, where we have a cold accretion disk surrounded by a hot
Comptonising corona. Soft seed photons from the disk are Compton up-scattered into
the hard X-ray band, which we see as the tail in the soft spectra. These hard X-ray
photons are also able to re-illuminate the disk, which has important consequences for
the observed spectra (see Figure 2.4b). A similar situation is possible in the hard state,
where the source of hard X-ray photons is now the hot inner flow, which are incident
on the disk at larger distances from the central mass (see Figure 2.4a). Additionally, it
may be possible that hard X-ray photons are produced in shocked material above the
spin axis of the black hole, which are then able to illuminate the disk (the lamp post
model, Martocchia et al., 2000). Whatever the illumination geometry, many studies (see
e.g. George & Fabian, 1991; Matt et al., 1991; Reynolds, 1996; Ballantyne et al., 2001;
Ross & Fabian, 2005) have shown that illumination of a semi-infinite slab of cold gas (i.e.
the disk) by a hard X-ray power law results in a complex reflection spectrum (see Figure
2.6, left-hand panel). This figure clearly demonstrates that this reflection spectrum in
the 1 — 50keV X-ray spectral band is dominated by Iron Ko fluorescence at 6.4keV. A
detailed description of this process can be found in the excellent review by Fabian et al.
(2000), the principle arguments of which we summarise here for completeness.

Hard X-ray photons incident on the slab of cold, neutral gas are subject to one of

three possible outcomes, which can be grouped into two distinct categories
1. Scattering out of the slab
2. Absorption, followed by:

® Destruction by Auger de-excitation

e Reprocessing into a fluorescent line photon which escapes the slab


























































































































































































































































































































































































































































































