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Abstract

X-ray emission from accreting Black Holes.

Fernando Eugenio Barrio Madias!

Department of Physics, University of Durham.

In this thesis I use state of the art models of x-ray emission from accreting black holes
in order to observationally constrain the accretion geometry. The broad-band RXTE PCA
and HEXTE spectrum of Cyg X-1 from 3 — 200keV is fit with reflection models which
calculate the vertical ionization structure of an x-ray illuminated disc. Two geometries
were considered corresponding to a truncated disc/inner hot flow and magnetic flares above
an untruncated disc. Both models are able to fit the PCA 3 — 20keV data, but with very
different spectral components. In the magnetic flare models the 3 — 20keV PCA spectrum
contains a large amount of highly ionized reflection while in the truncated disc models
the amount of reflection is rather small. The Compton downscattering rollover in the
reflected emission means that the magnetic flare models predict a break in the spectrum
at the high energies covered by the HEXTE bandpass which is not seen. By contrast the
weakly illuminated truncated disc models can easily fit the 3 — 200keV spectra, strongly
suggesting that this is the preferential geometry of galactic black hole binaries in the
hard/low state.

!eugenio.barrio@durham.ac.uk
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Chapter 1

Black Holes

Cudnto mejor es morir por algo que vivir por nada.

Anénimo

Black Holes do exist. They were first a theoretical prediction, a mind game of how
extreme a gravitational field could be. The ultimate collapsed object, a trap not even
light can escape from. Not surprisingly this utterly extreme concept acquired notoriety
far outside the science community, mystically linked to Einstein’s GR, outer space, space-
time, higher dimensions, time travel and science fiction.

By definition they are not observable (no information can escape from within a black
hole), but their extraordinary gravitational force can perturb their surroundings in a
measurable way. Nowadays black holes are key elements in stellar and galactic evolutionary
models.

In this chapter the concept of black holes is introduced, along with ways of classifying

them, and their observed behavior.

1.1 Introduction

The very first idea closely related to what we now call a black hole was introduced in
1783 by the English astronomer and clergyman John Michell as ‘dark stars’. Following
Newton’s gravitational theory as underlined in his Principia, Michell worked out the size
the sun should have for its escape velocity to be equal to the speed of the light, giving a
necessary condition for a star not to be seen. The same calculations were independently
achieved not much later by the French mathematician Pierre-Simon Laplace. Laplace

thought that a black star was a crazy idea and discontinued his work.

'3
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Figure 1.1: Extreme warping of space-time around a black hole.

More than a century later, based on a new gravitation theory: Einstein’s General The-
ory of Relativity, Karl Schwarzschild assessed the problem from a much accurate perspec-
tive. He found, in 1916, a solution of Einstein’s equations corresponding to the simplest
black hole namely Schwarzschild metric (fig. 1.1).

The Schwarzschild metric, relating space-time intervals in a static spherical symmetric
gravitational field in the empty space-time surrounding some massive spherical object like

a star is

-1
tdt? = (1 - 2GM) c2di? - (1 - 2GM) dr? — r? d6? — r? sin® 0 d¢? (1.1)

c’r c2r
A new field in Physics was born, developed by many great names in science like Ricci,

Hilbert, Oppenheimer, Friedman, Wheeler (who, in 1970s, coined the name ‘black hole’),

Kerr, and Hawking among many others.

Black Holes

The Schwarzschild metric predicts a surface from which light can not escape, the ‘Event
Horizon’, a globally defined null surface. All the events beyond the Schwarzschild radius,
R, = %}i, are disconnected from the rest of the universe, so the horizon forms a border
where no information can reach us. We can never see directly (at any frequency), a black
hole.

At the centre of the event horizon surface there is a mathematical singularity, a place
where the known laws of physics are no longer valid, and any kind of speculation is equally
plausible, like worm holes (a hole in the space-time web connecting two otherwise distant

regions). All the mass of the black hole is compressed to a single point of infinite density.

To understand this region a quantum gravity theory has to be developed. This theory
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would be able to reconcile General Relativity (how gravity, and space geometry relates)

with Quantum Physics (the processes on extremely small scales).

Such quantum theories of gravity are an active field of research nowadays, but this is not

the path followed in this work.

1.2 Thinking of Black Holes

There are three main size ranges of black holes: stellar mass black holes made from
the collapsing core of a massive star, supermassive black holes at a center of galaxies, and

miniature black holes believed to be created in the early universe during inflation.

Stellar Black Holes:

In order of understanding the birth of a black hole, one must first understand the life
cycle of a star: A star is created when a cloud of gas, mainly hydrogen, some helium and
traces of other heavier elements, begins to collapse into itself under its own gravity. The
gas heated by the gravitational energy release eventually reaches high enough temperatures
in its core so that nuclear fusion reactions can begin. The heat makes the internal pressure
rise, stopping the contraction. These two forces balance, and the proto-star becomes a
stable main sequence star.

When a massive star burns out most of its hydrogen fuel in the core, it follows a complex
evolutionary path, fusing progressively heavier and heavier elements, culminating in iron.
Iron is the heaviesi; element can be stably synthesized in the core of stars, as it is the
heaviest element for which fusion releases binding energy.

The iron builds up in the core, held up by electron degeneracy pressure. When the
mass of the core reaches the Chandrasekar limit of about 1.4Mg, then the electron de-
generacy pressure can not hold the weight of the star any longer. Electrons recombine
with the protons and create neutrons. The size of the core reduces from about 10* km
(approximately the size of the Earth) to 10 km in diameter, held up by neutron degen-
eracy pressure. While gravity still acting, the outer layers of the star start to collapse.
This violent accretion generates a supernova explosion, which blows away of the outermost
layers of the star.

Depending on its mass, the core may stay as neutron star or collapse further into a
black hole.
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Supermassive Black Holes:

Current models of galaxy formation suggest that the very first stars (gigantic balls
of hydrogen and helium with almost no heavier elements) formed in the place where
later galaxies would grow. These very old stars possibly ended as black holes, but then
accreted much more material from their surroundings: interstellar medium, molecular
clouds, merging with other stars or black holes, etc. This merging/accreting mechanism
leads to a wide range of masses from ~ 10 — 10° My,. These are the objects believed to be
at the centre of most galaxies, also the ones which power active galactic nuclei (AGNs),
radio galaxies, and quasi stellar objects (QSOs), (see e.g. the review by Kormendy &
Gebhardt 2001).

Mini Black Holes:

Inflationary cosmological theories abound for the existence of mini black holes, perhaps
formed shortly after the Big Bang.

Some particle physicist also claim that the TeV physics that they will shortly be able
to test in the next generation of colliders may produce mini black holes. If mini black
holes can be produced during particle collisions in laboratories, it is also possible for them
to be created in a cosmic ray collision, although this seems unlikely (Hossenfelder et al.
2002)

For such mini black holes Hawking Radiation might be important: Purely theoretically
it was concluded that a black hole must emit some sort of radiation, because it must have
some kind of entropy, so must emit energy. In September 1973, J. Zeldovitz and A.
Strovinski, showed that every spinning black hole must emit radiation and particles. It
emits energy and particles as if it were a black body with a temperature depending only on
its mass: the more massive it is, the cooler it gets. In November 1973, Stephen Hawking,
added some calculations, and found out that also a non-spinning black hole should emit
energy and particles. The mechanism can be described as creating a particle/antiparticle
pair in the vicinity of a black hole, the particle is more likely to escape and the antiparticle
to get trapped by the event horizon, i.e. be annihilated by a particle from the black hole.
For the external observer is like a particle is coming from the black hole, this is called
‘Hawking Radiation’. This effect could cause black holes to evaporate. The calculations
also show that the time required for the evaporation would depend upon the mass of the
black hole. Very massive black holes would need a time that is much longer than the
current age of the universe. Only miniature black holes are thought to be capable of

evaporation within the existing time of our universe. For a black hole formed at the time
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of the Big Bang to evaporate today its mass must be about 10°~'2g, (Hamilton 1998).
General Relativity also predicts that a black hole in orbit (accelerated) must emit
gravitational waves. The scenario for this to happen may be two black holes orbiting each
other as a binary system, and radiating more gravitational waves as they get closer until
they merge. Gravitational waves experiments such as LIGO (and the future space based

LISA) plan to detect such signals of merging black holes.

However, these two direct ways to detect black holes (Hawking radiation and gravitational
waves) are currently not possible. To study black holes we have to use more indirect

methods, by looking at the effects of the black holes gravity on nearby material.

1.3 Observing Black Holes

The first attempt to combine black holes with observed sources came after the dis-
coveries of quasars, radio pulsars and compact x-ray sources in late 1960s. This was only
possible due to the development of radio and x-ray astronomy. Most of the newly dis-
covered x-ray sources showed two very particular characteristics: large amounts of x-ray
emission with high variability on all time-scales.

This rapid variability on milliseconds time-scales suggested that they were very small
objects, since the size of the source restricts the typical variability time-scale to be less than
the light travel time across the source. In 1971 Oda et al. were the first to suggest that
Cyg X-1 could be a black hole binary, on the basis of its peculiar characteristics, including
in particular the rapid x-ray variability on time-scales of a few hundred of seconds down
to milliseconds.

The high x-ray luminosity observed from a very small region requires a very effective
mechanism for energy release, showing that these sources were not ordinary stars with
ordinary nuclear reactions at their core. Conversion of gravitational energy into radiation

becomes the only plausible explanation for such bright objects.

Binary Systems

Observations of binary systems when one of the two stars is invisible cannot lead to
the conclusion that the invisible star is a black-hole, because it may also be a faint star,
or there may be some other reason for it being ‘invisible’ from our point of view. But if
accompanied by observations of high x-ray emission, the most reasonable explanation is

that these are formed because of matter falling from the visible star to the invisible object.
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The first x-ray binary was optically identified in the late 60s as Sco X-1 followed by many
others like Cyg X-1, Her X-1, Cen X-3, etc. The search for the optical counterparts and
the analysis of the orbital periods favored the model in which the invisible companion was
a compact object i.e. a neutron star or a black hole.

The only way to be sure about whether it is a black hole or not is through dynamical
mass determination. There is a limit of ~ 3Mg for the maximum mass of a neutron star.
Above this limit the object collapses inevitably to a black hole. But this orbital analysis
is not always possible as the companion star may be faint.

But happily there are some important differences to spot. Neutron stars may have
strong magnetic fields, which can distort the accretion process. The accreting flow instead
follows the field lines so that the accretion takes place onto the poles showing, as the star
rotates, x-ray pulses. Also, contrary to black holes, neutron stars have a solid surface so
the accreting material builds upon this surface and can eventually give rise to hydrogen
or helium fusion, causing x-ray bursts. Both these are clear distinguishing signals of a
neutron star primary, but not seeing these signals is not an unambiguous signature of a
black hole.

It is believed the most of the stars are in binary systems, and most of them have mass
transfer at some point of their evolution. In the special case in which one is a compact
object, the companion star can lose material into the principal gravitational potential
through a stellar wind. It also can happen that when the separation contracts due to
loss of angular momentum (by tidal forces, gravitational waves or mass ejection), then the
accretion proceeds through Roche Lobe Overflow.

In order to understand how the gas moves from one star into the gravitational potential

of the other, we will follow the Roche problem.

Roche Lobe Overflow

In a binary system two stars orbit each other in Keplerian orbits. The Roche lobe
of each star is each one of the lobes in the eight-like critical equipotential surface of the
Roche potential (fig. 1.2):

. GM, GM, 1 2
R(r) = r—ri] |r—ry] 2 (w/\r) (12)

where r; rz are the position vectors of the stars and M, M, their respective masses,
and assuming circular orbits. The centre of reference is their common centre of mass,

rotating with angular velocity

= [———(Ml + M2)] v (1.3)

T L (Mz/My)3
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GM
Qx = N
_ 1. Rin
vy = 371’M (1 R )
Cs
H = —
9775
T4
%JEQ%( = 8a3::T £, a = 4docgp
p = 2pkBTc + ﬂ
my 3
= 2pH
()
63 = -
p
T = %EE
R = Kes+ ropT, 30

These are 10 equations for 11 unknowns namely radial velocity v,, surface density I,
Keplerian frequency Qx, Height H (as measured from the centre of the disc), mass density
p, kinetic viscosity v, sound speed c;, total pressure p (= pgas + Prad), central temperature
T, and opacity ® (= kes + Kfy, i.e. the sum of electron scattering and free-free opacity)
in terms of R, M, and M.

To solve this set of equations requires another relation between these quantities, which
determines the viscosity stress. The key insight of SS was that our ignorance about the

nature of the turbulent shear viscosity could be incorporated into a single parameter a:

ngQK = ap (= —trp) (1.7)

This SS set of equations can be solved numerically, but can also be solved analytically

for a few special cases. The three original cases identified by SS, consist of three regions
at different radii (and by eq. 1.6, different temperatures). The results are presented in

terms of the following dimensionless quantities:

, r= Ri;’ f =1 - 3—28, and 81 (1-8)

. LE drecGM my
Mopie = 2 = MM (19)
C or
i.e. the critical mass-flow rate that would give the Eddington luminosity Lg, for
complete conversion efficiency of mass to radiation. For a standard Schwarzschild black

hole efficiency n = 0.067, so Lg corresponds to m = 15.
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A) Inner disc
The temperature and density are high so that the radiation pressure dominates over
the gas pressure, and the free-free opacity is negligible compared to electron scattering

opacity.

H 5.5 x 10*mmf cm

p = 9.0x107% 'm lm 232 f2 g3

T, = 4.9x 107 YV4m~ 1438 g

B) Middle disc
Temperature and density drops, we approximate total pressure to gas pressure but still

the free-free opacity is very much less than the electron scattering.

H = 2.7 %103 1/10m%10,31/5,.21/20 £1/5 ¢y

p = 8.0a /0 T/10552/57.=33/20 £2/5 g =3

T. = 22x10%7/om~/5y2/5p=8/1052/5 g

C) Outer disc

Density and temperature are low, therefore p ~ pgas, and & ~ sy

H = 1.5 x 103 /1007,9/10,;33/20,.~9/8 £3/20 o,
p = 47 x 100~ 7100 7/1045,11/20,—15/8 £11/20 gy =3
Tc = 6.9 x 107(1—1/5m_1/5m3/107.—3/4f3/10 K
Such accretion disc models show that energy can be extracted by material falling onto

a black hole. In the next chapter we compare the predictions of these disc models into the

observed spectra from accreting black holes.



Chapter 2

X-Rays from Black Holes

I ask you to look both ways.

For the road to a knowledge of the stars leads through the atom;
and important knowledge of the atom has been reached

through the stars.

Sir Arthur Eddington

From observations of the spectra it was found that binary systems have two (sometimes
more) distinct states: the hard/low state and the soft/high state. These changes of states
are believed to be correlated with the mass accretion rate m.

The hard/low state is characterized by a hard power law with photon index (I' ~
1.5 — 1.9), peaking at ~ 100keV and rolling over at higher energies. The soft/high state
peaks at a few keV but has a steep power law tail (I' ~ 2.0 — 2.5), which extents out to
E > 511keV (fig. 2.1).

However, a multicolour disc black body spectra expected from the accretion disc is not
able to produce the hard x-rays observed. Theses hard x-rays should come from somewhere
else other than the disc. Variability data shows the hard x-rays source must be small, yet
it also has to be energetically dominant, so probably is close to the central object. The
main idea is that hot electrons in a low density (optically thin) environment upscatter the
thermal emission from the disc up to x-ray energies. This process is know as Compton

Scattering.

2.1 Compton Scattering

In 1923 A. Compton discovered that the wavelength of hard x-ray radiation increases

when it is scattered from stationary electron. In a more general case, depending on the

11







2. X-Rays from Black Holes 13

or

<1 (2.3)

B) Inverse Compton Scattering or upscattering(in the Thompson limit)
If the electron is moving with a high velocity, then the relativistic transformations
dominate and the energy is

ﬂ _ (1 - Bni.ng) (2.4)

E;  (1-fBne.ng)
in the Thomson limit yE; < m.c?, (i.e. when the electron recoil in the rest frame is

small).

We now consider an isotropic photon field with energy density U,qq at a single energy
E;. The energy loss rate, averaged over angle is

dE 4

E = gaTCUrad (72 - 1) (25)

where or is the Thompson cross section (valid for low photon energies).

The number of photons scattered per unit of time

gﬁ _ o1cUrad

pn E; (2.6)
so the average energy
dE/dt 4 , 4
dN/dt ~ 3 -1 B 27)
as 8 > 0,807 —1
dE/dt 4 ,
= -f°F; .
dN/dt 3P B (28)
For a upscattering off a thermal distribution of electrons,
1 3
5mev“’ = kT (2.9)

the average electron velocity gives

B? = 3kT /m.c? (2.10)
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In order to truly understand the accretion processes, this geometry dilemma has to be
solved. This is the aim of the present thesis. We try to model the disc structure in the two
geometries described above, and compare them against observations to determine which
of the geometry models is more plausible. Hopefully later, this ideas may be extended to
the AGNs and QSOs.



Chapter 3

Irradiated Accretion Discs

You can know the name of a bird in all the languages of the world,
but when you’re finished, you’ll know absolutely nothing whatever
about the bird... So let’s look at the bird and see what it’s doing -

that’s what counts. I learned very early the difference between

knowing the name of something and knowing something.

Richard Feynman

In chapter one we reviewed that a stable disc in hydrostatic equilibrium can not radiate
in hard x-rays but instead produces a multi temperature black body spectrum peaking at
S 1—2keV. So the hard x-rays seen from accretion events have to come from something
other than an optically thick disc, perhaps from flares above the disc, or hot inner flow.
We need to differentiate which geometry is present in the accretion flow around stellar
mass black holes.

The aim of this thesis is to show that as the different geometries place the hard x-
ray sources in different places, the x-ray spectra should be different. The x-ray images
available do not have the spatial resolution necessary to determine the position of the
source directly Nevertheless, as the relative position with respect to the cool thin disc is

not the same, we believe we can differentiate the geometries through x-ray reflection.

Reflection

Some x-rays from the hot source will illuminate the cool disc. The disc can reflect some
of the x-rays, imprinting on them some typical signatures not present in the illuminating

spectrum (fig. 3.1). We now analyze the processes that can lead to a reflected spectrum.

17
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transverse redshift, doppler shift, and gravitational redshift (Fabian et al. 1989).

The doppler effect will redshift the emission line (and reflected continuum) from the
side of the accretion disc that is receding from us, and blueshift the one approaching.
This leads to a broadening of the line around the value for emission (at a given ionization
state). This amount of broadening, together with companion eclipses, may also help to
constrain the inclination of the system.

The two remaining special relativistic effects are due to the high speed of the material
in the inner orbits. Aberration of light will lead to a beaming of the blue part, as emission
from high speed emitters is anisotropic, favoring the direction of motion. Conversely, the
red side is suppressed, leading to a skewed line profile. The second effect is the redshift of
the line as time dilates for the emitters at velocities approaching that of light.

Finally gravitational redshift will redshift the whole line as radiation loses energy as
it climbs up the gravitational potential well.

It is worthy noting that the strength of the observed effect depends on the geometry,
as the special and general relativistic effects are negligible if the disc does not extend to
the last stable orbit but truncates at a much larger distance from the source. Fig. 3.4

shows the predicted spectra for a neutral disc with different values of the most inner orbit.

3.2 Reflection & Geometry

The two main potential geometries for accretion flows are known as truncated disc
model and magnetic flares model. The physical mechanisms supporting this models were
outlined in section 2.2, and here the observational predictions of each model will be dis-
cussed, mainly in terms of its reflection signature, as this is crucial for understanding the
true geometry.

As the physical processes governing the reflection are the same for both models, we have
to rely on the geometry for their differentiation. The main geometrical difference between
the models is the relative position of the disc and the hot plasma. For the magnetic flares
models, the hot electrons are above the disc, while for the truncated disc model they
fill a hole in the centre of the disc. This difference in geomerty leads to a difference in
the covering fraction parameter, /2w, of the disc as seen from the x-ray source. In the
magnetic flares model the disc covers half of the sky, while in the truncated disc model
only 30% or less is covered. This leads to different amount of reflection expected from
each geometry.

Assuming a neutral or intermediate level of ionization, the truncated disk model pre-

dicts a smaller reflected component, so the overall spectrum will have the reflected fea-
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tures (absorption, lines, etc.) diluted by the continuum. Conversely in the magnetic flares
model, there is a stronger reflected component, so the spectra shows a larger iron line and
deeper edge.

Moreover, as seen from the previous section, the amount of smearing in the Fe line
will tell us how far the thin disc extends into the potential well. So for the truncated disc
geometry the smearing should be negligible, while for the magnetic flares models it should
be strong (fig. 3.5).

3.3 Previous Observations

The black hole binaries spectra in the low/hard state show overwhelmingly that the
solid angle subtended by the disc from the x-ray source is significantly less than 27, and
that the smearing of the iron line is less than expected for a disc extending down to the
last stable orbit (Zycki Done & Smith 1997; 1998; 1999; Gierliniski et al. 1997; Done &
Zycki 1999; Zdziarski et al. 1999; Gilfanov, Churazov & Revnivtsev 1999; 2000). While
this is clearly consistent with the idea that the disc is truncated in the low/hard state, the
magnetic flare models can be retrieved in several ways.

Firstly, magnetic reconnection on the Sun is known to produce an outflow, the coronal
mass ejection events. In the extreme conditions close to the black hole it is possible that
this outflow velocity could be large so that the hard x-ray radiation is beamed away from
the inner disc (Beloborodov 1999).

An alternative explanation for the lack of reflection and smearing is that the inner disc
or top layer of the inner disc is completely ionized. There are then no atomic features, and
the disc reflection is unobservable in the 2-20 keV range as it appears instead to be part
of the power law continuum (Ross & Fabian 1993; Ross, Fabian & Young 1999). However,
these models with passive illumination of the disc require a fairly sharp (vertical or radial)
transition between the extreme ionization and mainly neutral material (Done & Zycki
1999; Done, Madejski & Zycki 2000; Young et al. 2001). A sharp vertical transition can
be produced as the disc responds to the intense X-ray illumination. There is a thermal
ionization instability which affects X-ray illuminated material in pressure balance, which
can lead to a hot, extremely ionized skin forming on top of the rest of the cooler, denser,
mainly neutral disc material (Field 1965; Krolik, McKee & Tarter 1981; Kallman & White
1989; Ko & Kallman 1994; Rézanska & Czerny 1996; Nayakshin, Kazanas & Kallman
2000, hereafter NKK; Rézanska & Czerny 2000; Nayakshin & Kallman 2001; Ballantyne,
Ross & Fabian 2001).
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energies. In the magnetic flare models, a lot of the 2—10keV continuum is actually ionized
reflection, so the true continuum level is lower than in the truncated disc models, in which
reflection is small. At higher energies, where reflection is negligible, the lower continuum
level for the magnetic flare models leads to a smaller predicted flux in the 100 — 200keV
range than for the truncated discs (Done & Nayakshin 2001a) fig 3.7 (high energies). In
the next chapter both truncated disc and magnetic flare/x-ray illuminated disc models
are fitted to the 3 — 200keV PCA/HEXTE spectrum of the hard/low state spectra of Cyg
X-1. We show that the truncated disc models provide an excellent fit to these data, but
that the magnetic flare/x-ray illuminated disc does not, as it dramatically under—predicts

the 100 — 200keV spectrum.



Chapter 4

Modeling

Astronomy compels the soul to look upwards

and leads us from this world to another.

Plato

As shown in the previous chapter, the different geometries predict spectra that are very
similar in the typical range (2 — 20keV') where we have data. However, they are different
if we move to higher energies (e.g. 50 — 200keV’). Spotting whether direct emission or
reflection is the dominant component in this range, will tell what geometry is present in

the hard state of the accretion discs around black holes.

4.1 The Instrument

In order to determine the geometry, we need data from an accretion flow around a
black hole, in the form of its x-ray spectra in a very broad band (~ 2 — 200keV’). This
spectrum can not be obtained by the same instrument, because most of the instruments
are designed and optimized for narrower bandwidths. But a combination of instruments
will be able to support the required broad spectrum. The only current detectors in this
range are PCA and HEXTE, both instruments on board RXTE.

The Rossi X-ray Timing Explorer RXTE was launched on December 30, 1995 from
NASA’s Kennedy Space Center. The mission is managed and controlled by NASA’s God-
dard Space Flight Center (GSFC) in Greenbelt, Maryland. RXTE features unprecedented
time resolution in combination with moderate spectral resolution to explore the variability
of x-ray sources. Time-scales from microseconds to months are covered in an instanta-
neous spectral range from 2 to 250 keV. Originally designed for a required lifetime of two

years with a goal of five, RXTE has passed that goal and is still performing well.
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4.2 The Models

The model spectra should incorporate all the physical processes happening in and
around the accretion discs. The total spectrum is built up from several independent
model components, where each one focuses on representing a particular characteristic of
the system. Some of them produce the disk emission, others, the iron line, others a complex

ionized reflection, etc.

Continuum Models

The simplest approximation of the continuum emission from the hot region in accreting
events is a power law plus and exponential cutoff. The typical values for hard x-rays
spectral indexes are I' = 1.7 — 1.9, while the cutoff energy is at about 100 — 150keV .
This is the first approximation for the multiple Compton upscattering (see fig. 2.2) of a
much cooler emission from the disc, the cutoff energy constrains the temperature of the
hot plasma. Although it is a common approximation it is not very accurate. By contrast
coMPPS (Poutanen & Svensson 1996) calculates the Compton scattering very carefully,
allowing different geometries for the hot region, and even anisotropic illumination from
the disc. It includes spherical and half spherical symmetries, slab and cylinder. It also has
a 'flag’ that allows for reflection (fig. 4.2) from the disc, but this has very crude ionization

balance and does not include any vertical structure (Done et al. 1992).

Reflection Models

The XPEC package comes with the standard PEXRIV of Magdziarz & Zdziarski (1995)
(fig. 3.2). This is the reflection code used by COMPPS, so again it employs an aproximate
ionization balance and neglects vertical structure of the disc (Done et al 1992).

We use instead, the complex ionization reflection code XION, described in Nayakshin,
Kazanas & Kallman (2000), which computes the self-consistent vertical ionization struc-
ture of an x-ray illuminated disc in hydrostatic equilibrium at a given radius. The reflected
and diffuse (line and recombination continua) emission from this are smeared by the rel-
ativistic effects expected from a disc, and then these spectra are summed over all radii
to get the total disc reflected emission for any given source/disc geometry. These models
have been tabulated for a central sphere/truncated disc geometry, assuming that the hot
inner flow has emissivity o« r~3, and starts at the radius where the optically thick disc
truncates (Nayakshin et al. 2002, in preparation). Models have also been tabulated for
a magnetic flare geometry, which results in much stronger illumination of the disc and so

gives a deeper ionized skin (Nayakshin 2000). With magnetic flares, the luminosity of the



4. Modeling

comppsO+compps—1.3
T none
o ; T T —
T~
[ e 7 T T~
/ N ~.
/ N N
rd \ \
/ N \
% / \ N
) = 3 / \_ A ]
p- P y \
@ / \ \
NE 7/ " \
; / \ \
~ A \
> / ! 1
3 / \ \
> / \ Y
-3 A \
efr / y \ 3
- I ‘ ) +
1 .
/ \
/ \ \
/ \ 1
/ ; ’
i
v/ e . |
-1 10 100 1000
Energy

Figure 4.2: compps model of direct emission for a sphere; and COMPPs direct plus reflection with

a covering fraction of 0.3.

radius.

A comparison of XION and PEXRIV reflection

The main objective of the XION code is to accurately calculate the vertical ionization
structure of the x-ray illuminated disc, so the atomic physics/photoionization calculations
are treated in great depth while Compton scattering is approximated in the same man-
ner as in Ross & Fabian (1993). These approximations are adequate at lower energies,
where the energy shifts from Compton scattering are small, but become progressively
less accurate at higher energies where downscattering is large. By contrast, the standard

PEXRIV reflection model in XSPEC treats Compton scattering very carefully (Magdziarz
& Zdziarski 1995), but has very crude ionization balance and does not include any vertical
structure (Done et al. 1992).
The two codes should give comparable results when the vertical structure is unimpor-
tant i.e. when the x-ray illumination is very small. Fig. 4.3 shows a comparison of the
two codes, the solid red line describes the resuits from the lowest illumination possible in

the tabulated XION models (fz/fs = 0.02 and M = 0.001) for a magnetic flare geometry

flares is assumed to scale as the local disc flux, so that f;/fsisc remains constant with
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at inclination angle of 30°. The dotted blue line shows the comparable PEXRIV results
(/27 =1, £ = 0, inclination of 30°). The continuum for both is an illuminating power
law of index I" = 1.7 with exponential rollover at 300keV. The differences are obvious.
At low energies these are expected as the XION code has a residual ionized skin in even a
weakly illuminated disc. One would have to extend the grid in XION to even lower values
to render effects of the skin completely negligible in the soft x-ray range. The ionization
effects should nevertheless be very small at high energies where the two codes should yield
very similar results. However the Compton hump extends to much higher energies in
PEXRIV than in XION, and the normalization is different by a factor of 1.3 at 20 keV.

The difference in normalization is due mainly to the difference in illumination law
used. Magdziarz & Zdziarski (1995) have specific intensity o 1/cosé, while XION assumes
a single ray, incident onto the surface at 45°. The first form of the illumination law is
appropriate for an optically thin full corona (with a covering fraction equal to unity) which
is now known not to work for Cyg X-1 (Gierlinski et al. 1997); the use of a fixed value of
0 = 45° in XION, on the other hand, stems from the necessity to keep the XION runtime
to a manageable minimum. Thus both illumination laws are not expected to be strictly
correct in reality and are approximations good to some 10-20 %.

The deficit of photons at ~ 200 keV is a more serious problem. It is mainly due to
the energy grid of XION only extending to 200keV, again from the need to keep the XION
runtime to a manageable level. However, it is these high energy continuum photons (which
are included in PEXRIV) which are downscattered to form the reflected continuum above
30keV. Thus XION as tabulated here gives too few reflected photons at high energies
compared with PEXRIV.

An ideal model would accurately calculate both the ionization structure and Compton
scattering for a broad range of parameters and do it fast. Since such model is not feasible
due to computer limitations, we use the ionization structure of XION at low energies
(< 20keV) and the Compton downscattering calculations of PEXRIV at high energies
(> 30 keV), having matched the normalization of the PEXRIV reflection to that of XION at
20keV. The gap in good data between 20 — 30keV means that the two different models
can be used for the PCA and HEXTE data, respectively, rather than having to interpolate

between them.

We have called our models after the geometry they represent so we have: XION-DISC
and XION-FLARES. The free parameters are the mass accretion rate (this determines

the unilluminated disc structure i.e. the starting density as a function of height), fz/ fdisc
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which determines the depth of the ionized skin, and the shape of the illuminating spectrum
(" and E¢y¢ assuming an exponentially cutoff power law). For the truncated disc models
there is also the inner radius of the accretion disc, R;,, which controls the amount of

relativistic smearing of the iron line features.

4.3 The Spectra

We choose Cyg X-1 as our source for the following reasons. Cyg X-1 has been known
since 1970 as a powerful x-ray source. Nowadays it is widely known as a prototypical and
best studied black hole binary. It is a high mass x-ray binary the optical counterpart is
a supergiant 09.71aS HD26868 (Webster & Murdin, 1972), Bolton, 1972)of about 30M,.
The orbital period is P = 5.6days, amplitude of K = 75Km/s, the inclination of the
system ¢ ~ 30°. The mass of the black hole is estimated between 10 and 16 Mg (Kubota
1998, Liang & Nolan 1983), and the distance is 2kpc (Gierlinski et al. 1999).

The spectra of Cyg X-1 also show the hard to soft variably mentioned before (chapter
2). In the hard state the spectra exhibits a single power law shape with an exponential cut
off near 100 keV. In contrast, its soft state is characterized by a dominant soft emission
below 10keV, accompanied by a hard power law tail extending to 500keV and beyond
(Gierlinski et al. 1999).

We used the hardest spectra seen from multiple observations of the Cyg X-1 hard/low
state (Gilfanov et al. 1999). We extracted the data using the REX data analysis script
with the bright source background from the top layer of PCA detectors 0 and 1. Previous
work has shown that this configuration gives a good fit to the Crab data with 0.5 per
cent systematic error for RXTE Epoch 3 data (Wilson & Done 2001). We extracted the
simultaneous HEXTE data from cluster 0. In fits with both the PCA and HEXTE data
we allow a normalization offset between the two instruments to take into account the
cross-calibration uncertainties. We use XSPEC version 11 (Arnaud et al. 1996) and quote

all error bars as Ax? = 2.7, corresponding to 90% confidence limits on 1 parameter.

First Analysis

First we fit with naively simple models to corroborate the sensible values of the fixed
parameters like the hardness of the power law I' = 1.7 (Gilfanov et al. 1999), the absorbing
column of Ny = 6 x 102! cm~2 (Baluciriska-Church et al. 1995), the mass accretion rate
M =0.03 , etc.

Then we fit the PCA data alone with the old, single ionization parameter reflection

models so that we can compare the new reflection models with previous fits (fig. 4.4).
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4.4 Fitting to High Energies

For a single temperature Compton continuum fit to the data above 10 keV in this
approach with the XION-DISC model gives x2 = 62/59. By comparison, the reflection
model built into the COMPPS code (which is based on PEXRIV) has x2 = 65/59 showing
that the matching condition is adequate.

We do joint fits of the PCA and HEXTE data, using the Comptonization model,
COMPPS, of Poutanen & Svensson (1996) rather than a power law for the continuum. In
all the fits we also allow this also to illuminate the companion star, producing a neutral,
unsmeared reflection component. The PCA and HEXTE flux give a luminosity of ~ 10%7

1 or ~ 0.01Lg4q. This is ~ 3x lower than the luminosity seen in a BeppoSAX

ergs s
observation, where the seed photon temperature was observed to be ~ 0.15 keV (di Salvo
et al. 2001). Hence we fix the seed photons for Compton scattering at a temperature of
3714 x 0.15 = 0.1 keV.

We first assume that the Comptonizing region is spherically symmetric, illuminated by
isotropic seed photons to produce a generic, isotropic Comptonized continuum (geometry
flag set to 0). This gives an adequate fit of x2 = 114/77 where this continuum is assumed
to form a spherical central source which then illuminates a truncated disk (i.e. with
hardwired solid angle of /27 = 0.3). Allowing the reflection amount to vary (as in a
flattened source) gives a much better fit with x2 = 86/76. We show the unfolded spectrum
and residuals from this model in fig. 4.7, where the continuum parameters are 7 ~ 0.75
and kT, = 200keV. By contrast, assuming the isotropic continuum is above the disk, as
appropriate for magnetic flares, gives a very poor fit, with x2 = 259/78 (fig. 4.8) for a
continuum with 7 ~ 0.75 and k7T, ~ 210keV .

However, both these fits are subtly inconsistent as the continuum model assumed
isotropic seed photons for the Compton scattering rather than having them arise from the
disk. Anisotropic seed photons lead to anisotropic Compton continuum (e.g. Haardt &
Maraschi 1993), so a fully self-consistent picture should include the continuum anisotropies
which arise from the two different geometries. There is a fairly large range of incident
angles for the seed photons in the truncated disc geometry so we expect any anisotropies
to be small (so the isotropic continuum models above should be a good approximation), but
the magnetic flares are illuminated preferentially from below. For a Comptonizing plasma,
with optical depth of order unity and temperature of ~ 200 keV (Sunyaev & Titarchuk
1980; Gierliniski et al. 1997) then this seed photon anisotropy can have a marked effect on
the spectrum (Haardt & Maraschi 1993; Poutanen & Svensson 1996). We use the COMPPS

code to simulate the anisotropic continuum expected from hot plasma forming a slab above
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a disk (Poutanen & Svensson 1996). This approximates the magnetic flare geometry in
the limit when the radial size of the flare is much bigger than its height. Any general
magnetic flare geometry should give rise to a continuum which is somewhere between
the isotropic Comptonised spectrum, and the anisotropic slab (the cOMPPS cylinder or
hemisphere geometry is more anisotropic than the slab as it assumes only seed photons
from below the flare rather than allowing disk photons to also enter through the side of
the flare).

We refit the data with the magnetic flare reflection model using this anisotropic slab
continuum. This gives an even worse fit than before, with x? = 531/78, where the con-
tinnum has 7 ~ 1 and kT, = 85 keV. The reason the fit is so poor is that the seed
photon anisotropy leads to a break in the spectrum, such that the low energy spectrum
is harder than the high energy spectrum (Haardt & Maraschi 1993; Haardt et al. 1993).
The low energy spectrum then predicts even less high energy emission than for isotropic
seed photons. Fig. 4.9 shows the unfolded spectrum and residuals from this model.

The energy at which the anisotropy break occurs depends on the seed photon tem-
perature (Haardt & Maraschi 1993), and the strength of the break will depend on the
detailed geometry of the flare (its radius to height ratio) but qualitatively any hot plasma
illuminated from below produces a continuum which is anisotropic in the sense that there
is a steepening of the high energy spectrum as seen by an observer. The limit where this
break is below the PCA bandpass requires an uncomfortably low disk temperature of < 10
eV, and leads to the same poor fit as obtained for isotropic seed photons with magnetic
flare reflection (x? = 259/78).






Chapter 5

Discussion & Conclusions

Nature is wont to hide herself.

Heraclitus

The data clearly show that the 2—20keV spectrum from the low /hard state of Cyg X-1
does not contain a large fraction of highly ionized reflection. This rules out models which
have static magnetic flares above an untruncated disc unless the flares have a spectrum
which is much harder than that predicted by a single temperature Comptonization model.

Similar conclusions were independently reached by Maccarone & Coppi (2002) from
fits to the Cyg X-1 broad-band spectrum. However, they approximated the reflection
from magnetic flares by highly ionized, single zone reflection models rather than the full
complex ionization reflection models used here. Here we are able to show explicitly that
the complex ionization magnetic flare models do not fit the high energy spectrum, while
the truncated disc models do.

One way to get some spectral hardening which is expected in a magnetic flare geometry
but is neglected in our modelling is for the flares to comptonize some fraction of the
reflected photons. The reflected photons are from the disc, so are intercepted by the
hot electrons in the flares in the same way as the soft seed photons, and are Compton
upscattered to form a hard continuum. With flares covering most of the disc then this
can make a 50 — 100 per cent increase to the flux at 200keV (Petrucci et al. 2001). A
covering fraction of unity for the flares (slab corona geometry) is normally ruled out for
the low/hard spectra as this produces many non-reflected, thermalized photons from the
hard X-ray illumination. These are also Comptonized by the corona, leading to spectral
indices which are too soft to explain the low/hard state (Pietrini & Krolik 1995; Stern et
al. 1995; Zdziarski et al. 1998). However, a covering fraction of ~ 0.5 might give enough
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Compton scattering of reflection to produce the required ~ 50 per cent excess emission at
200 keV, while also allowing enough seed photons to escape to produce the required hard
continuum.

The problems that the magnetic flare models have in matching the high energy flux
are exacerbated by the anisotropy break which should be present in the continuum in
this assumed geometry, but which has never been convincingly observed (Gierlifiski et
al. 1999). If the magnetic flares are to fit the high energy data then the anisotropy break
must be hidden by having a multiple temperature Comptonised continuum. At some level
there must be a distribution of electron temperatures: it is almost inconceivable that a
single temperature distribution can be maintained, especially as the sources are variable
so the flare spectra probably evolve with time (e.g. Poutanen & Fabian 1999). A multiple
temperature continuum gives another way to boost the high energy flux so that we do
not necessarily need to strongly Comptonise the reflected continuum. However, it still
seems somewhat contrived that a combined complex continuum plus complex ionization
reflection spectrum should so precisely mimic a simple single temperature continuum,
truncated disc reflection.

By contrast, a truncated disc/hot inner flow geometry at low mass accretion rates is
compatible with the observed hard continuum, lack of anisotropy break, low amount of
reflection and relativistic smearing. It can also explain the low temperature and luminosity
of the direct emission from the disc (e.g. Esin et al. 2000). This geometry can also give
a qualitative explanation for a range of observed correlations if the truncation radius
decreases with increasing (average) mass accretion rate. The disc penetrates further into
the hot flow, increasing the seed photon flux intercepted by the hot inner flow, leading to
a softer continuum spectra. This changing geometry gives a larger solid angle subtended
by the disc, leading to an increasing amount of reflection (Poutanen Krolik & Ryde 1997;
Zdziarski et al. 1999; Gilfanov et al. 1999; 2000), and relativistic smearing (Zycki et al.
1999; Gilfanov et al. 2000; Lubiriski & Zdziarski 2001). The variability power spectra are
also affected as they contain characteristic frequencies which are most probably linked to
the inner edge of the disc, so this can explain the correlated increase in break and quasi-
periodic oscillation frequency (e.g. the review by van der Klis 2000; Churazov, Gilfanov
& Revnivtsev 2001). Lastly, the collapse of an inner hot flow when it becomes optically
thick gives a physical mechanism for the state transition (Esin McClintock & Narayan
1997). The caveats are only that the truncation mechanism and hot flow structure are not
well understood theoretically, and that there are quantitative problems in reproducing the
correlation between the amount of reflection and spectral shape (Beloborodov 2001).

Thus, if one were to choose between relatively straightforward models, then the trun-
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cated disk is definitely favored by our analysis while the magnetic flare model is ruled
out. However, the straightforward solutions may be too simple to describe the complexity
of accretion disk structure near the black hole. The role and magnitude of secondary
effects (Comptonization of the reflection component; multi-temperature nature of flares)
not taken into account in our modelling needs to be clarified in the future with detailed

calculations.
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