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Spectral-Timing Models of the
Central Engines in Low
Luminosity Accreting Black Holes

Ra’ad M. D. Mahmoud

Abstract: Emission from accreting black holes of all sizes is often highly variable,
and strongly dependent on the energy band of observation. Particularly at accre-
tion rates close to a few percent of the Eddington rate, multiple components become
important in constructing the energy spectrum, and the signals can vary greatly on
short timescales. For both X-ray binaries and Active Galactic Nuclei (AGN), the ac-
cretion geometry at low luminosities has become controversial, as spectral contribu-
tions from the thermal disc, relativistic reflection and Comptonization continua are
often highly degenerate, with instrumental effects throwing doubt on the strongest
pieces of evidence. However with the latest generation of instruments it has become
possible to analyze both the time-variability of distinct energy bands, and the corre-
lations between these bands, combining information from the orthogonal energy and
time domains. For the X-ray binaries, the Rossi X-ray Timing Explorer (RXTE) and
XMM-Newton have facilitated observations at high energy resolution down to the
millisecond timescale - close to the dynamical period in these sources. Meanwhile
for Active Galactic Nuclei, a series of high-cadence, long timescale campaigns using
the Hubble Space Telescope, the Neil Gehrels Swift Observatory and a multitude of
ground-based telescopes has produced data on the broadband continuum shape of a
growing sample of accreting sources with unprecedented timing quality. In this the-
sis I will present modeling of these spectral-timing data, with a view to constraining
the physical mechanisms and size scales of the accretion regimes in both the X-ray
binaries and AGN. By jointly modeling the energetic and timing aspects of the data,
the models in this thesis will aim to provide a more self-consistent picture of the
accretion structure at low luminosities, and rule out those pictures which cannot

simultaneously explain the spectral and temporal information.
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Chapter 1 | Introduction 1: The
Basic Properties of

Black Holes

The strength of a gravitational potential well around an enclosed mass, M, can
be described by the velocity required for a particle at a distance, R, to escape to
infinity; v2,. = 2GM/R. As the English natural philosopher John Michell first posited
in 1784, this simple formula implies that, given a high enough enclosed mass, the
escape velocity below some radius will exceed the speed of light.

Over 130 years later, with the advent of the theory of general relativity, Karl
Schwarzchild found a solution to Einstein’s field equations which again predicted
the existence of a radius around a central mass from which light could not escape.
In fact this radius can be derived very simply in classical mechanics by equating
the kinetic energy of a point mass, tending to light speed, to the gravitational
force on it. This yields the Schwarzchild radius, Ry = 2GM/c* = 2R,, where R, is
the gravitational radius. Since R, is a characteristic size scale of the gravitational
potential, I will often use the shorthand r = R/R, when denoting distances from a
central mass.

We now understand that when a region of space-time reaches a sufficiently high
mass density, its inward gravitational pressure will become large enough to overcome
all forms of outward pressure, allowing it to collapse completely to form a black hole
(BH). If this mass is not spinning, the Schwarzchild radius then denotes the black
hole ‘horizon of events’, or horizon within which events cannot affect any outside
observer (Finkelstein 1958). In effect, once a photon passes the event horizon around

a BH, it is lost to the observable universe, and so we cannot probe within these
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Figure 1.1: The top panel shows the black hole spin-dependence of the innermost
stable circular orbit and event horizon radii. The lower panel shows how the accre-
tion efficiency varies with spin. We note that since r;sco and n relate to accretion,
they depend on whether the black hole spins in the same sense as the infalling

material. Figure adapted from Kynoch (2019).

regions.

Most astrophysical BHs are spinning with a non-zero angular momentum Jgy,
or dimensionless spin parameter a. = Jpy/(MpuR,c). In this case, the Schwarzchild
solution does not accurately describe the radius of the event horizon, as the black
hole’s rotation drags space-time around with it, pulling the event horizon inward,
and the Kerr metric instead applies. Under the Kerr metric, it can be shown that
the horizon generalises to ry = 1+ /1 — a2. In the case that the angular momentum
is zero, this reduces to the Schwarzchild case of ry = r¢ = 2, while we have ry = 1
for maximal spin. We note that the black hole can spin either in the same sense as
orbiting material (prograde spin) or in the opposite sense (retrograde spin), corre-
sponding to positive a, or negative a, respectively, but that the event horizon size
depends only on the absolute spin; this is illustrated by the red line in the top panel
of Fig. 1.1 where the behaviour of ry with spin is plotted.



Provided that there are mechanisms for energy and angular momentum dissipa-
tion, any material left in the gravitational influence of a black hole will eventually be
accreted onto it. However, a test particle can exist in a stable orbit around a black
hole at any radius, as long as it is beyond the radius of the stable circular orbit
(ISCO), risco. This important prediction of general relativity states that, within
risco, particle orbits become inherently unstable; unless it is promptly ejected, the
orbiting material will be pulled into the event horizon. Like ryg, r;sco also depends
on the black hole spin, although in a less simple way (via a formalism originally
developed by Bardeen, Press & Teukolsky 1972). We see in Fig. 1.1 that, unlike ry,
risco does depend on the sign of the spin, where it can be as large as 9 for fully
retrograde black hole spins, or as small as 1 for maximally prograde spin.

Like the ISCO position, the black hole spin also determines the efficiency of the
black hole accretion, n, where the total power radiated via accretion can be expressed
as L = nMc*. A typical accretion efficiency would be of order 0.1, consistent with
a, = 0.7 according to the lower panel of Fig. 1.1. Comparing this to the nuclear
burning efficiency of n = 0.007, we find that accretion is spectacularly efficient in
converting matter into energy.

However there is a theoretical limit to the power which can be radiated from a
black hole, obtained when the radiation pressure exerted by the accretion process
balances the gravitational attraction of the black hole. Under the assumption of

spherical accretion, this limit is given by the Eddington luminosity,

4nGMm,,c

Ligy = —— 100 1.0.1
Edd - (1.0.1)

where o7 is the Thomson cross section for electron scattering. Of course, the as-
sumption of spherical accretion is inaccurate for a disc geometry, and so the local
Eddington rate at a given point may exceed the “global” rate, if the radiation pres-
sure is directed away from the infalling material. This is a mechanism by which
super-Eddington accretion can and likely does occur.

While the evidence for astrophysical black holes has, until recently, been indirect
- being typically inferred from the energetic properties of accreting material or the
gravitational influence on neighbouring bodies - the recent extraordinary observa-
tions by the Event Horizon Telescope have provided the first direct image of a black

hole. This image is shown in Fig. 1.2, whereby the use of radio interferometry with
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Figure 1.2: The radio interferometry image of the event horizon and hot accreting
matter around the nucleus of M87, from the Event Horizon Telescope Collaboration

(2019).

a baseline spanning the Earth’s diameter allowed the team to capture the active
nucleus of the galaxy Messier 87. Along with the long-sought measurement of grav-
itational waves from compact object mergers (e.g. Abbott et al. 2016), emerging
constraints on X-ray polarisation (e.g. Chauvin et al. 2018), and the incredible qual-
ity of new data in the more ‘conventional’ spectral and timing domains (e.g. Kara
et al. 2019), this is proving to be an incredibly exciting time to study black holes

and the material falling into them.



Chapter 2 | Introduction 2:
Stellar Mass Black

Hole Binaries

Stellar mass black holes can form from the core-collapse of massive stars. During a
star’s lifetime, the inward gravitational pressure from the enormous mass is balanced
by the outward radiation pressure from nuclear reactions in the stellar core. However
when the nuclear fuel in the core is exhausted, the star’s self-gravity goes unopposed
and the outer layers collapse. For the most massive stars, above 8 My (where M,
is the Sun’s mass), this results in a supernova explosion whereby the outer layers
hit the iron core, propagating an outward explosion which forms all of the elements
heavier than iron. If the stellar remnant has a mass below the Tolman-Oppenheimer-
Volkoff limit (Tolman 1939) of ~ 2 My, this explosion will leave behind a neutron
star, for which the outward neutron degeneracy pressure is able to exert enough
outward pressure to resist collapse. However if the remnant is above this limit,
gravity becomes dominant and the core continues to collapse to form a black hole
(see e.g. Chitre & Hartle 1976). Most stars form in binary systems, and so when
one undergoes core collapse (and does not eject its companion star), the resultant
system will be either a neutron star binary (NSB) or a black hole binary (BHB).
Because of the extreme gravitational potential of the compact object (the pri-
mary), it may eventually begin to accrete mass from the companion. If the compan-
ion star has a mass above ~ 10 M, (typically spectral type O or B), this system is
termed a high-mass X-ray binary (HMXRB), while systems with lower mass com-
panions are low-mass X-ray binaries (LMXRBs). For some HMXRBs, the mass

captured by the primary may come from the substantial stellar wind ejected by the
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companion. However for most systems including all LMXRBs and some HMXRBs,
the mass transfer takes place through Roche lobe overflow. In this process, a com-
panion star fills its gravitational equipotential surface (the surface within which
orbiting material is gravitationally bound to the star), either through expansion due
to its own evolution or due to contraction of the binary orbit. This results in ma-
terial escaping the gravitational regime of the companion and being pulled onto the
accretor. As this mass is accreted, the liberation of gravitational potential through
viscous friction causes it to shines brightly in the X-ray band.

Far from being persistent though, the X-ray spectra in many XRBs can vary
dramatically on day-month timescales, as shown in Fig. 2.1. Since the observed
bolometric X-ray luminosity acts as a direct analogue to the global mass accretion
rate, this outbursting behaviour indicates an underlying instability in these systems.

At low mass accretion rates, the disc temperature is low and so the material
in the disc is mostly neutral, resulting in low opacities as the electrons are gen-
erally bound to nuclei. However if some region of the disc approaches 10> K,
photons from the Wien tail can begin to ionise Hydrogen; in this case, even a small
temperature fluctuation can cause electrons to be liberated locally so that free-free
absorption becomes more important (Cannizzo 1993). This increase in opacity can
lead to more photons being trapped in the disc, in turn leading to more hydrogen
ionisation events, and so runaway heating is triggered, stopped only once all of the
local Hydrogen is ionised. As the temperature is higher, this drives an increase in
local pressure, forcing more mass out of this annulus toward the black hole than is
incoming from larger radii.

The additional mass pushed into the inner annulus increases heating there, driv-
ing a heating wave toward the black hole, leading to the higher mass accretion rate
and higher X-ray luminosity observed. Eventually, the temperature at the outer disc
will drop below the Hydrogen ionisation temperature so that recombination can take
place, and in turn a cooling wave propagates through the disc, as the global mass
accretion rate drops back to low levels. This disc instability model (Lasota 2001)
broadly explains the change in overall X-ray luminosity we observe, but more infor-

mation is to be found in the spectral shape change in these outbursting sources.
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Figure 2.1: RXTE All Sky Monitor light curves of black hole LMXRBs showing the

outburst behaviour. From Done, Gierlinski & Kubota (2007).
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Figure 2.2: A selection of spectra from the transient BHB GRO J1655-40. The
canonical soft and hard states are shown as the red and blue lines/data respectively,

while the transitionary ‘ultra-soft’ and ‘very high’ states are shown in magenta and

black. Adapted from Done (2010).

2.1 Overview of spectral states in X-ray binaries

We have seen that the mass accretion rate onto a BHB can vary greatly over
timescales between weeks and years. The shape of the broadband spectral energy
distribution (SED) of an accreting BHB also depends strongly on its mass accretion
rate. A single object can therefore sequentially exhibit a wide range of spectral
shapes over a fairly short timescale, as its global mass accretion rate rises and falls.
Some archetypal SEDs are shown in Fig. 2.2, showing the diversity in observed
shape over a single outburst. The extrema of this range of shapes are the spectrally
‘hard’ state, typically seen at Eddington-scaled accretion rates of 1t < 0.02, and the
spectrally ‘soft’ state for 1it > 0.02 (see e.g. McClintock & Remillard 2006). The
bolometric luminosities in these two states are dominated by completely different
SED components, indicating quite different accretion structures.

On one hand, the high luminosity, soft state (red line and error bars) is dominated
by a component peaking at ~ 1 — 3 keV, with only a weak tail to high energies.

The dominant component here is extremely well described by an optically thick,



geometrically thin accretion disc whose properties were first outlined by Shakura &
Sunyaev (1973); I will discuss the spectra of such discs in Section 2.2.1, and their
characteristic variability timescales in Section 2.4.

By contrast to the soft state, the hard state in blue is dominated by a quasi-
power law between 3 and 100 keV, while the thermal disc near 1 keV has become
much weaker. This spectral shape is instead consistent with the presence of highly
energetic electrons of temperature (kT, ~ 100 keV) in the vicinity of the disc, where
these electrons can Compton up-scatter thermal photons from the disc, producing a
steep Comptonised spectrum. Of course if the electrons see the disc photons, then
the disc must in turn see some of the up-scattered photons. Such disc reflection is
confirmed by the presence of the Fe Ka fluorescence line at 6.4 keV, indicative of
hard photons exciting the electrons around iron atoms in cool material (e.g. Fabian
et al. 1989; Steiner et al. 2010).

On the way from the hard state to the soft state and back, the source may also
pass through a range of other states, examples of which are shown as the magenta
and black lines. We can characterise all of these states by two important quantities:
the ratio of hard-to-soft photon flux (the hardness) and absolute flux. Doing so
allows us to map the evolution of a source’s spectrum as a function of luminosity,
producing a hardness-intensity diagram (colloquially known as the ‘q’ or ‘turtle head’
diagram). An example case is shown in Fig. 2.3. The shape of the g-diagram can
vary greatly between sources, although separate outbursts in a given source are often
quite similar in terms of their g-diagram shape. The archetypal outburst begins in
a low-luminosity, Compton dominated hard state. As the luminosity increases, the
hard spectral state persists until a critical flux is reached, when the thermal disc
component becomes more prominent and the Compton tail softens and declines,
passing through the ‘high intermediate’ state. Asthe luminosity reaches a maximum,
the thermal disc becomes completely dominant, after which the whole spectrum
declines in absolute flux while approximately maintaining its ‘soft’ shape. Below a
critical luminosity, the disc then recedes and the Compton tail hardens and rises as
the source finally returns to the hard state. This tendency for a source to transition
back to the hard state at a lower luminosity than it transitioned to the soft state is

known as accretion ‘hysteresis’.
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Figure 2.3: Hardness-intensity diagram of four well-sampled outbursts of the low-
mass BHB GX 339-4. The blue arrows denote the direction of the evolution, and
we note that most of the outbursts are very similar in terms of their transition
luminosity and hardness, and their return to quiescence. Adapted from Altamirano

& Mendez (2015).



2.2 Emission processes

The complex spectral evolution seen in the previous section - so ubiquitous in
the LMXRB population - indicates that profound changes in the accretion physics
around black holes can be driven by global mass accretion rate changes. However
nearly all of the intrinsic spectral shapes seen in XRBs can be reconstructed from
a small set of physical processes, most of which I have already alluded to. These
processes include thermal disc emission, Compton scattering, optically thick reflec-
tion, and optically thick reprocessing. In this section I will explain how we compute
the spectral contributions from each of these processes, and how we can compare
these to observed spectra to constrain many interesting physical quantities in the

accretion regime.

2.2.1 Thermal disc emission

Shakura & Sunyaev (1973) derived the canonical solutions to the disc equations,
describing material accreted onto a central BH. Due to viscous forces (the origins
of which were only speculated upon at the time), angular momentum is transported
outward, imparting a net inward force on the particles so that they liberate grav-
itational potential energy. From this simple idea, the spectrum of a thermal disc
can be derived by considering the dissipation of gravitational energy from a mass
accretion rate unit (dM/dt = M) directed inwards from radius R to R — dR. This
liberates energy at a rate _
JE = G%M

This material is virialised and so only half of this potential energy can be radiated

dR. (2.2.1)

away, so that the infinitesimal luminosity is
dL = ———dR. (2.2.2)

In a dense, optically thick disk we expect this material to fully thermalise to a

blackbody, and so we can say that this disc annulus should obey
dL = dAosT*, (2.2.3)

where ogp is the Stefan-Boltzmann constant. The annulus area including both sides

is dA = 2 X 2nRdR, and so by combining this with equations (2.2.2) and (2.2.3) we
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Figure 2.4: A generic example of a quasi-thermal disc spectrum (black line) com-
posed from a sum of blackbodies of different temperatures produced by the con-

stituent disc annuli (dotted lines). The units here are arbitrary.

can recover the local disc temperature of

. GMM

= —. 224
&nogpR3 ( )

When the disc extends down to the ISCO, the temperature is also modified by
angular momentum considerations which exert an inner boundary coefficient of
3(1 — y/R;,/R), since there are no viscous forces within R;,. This yields a disc tem-

perature of

T* GM—M3(1 — \Ri/R). (2.2.5)

- o gpR3

This is one of the key predictions of the disc theory of Shakura & Sunyaev (1973),
and in the non-relativistic limit it is extremely successful (and can be extended into
the relativistic case when the corrections of Novikov & Thorne (1973) are applied).

In these early models the disc viscosity was parameterised simply as v = ac,H
where ¢ is the disc sound speed, H is the disc scale height and « is a dimensionless
parameter with typical values close to 0.1. Since the output spectrum relies only
on the material being thermalised and not on the underlying source of the viscosity,

little attention was paid to the origin of the viscosity for several years, until the
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Figure 2.5: A range of high/soft state spectra from the low-mass BHB GX 339-4.
We see that most of the power is very well explained in the soft state at a range
of luminosities with a thermal, Shakura-Sunyaev disc. From Kolehmainen & Done

(2010).

breakthrough work of Balbus & Hawley (1998). They showed that the viscosity
which gives rise to both the angular momentum transport and the heating in the
disc could be generated by the interlaced magnetic fields which connect separate disc
particles. Due to the radial velocity differential, these field lines tangle and facilitate
a shearing force, becoming the natural source of viscosity in the disc!. This process
has become known as the magneto-rotational instability (MRI).

The final disc spectrum can then be predicted by adding the blackbody contribu-
tions of each disc annulus, as in Fig. 2.4. Fig. 2.5 shows a set of example fits to the
BHB GX 339-4 in the high/soft state, where the spectrum has been fit with a dom-

inant thermal disc and minor Compton tail (attributed to a thin disc atmosphere of

"While this fuller theory was developed by Balbus & Hawley (1998), the magnetic field origin
for the viscous transport and the subsequent variability considerations were actually first proposed

in Shakura & Sunyaev (1973), again demonstrating the importance of that work.
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hotter electrons; see next section). We see that the thermal disc spectrum is very
successful at fitting the majority of the power in this state at a range of luminosities,
as is the case for many other sources in the soft state. However while this remains
our canonical model for the origin of the quasi-blackbody component in XRBs, the
reproduction of such discs in simulations and the subsequent demonstration of ther-
mal spectra remains a target of very active research in the magneto-hydrodynamic

(MHD) simulation community (e.g. Sadowski 2016; Y.-F. Jiang et al. 2019).

2.2.2 Thermal Comptonisation

The other most important process in reproducing the broadband SED of accreting
BHBs is thermal Comptonisation, or the Compton upscattering of lower energy
photons by a higher energy thermal population of electrons. This produces the very
high energy photons we observe up to ~ 100 keV in most accreting BHBs, which
completely dominate the spectrum in hard state sources.

Taking € to denote photon energies as a fraction of m,.c?, the output energy,
€ur, of a photon undergoing a single Compton scattering from a moving electron is

expressed as

6_in(l —ﬁCOS[Q& m])
1 —ﬁCOS[Q& out] + 6in/7(1 - COS[Qin, out]).
Here the photon of initial energy €;, is incident on the electron with an opening angle

(2.2.6)

€Eour =

of 6, ,, and the angles from the scattered photon path to the initial electron path
and initial photon path are, respectively, 6, ., and 8, ,,;. Here the standard special
relativity conventions apply where the electron velocity is 8 = v/c, and the Lorentz
factor is y = 1/ \/1——ﬁ2 so that the electron kinetic energy is K = +/y% — lm,.c?.
This expression implies that whichever particle has the higher initial energy shares
this energy with the other. Here we will focus on the case of inverse Compton
scattering/Compton upscattering, where the average electron energy is higher than
the input (seed) photon energy.

A thermal distribution of electrons has a typical random velocity v? ~ 3kT,/m,,
set by the electron temperature of @ = kT, /m,c*. If we average over angle under the
assumption of isotropic photon and electron distributions, we can derive an average

photon output energy of

G = (1 440 + 160% + ..)&, ~ (1 + 40)&,, (2.2.7)



where the approximation assumes ® << 1. A typical photon energy change of
€t — €n = AE = 40§, is therefore expected, up to &,, < 30 since the average photon
temperature obviously cannot exceed that of the electron population.

Of course the Compton scattering process can only happen if an electron and
photon actually meet, and so we also need to consider the likelihood of interaction,

via the optical depth of the electron population,
T =n.Ror. (2.2.8)

Here n, is the electron density, R is the photon path length through the medium
and o7 is the Thomson cross section. The probability of scattering is then given by
1 —e7™ = 1 for T << 1. For a single scattering epoch then, a fraction ~ 7, of the
seed photons passing through a hot electron cloud will be upscattered to an average
energy of (1 +40)g,. But a fraction ~ 7 of those photons will also scatter, and this
process will repeat up to the limiting scattering order of N, defined by the electron
temperature and seed photon energy such that (1 + 40)Vg, ~ 30 (i.e. there are N
average scatterings before reaching the maximum temperature).

Since the fractional energy change and fractional shift in flux is constant in the

range &, < € < 30, the resultant flux spectrum goes as

In(1/7)
1 _ 2.2.9
A S wTo) (22.9)
i.e. the flux spectrum is a power law, f(€) €%, where
In(7)
= — 2.2.1
“ T (1 + 40) (22.10)

Alternatively put, the differential photon spectrum is N(€) « €T where the photon
index I' = @ + 1. Crucially, the photon index is dependent on both the electron
temperature and optical depth, and so without observations to constrain the high-
energy turnover at 30, one cannot independently determine the optical depth and
electron temperature (since one can simply obtain the same photon index at lower
opacity by increasing the electron temperature).

Of course the electron temperature itself is not a fundamental quantity; it is the
result of energy balance between the gravitational heating of the electrons due to

infall, £,, and their cooling by incident seed photons, £;. Thus the ratio of heating
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Figure 2.6: Schematic showing the Compton upscattering of seed photons from
some input (thermal) distribution in red through successive scattering orders in
blue, which combine in the SED to form the power law we observe (black). Note
that if scattering orders are sufficiently far apart in energy due to low optical depth,
the output SED may appear bumpy rather than smooth, meaning that in those

cases a power law is a poor approximation for Comptonisation.

to cooling power, €,/{,, together with the electron optical depth, are the true deter-
minants of the Compton spectrum shape (Haardt & Maraschi 1993). The electron
temperature (and hence the Compton spectrum turnover) can therefore be driven
down by increasing the incident seed photon luminosity, which, at a fixed optical
depth, will soften the spectrum.

This type of softening is precisely what occurs during the hard-to-soft state
transition observed in many BHBs (as well as the converse hardening on the recession
from outburst). Models of the accretion structure in the vicinity of the black hole are
therefore all basically composed of a thermal disc with a (geometrically ambiguous)
hot electron ‘corona’; whereby in approaching the soft state, the flux of disc seed
photons incident on the corona increases, softening the spectrum and cooling those

electrons such that the high energy turnover in the Compton spectrum drops.



2.2.3 Reflection

In the previous section we discussed photons from the disc incident on the hot corona.
On the other hand if the corona sees the disc, hard photons must in turn be incident
on the disc. Some of those will be scattered from electrons, and reflected from the
disc material. This reflected material adds a third important component to the
observed SED. The level of this reflection is determined by the relative importance
of photoelectric absorption and electron scattering. For neutral material at energies
below ~ 10 keV, the cross section is large and so photoelectric absorption dominates
resulting in minimal reflection. As the energy increases, the cross section drops and
so reflection rises (black line in Fig. 2.7a). However as Compton recoil (Compton
down-scattering) begins to emerge at energies when the photon temperatures start to
exceed the disc electron temperature, the hard photon loses energy in the scattering.
This relatively small change in scattering optical depth (grey line in Fig. 2.7a) has
a major effect on the reflected spectrum as seen in Fig. 2.7b, with a turnover in the
reflection at ~ 20 — 50 keV which is markedly steeper than the incident spectrum
(Matt, Perola & Piro 1991).

The other main components of the reflection spectrum are the emission lines,
arising from a proportion of the photons which are photoelectrically absorbed. These
photons excite ions in the disc material which then decay and re-emit this energy
as lines. The strongest fluorescence line is typically the Ka line for decays from the
n =2 to n = 1 state, although since these lines are associated with photoelectric
absorption, they typically occur in the range where the incident spectrum dominates
the SED (left part of Fig. 2.7b, and so in observations these lines appear quite
diluted. This dilution is less important close to the reflection peak, and so the most
pronounced line in reflection spectra is the iron Ka line at 6.4 keV, where the high
atomic number also serves to hold on to excited electrons, while they more frequently
escape for elements with lower nuclear charge (a process known as Auger ionisation,
which weakens the line emission).

Since it is so pronounced and relatively undiluted compared to other lines, this
Fe Ka line has also been used in a number of sources (both BHBs and AGN) to
attempt to diagnose the inner size scale of the reflecting disc in a technique known

as ‘iron reverberation’. Since the accretion disc itself is rapidly rotating in a strong



2.2. Emission processes 19

. aaaa T T ) —
T photoelectric absorption (a) E
5L - -
—E 3 S E
Sof
IS E 3
= 3 ~—
=~ F >SS
o F Lo
Eg E 3 i
o —~ E 3 ~
b F ]
S 2L L
=2F E >2
o f Z
oL 1 >
£ E 3 (T
Z E 3 A‘o,
= F =
S =L 4
~S E 3
m £ -
ﬁs F o
SE
£ Lol Ll LN L L !
0.1 1 10 100 1000 0.1 1 10 100 1000

Energy (keV) Energy (keV)

Figure 2.7: Panel a) shows the optical depth of photoelectric absorption (black)
and that of Klein-Nishina electron scattering (grey). The effect of these relative
cross sections on the reflected spectrum (blue) is shown in panel b), where we see
the amount of reflection rise as the photoelectric absorption declines, before turning
over at the point where electron scattering begins to decline due to Compton down-
scattering. The reflected spectrum also has, superposed on it, emission lines due
to electrons decaying from excited states after absorbing seed photons. From Done

(2010).

gravitational field, photons from the approaching side of the disc are blue shifted
and Doppler boosted, while those on the receding side are red shifted and Doppler
de-boosted. The amount of line broadening that is seen is therefore a result of the
disc velocity, and so the more broadening we see, the higher the Keplerian velocity
and the smaller the inner disc radius (Fabian et al. 1989). This broadening is also
affected by gravitational redshift and time dilation due to the extreme gravity of
the black hole, as well as the system inclination to our line of sight. In Fig. 2.8 we
illustrate how each of these effects contribute to the line shape we observe, all of
which should be modeled to constrain the inner disc radius reliably.

Fig. 2.7 emphasised the energy dependence of the photoelectric absorption cross
section, and how important this is for the amount of reflection seen. However so
far we have also assumed that all of the reflecting material is neutral. This is often
not the case, and any ionisation of the reflecting material can have a major effect
on its photoelectric cross-section and therefore the absorption/reflection levels. For

low energy incident photons, as the ionisation state increases, the cross section for
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Figure 2.8: A breakdown of the range of effects on a delta-function line profile
(typically Fe Ka) due to Newtonian disc motion, special- and general-relativistic

broadening, and gravitational redshifting. From Fabian et al. (2000).
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Figure 2.9: Panel a) shows the change to the photoelectric absorption cross section
with varying ionisation state in the disc material (black through blue lines). In panel
b) we see the effect this change in ionisation state has on the reflected spectrum
(omitting line emission), where the disc becomes mirror-like at low energies, while

the absorption features are broadened with increasing ionisation level. After 7.

photoelectric absorption will decrease, allowing more of the energy in this bandpass
to be reflected. This effect is illustrated in Fig. 2.9a where the ionisation state
has been varied, giving rise to the different levels of photoelectric absorption shown
as the black through blue solid lines. We see the pronounced effect this has on
the spectrum in Fig. 2.9b (which ignores the emission line contribution), where the
highest ionisation state makes the absorption cross sections so small that the disc
becomes almost perfectly reflective at low energies.

It is important to note that at high ionisation states, the absorption edges are also
broadened relative to the neutral case, due to the higher abundance of free electrons
giving rise to more electron scattering. This can then result in a broader base to
the emission lines. This is an important consideration in line fitting, as ionisation
broadening could be spuriously measured as gravitational/Doppler broadening, and
so the level of disc ionisation should also be well constrained before inferring the

radius of the inner disc (see Basak & Zdiarski 2016 for further discussion).
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Figure 2.10: The effect on the thermal disc spectrum of increasing the power in
the irradiating hard Compton tail. The increase in illuminating power increases the
resultant luminosity in the thermal component, but importantly most of this power
is concentrated at higher temperatures due to predominant heating of the inner disc.

Adapted from Gierlinski, Done & Page (2008).

2.2.4 Reprocessing

The remaining proportion of hard Compton photons which intercept the disc - and
are not reflected or converted into lines - are reprocessed down to the quasi-thermal
temperature of the disc (Malzac et al. 2005). Of course a significant amount of
reprocessed power requires a significant amount of hard Compton power, and so
reprocessing is only appreciable when the hard Compton luminosity is comparable
to or greater than the disc luminosity, as in the hard state.

In all models of the accretion zone where the Compton tail is significant, the
Comptonisation takes place close to the black hole (e.g. in an optically thin ‘hot
flow’, a compact corona on the spin axis, or in the jet itself), and so the inner edge
of the thermal disc is almost always more strongly illuminated than the outer parts.
Fig. 2.10 therefore shows how increasing the level of intrinsic hard power alters the
quasi-thermal disc spectrum, where it acts to both increase its total luminosity and

increase its peak temperature. We see that the change in the inferred inner disc
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temperature can be quite dramatic, so this effect must be considered when fitting

the peak disc temperature to derive an inner disc radius.

2.3 Modeling the hard state

In the previous section I discussed how high/soft state spectra can be almost com-
pletely modeled with a simple Shakura-Sunyaev disc which extends down to the
ISCO. The near-universal agreement regarding this theory, and its robustness to
observations, are testament to the success of this picture in the soft spectral state.
However, the same cannot be said for the low/hard and intermediate states. The
greatly increased importance of the Compton component as the source approaches
the hard state has led to fierce debate over the origin of this thermal Comptonisation.
This controversy has been focused primarily on the physical mechanism producing
the hot electrons in which the Compton upscattering takes place, with an ultimate
view to deriving the overall geometry of the accretion regime away from the soft
state.

One model which has gained much traction since the first claims of broadened
Fe Ka signatures is one in which the Comptonising region is positioned above the
black hole, in the form of a failed jet base, a wind, or some other ‘compact’ corona
(the ‘lamp post’ picture; Fabian et al. 1989; Laor 1991; Markoff, Nowak & Wilms
2005). One of the most influential studies supporting this picture of the hard state
was that of Miller et al. (2006), although the observations on which this claim was
based were later found to have suffered from major instrumental pile-up (Done &
Diaz-Trigo 2010). Nonetheless, independent analysis on Rossi X-ray Timing Ex-
plorer (RXTE) proportional counter data has also shown similar features (Garcia et
al. 2015).

Energetically, though, this model is problematic. Since the entire disc has a line
of sight to it, any corona in this picture would be exposed to an overabundance of cool
seed photons giving rise to a very large £,. In the absence of a very efficient heating
mechanism driving up ¢,, this cooling imbalance would drive down the electron
temperature (see Section 2.2.2). This would rapidly soften the spectrum, such that

a steady hard state could not be maintained. One can avoid these issues however by



placing the corona very close to the black hole such that gravitational light bending
reduces the seed photon flux on the corona (Dovciak & Done 2016), or by having
the corona flow upward and away from the disc (Malzac, Beloborodov & Poutanen
2001).

Instead, the Comptonisation may take place in a coronal layer above and below
the disc. The density of a disc in hydrostatic equilibrium should decay with height
from the midplane (Frank, King & Raine 2002). The density-dependent optical
depth will therefore drop below 7 = 1 above some radius, potentially producing an
optically thin coronal layer on top of the disc, resulting in a ‘sandwich’ geometry
(Haardt & Maraschi 1993). This layer would not be unlike the thin disc atmosphere
required in the soft state to make the Compton tail. However this picture suffers
from the same problem regarding the overabundance of intercepted seed photons
cooling the hard power law, made worse when one considers that the thermal disc
will intercept and reprocess fully half of the coronal power law emission, driving €
up yet further (Malzac et al. 2005; Poutanen, Veledina & Zdziarski 2018).

However, in considering the thermal stability of a system starting in the sandwich
geometry, simulations have hinted to a much more energetically stable solution: the

hot flow/truncated disc picture.

2.3.1 The geometrically thick, optically thin flow

In their simulations, Mayer & Pringle (2007) assume a simple sandwich geometry
consisting of an optically thin coronal layer above a geometrically thin, optically
thick disc. At a low mass accretion rate, mass and energy conduction is allowed
between these material phases, with Compton cooling of the corona by the disc
photons and heating of the disc by coronal illumination. After the system has been
left to evolve, they find that the inner disc evaporates, leaving only optically thin
coronal material interior to the thin disc truncation radius, ryu.,... At radii above
Firune, cooling dominates in the midplane, and the thin disc survives, while at radii
below 7y, gravitational heating dominates over Compton cooling and the disc
evaporates, as shown in Fig. 2.11. Since heating overcomes cooling at radii below
Torune, this provides a natural way to maintain the high electron temperature and thus

the hard Compton power law without invoking any new physics. This picture forms
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the basis for the hot flow/truncated disc (HF /TD) class of models (Esin, McClintock
& Narayan 1997; Done, Gierlinski & Kubota 2007, hereafter DGKO7).

Interior to 74.,., the material density is predicted to become low enough that the
electrons and atomic nuclei actually thermally decouple, so that the hot flow becomes
composed of a two-temperature plasma (Narayan & Yi 1995). The ions gain most
of the gravitational energy due to their higher mass, but they are unable to transfer
this energy to the electrons, which can more efficiently cool due to their larger
photon interaction cross-section. This results in a temperature disparity between the
electrons and protons of up to ~ 3 orders of magnitude (kT, ~ 10? keV while kT;,, ~
10° keV). This gives rise to a large scale height to the flow as the hot ions exert strong
vertical pressure. Many physical effects have been considered in simulations of these
thick accretion flows, including advective cooling (advection dominated accretion
flows; ADAFs; Narayan & Yi 1995), convection (convection dominated accretion
flows; CDAFs; Abramowicz et al. 2002) and magnetic dissipation (magnetically
dominated accretion flows; MDAFs; Meier 2005). However all of these cases are
variations on a theme in which ions cannot efficiently dissipate their stored energy -
the radiatively-inefficient accretion flows (RIAFs; Yuan, Quataert & Narayan 2003).

As well as explaining the hard Compton component in the hard state, the HF /TD
model also intuitively explains the spectral evolution from the soft to the hard state
as simply being linked to a change in truncation radius, as illustrated in Fig. 2.12.
From the soft to the hard state, r,,,. increases (at fixed outer disc radius) and so the
amount of power in the thermal disc component falls as its maximum temperature
decreases. Since ry.,,. is proceeding outward, the abundance of lower energy disc
photons incident on the hot flow also decreases, allowing more energy to be retained
in the hot electrons, driving up their temperature and making the power law harder,
as observed. As well as avoiding the aforementioned energetic issues and allowing
us to understand the spectral evolution intuitively in terms of .., we will see in
Section 2.4 that the HF /TF picture also provides a framework in which to interpret

the short-timescale variability properties of the hard state.



rtrunc

Figure 2.11: Schematic illustration of the emergence of the inner hot flow and the
recession of the truncated disc after the simulations of Mayer & Pringle (2007).
Mass and energy transfer between the pre-existing coronal layer above the disc, and
the underlying optically thick disc results in the inner disc evaporating within 7,

where gravitational heating overcomes Compton cooling in the midplane.
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Figure 2.12: A schematic diagram showing how the change in spectra from the soft
to the hard state may be explained by a progressively more truncated disc being

replaced by a growing hot flow.



2.3.1.1 Explaining more complex spectral curvature

Despite these successes, the HF/TD model remains controversial, largely on the ba-
sis of certain broadband spectral observations which have been modeled equally well
in both the HF/TD and lamp post geometries. In particular, it is the appearance
of an ‘excess’ of emission at soft X-ray energies (1 —5 keV) which has motivated a
resurgence in the lamp post model as a possible explanation. This excess emission
cannot be accounted for by either the hard Compton tail or the thermal disc com-
ponent, and so it is posited in the lamp post picture that this soft X-ray excess is
due to the low-energy contribution of the reflected component. However as we saw
in Section 2.2.3, in order for a reflected component to produce an abundance of low-
energy emission, the disc ionisation state must be high enough that photoelectric
absorption is driven down. This poses a problem in reproducing the iron line, since
if the disc ionisation state is too high then line emission becomes weaker. Lamp post
models avoid this problem in one of two ways. First, one may invoke a highly super-
solar iron abundance in the disc so that iron fluorescence is driven up (see Fig. 2.13
where Ap, = 7.7, or Rykoff et al. 2007; Reis, Fabian & Miller 2010; Fabian et al.
2014; Garcia et al. 2015; Parker at al. 2016; Wang-Ji et al. 2018). Alternatively, and
perhaps more physically, one may allow the disc density to become much higher than
usually assumed, thus increasing the bremsstrahlung and line cooling relative to the
reflected emission. This allows the soft reflection excess and strong iron lines to be
reproduced simultaneously (Tomsick et al. 2018; J. Jiang et al. 2019). However, the
vertical structure of the disc can also respond to the illumination, which results in
a more neutral, high density disc underlying an almost fully ionised and reflective
‘skin’ which surpasses the soft emission (Done & Nayakshin 2007). Questions have
yet to be answered regarding how the disc at low mass accretion rates can become so
much more dense than expected (or iron-abundant), but these models are in active
development and are expected to answer these concerns. A less-explored class of
models have also suggested that the X-ray component in low /hard state spectra can
instead be modelled by a jet contribution (Markoff, Nowak & Wilms 2005; Nowak et
al. 2011). However in Section 2.4.4 I will show that - like the reflection-dominated
models - this picture is challenged by the timing data.

On the other hand, in the HF /TD model, the solution to the presence of the soft
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Figure 2.13: Fit performed by Wang-Ji et al. (2018) to the hard state in Cygnus
X-1 using a Comptonising lamp post positioned above the black hole (green line)
and a disc extending down to < 1.9 risco (red line), where reflection from the highly
ionised, iron-abundant disc reproduces the soft excess emission near 1 keV (blue

line). Reflection from distant neutral material is also included (yellow line).

excess has been to recognise that the spectrum produced by the Comptonising flow
is unlikely to be the same at all radii. The deeper into the flow an electron is found,
the less likely it is to encounter a disc seed photon. Furthermore, the production of
cyclo-synchrotron photons as electrons are accelerated by magnetic fields is likely to
produce a new source of seed photons in this zone (Gierliniski et al. 1999; Poutanen,
Veledina & Zdziarski 2018). Even ignoring these considerations and returning to the
Mayer & Pringle (2007) picture, we see that an overlap region between the disc and
flow is probable, which may have a different Compton spectrum to the uninterrupted
inner flow. These possibilities have motivated the idea that the Compton spectrum
in the hard state is not homogeneous, and that it is better modeled as a sum of
discrete Compton components (or perhaps one which changes smoothly with radius,
although this is awkward to model). An example case is shown in Fig. 2.14, where
Makishima et al. (2008) fit the spectrum of Cygnus X-1 in the hard state with a
thermal disc, two Compton components and their reflection from a disc truncated
at < 73 R,. While a multi-component Compton model does explain the spectrum
fully, including the iron line, for many such hard state spectra (Gierliniski et al. 1997;

Di Salvo et al. 2001; Yamada et al. 2013; Basak et al. 2017; see also Chapter 5),
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Figure 2.14: SED of the hard state in Cygnus X-1 after Makishima et al. (2008),
decomposed into one thermal disc (orange dots), one soft Compton (blue dots), one
hard Compton (red line) and their reflections from the disc (dark and light green
dash-dot), with mild Gaussian broadening around the Fe Ka line. In this class of
model, the excess at soft X-ray energies is accounted for by the softer Compton

component, rather than highly ionised reflection.

in some spectra we do see that this picture is incomplete; for instance in the case
of Fig. 2.14 which additionally requires some mild Gaussian broadening around the
iron line. Variations on the theme of the truncated disc/hot flow model where some
of the hot flow electrons have a hybrid (thermal/non-thermal) electron distribution
have also successfully fit the spectra (e.g. Poutanen & Coppi 1998; Ibragimov et al.
2005; Makishima et al. 2008; Poutanen & Vurm 2009; Nowak et al. 2011).

This tension in the spectral data has motivated a search for new sources of
information which can help us to deduce the geometry of the hard state, and in
particular the truncation radius of the disc. Early results from X-ray polarimetry
are promising (Chauvin et al. 2018) although studies combining the constraints
from spectra and polarisation have not yet come to fruition. Instead the prevailing
opinion is now that the ‘fast’ timing data (107 — 100 s) will - when combined with
spectral information - help us to break the model degeneracies (van der Klis 1989;
Vaughan & Nowak 1997; Uttley et al. 2014; Dzielak 2018). The overarching goal
of this thesis is in this vein, wherein I will develop a class of models which jointly

constrain the spectra and the timing properties, in order to self-consistently model



2.4. Timing analysis of the hard state 31

N
U

N
<)

R

Time (s)

Mean Normalized Count Rate (s™1)
~
n

o
0

Figure 2.15: Example 2 — 10 keV light curves from the hard state (cyan) and soft
state (red) of XTE J1550-564, normalised to their means.

multiple aspects of the data. The next section will therefore give an overview of
the fast timing properties we see in the X-rays in BHBs, before showing how these
properties do (and do not) correlate between energy bands, and how we might

explain these correlations.

2.4 Timing analysis of the hard state

When a source is in the hard state, not only does it exhibit a very different spectral
shape to when it is soft, but its light curves are also dramatically more variable. We
see from Fig. 2.15 simply by eye that the broadband emission rate in the soft state is
remarkably less variable compared to that in the hard state. This is quantified as a
major change in the mean-normalised root-mean-square variability (fractional rms),
and points again to a change in the physics and/or structure of the inner accretion
zone.

Studies have furthermore broken down the light curves into separate energy band-
passes, allowing one to track the change in variability level with changing SED com-
ponent contributions. These show that the hard tail remains highly variable, even in

the soft state when the thermal disc dominates the bolometric luminosity (Grinberg



et al. 2014). They also find that, in the soft state, the disc is emphatically stable
compared to the hard Compton flux (Churazov, Gilfanov & Revnivtsev 2001).

The character of the variability therefore offers a new way to constrain the active
mechanisms in the hard state. While the physics behind the spectral properties
has been well established for many decades, a rigorous understanding of how the
main variability components can be produced by a physical system has only begun
to emerge more recently. Much of this progress has been made through analysis
not in the time-domain, but in the Fourier (frequency) domain, to which BHB
lightcurves are uniquely well suited due to their remarkable lengths, count rates and

time resolution.

2.4.1 The discrete Fourier transform and the power

spectrum

The most fundamental tool we have in the timing analysis of BHB lightcurves is the
Fourier transform. This allows one to decompose a signal into its constituent sinu-
soids, to determine the amount of variability at each frequency. Since any observing
process is inherently discretely sampled and finite, we specifically use the discrete

Fourier transform. This is defined over N time bins of length dt, at frequency f, as
Sa(f) = ) ske v, (2.4.11)

where s; is the k™ value of the signal and the discrete Fourier frequencies are f, =
n/(Ndt) where n = 1,2,3,...,N/2. The frequency separation is df = 1/(Ndt). Thus
the minimum measurable frequency for this signal is the inverse of the observation
length, f, = 1/(Ndr), while the maximum is f,,., = 1/(2dt), known as the Nyquist
frequency.

From the Fourier transform we can derive another vital tool, the power spectral
density (PSD), or power spectrum. The PSD describes the average variance per
unit frequency of a signal at a given temporal frequency, f,. Once the underlying
PSD is known, one can begin to predict how a signal will behave at a given time,
assuming stationarity (that the mean and variance do not change with time). If
we were dealing with a continuous Fourier transform, one could simply take its

modulus squared to retrieve the PSD. But since we are limited by discrete data, we
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must do some more work to derive an approximation to the PSD, by first taking the
periodogram (Priestley 1981),
1S uP*= S8, (2.4.12)

where the asterisk denotes complex conjugation. In the convention of the ‘rms-

squared’ normalisation, the periodogram is normalised to

P, = %I&,Iz, (2.4.13)
where u is the signal mean, so that P, is in units of fractional variance per Hz (see
e.g. Miyamoto et al. 1992, or the comprehensive review by Uttley et al. 2014).
The factor of 2 makes the periodogram ‘one-sided’, such that integrating over just
positive frequencies will recover the total squared fractional rms variability, while
the factor dt/N ensures the amplitudes at each f, are independent of the time series
length. This normalisation also means that, by integrating over a given frequency
range and taking the square root, one can recover the fractional rms variability,
F .-, from variations within that frequency range. For this reason, I will always
plot periodograms and power spectra in units of frequency X power (i.e. units of
fractional rms squared).

However, since the periodogram is derived from a discrete process (over a finite
period), it is therefore only a random realisation of the true underlying PSD, with
the point dispersion being drawn from a skewed y? distribution. Taking a single
periodogram for the entire light curve at every possible frequency bin is therefore
sub-optimal, as the point dispersion on top of the PSD obscures the underlying,
intrinsic noise process. To better approximate the PSD then, ensemble averaging is
almost always applied to BHB light curves. First, the raw light curve is sliced into
M segments, and the periodogram is taken for each segment. The ensemble average

at each frequency bin of all M raw periodograms is then taken, so that

_ 1 <
m=1

This is a better-sampled periodogram in the frequency range of interest (with mini-
mum frequency at f;,, = M/[Ndt]). However its error, 6P,, is quite large, being just
the standard deviation over the M bins.

To reduce the uncertainty, in this thesis I will also geometrically re-bin the pe-

riodogram over frequency, so that the integer number of points found in frequency



bin jis K; < cé with ¢y a constant greater than 1. The j* frequency bin therefore
has width Af; = dfK;. This means that at low j values, each bin contains at least
a single point, while at high frequencies the binning tends toward equal separation

in logarithmic space. The averaged and re-binned periodogram is then
1 _
P = = D Pulh). (2.4.15)

Provided that the averaging and binning is sufficient, this is now a good approxima-

tion of the PSD, having associated error

1 -
6P(f)) = /Z SP2(f,). (2.4.16)
J nej

Due to the statistical properties of the y? distribution, this error tends toward
SP(f;) = P(f)/ \/K,—M when the number of samples in bin j is large (K;M 2 50).
Poisson (counting) noise also leads to a flattening of the PSD. This is accounted
for by subtracting a constant P,y from the observed PSD, where
Poois = 2( + b)/u?, with b being the background count rate. Additional corrections
for instrumental dead-time and high energy charged particles (very large events;
VLEs) may also be included at this stage (see e.g. Nowak et al. 1999). Unless
stated otherwise, all observational power spectra shown in this thesis have been en-
semble averaged, geometrically binned and noise-subtracted in the way described

above.

2.4.2 Observed power spectra

We have seen that in the soft state, BHB X-ray lightcurves are often remarkably
stable. This is quantified by the very low noise level in the power spectrum in this
state, where the maximum amplitude fractional rms can drop below 0.1% (e.g. the
red curve in Fig. 2.16 from a soft state in GX 339-4). By contrast, the fractional
variability in the hard state is typically much higher, as in the blue curve in Fig. 2.16
where 0 ,,,s/t = 35%. This shape is very roughly approximated as a double-broken
power law, with fP(f) o f! below a low frequency break, f;, a flat-topped fP(f) o f°
between the low and high-frequency breaks (f;, ~ 5 Hz; e.g. Remillard & McClintock
2006), and a decaying fP(f) < f~! for f > f,. Over the course of a transition from
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Figure 2.16: Power spectra in the 3 — 30 keV band from GX 339-4 in the Compton-
dominated hard state (blue) and in the disc-dominated soft state (red). A clear drop
in noise power is seen from one state to the other, with distinct, broad Lorentzian

components seen in the hard state, as well as a weak low-frequency QPO.

the hard to the soft state, the high-frequency break is typically quite stable, while
/i shows a secular increase as the spectrum becomes softer.

Analyses of better quality data have actually shown that the hard state PSD
shape is better approximated by a sum of two or more Lorentzian functions rather
than a broken power law (Nowak 2000, Pottschmidt et al. 2003), where the centroid
frequencies of these Lorentzians are often correlated over the course of a state tran-
sition (Axelsson et al. 2005). The broadband noise is typically composed of 2 — 3
broad Lorentzians, while an additional, high frequency component is also often seen
in the dimmest hard states. An example is shown in Fig. 2.17, where the separate
Lorentzians are denoted in consistent colours between panels (and the unique ‘flat’
component seen in Cygnus X-1 is also shown). It is clear that the broad compo-
nents move to higher frequencies together, as the source goes from the hard to the
soft state, and that they all typically drop in amplitude above 5 Hz, suggesting a
common origin and demise.

On top of the broad Lorentzians associated with aperiodic variability, X-ray
PSDs often exhibit sharper peaks. These arise from large-amplitude sinusoidal flux

variations which sometimes slip out of phase, in turn becoming quasi-periodic. These
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Figure 2.17: The evolution of the PSDs in Cygnus X-1 as it transitions from the
hard state to the soft state, with the individual Lorentzian components in colour. It
is clear that all frequencies increase monotonically across the transition, commonly
disappearing at 5 Hz. From DGKO07 after Axelsson et al. (2005). Note that the flat

noise component in grey is unique to Cygnus X-1.

are the low- and high-frequency quasi-periodic oscillations (QPOs; van der Klis et
al. 1985). A weak low-frequency (LF) example is seen in the blue hard state PSD
in Fig. 2.16. These components modulate all of the aperiodic variability, and the
tight correlation between the LF QPO frequency and the low frequency break at f;
in particular (Wijnands & van der Klis 1999; Belloni et al. 2005; Klein-Wolt & van
der Klis 2008; Rapisarda, Ingram & van der Klis 2014) suggest that the LF QPO is
driven in the same region as the broadband noise.

Over the past 15 years, efforts have been made to jointly model the broadband
noise in the hard state, its absence in the soft state, the LF QPO, and the correlations
between peak frequencies over the state transition. In the next section I will describe
how consideration of mass accretion rate fluctuations in the HF /TD picture has
resulted in much success in terms of this energy-independent timing modeling, before
delving into the remaining challenges to our understanding presented by the cross-

spectra.
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2.4.3 The origin of the variability in the disc and flow

I have mentioned that the viscous forces allowing accretion to take place are believed
to arise from magnetic fields threading the disc (the MRI). According to simulations
these fields should also be inherently variable on all timescales (Noble & Krolik
2009), and should thus modulate the mass accretion rate with a white noise power
spectrum. Since the mass accretion rate in turn drives the local flux, the MRI alone
would would give rise to white-noise variations in the flux. However, the disc/flow
itself must respond to these variations, and in this way, fluctuations faster than
this viscous response time will be damped out, giving rise to a ‘break’ in the power
spectrum at the local viscous frequency.

We can estimate this local viscous frequency by thinking of a single density
perturbation as a ring of mass with initial radius, ». Taking the perturbation to be
infinitely narrow initially, and to act only under the influence of a central mass, the
local viscous timescale is then just the time taken for the density at r to deplete by a
factor e. Frank, King & Raine (2002) use this setup to derive the viscous timescale,

following the @ prescription, as,

tise @ (h/1) 1. (2.4.17)
Taking the (Schwarzchild) dynamical timescale of t; = Q;l = r3/iRg, we recover a
viscous timescale of
1R\ (ry2( M
e = 7x 107~ (2] (Z) . 2.4.18
| p (r) 6 (IOM@)S (2.4.18)

We see that 7,;. (and hence the viscous frequency, f;) scale with radius, and so
progressively higher frequency variations will go un-damped as one approaches the
black hole. For each radius then, this damping of the intrinsic white noise produces
a peak at the local viscous frequency. Furthermore, as longer-timescale fluctuations
propagate inward at the local viscous speed (Vyise = Ffiisc), they will modulate the
higher frequency variability produced closer to the black hole, and these will go on
to modulate faster fluctuations further in, and so on. This idea is the foundation of
the ‘propagating fluctuations’ model for the aperiodic noise (Lyubarskii 1997).

The propagating-fluctuations model has not only been successful in reproducing

the broadband PSD shape (Arévalo & Uttley 2006, hereafter AU0G), but also the



