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A detailed overview of the HEART code is given. This code models radiative transfer
of any photon distribution in a plasma of any geometry containing any electron
distribution, where the photon and electron distributions evolve simultaneously. All
relevant physical processes are included, and applications include modelling the inner
regions of X-ray binaries and AGN. ‘

An investigation into the capabilities and accuracy of HEART forms the major part
of this thesis. HEART is tested for a simple case of a spherical electron plasma where v
only Compton scattering is modelled and the evolution of the electron distribution
is disabled. Tests are done by comparing the output spectra from HEART to the
XSPEC model compTT, as well as by using HEART to fit observational data from
Cyg X-1. Several additions to the code are also included, some of which are used in
the testing process.

A limited range of parameters is found to be modelled accurately, and an in-
vestigation is included into extending the valid parameter range by including an
anisotropic treatment of Compton scattering. HEART is, however, also found to
be computer intensive, making it unsuitable for routine spectral fitting. The focus
is therefore moved to the capability of HEART for modelling dynamic situations,
which is a potential strength of HEART, and may determine whether improvements
to the spectral fitting of HEART are worthwhile.

Although the framework of HEART allows for dynamic modelling, several mod-
ifications are required to implement it. These modifications are implemented and
tested by modelling two distinct dynamic situations: a state transition in an X-ray
binary and an X-ray burst on the surface of a neutron star. HEART is found to
be capable of varying the steady-state parameters from one steady-state to another,
but it is not capable of modelling electron-heating, reprocessing and energy balance,
and it is restricted to modelling very short physical timescales.

The limitations discussed above, combined with further technical limitations dis-
cussed in this thesis, lead to the conclusion that HEART is not suitable for further
use without complete restructuring.
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Chapter 1
'Int'roduction

1.1 X-ray Binaries

X-ray binaries are binary systems where one of the objects is a compact object (a

neutron star or black hole candidate) and the other is a donor star. These are called
' ﬁhé ‘primary and the secondafy respectively. Aé the name suggests, X-ray binaries
emit radiation in the X-rays and their X-ray specfra are Ihuch studied, but they also
emit broadband radi'ationv, including UV, optical and Sonietime’s extending down to

radio emission.

: ‘The geometry of X-ray binaries and.the me(‘:hvanisms'behih'd their emission are not

’ fully understood. Understanding the physics of X-ray binaries is important as black

.hole X-ray binaries (BHXBs)! provide a laboratory for probing general relativity in

Strong gravitational fields. Undersfanding the physics of BHXBs may also improve

our understa,ndivng of Supermaséive black holes and active galactic nuclei (AGN). The

.superma’ssive black holes in AGN are expécted to behave similarly to the galactic
stellar mass black holesvin X—ray binaries (see section 1.'4) . Xfray bin\aries also play
"a part in both stellar evolution and the ev@:)lutionb of binary systems.

X-ray binariés are classified into two types: low mass and high mass X-ray

1BHXBs is used here to refer to X-ray binaries where the corripact object is a black hole candidate.
This classification is usually made when the mass of the compact object is greater than 3Mg or the
behaviour of the binary is similar to that of other BHXBs.
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binaries (LMXBs and HMXBs reépectively). In(LMXBs, for example Aql X-1, the
secondary is less massive (S 1Mp) and provides matter for the accretion on to the
compact object by overflowing its Roche lobe. HMXBs, for example Cygnus X-1
(Cyg X-1), include a more massive secondary, ﬁsually a massive O/B star (2 10Mg),
and accretion occurs through the stellar wind of the secondary. The properties of
the region near the compact object is similar in both cases, however. An accretion‘
disc forms around the compact object in both LMXBs and HMXBs, which heats
due to frictional dissipation of gravitational energy, and releases soft X-rays. Some
of these soft X-rays are upscattered to hard X-rays and gamma rays, forming typical
spectra which are discussed below. |

- BHXBs are observed in two main states which are classified according to their
X-ray spectra: the low hard state (LHS) and the high soft state (HSS). Typical LHS
and HSS X-ray spectra are shown in figure 1.1. Several other states are defined
in the litérature, sometimes with contradictory definitions, but three other states
are generally accepted: the quiescent state, the very high state (VHS) and the
intermediate state (IS). Definitions vary somewhat, and those given here are based
on the review by McClintock & Remillard (2004).

The LHS X-ray spectrum is dominated by a power-law component with spectral
index 1.5 < T" < 2.1 and a high energy cut-off 'atv 2 100 — 200 keV. Sometimes a
weak, soft blackbody component is also observed which is probably blackbody emis-
sion from the accretion disc (at < 0.1 keV). Several mechanisms for producing the
dominant power-law component have been suggested, but inverse Compton scatter-
ing 6f the disc photons by thermal electrons, referred to here as Comptonisation, is
most widely used. This explains the high energy cut-off at ~ 3kT, where k is the
Boltzmann constant and T, is the electron temperature. An additional reflection
component has also been observed in the LHS, eépecially in systems viewed close to
face on (DiSvalvo et al., 2001). This component ‘probably consists of Comptonised
photoné which have been reflected and reprocessed in the accretion disc, and is

discussed further 1n section 3.1. Another distinguishing feature of the LHS is the
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Figure 1.1: Typical spectra of Cyg X-1 in the low hard state (a) and the high
soft state (b) (taken from Zdziarski & Gierliniski 2004). The solid black line
shows the overall spectrum, the green dashed line is the blackbody spectrum
from the disc and the blue shorter dashed line is the Comptonised radiation by
thermal electrons in (a) and nonthermal electrons of a hybrid distribution in (b).
Two additional components are included here. The red dotted line is reflection
from the disc, which is discussed further in section 3.1, as well as the Fe Ka
fluorescence. The cyan dot-dashed line shows an additional soft excess, probably
due to Compton scattering in a region physically distinct to the thermal plasma
in (a) and Compton scattered photons by the thermal part of a hybrid electron

distribution in (b).
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presence of persistent radio jets (Fender, 2001; Fender et al., 2004).

The X-ray spectrum of the HSS is dominated by a soft blackbody at ~ 0.7-
1.5 keV, probably from an accretion disc. This is well described by the thin disc

- model by Shakura & Sunyaev (19735. We also observe a high energy power-law tail

with spectral index I' 2 2 and no observed high;energy cut-off, which is prdbabiy
caused by- Comptonised disc photons scattered by a hybrid electron distribution. A
reflection component is again observed, and any radio jeté are quenched when the
HSS is entered (Fender et al., 1999, 2004). |

The quiescent state ié ver}; similar to the LHS, but at a much lower luminosity.
This is the state in which most BHXBs spend most of. their time (McClintock &
Remillard, 2004). o

The VHS is defined similarly to the HSS, but with a ivery steep power-law I" > 2.4
and quasi-periodic oscillations (QPOs) present ih the X-rays (0.1-30 Hz). Alter‘na—
tively, if there are no QPOs, the spectrum is still classified as being in the VHS if |
the power-law contributes more than 50% of the total flux. | |

For the purposes of discussing jets in the VHS, following the discussion of Fender
et al. (2004), it is useful to further classify the .VHS into the ‘hard’ VHS and the
‘soft’ VHS. If the VHS dccurs between a transition from the LHS to the HSS, then
the transition is from the LHS to the ‘hard’:VHS, to the ‘soft’ VHS, and finally to the
HSS. In the ‘hard’ VHS the persistent jet of the LHS continues to exis\t, but as the
‘hard’ VHS becomés' the ‘soft’ VHS, possibly at the peak luminosity, a relativistic
jet is emitted, creating a shock region as it collides with the persistent and slower jet
of the LHS. An optically thin radio flare is obsefved, and if this transition is made
multiple times without traﬁsitiOn to the quiescent state, such as in GRS 1915+105,
multiple radio flares are observed. When the source reaches the ‘soft’ VHS followed
by the HSS the jet is quénched as noted above.

The IS is associated with transitions between the qﬁiescent state, LHS, HSS
and VHS and the X-ray spectrum consists of combinations of the characteristic

components described above. For example a strong soft blackbody component may
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be combined with a significant hard component. Transitions are observed at a i'a,nge

of different luminosities which has given rise to different classifications within the

intermediate states. Zdziarski & Gierlifiski (2004) define the IS spectrum as a high

energy tail originating close to the peak of the blackbody component. The IS and

VHS are treated as one with respect to their jet properties in Fender et al. (2004).

Very High Sm&

High State

Intermediate State

‘Low State

Quiescent State

—

0.5

10.09

0,08

1 0.0t

- Figure 1.2: Possible geometries of the disc and corona in the 5 different states
(figure taken from Esin et al. 1997). The solid lines répresent a thin disc and
the dots represent an ADAF, with denser dots representing a denser ADAF. As
mass accretion rate () increases, the ADAF becomes more radiatively efficient
and therefore more luminous (a transition from the quiescent state to the LHS).
The thin disc starts to extend further inwards at a critical mass accretion rate
(the IS). As the mass accretion rate increases further, the HSS is reached and
‘the disc extends down to the innermost stable orbit and the ADAF becomes

" a weak corona above it. The VHS is similar to the HSS, but with a stronger

corona.

Several geometries of the inner regions of BHXBs have been suggested and mod-
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elled to explain the different states. The HSS is modelled well by an optically thick,
geometrically thin disc (Shakura & Sunyaev, 1973), but the LHS is more challenging
to model. Haardt & Maraschi (1993) model two plane-parallel slabs: one cold, ther-
mal layer emitting blackbody seed photons and one optically thin, hot slab where the
seed photons are Comptonised. Alternatively, Poutanen & Svensson (1996) model
a thin blackbody disc with a Comptonising plasma of hemispherical, cylindrical or
pillbox shape above it. They also discuss the possibility of modelling several smaller
plasma regions in the form of active regions. These aﬁd other such moydels are
discussed in more detail in section 1.5. _
Narayan & Yi (1994, 1995) develop a model of advection-dominated accretion
- flow (ADAF) which is first applied to the quiescent state only (Narayan et al.,
1996), but is later extended and applied to se\}eral s.ources.in different states. It is,

for example, used to explain all the five states except the VHS in an outburst of the

soft X-ray transient Nova Muscae 1991 (Esin et al., 1997), as well as the LHS and .

IS of Cyg X-l, a transition from the quiescent state to the LHS in GRO J0422+32
and the LHS, HSS and VHS in GRO J1719-24 (Esin et al., 1997).

The geometries suggested for the five different states are shown in figure 1.2 (Esin
et al., 1997). The quiescent state occurs at low mass accretion rates and is explained
by a thin disc (Shakura & Sunyaev, 1973) with an inner radius far from the compact
" object, contributing almost negligibly to the spectfum. An ADAF exists between

the thin disc and the compact object. The low mass accretion rate causes a low

gas density in the ADAF, and hence ineflicient cooiing byv bremsstrahlung. Thus |

most of the energy in the ADAF is stored as kinétic energy and accreted into the
black hole rather than being radiated away, éxplaining the low luminosities of the
" quiescent state. |

At higher mass accretion rafes the ADAF becomes more radiatively efficient

and therefore more luminous, while the geometry remains fairly unchanged. This

" corresponds to the LHS. As the mass accretion rate increases further, beyond a

critical rate, the disc starts to extend closer to the compact object and the ADAF
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shrinks. This process occurs during the IS. The HSS is associated with a high mass
accretion rate, where the thin disc extends to the innermost stable circular orbit
(ISCO) and the ADAF turns into a weak corona above the disc. The VHS consists
of the same thin disc as thé HSS (extending to the ISCO), but with a more dominant
corona, though this state is not as well described by the ADAF model.

" The main mechanism for upscattering disc photons to higher energies in all the
models discussed above is inverse Compton scattering in a hot, thermal electron
gas, but other possibilities have"been'suggested. The synchrotron model by Markoff
et al. (2001) uses jet emission fo describe the broadband spectrum in the LHS.
Synchrotron radiation dominates all Wavébands, though inverse Compton scattering
may contribute towards the X-ray emission. The radio emission originates in the
extended jet, as is the case in Comptonisation models, but the X-ray emission is |
dominated by optically thin synchrotron emission from the base of the jet. The
high-energy cut-off is determined by cooling losses. ‘Other models, in addition to
those described here, are discussed in more detail in the review by Done et al.

(2007). .

1.2 Variability

In addition to spectral information there is a wealth of temporal information ava,il—'
able for BHXBs, as they \'/;ary both on \very short timescales (down to less than a
millisecond, see van der Klis (2004) for a review) asv well as longer timescales (~
years). Evolution between the states described above is an example of long term
variability, and although we have models which describe each individual state well
(as described above, see also section 1.5)' the proéess which initiates these changes
is not well understood.

The typical evolution of BHXB outbursts through the different states is iilus—
trated well on a hardness-intensity diagram, for example in Fender et al. (2004)

where the simultaneous jet evolution is also indicated. A schematic of the typical

shapé of such a plot is shown in figure 1.3 (Kording et al., 2006). The y-axis repre- -
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Figure 1.3: A schematic of the evolution of X-ray binaries during a typical
outburst in a hardness-intensity diagram. This figure is taken from Kording
et al. (2006). A BHXB usually follows the arrows on the diagram during an
outburst, but sometimes diverges on the additional paths shown. For example
GRS 19154105 often circles the top left hand corner.
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State | General features Special features

LHS flat-topped BLN ' ' low characteristic vy
HSS : weak power-law noise ' n/a

VHS/IS components from the LHS and HSS | strong 3-12 Hz QPOs
quiescent state | similar to LHS ' smaller characteristic v

Table 1.1: An overview of the alternate definitions of X-ray binary states based
on timing properties rather than spectral properties. Here v refers to the break
frequency, see the text for more details. :

sents the bolometric X-ray luminosity, for example the count rate, while the x-axis
represents the hardness ratio, a measure of how dominant the power-law component
is over the blackbody bump, for example (6.3-10.5 keV count rate)/(3.8-6.3 keV
count rate). The radio luminosity is also indicated in figure 1.3 in terms of when a
jet is usually obsefved. All BHXBs seem to follow similar patterns on the hardness-
intensity diagram as they evolve between statés, so any consistent model of BHXBs
must explain the evolution alongvthis path on the hardness—infensity diagram as well
as the presence or not, as appropriate, of a jet. In other words, it is iﬁsuﬂicient to
model the spectra of BHXBs, their spectral evolution in time musf also be modelled.
Short term variability in BHXBs is characteristic of the differeﬁt states described
in section 1.1 and can be used to make alternative déﬁnitions of these states, as was
partially done in the definition of the VHS above by using QPOs. An overview is
given in table 1.1. Following the definitions given in van der Klis (2004) we observe
strong (up to ~ 50%) flat-topped band-limited noise (BLN) with a low characteristic
break frequency (typically v, ~ 0.01 Hz) in the LHS (i.e. the power density, P,, is
approximately constant below v}, and then becomes a power-law), whereas the HSS
shows weak (< 3%) power-law noise (the power density is a power-law, P, & v™%,
where 0 < o < 2). As mentioned above we observe strong 3-12 Hz QPOs in the VHS,
but there are also similar components to those in the LHS and HSS. Weakér BLN
than in the LHS which also extends to higher frequencies (up to ~ 10 Hz) is observed,

and there is stronger power-law noise than in the HSS with rapid transitions between

these components. The quiescent state is similar to the LHS but with a smaller Vp,
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‘sometimes as low as ~ 0.0001Hz, and the IS is similar to the VHS. (This is a very
brief and by no means complete listing of short term X-ray variability in X-ray
binaries. See van der Klis (2004) for a reﬁew.)

As with spectral observations, several models have been developed.to explain
the variability in the different states. Spectral and temporal information should be
combined in future models to increase our overall understanding of X-ray binariés
by combining all the available infofmation. A complete model must, as noted above,
describe both the spectral and temporal aspects of X-ray binaries. This is carried
out in the review by Done et al. (2007), where an extende;d ADAF model is used
to ekplain the spectra, state changes and variabilify, in both black hole and neufr‘on

. star X-ray binaries.

1.3 Neutron star X-ray binaries

I have mostly discussed BHXBs abbve, but extensive spectral and temporal studies
have also been carried out on X-ray binaries where fhe compact object is a neutron
star, and different types and states are classified. I do not go into detail here, see
van der Klis (2004) for a review. The main difference between neutron stars and
black holes is that neutron stars have a surface whereas black holes have an event
horizon. Because of this, the occurrence of X-ray bursts is one way of classifying a
compact object as a neutron star, though the lack of X-ray bursts is not a sufficient
indicator of a black hole. X-ray bursts occur when accretion of matter from the
donor star builds up enough pressure on the neutron star surface for nuclear fusion
of hydrogen and helium into heavier nuclei. This is an explosive event, and its energy
is finally emitted as X-rays from the neutron star surface (Lewin et al., 1993), usually
lasting of the order of seconds to minutes. |

Overall, however, the behaviour of neutron star X-ray binaries is very similar
to that of BHXBS, so much so that it can be difficult to distinguish bétween them.
Some types and states of neutron star X—rdy binaries have been associated with

different states of BHXBs with mass accretion rate being the determining factor of
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the state, though possibly scaled by mass in some way (van der Klis, 1994).

Both the neutron star surface and the black hole event horizon are at a distance of
the same order from the compact object, thus the regions I have described here, i.e. v
the accretion disc.and corona, are probably the same for all X-ray binaries. Models
describing accretion in BHXBs are also applied to neutron star X-ray binaries. The
ADAF model (Narayan & Yi, 1995), for example, considers accretion near neutron
stars as well as black holes, though the lack of an event horizon in neutron stars
through which kinetic energy can be ‘lost’ poses somewhat of a problem. This
energy mist be released at some point, possibly after accreting onto the surface of
" the neutron star. v ' '

Done & Gierliniski (2003) compare state transitions in both BHXBs and neutron
star X-ray binaries and find that the same physical processes describe both, but
with the difference in geometry taken ipto account. Seed photons are provided by
the surface of the neutrori star as well as the accretion disc, and the boundary layer
is included. A boundary layer exists between the accretion disc and the surface of
neutron stars where the difference between the angular momentum of the inner disc
and that of the surface of the neutron star is radiated away to allow accretion onto
the neutron star. In black holes this angular morhentum disappears through the
event hofizon. In general, with a possible modification of the geometry, accretion

disc/corona models can be applied both to BHXBs and neutron star X-ray binaries.

1.4 Supermassive black holes

I have only discussed stellar mass black holes above, but supermassive black holes
also exist at the centres of galaxies. If a significant amount of matter accretes onto
the central black hole, radiating as it does so, then we call these systems active
galactic nuclei (AGN). The dissipation of gravitational energy near supermassive
black holes is in some cases so great that‘___the optical radiation from the nucleus:
outshines the stars in the parent galaxy by more than a factor of 1000 (Longair,

2004).

11




Chapter 1 Introduction

The same physical processes and geometries that- deécribe black hole X-ray bi;
naries (BHXBs) are thought to apply to AGN, with a mass scaling factor. Black
holes are, after all, fairly simple ob jécts; in that they are fully described by only two
parameters: mass and spin. Black holes can also have charge, but this is quickly
neutralised by accretion of oppositely charged material. This is due to the electro-
magnetic force being much stronger than the gravitational force. Several models
have been successfully applied both to X-ray binaries and AGN, for example the
ADAT model described above has been applied to several X-ray binaries as well as
Sgr A* (Narayan et al., 1995) and the nucleus of NGC 4649 (an elliptical galaxy)
(Quataert & Naréyan, 1999). Also Haardt & Matt (1993) (an extension of Haardt
(1993), see section 1.5) discuss the implications of their model on the X-ray polar-
isation of both X-ray binaries and AGN. Due to the longer evolution time-scales
and greater distances to AGN they are more difficult to observe, but if they behave
as stellar mass black holes, then BHXBs provide a convenient testing ground for
theories relating to AGN. _ _ '

Sevéra,l comparisons have been made between BHXBs and AGN to justify that
AGN are scaled-up versions of BHXBs. State transitions have not been observed
in AGN, but if time-scales scale linearly with mass, then state transitions in AGN
would take ~ millions of years and so cannot be observed on human-accessible
timescales. It ié possible, however, that different classifications of AGN correspond
to AGN in different states similar to those described above for BHXBs. For example
Ho (2005) compares the ADAF model for LHS BHXBs to low-luminosity AGN in
nearby galaxies, Pounds et al. (1995) discuss vthe similarity between the narrow-line
Seyfert galaxy RE 1034439 and the HSS of galactic BHXBs and Maccafone et al.
(2003) further compare radid—quiet AGN to HSS X-ray binaries, to name but a few.
~ The ha_rdness—intensity diagrams described in section 1.2 can also be gener-
alised to include AGN by plotting Lp+ Lpg against Lpr/(Lp + Lpr), a disc frac-
tion/luminosity’ diagram (DFLD) (Kording et al., 2006). Such éu diagram is shown
in figure 14 Here Lp is the disc luminosity (soft X-ray luminosity for BHXBs and
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Figure 1.4: A disc fraction/luminosity diagram taken from Jester et al. (2006).
The contours represent the average radio loudness of the quasars in this sample,
see Jester et al. (2006) for more details.

UV luminosity for AGN) and Lpy, is the luminosity of the power-law component
(hard X-ray luminosity for BHXBs and X-ray luminosity for AGN). If the luminos-
ity of both these components scales similarly with mass then there is no dependence
on mass in a DFLD. Thus instead of plotting the evolution in time of individual
sources, as in the hardness-intensity diagrams, a large sample of sources in different
states is plotted. The authors find good agreement between the DFLD of a large
sample of AGN and of a simulation of BHXBs, strengthening the theory that AGN
are upscaled versions of the black holes in galactic BHXBs.

Yet another indicator of the similarities between BHXBs and AGN is the funda-
mental plane of black hole activity (Merloni et al., 2003; Falcke et al., 2004; Kording
et al., 2006). The X-ray luminosity, Lx, radio luminosity, Lg, and black hole mass
are correlated and create a fundamental plane when plotted. This correlation ex-
tends from supermassive black holes in AGN to stellar mass black holes.

Also the variability of BHXBs and AGN show similar characteristics. The break
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frequency discussed in section 1.2 is also ob'sérvedvin AGN, and McHardy et al;
(2006) find a relationship between the break frequency, the mass of the black hole
and the mass aCcretidn_rate which is valid bbth for AGN and BHXBs.v |

| Models developed to describe X—r'ay bi'nari.es can therefore also be_appl_ied'to AGN
- and vice versa. Similarly to n_eutfoﬁ' stars, hdﬁev’er, an adjustment in geometry may
be necessary. An accretion disc wind, expected. ffom the colder discs in AGN, may

make a significant difference to AGN spectra (Done & Gierliniski, 2005). .

1.5 Other codes

I have given va‘.qualitati.ve introduction to the current models _désp_ribing the ge_éme-
tries and processes of X-ray binarié‘sv and AGN abOVe;’ bﬁt much quantitative work
has led to the development of these ideas. For examplé, ‘the spectfal shape created
v By multiple Compton scaftering events of soft vphotons ina thermai electron plasma
is used ffequenﬂy abox}e, bitt is not trivial to calculate. ‘More suéh -modelling is
required to develop fhe current models further and find obsérvable signatures to dis-
“tinguish between them. I present sUch a model in this thesis, and here I give a short
introduction to éxisting modéls, using both anal‘yt_ic approaches and Monte Carlo
simulations, which are devoted to modelling the physical processes which Ido'n.ninate
the spectra from X—ray binaries and AGN. A summary is given in t_able 1.2,

An early analytic apprdach to prediéting the Comptoniséd spectrum of soft seed
photons propagating through a hot plasma is f)resentéd in Sunyaev & Titarchuk
- (1980), whére theyspl'it. the problem into two. Fifst they consider an instantaneous
flash of photons occurring at the centre of a source ét time ¢ = 0. The luminosity
of the flare 1s described by the delta function 4(¢). By solving the photon diffusion
problem in the source they obtain P(t), the distribution of photons over their es-
cape times. Secondly fhey solve the stétionary Kompaﬁeets_equation' in an inﬁﬁite, .
homogeneous medium of non—relatiyistic, thermal electrons to obtain the Compton
‘scattered spectrum, I(v,t), at time ¢, given an initial spectrum Io(v,t = 0), where

v is frequency. By combining these two resulfs, U = I(v,t)P(t), they obtain the
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Model Method | Processes | Validity

.| Sunyaev & Titarchuk (1980) - | A c ' 7>1,0 <02
Pozdnyakov et al. (1983) . |[A/MC |¢ = |r22 = =
_Titarchuk (1994); Hua & Titarchuk | A~ | ¢ 1 7202,06<03

(1995) : ' : ' :
Zdziarski (1985) - A cbsp [145T 525
Skibo & Dermer (1995) ' IMC - |c¢bp EE
Haardt & Maraschi .(1991); Haardt | A/MC | c¢,p,r 751
(1993); Haardt & Maraschi (1993)
| Poutanen & Svensson (1996) . | A c,b,p,r T <07
Coppi (1992) . S A ¢,b,s,pr,t |
Stern et al. (1995a) B LPMC | ¢,bs,p,rit

Table 1.2:" A summary of the radiative transfer models discussed here. The
symbols used are as follows: A = analytic, MC = Monte—Carlo, LPMC = large
particle Monte Carlo, ¢ = Compton scattering, b = bremsstrahlung, s = syn-
chrotron radlatlon p = treatment of pairs, r = reprocessing, t = treatment of
_evolution in time. Validity ranges are given where they are available in the liter-
ature, either through compatrisons to other models or by specific approximations
used in a model. :More general limitations apply to other models, for example
Coppi (1992) uses escape probabilities, and Stern et al. (1995a) is limited by
run-times. More details are given in the text. '

emitted .s'pectrum at time t if an instantaneous flare occurred at the centre of the
. source at time t = 0. ‘This result is useful for modelling‘X—féy bursts, for examplé.
Ixi order to caléulaté the emitted 'spéctrum of a source wiﬁh cohstant_ photonb input at
the centre rather than a delta funétioﬁ such as an accretioh disc in X—ray binaries
; prov1des, the authors mtegrate v over tlme, fo t)dt. If the ‘ﬂare
has been on constantly, then the emitted spectrum is the sum of the spectra emltted
due to a flare at all times from 0 to-co. Hence we have an analytlc expression for
the Comptonised bspectrum of a non-relativistic (kT, < mc? where m is the electron
mass aﬁd ¢ is the speed of iight in a vécuum) , thermal electron plasfna where seed
~ photons originate at the centre of a éource. Due to the use of the diffusion approx-
imation, this treatment is only valid ‘for high Thomson optical depth (7 > 1) and
corhbined with the lack of a relativistic treatmerit, its vuses in interpreting datd are,
~however, limited (Skibo & Dermer 1995, Titarchuk 1994)

Pozdnyakov et al. (1983) extend the range of the Sunyaev & Tltarchuk (1980)
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approach to be valid at lower optical depths (7 ~ 2). Sunyaév & Titarchuk (1980)

solve the following Kompaneets equation:

Ld (aN N i@
2dz ,<dac +N>—’YN. 3 (1'1)',

_On the left is the differential Kompaneets operator with the first term in the
brackets representing the Doppler effect and the second the recoil effect of Compton
scattering. Induced processes are not included. The first term on the right represents |

photon diffusion out of the source and the second describes a source of seed photons,

f(x). Also,

2 ch

™
- 1.2
7T 3 r + DT (1:2)
for a spherical plasma source. Using Monte Carlo simulations, Pozdnyakov et al.
(1983) obtain a correction to equation 1.2 and the equivalent equation for a disc

geometry, with the spherical case being corrected to

w2 mec?

=7 (T +0.5)kT.” a9

This is related to the spectral index « by

2 /9 :

More recently Titarchuk (1994) includes relativistic corrections to the model by
Sunyaev & Titarchuk (1980) as well as extending the model’s leidity to low optical
depths (7 < 1). While rr_iaintaining the same approach, i.e. solving the diffusion
equation and the Kompaneets equation for an infinite, homogeneous medium ahd
combining the two, Titarchﬁk (1994) includes Klein-Nishina éffects. Compton scat-
tering becomes decreasingly efficient as the electron' temperature increases, causing
the high energy tail of the spectrumb to steepen with the iﬁclusion_of this effect.

Titarchuk (1994) also argues that the diffusion approximation is valid at low as well
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as high optical depths, as the X-ray spectrum at high photon.energies is created by
photons undergoing many more scatterings than average. These photons must be
travelling along the longest escape route, i.e. along a diameter in a sphere or parallel
to the disc in a disc geometry, though they are no longer isotropic, but collimated
instead. He modifies the diffusion coeflicients for the collimated case and proceeds as
before, creating a model more applicable to the situations in X-ray binaries, which
are thought to contain plasmas of lower optical depths. ‘

Hua & Titarchuk (1995) further extend these modifications and compare their
results to Monte Carlo simulations (see also Skibo & Dermer 1995 for comparisons
to Monte Carlo simulations).v Although the agreement is good, improvements could
still be made. Important physicai processes such as bremsstrahlung, synchrotron
ra‘diat_ion, pair p;oduc.tion and annihilation, Coulomb interactions and reproceséing
and reflection are neglected in all the models discussed above.

Various models have been déveloped which take into account some of these ad-
ditional processes. Skibo & Dermer (1995) include mildly relativistic (© = %& S2)
thermal plasmas in pair balance, where the particles are distributed uniformly in
a spherical gedmetry, in their Monte Carlo simulations. Their model includes an
external source of seed photons (assumed to be either monoenergetic or blackbody)
in addition to seed photons created by electron-ion; electron-electron' and electroh—
positron bremsstrahlung, a:nd the distribution of directions of the photons is mod-
elled. They find that bremsstrahlung becomes important when 7 2 1 and © Z 1.
Skibo & Dermer (1995) also compare their model to the models by Sunyaev &
Titarchuk (1980), Hua & Titarchuk (1995) and Zdziarski (1985), and recommend
using the models of Sunyaev & Titarchuk (1980) only for 7 2 2,0 < 0.2, Hﬁa &
Titarchuk (1995) for 7 2 0.2,0 < 0.3 and Zdziarski (1985) for 14 ST < 2.5, where
I' is the spectral index. v

Zdziarski (1985) includes a detailed study of pair balance, modelling pair produc-
tion, annihilation and escape for a relativiétic thermal plasma of electrons, positrons

and protons in a spherical geometry. Synchrotron radiation is considered as a pos-
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sible source of photons in addition to a standard blackbody, and bremsstrahlung is
calculated separately and dominates the spectrum if relevant. The radiative transfer -
is treated less accurately, however. ‘He uses the fact that multiple Compton scat-
tering events of photons by thermal electrons produce a power-law up to hv ~ kT,
with the spectral index given in Sunyaev & Titarchuk (1980), and corrected to be
valid for mildly relativistic electrons. This is true whén the emitted spectrum is in-
dependent of the seed photons, which occuré when the average number of scattering
events, which is approXimafcely 72, is much greater than one (Sunyaev & Titarchuk,
1985). The seed photons ‘forget’ their origin after a sufficient number of scattering
events. A somewhat ad hoc exponential cut-off is modelled at Av ~ kT, and a Wien

.

spectrum is used to model energies hv 2 kT, where the photons are in thermo-
dynamic equilibrium with the electrons. This model is compared to Monte Carlo
simulations in Zdziarski (1986).

Haardt & Maraschi (1991) use the analytic treatment of Zdziarski (1985) in
addition to Monte Carlo simulations' to model reprocessing and reflection in the
disc, introducing a two-phase geometry of coupled plane-parallel slabs: the hot,
Comptonising phase and. the cool disc. Some Comptonised photons from the hot
phase hit the disc and are either reprocéssed in the disc to contribute to its thermal
radiation or downscattered in the upper layers of the disc and reflected, creating a
characteristic reflection bump at approximately 10—300 keV. The model includes pair
production, annihilation and pair balance, and the authors also note the importance
of including the anisbtropy of Compton scattering. '

The analytic treatment of the anisotropy of Compton scattering from Haardt &

Maraschi (1991) is extended in Haardt (1993). The spectrum is written as

S )
- |

where py is the escape probability and Sy is the photon spectrum in an infinite,
homogeneous medium after & scattering events.. The author then computes py for

all k'and the evolution from Sy to Skii. Isotropic conditions are assumed, but
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dimensionless coefficients taking into account the degree of anisotropy give ‘eﬁecﬁive’_
values for the tempéliature and angular patterns of scattering events, allowing the
angle between the photon and electron trajectories to be taken into account for
individual scattering events.

'The geometry of the system is modelled by weighting the escape probability de-
pending on which direction the photon is travelling in. For example, in the slab
geometry considered here a photon travelling parallel to the disc has .a smaller es-
_cape probability than one travelling perpendicularly to the disc. This treatment
requires that the energy and angular distributions of the input photon distribution
are separable, i.e. Sp(z,u) = So(z)Up(u) where Sy is the input photon spectrum, z
is the photon energy and y is the cosine of .the angle between the photon direction
before scattéring and the normal to the slab. 3

Only the anisotropy of the first scattering event is considered, and only relativis-
tic Maxwellian or monoenergetic electron distributions are treated, but the method
can, in principle, be extended to include the anisotropy in higher order scattering
as well as other electron distributions. Using this procedure, the authors compute
different spectra for different. viewing' angles, emphasising the importance of this
feature in a model. The model of Haardf & Maraschi (1991) is then improved on
in Haardt & Maraschi (1993) using this improved analytic treatment from Haardt
(1993).

The models described so far are limited by the plasma geometries (slab and

spherical) and the electron energy distributions (relativistic Maxwellian and mo-
noenergetic) they model. Poutanen & Svensson (1996) include the capability of
modelling active regions of cylindrical and spherical geometries, i.e. several small,
" spatially séparated plasma regions located abo{fe the disc as opposed to one large
one, as well as the single corona geometries described above. They model brems-
strahlung, pair production, annihilation and pair balance as well as reprocessing
and reflection in the disc and the polarisation and angular dependence of inverse

Compton scattering and reflection. The model is, however, limited to modelling rel-
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ativistic Maxwellian electron distributions and coronae of uniform temperature and

density distributiohs. It is a one-dimensional code, so any corona must be collapsible

* to one dimension. It is also only valid for fairly small optical depths (7 up to ~ 3
depending on geometry and plasma temperature).

All the above models simulate steady-state situations, but there is a considerable
amount of variability data available in addition to spectral data (see section 1.2).
It is therefore desirable to construct models that can combine predictions for the
spectra of Coinptonising plasmas with a treatment of their fe‘rr_iporal variability. As
noted earlier, it is important to combine all the available information, both spectral
and temporal, to develop consistent models describing X-ray binafies.

~ Coppi (1992) models time-dependent situations by changing the particle injection
rate and considering the relaxation time-scales of the various particles. He models
pair plasmas with hybrid electron-positron distributions and includes a treatment
of breméstrahlung and synchrotron radiation. This is done analytically using the
kinetic equation, so changes in the particle injection rate occur instantaneously
throughout the plasma, and homogeneous and isotropic conditions are assumed.

Stern et ‘al. (1995a) also present a model which is capable of simulating dy-
namic situatidns. They use a Large Particle Monte Carlo code, a Monte Carlo code
operating on large particles (LPs). Each LP represents a number of particles of
the same type and properties, for example one LP may represént electrons all with
the same position, momentum, direction of motion and energy. These LPs caﬁ be

~used to create flexible coronal geometries, including inhomogeneous plasmas and
hybrid‘ eléctron' distributions. Photohs, electrons, positrons, protons, neutrons and
He nuclei are modelled and their interactions include Coulomb interactions, syn-
chrotron radiation and self-absorption, Compton scattering, pair production, an-
nihilat_i_on, reflection and reprocessing (and more). Intéractions between the LPs
are determined by Itheir mean free paths and interaction probabilities, and are cre-
ated /removed /moved accordingly. Transfer of particles within the corona, is thereby

treated naturally and so there is no need to use escape probabilities. Particles can
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also interact with particles they created earlier in the simulation, thﬁs the model
is non-linear. Angular treatments are included and different spectra for different
viewing angles can be produced. This model is compared to the model by Poufanen
& Svensson (1996) in Stern et al. (1995b) and used to model active regions. These
two models are also used to compare the active regions geometry to the slab georﬁe—
try of Haardt & Maraschi (1991) in relation to observed characteristics of Seyfert 1
galaxies. The code is developed further and used for dynamic modelling in Malzac
& Jourdain (2005), modelling of bulk motion of the plasma in Malzac et al. (2001)

and modelling an inhomogeneous plasma in Merloni et al. (2006).

1.6 The High Energy Astrophysical Radiative Transfer
~ Code

I present a new code in this thesis, the High Energy Astrophysical Radiative Trans-
fer code, hereafter the HEART code.. As developed by Collins (2004), it models any
electron energy disfribution within the plasma, with the full range of subrelativistic
to ﬁltrarela’civistic electrons.. The electron distribution can be spatially inhomoge-
neous and there is little restriction on the georﬁetr‘y of the plasma. Bremsstrahlung |
and synchrotron radiation are included, as well as inverse Compton séattering, both
as sources of soft seed photons and as cooling mechanisms for the electrons. Coulomb
interactions are alsq modelled, and external seed photons of any distribution may
be injected. Any electron temperature can be modelled as relativistic and Klein-
Nishina effects are included, and in pri}lciple the model allows for any optical depth.
HEART also has potential for timing analysis, as the evolution of the electron and
photon distributions are modelled with time as well as in a steady state.

In its current.form the HEART code does not treat anisotropic Compton scat-
tering, the creation and annihilation of electron-positfon pairs, electron transport,
energy balance or reprocessing. On testing the HEART code in a simple case,

these limitations, amongst others, are found to significantly restrict its applicability.
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As several codes exist which model radiative transfer succeséfully with signiﬁcantly
fewer limitations, as well as faster than HEART, a completé restructuring of the
code is required if it is to be used. ; | _

Chapter 2 is devoted to an introduction to the HEART cbde as developed by
_ Collins (2004). The further developments I have introduced are described in chapter
3. Using these additions, the code is tested and compared to the analytic work of
Titarchuk (1994) in chapter 4, as well as being used to fit observatidnal data from
Cyg X-1 in the LHS and the HSS. T.hroﬁghout chapter 4 the code is limited to basic
spectral fitting to allow for simple testing and comparisdn to previous work, and I
discuss the applicability of HEART in this context. Modelling of dynamic systems is
a potential strength of HEART and is developed and tested in chapter 5, as a state
transition from the HSS to the LHS and an X-ray burst in Aql X-1 are modelled.
Several limitations.in the structure of HEART become apparent throughout this
work, and these are discussed in chapter 6. I conclude in chapter 7 by highlighting

the key issues and limitations of the code.
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The HEART code models radiative transfér_of soft photons in a region of arbitrary
geometry containing hot electrons, hereafter referred to as the corona. The corona
" is divided into independent cells, between which photons, but not electrons, are
exché,nged, and additional seed photons originating outside the modelled region
may be added. HEART can, in principle, be applied to X-ray binaries and AGN to
explain their spectra and evolution over time. In this case soft photons are emitted
from the accretion‘ disc, before traversing.a corona of some given geometry and
electron composition.

Several physical processés are fnodelled in the cbrona, including inverse Compton
scattering, bfems'strahlung, synchrotron rédiation and Coulomb interactions. This
chapter is dedicated to giving an overview of the HEART code as created by Collins
(2004). The current form of the code is developed further and then tested. A
discussion of the results of this testing and the limitations of HEART are given in

chapter 6.
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Figure 2.1: The cell structure of a spherical corona with a diameter of 6 cells.
Only one hemisphere is shown and modelled. This figure is taken from Collins
(2004).

2.1 Overview of the code

The first part of the model involves constructing the corona. Cubic cells are used
to construct the required geometry with which practically any 3D shape can be
approximated. To reduce computation time, only geometries which have at least
one plane of symmetry, for example a circular accretion disc in a spherical corona,
can be modelled, so that it is only necessary to model half the corona. Figure 2.1
shows how HEART approximates a spherical corona with a diameter of 6 cells. If
an accretion disc below the hemisphere is modelled, then 24 cells are adjacent to the
disc into which multicolour blackbody radiation can be injected (see section 2.2.4).
These are called injection cells.

When the cells are created at the start of a simulation they are each linked to
their neighbouring cells so that photon distributions can be transferred from one cell
to the next. Cells are initially created upwards from the centre to the desired height,
and then outwards perpendicularly to the required width at the top. The rest of
the highest level is then filled. The next level down is created in a similar way using
existing links to link the new cells to the cells above them. This process, illustrated
in figure 2.2, introduces some constraints on the geometry of the modelled plasma,

for example geometries with hollows cannot be constructed. However, hollows can,
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Figure 2.2: A depiction of the algorithm used for constructing the corona.
Cells are initially created upwards from the centre to the desired height, and
then outwards in two perpendicular directions to the required width at the top.
The rest of the highest level can then be filled in. The next level down is created
in a similar way using existing links to link the new cells to the cells above them.
This figure is taken from Collins (2004).

in principle, be created by introducing empty cells?.

After the corona has been constructed in the desired geometry, electron distri-
butions are injected into each cell. These distributions are discretised into (usually
logarithmically spaced) energy bins and are given by the number of electrons in
each energy bin. These usually represent a thermal and/or power-law distribution
(see section 2.2.1), though any distribution can be modelled using this discretised
representation.

Seed photon distributions, for example a multi-colour blackbody from an accre-
tion disc, though any distribution is possible, are then transferred into each injection
cell, for example into those cells neighbouring the accretion disc in a disc geome-
try (see section 2.2.4). Initially all photons in a disc geometry travel upwards, but
after scattering within cells, six directions are modelled, and each cell contains six
corresponding photon distributions travelling in six directions through the cell?.

Each distribution travels in one of the directions parallel to the sides of the cell and

T implement this later. See section 3.3
2This significantly limits the geometries HEART can model in a physical way, see section 6.2 for
more details.

25




Chapter 2 ' , Introduction to the HEART code

scattered photons are distributed equally in each of these directions®. The photon
distributions are discretised similarly to the electron distributions with an intensity

representing the number of photons in each energy bin. The energy bins for the pho-

tons are also usually logarithmically spaced, but this is independent of the spacing

of the electron bins.

By desigh only one scattering event per photon is possible in any given cell, and
therefore the opticai depth of each cell must b;e considerably less than unity. An
optically thick corona must be modelled by several cells.

The radiative processes are calculated in every cell (as described in section 2.2)
for every timestep. A timestep is defined as the time taken for light to cross a, singie
cell, i.e.:

width of cell

timestep = — v (2.1)

and so a photon travelling through a cell without interaction with an electron

travels from one cell to the next in each timestep without changing its properties.

As photons can only travel in any of the six directions parallel to the sides of a cell,”

a photon crosses a cell in exactly one timestep.

The kinetic equation and Coulomb interactioné determine the electron distribu-
tions in each cell for every timestep, and electrons may be injected’ as well as escape.
In this way, the eléctron and photon distributions evolve simultaneously in every
cell in each timestep. This functionality allows the calculation of self-consistent and
time-dependent? situations. |

Finally, photons leaving the corona through cells with surfaces not occupied By
neighbouring cells or the disc are added to the output flux. Note that it takes

photons a few timesteps to reach the outermost cells, at least 3 timesteps in figure

" 3For relativistic electrons, scattering in the direction of motion of the electron is significantly
more likely than any other direction. An isotropic electron and photon distribution is assumed in
each cell, and a resulting isotropic scattered photon distribution is also assumed. This restricts the
validity of the modelled inverse Compton scattering, especially in situations where there is bulk
motion of the electrons through the corona.

4] have made some necessary modifications to model time-dependent situations. See chapter 5.
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2.1. Hence the observable flux from the corona needs a few timesteps to establish
itself in a steady state. Further constraints arise in the simulation of an optically
thick corona where photons may be scattered many times before escaping. from a

surface cell (see section 4.1).

2.2 Physical Processes

The physical processes modelled in the coronva are bremsstrahlung, synchrotron ra-
diation, Compton and inverse Compton scattéring and Coulomb interactions, and
the electron distribution in individual cells evolves in time as determined by the
kinetic equation. . This includes all physical processes likely to be occurring in the
corona enveloping the accretion disc of X-ray binaries as well as AGN up to a photon
or electron energy of 511 keV when pair production and annihilation also become
importaht. |

I describe the processes within a single cell first. In particula;r, I start with
the electron distribution, as electrons are confined to a single cell. The radiative

processes are then described.

2.2.1 The Kinetic Equation

An electron distribution is modelled in each cell, with the combined electron dis-
tributions of all the cells making up the electron distribution of the corona. The
evolution of the electron distribution under the influence of the local radiation field
.(see section 2.2.3) in each cell is given by the kinetic equation (e.g. Ghisellini et al.
1988) in the form of a Fokker-Planck equation, ‘
= 5 (B HOFE] +e0 - 755 ey
‘where n, is the number of electrons with energy ymec? (me is the rest mass
energy of an electron), v =1/ m and ( is the particle velocity divided by c.
‘B(y) ~ A(v) — H(v) (%{ﬁ) where p = /v — 1, the electron momentum. T(v), |
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H(~) and A(v) are discussed below, but in short they. are the sink function, the
induced energy gains and losses (see equation 2.5) and the cooling rate due to free
energy losses (see equation 2.6) of the electron distribution respectively. Q(v) is an
optional source function, and is modelled by injecting a given electron distribution.

The thermal component of the injected electron distribution is described by the
relativistic form of the Maxwell-Boltzmann equation (Synge, 1957), where n is the

number density per unit time of injected electrons with energy ymec?,

= __._ne— —7/©e ) v 2
n’Y @eKZ(l/@e)vpe [ ( 3)

where ©, = kT./mec?, k is the Boltzmann constant and K, is the modified
Bessel function of order 2. n. is the total electron number density injected per unit
time, independent of electron energy, and is set by the user (see section 2.3).

The power-law component is modelled by

Ny = no’)’_,q, (24)

where ng = n.(¢g — 1) and g is the power-law index. ne is defined as above and
is also set by the user .(see section 2.3). The calculation of the kinetic equation,
equation 2.2, may be disabled and the electron evolution not modelled. In this .
case n. is the number density of the electrons with energy ym.c® without the time
depéndence. | | ’

HEART models the elecfron distribution in each cell by creating a number of .
energy bins and determining the number density of electrons per energy bin. This
allows any electron distribution to be modelled, not only a hybrid thermal and
power-law disfribution. | '

T'(v) in equation 2.2 is the sink function and is determined by an optional escape
timescale. If T'(v) = 2At, where At is the length of one timestep, for example, then
the number density of each electron energy bin from the previous timestep is halved

and subtracted from the current electron distribution in each cell, equivalent to an -
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electron escape timescale of two timesteps. The escape time® isvset by the user, see
section 2.3. v

- Apart frofn Q(v) and T'(7y), the resf of equation 2.2 describes the evblution of the
electron energy due to radiative processes. H () accounts for photon absorption and
A(y) accounts for the electron energy losses due to the radiative processes modelled.

These are given by

HO) = 5 [ 50ss() + G (I (25)
and
AW =—Fs—te-9m. (2.6)

Here j,4 and j,, are the‘ synchrotron and bremsstrahlung emissivity, defined
in sections 2.2.3.1 and 2.2.3.2 respectively. g, YB and Y are the synchrotron,
bremsst_rahlung and Compton cooling rates defined in sections 2.2.3.1, 2.2.3.2 and
2.2.3.3 respectively. ' |

The kinetic equation (equation 2.2), is solved numerically in every t.imestep for -
each cell using the Chang-Cooper method (Chang & Co.oper, 1970). Park & Pet-

" rosian (1996) found this scheme to be the most accurate and efficient algorithm for
this purpose. The solution method requires the discretiéation of the energy distri-
butions of both the photons and the electrons. The bin size and number can be
chosen freely in HEART, but logarithmically sbaced bins are most convenient for
power-law distributions.

2.2.2 Coulomb interaétions

As well as evolving due to fadiativé processes, electron injection and escape, the
electron distribution evolves due to Coulomb interactions. This is similar to brems-

strahlung, but operates between individual electrons and the net electric field of

5The escape time may depend on the individual electron energy, a feature I added. See section
3.4. E
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‘ the electron distribution as a whole. It is a non-radiative energy exchange with the
overall effect of thermalising the electron distribution. The treatment of Nayakshin
& Melia (1998) is used, defining a kinetic equation of the form v

2
= lbnml+ D, @)
where a("y) =< fy > is the mean energy exchange and D(v) = a% < (Ay)% > is
the dispersion of the energy exchange. The corrected version given in Blasi (2000)

is used (see appendix A.1).

Coulomb interactions often operate on faster timescales than the other physi-
cal processes modelled, and hence they' can thefrhalise electron distributions on a
timescale tc.shorter than a typical timestep in HEART, A¢. In order to model
the thermalisation} process éccurately with sufficient time resolution, the Coulomb
coefficients are calculated éund the Fokker-Planck equation solved (equation 2.7) as
many times as required within At to ensure t,<(At/20). This sub-division of the
timestep is only calculated if necessary, ive. in cases of high electron density when
Coulomb irteractions become very efficient. The other radiative transfer coefficients

in eqﬁation 2.2 are not re-calculated for each sub-time-step, tc.

223 Radiative Processes

I now describe the radiative processes arising from interactions between the électroné
and the photon field. As for the processeé described above, these are calculated in
each cell for every timestep. Photons travel in one of the six directions parallel to
the sides of a cell (see section 2.1), and each of these six photon distributions is
modelled individually in each cell. Isotropic conditions are assumed for th{_a electron
population in each cell, and so the radiative emission from each process is locally
emitted equally in each of thgse six directions. This assuinption does not force the
corona as a whole to be homogeneoﬁs as different cells can contain different electron
and photon distributions.

Similarly to the electron distribution (see section 2.2.1), the photon distributions
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are modelled by assigning an intensity of photons to discrete energy bins covering
the total modelled photon energy range. This allows us to model any spectrum that
may arise. As each process is calculated, the 'emitted- (or absorbed or scattered)
intensity is added to (or subtracted from) the total intensity of each energy bin for
each of the six photon distributions.

" 'Synchrotron radiation, bremsstrahlung, Compton and inverse Compton scatter-
ing are modelled similarly®. From the principle of detailed balance the radiative
transfer equation for each process can be derived (Rybicki & Lightman, 1979) and

applied to each photon distribution,

L(n) =S,(1~e), | @8)

where I, is the intensity at frequency v. In HEART this is the intensity of
photons in a particular enérgy bin determined by v. 7, is the optical depth and
Sy, = €,/K, is the source function, where.e,, and k, are the emission and absorption
coefficient for a given radiative process respeétively. In general the single particle
emissivity, j,, is

. dE o :

=34 = hvnipvoy, _ (2.9)
where n;, is the number density of particles available for interaction, v is their

speed and o, is the interaction cross-section. FE is energy and h is the Planck

constant. The emission coefficient can then be found,
dE 1 : v
= ————==— [ j,n,d 2.1
© = %dvdQdry  4n / Jo Ty &Y (2.10)
where 7., is the number densify of particles with energy ymec?. V is volume and

Q is solid angle. The absorption coefficient is

Ky = /nya,,dfy._ : (2.11)

5 Annihilation is not modelled as positrons are not modelled.
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By specifying the interaction cross-section and emissivity for synchrotron radi-
ation, bremsstrahlung and Compton scattering separately, these equations can be

used in each case.

2.2.3.1 Synchrotron Radiation
Equation 2.8 is used to model synchrotron radiation, where 7, as defined by equation
2.9, can be expressed as (Rybicki & Lightman, 1979)

V3e®Bsin(a) _, -
= YEPIMY b)), ,
4megmec s(m) (2.12)

where B is the magnetic field strength, « is the pitch angle between the velocity
of the electron and the magnetic field line and ¢ is the electric permeability of free
space. The spectral shape of the single electron emissivity is described by Fg(z),
with z = v/v.. The critical frequency of synchrotron radiation, v, is defined below.
Ky, as given by equation 2.11, can be found by using the absorption cross-section in
the Thomson limit (hv < m.c?),

1 18,

os(v,y) = W%é—;[’mu(vﬂ- (2.13)

Fgs(z) is implemented in the HEART code as

Fs(z) = m’/oo K_g_ (2)dz, (2.14)

where v, = (3v%)/(28)v,sin(e) is the critical frequency at which most of the
radiation is emitted, vy = (eB)/(2mme) is the gyro frequency and Ks/3(z) is the
modified Bessel function of the second kind of order 5/3. The solution of equat;ion

2.14 is split into 5 different regimes:-

1. relativistic electrons (v > 2)7 in the limit z < 1,

2. relativistic electrons (y > 2) in the limit z > 1,

7 = 2 corresponds to an electron of 2 times the electron rest mass energy, i.e. a kinetic energy
of 511 keV.
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3. relativistic electrons (v > 2) for all other values of z,
4. non-relativistic electrons (y < 2) where v > v, |

5. non-relativistic electrons (y < 2) where v < v.

In all cases we average over a uniform pitch angle distribution.

In the limiting cases 1 and 2, Fg(z) can be expressed quite simply as

4 T, 1
= (3)5 - 2.
FS(:B) \/:9;1—‘(%)(2)3 ;K ]-; ) ( 15)
Fs(z) = gme_m x>, (2.16)

respectively, where I' is the gamma function. These are used to calculate j, in
the code as long as they are at least 99% accurate. In case 3, equation 2.12 can be

solved exactly to give (Ghisellini et al., 1988)

et -
) = B0et Ly

(xl)._ gfﬂ_l [Kg (21)® - K1 (961.)2] } ; (2.17)

i
3

where z1 = v/(37v2vy).
Case 4 is used for mildly relativistic electrons (v < 2). Here equation 2.12 can

be written (Ghisellini et al., 1988)

ne?yg | 2 -1 2v
] = 9 — 2 —_ .
3 (%) Torc {1+2(v* = 1)za} Zexp { ” 362} , (2.18)
where
' | V2 ~,1> :
=1 In{ X2——1}. 2.19
Ty +vlin ( T+~ ( )

Finally in case 5 the emission coefficient is assumed to be zero. This is a reason-
able assumption as the power emitted varies as v? (Rybicki & Lightman, 1979), and

so electrons at low energies emit negligible amounts of radiation in comparison to
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higher energy electrons. Because v < vy, the radiation is also emitted at frequencies
much lower than nofma,lly observable.
The synchrotron cooling rate, ¥s, used in equation 2.6, is determined by ndting

that, for a singlé electron (Rybicki & Lightman, 1979),

_(ill_ 40’T

2
= 2.2
dt 3mch37 ’ (2.20)

where U = B?/(2u0) is the magnetic field energy density and o is the Thom-
son cross-section for an electron. This is integrated over an isotfopic pitch-angle -

distribution of the electrons to give (Rybicki & Lightman, 1979),

/0 ). (221)

2.2.3.2 Bremsstrahlung

As for synchrotron radiation, bremsstrahlung emission is calculated using equation
2.8 in each cell, for every timestep. Only electron-electron bremsstrahlung is mod-
elled as HEART only follows the evolution of electrons._v Using equation 2.9, the
emissivity of a mildly relativistic electron (1 + mLel;g < v < 2) interacting with other

mildly relativistic electrons is

ju,m’r‘ ('Y) = hl/cne,mrau,mr ('7), (2.22)

and the emissivity of an ultra relativistic electron (y > 2) interacting with either

a mildly relativistic electron or another ultra relativistic electron is

Jour (Y) = hve(nemr + 2N ur )Ovur (7)- : (2.23)

Note that the emission from ultra relativistic electrons interacting with each
other is twice as large as that of ultra relativistic electrons interacting with mildly

~ relativistic electrons (Zdziarski et al., 1990). The emissivity and absorption coeffi-

cients are then
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hve

Yur ’
& = dropl TT,mr /1 n'ya'u,mrd’)’

TYmaz ' )
+(TT»mT + 27'T,u7~) / n'yo'u,urd')’} (2.24)

and

B he / M ny d (VPG )
— e ’r —_—
_ 1/. P T,mr . Np dy YPO v, my )G

Ymax n

d .
+(TT,m'r + 27—T,ur) /yw ’_Y—;E;(’)’po'y,ur)d’)’ (225)

using equations 2.10 and 2.11 respectively. o, 4 and o,y are the interaction
cross-sections and are given below in the mildly relativistic (Gould, 1980) and ultra

relativistic (Zdziarski et al., 1990) cases respectively,

_ 3ayor 1 2 2%¢C\ 1
' Uz/,ur(')') = _2"7174. <C + Z - g) (ln (1 — C) - 5) s (2.26)

Gymr(y) = LT {( [20 - 6-“—&—} +in (1—“55) x

1070 1+ c2)e 1-¢
. . _ N2 _ 24

where # is the fine-structure constant and { = 1 — (hv)/(ymec?).
_ The interaction cross-section is assumed to be zero for non-relativistic electrons
because the contribution from such low-energy interactioﬁs is negligible in the fre-
quency ranges modelled.

The bremsstrahlung cooling rate, YB, used in equation 2.6, is given by

. h - ,_ '
- Yp= aTlm;c[TT’mr/yau’dey] ;if vy <2, (2.28)
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- Y= [(7rmr + 27Tur) / voyurdv] ity > 2. (2.29)

o*Tl‘mec
2.2.3.3 Compton Scattering

Each of the six photon di'stributions in each cell may undergo Compton and inverse
Compton scatterking in each timestep. 'Equ'dtion 2.8 is not used directly in this case,
however, as there is no equivalent ébsorption process. We assume instead that the
Comptonising region is optically thin (T,, < 1) and so equation 2.8 can be simplified

to

I, =le, (2.30)

where [ is the distance travelled by the photon. This assumption sets a limit on
the size of an individual cell in HEART (see also section 2.1) as each cell must be
small enough to contain only an optically thin part of the corona8. In the case of

Compton scattering &, is not needed, and

‘ Y0, mazx Ymazx d
I, = w/ / nnyc(x)dfyIuo-ﬂ, (2.31)
0, min Ymin : VO(
V1imaz Ymaz dl/
Iil/o - II/() - 'LU/ / n»nyc(:C)d’nyO;—l— (2.32)
Vi,min Yrmin ' 1

"~ where the emission coefficient is

’ Vo,max  [Ymaz . d
€1y = / / nyzFo(z)dyl, —2. (2:33)
. 14 Y . Yo

0,min min

Equation 2.31 is the distribution of scattered photons which is added to the
photon distributions, and equation 2.32 describes the removal of p'hotons which
have undergone scattering. Here z = v1/(4v%1), w is the width of a cell, v is

the frequency of the photon before the scattering event and 14 is the frequency

5Tt thereby also limits the total optical depth HEART can model as increasing the number of
cells modelled increases the run-time of the code. This is discussed further in section 4.4
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afterwards. The photon redistribution function, zF¢(z), is calculated for three

different cases

1. mildly relativistic electrons (y < 10) interacting with high-energy photons
(k>1077), I

2. mildly relativistic electrons (v < 10) interacting with low energy photons (k <
1072) and

3. relativistic electrons (v > 10),

where k = yhvg/(mec?). The equations for the photoﬁ redistribution function in
each case can be found in Appendix A.2. Note here that the anisotropy of Compton |
scattering is not taken into account. This is discussed further in section 3.5.

The Compton cooling rate; Y, used in equation 2.6, is given by (Blumenthal &
Gould, 1970)

: . 4r V1 — Vo dyp
_ = : I - ] 2.
Yo " / / ” wZFo(z) ” duy (2.34)

2.2.3.4 Cooling electrons

These radiative processes contribute to cooling the electrons, so in the absence of
heating effects for the electrons, the kinetic equation eventually causés a pile-up of
electrons in the bin with the lowest energy. To avoid the numerical pro‘blems with
this effect, electrons are artificially removed from the lowest energy bin. Whenever
the number of electrons in the lowest energy bin exceeds the number in the adjacent
energy bin, it is set equal to that in the adjacent energy bin. This is relevant only
for evolving electron distributions, which are not generally described by a purely

thermal or power-law distribution. -

2.2.4 Seed photons

I have described the emission and scattering processes occurring in each cell of the

corona, irrespective of geometry and surroundings. In the case of a corona in the
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vvicini'ty of an accretion disc, however, there is an external source of seed photoné, and
this is also modelled in HEART. Poséible situations iﬁclude a single or multi-colour
‘ blackbody spectrum at a given maximum témpe’rature injected upwards/downwards
from an accretion disc surrounded by a corona or injected sideways into a geomet-
rically thick corona surrounded by a thin disc, similar to the ADAF described in
section 1.1. |

The Planck formula is used to model the blackbody spectrum,

2hi3 1. : :
I, = 3 T (2.35)
exp( 55 )

where Tpp is the blackbody temperature. In order to simulate a multicolour
blackbody sp‘ectrur'n from the disc, a superposition of blackbody spectra of temper-
atures Tpp r is modelled, where Tpp varies with disc radius, r, according to (Frank

et al., 1992)

.43 _ )
Tpp, — 2mas o [”—”}“ x [1— Tin |~ (2.36)

0.488 T

. Where tmaz 18 the temperature of the disc at radius r;,, which is the inner disc
radius closest to the accreting compact object. The'disc is hottest at 74, and the
temperature decreases with increasing radius. This is modelled —in HEART by in-
jecting different blackbody distributions into the injection cells depending on’ their
location relative to the centre of the disc. In casesz where the disc temperature varies
significantly over the width of a cell, the temperature is discretised further.

Emission from any part of the disc not covered by the corona contributes directly,
to the total flux emitted by the system. In this case, the flux emitted by the

uncovered part of the disc is adjusted according to the system’s inclination angle.

In real systems, some of the uncovered disc radiation will enter the corona, but as '

only the six directions parallel to the sides of a cell are modelled here, uncovered
disc photons cannot enter the corona. This limits the geometries HEART can model

in a physical way, see section 6.2 for a discussion of this.
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2.3 Running the code

I have given a detailed description of the physical processes modelled in HEART
as created by Collins (2004), including the equations used to model the radiative
transfer and the expressions for the terms in the kinetic equation (equation 2.2)
governing the electron evolution. I now oﬁtline the parameters and settings files
- which are the user input to HEART, and which determine some of the parameters
in the equations in this chapter as well as more technical details like the runtime of
the code.

The parameters file is where the phys1cal 1nput parameters are given, for example
the parameters of the thermal and power-law electron distributions to be 1nJected
into cells and the temperature of the disc. Table 2.1 lists these parameters and
gives some typical example values. The parameter ‘model’ refers to the geometry of
the system. Here the external corona model is uéed, which is a hemisphere over a
circular multi-colour disc (as described in equations 2.35 and 2.36). Other models
include ECorona_SCD, which is the same as ECorona but with a blackbody disc (a
single colour disc), ICorona, which is the internal corona model where the corona
is a hemisphere at the centre and the accretion disc surrounds it, Cube where the
corona is a cube and other similar geometries. Any geometry can be modelled, but
these geemetries, which are described in more detail in Collins (2004), have been
implemented as parametefs for ease of use.

nu.min and nu-max are the minimum and maximuni photon frequencies mod-
elled respectively, and similarly gamma._min and ga_mme_max are the minimum a:nd
maximum Lorentz factors of the modelled electrons (see equation 2.2). w is the
width of the corona, D is the distance of the observer to the accreting object and

~M_bh is the mass of the accreting ‘compact obJect N_H is the galactic absorption
due to neutral hydrogen and B the magnetic field strength, neither of which are used
in the remainder of this thesis.

n.e and kT_eare the thermal electron parameters ne and kT, as defined in

equation 2.3 and Q-e and q are the power-law electron parameters n, and ¢ as defined
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HEART parameters

example

model ECorona
nu-min (Hz) 1 x 10%6
nu_max (Hz) 1 x 10?2
gamma._min 11
gamma._max o 1000.0
w (m) | 3x 108
D (pc) 2000
M_bh (M) 5.0
N_H (em™2) 0
B (T) 0
ne (m=3) 2 x 10?2
equivalent 7, 2
kT_e (keV) R 50.0
Q-e (m™3) 0.12 x 10%2
equivalent 7, 0.12
q ' ' 3.0
t_inj 0.0
t_esc t_cross™* : 0.0

- kT_max (keV) ' 0.1
rmin (Schwarzschild radii) | 3
r-.max (Schwarzschild radii) | 100
i (%) 65.0

Table 2.1: The input parameters to HEART.

in equation 2.4. The optical depth oAfvthe thermal and power-law distributions are
also given, T4, and Tp respectively, though they are not input parameters to HEART.
The time dependence of n_e and Q_e is taken care of by converting to m—3 t_cross™!
when electron evolution is modelled according to ﬂie kinetic equation (2.2). t_inj
and t_esc set the injection rate and eécape time of the electrons, respectively. Setting
these to 0 gives continuous injection throughout the run and no escape. kT._max
converted to Kel%/in and r_min are t;,e,; and 7y in equaﬁon 2.36 respectively, i.e.
kT max is thé maximum temperature at the inner disc radius closest to the accreting
object, r_min, and r_max is the radius of the outermost part of the ‘diéc. The
inclination angle i is only relevant if part of the disc is exposed in which case the
effective area is calculated for directly observed disc emission.

More technical values like the run-time, number of cells and number of bins to
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discretise the electron and photon distributions into are given by the settings. A full
list of settings with .examples is given in table 2.2. sim determines Whethér torun a
simulation for a given number of timesteps, sim = Normal, or whether to terminate
after reaching equilibrium, sim = Eq (see section 4.1). If sim = Normal, the number
of timesteps is set by t.max given in units t_units. Here t_units ié t-cross, the time
taken for light to cross the diameter of the corona, and the number of cells along the
diameter of the -corona is R_cells = 24. This simulation will run for the number of
timesteps taken for light to croés the width of the corona 10 times, i.e. 240 timesteps
in this example. If sim = Eq, HEART will terminate after equilibrium is reached or
after 240 timesteps, whichever is shorter. Equilibrium is reached when the spectrum
changes by less than a specified percentage, usually around 1%, in each enérgy bin
between two timesteps. See section 4.1 for a more detailed discussi‘on of equﬂibrium
conditions.

R_cells = 24 creates a 3604 cell corona in the ECorona model. It is important
to ensure that R_cells is sufficiently large for the seed photons to be binned finely
enough to approximate.a disc where temperature changes continuously with radius,
as well as the optical depth in each cell being <« 1 (see section 2.2.3.3). R_electrons
and R_photons sets the number of energy bins for the discretised electron and pho-
ton distributions respectively, and if no_bremsstrahlung, no_kinetic_equation and/or
no_compton are included the relevant process is disabled. Bremsstrahlung and the
calculation of the kinetic equation are disabled throughout unless otherwise stated.
It is possible to disable any physical process®.

The form of the output is also set _by the user, but I do not go into detail here.
Throughout the following work output is usually obtained by writing the numerical
data to a file!® rather than using the plots produced by HEART as described in
Collins (2004). This is a more flexible form of the output, as the data can then be

exported to plotting programs such as Matlab and manipulated as necessary.

9This also applies to processes added later in this work.

00utput to a file rather than directly to plots is a feature T.added. Any changes mentioned in
this chapter that I have made are noted in footnotes (there are four), the entirety of the rest of the
chapter is a descrlptlon of HEART as discussed in Collms (2004).
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HEART settings | example

sim _ .Normal
t-max 10
t_units t.cross
R_cells o 24
R_electrons 96
R_photons 96

physical processes | no_bremsstrahlung
no_kinetic_equation
no_compton

Table 2.2: The HEART settings. -

I refer to the parameters described abgve in later chapters as I add to them with
additional features in chapter 3, compare HEART to the analytic model of Titarchuk
(1994) and fit data in chapter 4 and use HEART for variability studies in chapter 5.
Unless otherwise stated, the example values for the parameters and settings given in
ta‘b_les 2.1 and 2.2 are used throughout, except for the run-timé which is determined
as discussed in section 4.1. Bremsstréhlung and synchrotron radiation are disabled
throughout, and electron evolution, i.e. the' calculation of the kinetic équation, is

only modelled in section 3.4 and chapter 5.
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Further developments to
HEART

Although the HEART code described in section 2 aims at modelling fairly complete

physical situations self-consistently in a flexible setti'ng,. a few important processes

are lacking’. One process observed in X-ray binary and AGN data, and not pre-
viously modelled by HEART, is reflection and reprocessing of scattered photons in
the disc. Including this brocess can change the spectral index of thé Comptonised
component of the spectrum, as for example in Seyfert galaxies, where the accepted
typiceﬂ spectral index changed from 0.7 to 0.9 when reflection was added (Pounds
et al., 1990). ‘ _ ’

Another feature which allows for more physical simulations is the capability of
injecting inhomogeneous electron distributions ih the corona. Previously electron
distributiohs in each cell evolved independently and could therefore evolve into an
overall inhomogeneous corona, but it was not possible to model an inhomogeneous
corona initially, or to inject an inhomogeneous corona in each timestep. This allows,

for example, coronae with hollows or coronae which gradually thin rather than reach
a sudden outer -boundary to be modelled. '

One of the major weaknesses of HEART in its current form is the lack of treat-

10On testing, it is found that HEART does not achieve this aim. See chapter 6 for a discussion.
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- ment of anisotropic Compton scattering. The probability of uhdergoing scatter, the
energy transfer and the direction of the scattered photon all depend on the initial
photon and electron trajectory. Including a fully anisotropic treatment of inverse
Compton scatterihg would require tob significant a reworking of HEART to be imQ
mediately feasible. However, here I describe the implementation of an approximation
to an anisotropic treatmenﬁ of Compton scattering. I discuss these developments in

this chapter.

3.1 Reflection and Reprocessing

The contribution from reflection of Comptonised photons on cold matter (usually

assumed to be the disc) to the X-ray spectrum from AGN is suggested in Light-
man & White (1988) and Guilbert & Rees (1988). This is investigated further in
George & Fabian (1991»),. where a Monte Carlo code is developed to compare the
effects of reflection to observed spectra from AGN and X-ray binaries. Reflection
from the disc has subsequently been much discussed in the literature, for example
Done & Nayakshin (2001) discuss the reflected component in the context of lumi-
‘nous magnetic flares illuminating the disc, and fit their model to data from Cyg
X-1 and Nova Muscae in the LHS. Including the reflected component changes the
underlying physical model, as in the example of Seyfert galaxies given above, and
the reflected component is now often included when fitting observational data, so it
is an important inclusion in any spectral model for AGN and X-ray binaries.

It is not known exactly where the reflection occurs, but one possibility is that
scattered photons are being reflected at the surface of the accretion disc. For exam-
ple Haardt & Maraschi ( 1991, 1993) model a two-phase geometry (a disc and corona,
each of slab geometry) where the two phases are coupled and reflection and repro-
cessing in the disc are modelled (see section 1.5). C.ert'ainly if such a disc is present
then reflection and reprocessing in thevdisc will occur, so this process should be
included in HEART for completeness. We can then learn more about the geometry

of these systems and, for example, whether there is additional reflection occurring
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" elsewhere, external to the system, which cannot be explained by reflection in the

accretion disc. _

Reflection and reprocessing in the disc are caused by the fraction of scattered
photons travelling towards the disc where they are either reflected or absorbed de-
pending on the photon energy. High energy photons, where Klein-Nishina effects
are important (hv 3> mec?), have a low interaction probability with the disc mat-

ter and therefore travel far into the disc before being absorbed and contributing to

the heating of the disc, i.e. they are reprocessed into thermal disc emission. Low

energy photons also contribute to heating the disc as they are absorbed effectively
~ by the matter in the disc. The rest of the photons, where the scattering opacity is
greater than the absorption opaéity, create the characteristic reflected component
at ~ 10 — 300 keV, as they undergo Compton scattering near the surface of the disc
and escape with a loWer energy than they entered with (Lightman & White, 1988).

An iron line at 6.4 keV is usually observed in ‘addition to the reflection compo-
nent, and inforrpation about the g_eofnetry of the system can be deduced from the
width and strength of this line. Firstly, the Fe Ka line implies the presence of cold
matter, where neutral iron can exist. Secondly, its strength gives an indication of
the abundance of neﬁfr_al iron in the System, which is usuélly compared to the solar
abufxdance. The width of the Fe Ka line is also important, as relativistic smearing
occuré near the black hole, widening the line. Thus it is an indicator of how close
to the black hole the cold matter, usually the accretion disc, extends. In an ADAF
model, a narrower Fe Ka line is expected, as the disc truncates far from the disc, but
in the .geom'etry modelled here the disc exteﬁds into its innermost stable orbit, and
so a wider Fe Ko 1ine.is expected. ‘The normalisation of the reflection component
_should also decrease with the smaller disc of the ADAF model. The iron line, as
well as the reflected component may, however, be distorted by Comptonisation of
the photons as they traverse the corona (see section 3.3.1). A treatment of the iron
line is, however, too complex to include in HEART at this stage as the composition

of the disc is not modelled.
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In HEART the reflected spectrum is calculated in every timestep in every cell
neighbouring the disc (in»evéry injection cell). The reflected photons are tﬁen added
to the disc emission in the following timestép and the temperature of the disc can
be modified locally to account for any absorbed and reprocessed photons. The disc
temperature is not adjusted due to absorbed photons in the work presented hére,
however, as the structure of HEART is unsuitable for modelling the coupling of the

disc and corona. This is discussed further in chapter 6.

3.1.1 Reflection in HEART

In HEART, only photons traveHing downwards in the injection cells need be con-
sidered for reflection as only 6 directions are modelled, and any reflected photons
are added in the upwards direction with the dvisc emission. This is a massive ap-
proximation as reflected spectré have a distribution of directions depending on the
photon energy and angle of incidence (Magdziarz & Zdziarski, 1995). Reflection is, -
for example, more efficient at grazing angles as these photons penetrate less deeply
into the disc (Matt et al., 1991). The current form of HEART is, however, unsuitable
for including these directional effects as only six photon directions are modelled. It
is also unnecessary to model the directional dependence of the reflected distribution
while the anisotropy of Compton scattering is not treated. HEART cannot produce
different spectra for different viewing angles anyway, and reflected photons may un-
dergo scattering in the corona and may consequently change direction again. Hence
reflection is only calculated in injection cells for the downward photon distributions.

1 use the analytic treatment of Lightman & White (1988) (which agrees well
with Monte Carlo simulations) to determine the reflected spectrum in each injection
cell. They model the reflection of .mono'energetic photons;incident on a semi-infinite,
plane-parallel medium of cold electrons (~ 10 eV). As the disc is not modelled di-
rectly in HEART, the assumptions relating to the disc simply add to the assump-
tions of HEART. These are reasonable assumptio_né for é cold, optically thick disc.

HEART models a distribution of photoné over energy, but as the photdn distribution
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is discretised we actually model several monoenergetic photon distributions, one for

each energy bin.

The reflected spectrum is given by (Lightman & White, 1988),

' Zo ) .
Soutz/ G(UU,xo)Sin(on)dmo, o (3'1)

where S,y is the reflected spectrum, 'S;, is the spectrum of photons incident

hy
MeC

on the disc, z = » and the Green’s function, G(z,zo), is the probability per
unit energy that a photon incident on the disc of energy xzq is reflected at enérgy z.
Counsider va fixed z, the energy at which a photon is reflected. All incident photons
(of energies zg) from 'z = zg up to z equal to the greatest energy modelled make
contributions to the reflected spectrum at =z, and these contributions are summed.
We require o > z, because photons are not alloWed to gain energy from the disc
(only COmpton scattering, not inverse Compton scatfering, is considered in the disc).
. Equation 3.1 can be solved quite easily in the case where hv < 15 keV, as it
can be assumed that Compton scattering is completely elastic (electron recoil can

be neglected). It can thén be shown that (Lightman & White, 1988),

1—et |
Sout(x) = ——1 Sin(z), (3.2)
‘ : 1+e2 .

~where € = k, /(K + Kes), K is the free-free opacity and kes = 0.4 cm?g~! is the
Thomson scattering opacity. x, is approximated to k, = Ckesz™> where C' = 107°
for hv > 10 keV, assuming cosmic abundance material. For hv < 10 keV, x, can be
calculated using Table 2 in Morrison & McCammon (1983) of the cross-section of

hydrogen at different energies between 0.03 and 10.0 keV. The opacity is then given
by (Rybicki & Lightman, 1979),

Ky = . | _ (3.3)

where p is the mass density and so n/p is Avogadro’s number divided by the

- molecular weight of hydrogen.
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"For hv > 15 keV elastic Compton scattering is no longer a valid assumption
and it is instead assumed that the Green’s function can be written as (Lightman &

White, 1988),

Gz, 70) ~ W (2, 20)Ges(a, 20), - (3.4)

~where . o .

W (z,zo) = exp [C (;Tld:— ﬁ)] . (3.5)

The constant C is defined as above (C = 1075 for hv > 10 keV) and Gs(z, o) is
calculated according to White et al. (1988), where Monte Carlo simulations are used
to approximate the Green’s function analytically. 'tfsing the conversion G(z,zp) =

£72G(Ay, yo), where y = 1/z and Ay = y — 3o, we have

Bl(yo +2)/(yo + Ay)lF, if Ay<2
G(Ay,yo) = A(Ay)~32(Ay./Ay)®, if 2<Ay<Ay, (3.6)
A(Ay)73/2, i Ay <Ay,

where Ay, =103 — yo.and
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A = 056+ 1.12y70785 — 0,34y 10,

o = _0‘30y0—0.51 + 0'06y(—)—0.824,
B = 0.37—1.0y2%,
1- (Az%l/z 1
A S G 1 et i _
Baws) = —GET it ey
L — G 1
B(A = g i _
( ’a’ﬂ) D bJ lf a ‘ 2,
Ayc (2
01 = aps )(2+a)—1]}

(3 +a)
U2 = AP+ 1nAQy?],

Lo W 2P0+ B0 -1 (3.7)

1-p

Integrating equation 3.1 then gives the reflected spectrum.b

In HEART, Sm\in equation 3.1 ié the photon distri’bufion travelling in the down- .
ward direction in each injection cell in each energy bin, while Sy is the réﬁected
distributior_l added in the upward direction in the following timestep. For energies
hv > 15 keV the Green’s function (equation 3.4) is calculated for every energy bin
combination where zg > z. Equation 3.1 is then integrated numerically using the
existing discretisation of thenphoton distribution (see section 2.1), and a character-

istic reflected bump between ~ 10 - 300 keV is created. This is demonstrated in

figure 3.1 in section 3.1.3.

3.1.2 Absorption in the disc

This is not modelled in a physical way in HEART and the inclusion of the following
implementation causes great problems in HEART, as is discussed in chapter 6. The
structure upon which HEART is built does not allow for a better implémentation,
however, so it is described here, but not used throughout this work. |

The photons incident on the disc which are not reflected, are absorbed and
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reprocessed into thermal disc emission in real systems. Previously the disc emission
was calculatéd only at the start of the code according to a fixed disc temperature,
and the same distribution was added in every timestep. Including absorption in the.
disc, hov.vev'er,' means that the disc emission may change locally Between‘ timesteps,
so it is not sufficient to calculate it only once at the start. To prevent the code
from running much slower the disc emission is only recalculated if enough -energy
is absorbed to change the local disc temperature noticeably, but it is possible to
recalculate it in every timestep. |

The energy absorbed by the disc is the total énergy incident bn the disc minus
the total energy reflected away from the disc, and the new blackbody tempefature,

Trep; is

(absorbed flux + 0T4)] i
o ?

where T is the temperature of the disc as described in equation 2.36 (due to
| gr;avitational dissipation and friction) and o is th.e Stefan-Boltzmann constant.

In order to keep track of the local temperature of the disc I create a layer of disc
cells on the surface of the disc with links to their neighbouring corona cells. The
initial temperature of each disc cell is given by equation 2.36 using the radius of thev
midpoint of each cell. It is then possible to change the temperature .of a single disc
cell, i.e. a single discretised area of the disc, accofding to the photons absorbed by
that area of the disc. The temperature of each disc cell then determines the disc
emission into its neighbouring cbron‘a cell in the following timestep.

Electron transport is not .mo_delled in HEART; and thus no consideration is give'n
to any coupling between the electrons in the corona and fhe disc. As mentioned
previously, modelling absorption in the disc as described here, and thus the coupling
between the corona and the disé, leads to c_onsidérable problems in HEART. It
is disabled throughout this work, incfuding the simple testsv in chapter 4 and thé :
dynamic runs in chapter 5, even when the reflected component isl modelled. The

effect of including absorption, and thereby heating of the disc, to the results in

50




Chapter 3 Further developments to HEART

chapters 4 and 5 is discussed in section 6.1, where the problems this causes in

HEART are also discussed.

3.1.3 Demonstrating the reflection component in HEART

Reflection is more easily demonstrated in the HSS of X-ray binaries than the LHS
when using the ECorona mbdel (a hemispherical corona of covering fraction 1) since.
the reflected photons are subject to the same scattering probabilities as the disc
photons. In the LHS t\he photons undergo enough scattering events (the average
number of scattering events ~ 72 > 1) for the output spectrum to become indepen-
dent of the input spectrum (Sunyaev & Titarchuk, 1985). Thus including reflection
makes little difference to the output spectrum. This is discussed further in section
4.3.1 where HEART is used to fit data of Cyg X-1 in the LHS.
A typical HSS is appropriate to demonstrate the reflected component in HEART.
1 use similar parameters tO'the bést fit of HEART to data frdm Cyg X-1 in the HSS
from section 4.3.2, with a purely power-law, static electron.energy distribution (n_e
= 0 m™3) with parameters Q_e = 0.12 x 10?2 and q = 4.1, equivalent td an optical
depth of 7, = 0.12. Thus evolution of the electron distribution is not modelled and
the calculation of the kinetic equation is disabled. The disc temperature is kT_max
= 0.4 keV and the disc extends to the outer edge of the.corona. The rest of the
parameters are listed in table 2.1, where they are also explained. |
In figure 3.1 the output spectra from HEART with and without reflection ,alre
compared, and the reflection component as it leaves the disc, before traversing the
corona, is also shown separately. Reprocessing of absorbed photons to thermal
radiation in the disc is not modelled. The reflected component shows the expected
characteristic bﬁmp between ~ 1Q — 300 keV, ahd the difference it makes to the
output spectrum in this energy range is small, but evident. With an optical depth
of 0.12. not many photons are expééted to scatter towards the disc and reflect so
a small contribution from the reflected component is expected. Also, the reflected

component shown in figure 3.1 should not change much after traversing the corona.
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HEART with and without reflection

with reflection
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the reflected component
1 0_29 3 E
‘?‘A
=
2 g™ 3
x
=
107 .

g 10’ 10

energy (keV)

10

Figure 3.1: HEART with and without reflection implemented. Reprocessing
of absorbed photons into thermal disc emission is not modelled. The reflected
component, as it leaves the disc before traversing the corona, is also shown

separately.

The reflection component is used in section 4.3.2 to fit data from Cyg X-1 in the

HSS.

3.2 Full reflection

Now that the photons incident on the disc are being treated more accurately with re-
flection (previously they were simply deleted from the model, now only the absorbed
photons are deleted) it is worth considering what happens to downward travelling
photons where there is no disc. There is no necessity for the disc to extend out to
the edges of the corona. For example, we may wish to model a sphere with central
injection at a point rather than the extended injection of a disc. This is done in
section 4.2 to approximate the analytic model by Titarchuk (1994).

In order to determine how to treat photons escaping the corona in a downward
direction (those not incident on a disc), consider the fact that only half the corona

is modelled and it is assumed to be symmetric. (This decreases the run-time of the
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code. In the case of a sphere for example, a hemisphere is modelled, see section 2.1.)
Consider a photon, v, leaving the modelled half of the corona in the downwards
direction, where there is no disc separating the modelled half from the unmodelled
half.- By symmetry there is a photon, vy, in the unmodelled half of the corona
with the same energy as photon vy, and which is travelling upwards and escaping
the unmodelled corona. It will enter the modelled half of the corona at the same
time as photon v, escapes the modelled half and enters the unmodelled half. To
simulate this I simply réﬂect the photon escdping downwards, photon vy, and add it
to the upwards distribution in the next timestep without changing its energy. This
is illustrated in ﬁg‘ure 3.2. I refer to this as full reflection hereafter. |

Full reflection causes a greater scattering component in the spectfum (for the
same optical depth) than the version where downward photons were simply deleted
at the corona boundary. Not only does it cause more scattering events in general
as the average photon escape time is increased, but this applies mostly to photons
which have already gained energy due to scattering. Photons must have undergone
at least one scattering event to be retufning to the disc, i.e. travelling downwards
in the ECorona geometry considered here. These then have the chance to scatter
again and are eventually added to the spectrum rather than lost.

“In \ﬁgures 3.3 and 3.4 I compare HEART with and without full reflection (as
for all physical pfocesses in HEART it is possible to disable full reflection) to the
analytic model by Titarchuk (1994) as it appears in XSPEC version 11.3.2.t as
model compTT. This is a widely used and tested model, but is limited to modelling
only Compton scattering with no electron evolution in a homogeneous, spherical
or slab geometry. Within these lifnita,tions, HEART should agree with compTT.
I approximate the central injection of photons in a sphere used in compTT by
modelling a very small accretion disc in HEART. The maximum disc temperature
is 0.1 keV, the electron distribution is purely thermal at 50 keV and optical depths
of 7, = 0.5 and 1.5, corresponding to n-e = 0.5 x 10?2 m~3 and 1.5 x 10?2 m~3,

in figures 3.3 and 3.4 respectively are considered. For a full list of parameters see
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Figure 3.2: A schematic demonstrating reflection and absorption in the disc
and full reflection. Seed photons are emitted from the red disc and interact with
electrons in the corona, which is modelled within the volume delineated by the
cyan line. The black hole is the blue dot at the centre of the red disc. Photons
may scatter in the corona and return to the disc, and two downwards arrows in
this schematic represent two such photons. The orange one, which is incident on
the disc, may be absorbed or reflected. Absorption is demonstrated by the red
dot on the disc labelled A and is not modelled in HEART. These photons are
lost from the system. Reflection is demonstrated by the black arrow labelled R.
In HEART a distribution of photons is incident on the disc, only some of which
are reflected, hence the reflected arrow is smaller than the incident arrow. The
energy distribution of the reflected photons has also changed.

The pink arrows demonstrate full reflection. The full, downward arrow (labelled
M and referred to as vy, in the text) is leaving the modelled corona as it is
travelling downwards, but is not incident on the disc. By symmetry, the broken,
pink arrow (labelled UM and referred to as vy, in the text) exists. The photon
represented by the broken pink arrow will enter the modelled corona as the
photon represented by the full pink arrow leaves the modelled corona. This is
modelled by reflecting the photon represented by the full pink arrow in the lower
modelled corona boundary, i.e. in the lower cyan line.
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HEART compared to compTT with and without reflection

—— HEART without reflection
——— HEART with reflection
compTT

arbitrary normalisation of energy flux
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Figure 3.3: HEART with and without full reflection compared to compTT.
The maximum disc temperature is 0.1 keV, the electron temperature is 50 keV
and the optical depth is 0.5. The electron distribution is purely thermal and
does not evolve, i.e. the calculation of the kinetic equation is disabled.

table 2.1 in section 2.3. The evolution of the electron distribution is not modelled
and the calculation of the kinetic equation is disabled.

It is evident that including full reflection in HEART agrees better with compTT
in both figures. The spectral slopes of compTT and HEART at high photon energies
with full reflection included are consistent with each other, whereas HEART with-
out full reflection underestimates the effect of inverse Compton scattering in this
geometry. The disc component in HEART is not quite consistent with compTT, but
the disc in HEART is a slightly extended multicolour disc, whereas in compTT pho-
tons with a blackbody spectrum are injected from a central point source. Further

comparisons between HEART and compTT are made in section 4.2.
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HEART compared to compTT with and without reflection
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Figure 3.4: HEART with and without full reflection compared to compTT.
The maximum disc temperature is 0.1 keV, the electron temperature is 50 keV
and the optical depth is 1.5. The electron distribution is purely thermal and
does not evolve, i.e. the calculation of the kinetic equation is disabled.

3.3 Inhomogeneous electron distributions

Previously in HEART it was only possible to inject the same electron distribution
into each cell?, specified by the global parameters temperature, power-law index
and thermal and power-law density (see section 2.3). Due to the discretised repre-
sentation of the electron distributions in HEART, any electron distribution may be
stored, and the electron distributions, which evolve independently in each cell, may
previously have evolved into an overall inhomogeneous corona. The parameters used
to inject and/or remove electrons, however, were global for all cells.

Thus the structure of HEART is compatible with modelling inhomogeneous coro-
nae, a feature few other models share. Most other models, for example those of Sun-
yaev & Titarchuk (1980) and Titarchuk (1994) (see section 1.5) model only static,

homogeneous coronae, though Poutanen & Svensson (1996) and Stern et al. (1995b)

2Electrons are injected into the corona at the start of a simulation. Depending on whether the
calculation of the kinetic equation is enabled, the electron distribution may then remain constant,
or it may evolve, in which case a time-dependent injection rate is used (as discussed in section

2.2.1).
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model some inhomogeneous situations. Aé this is a particular strength of HEART,
and as inhomogeneous coronae are ihstinctively more physical, it is a feature worth
extending to its full capability.

Any inhomogeneous geometry can be modelled within the limitations of the cell
structure of HEART, and a simple example is given heré. One situation which
is more physical than a homogenéous corona with a sudden outer boundary is a
corona which gradually thins, or a corona which cools with increasing radius. These
geometries can be modelled by decreasing the electron density and temperature
respéctively with increasing radius®. I ddd the possibility of varying the injected

electron distribution as a function of position inside the modelled region according

to

scaling factor
radius

r, ©(3.9)

individual cell parameter = global cell parameter x [

where the scaling factor and index are chosen to give the desired variation of the
parameter with radius. Both the density of the thermal and power-law distributions
~ can be varied in this Way, as well as the temperature of the thermal distribution and
the index of the power-law distribution, and différent scaling factors and powers
can be given for each. Thus a stétic, inhomogeneous corona can be modelled, or if
electron evolution is modelled, then Q(v), the source function in the kinetic equation
(equation 2.2) describing the electron evolution, can changé as a function of radius.
This enables the modelling of, for example, increased .hea:ting of the electrons with

decreasing radius.

Rather than using global parameters describing each of the four electron pa--

rameters, the four electron parameters are now stored separately in every cell and

3This implementation would be more flexible if the electron parameters varied with x, y and z
rather than the radius, where x, y and z are a Cartesian coordinate system centred on the black hole
with the disc on the z=0 plane. The example given here is easily extendible to such a system, but
the simpler example given here, where the electron parameters depend only on radius, illustrates
the general principle.
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Inhomogeneous spectra compared to the homogeneous case
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Figure 3.5: A comparison between homogeneous and inhomogeneous coronae
in HEART. The parameters for the different cases are given in table 3.1.

can take different values in each cell. The scaling factor and power remain global
parameters, however. It is also, of course, possible to disable this feature and return
to using only global parameters, as it is possible to disable each of the physical
processes (shown in table 2.2).

Spectra created using inhomogeneous and homogeneous coronae are compared in
figure 3.5. The homogeneous spectrum is from a typical LHS (the same as in section
4.3.1 where HEART is used to fit Cyg X-1 data in the LHS) with a static, purely
thermal electron distribution. Thus the evolution of the electron distribution is not
modelled and the calculation of the kinetic equation is disabled. The parameters
are listed in table 4.1 (kT_max = 0.08 keV and n_e = 2.2 x 10?2 m—3, equivalent
to an optical depth, 7y, of 2.2), where they differ from those given in table 2.1.
The two inhomogeneous spectra, case 1 and 2, have similar parameters, but n_e
varies with radius according to equation 3.9. Two new parameters are introduced,
rad_scale_n_e and alpha_n_e, the scaling factor and « in equation 3.9 respectively.

These parameters, as well as n_e, are listed in table 3.1.
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parameters homogeneous | inhomogeneous (1) | inhomogeneous (2)
n_e (m=3) 2.2 x 1022 8 x 10%2 8 x 1022
radscalene | n/a 6250 12500

alpha_n_e n/a 0.3 0.3

equivalent 4, | 2.2 2.08 2.56

Table 3.1: The parameters used (where different to those listed in tables 2.1
and 4.1) to model spectra from a homogeneous and two inhomogeneous coronae,
referred to in the text as case 1 and case 2.

The settings used are summarised in table 2.2. The corona has a diameter of
3 x 10% m, or 24 cells, so the width of a cell is 125,000 m and the radius of midpoint
of the innermést cell is 62,500 m. Hence n_e in the’ innermost cell is 4.0 x 1022 m~3
in case 1 and 4.9 x 1022 m—3 in case 2, chresbdnding tb optical depths of 0.33 and
0.41 respectively. Coronae with these parameters throughout would correspond to
rad.ial‘ optical depths of 745, = 4 and 4.9 respectively.

The radius of the midpoint of the outermost cell is 1,437,500 m so n_e is 1.6 x 10%2
m=3 and 1.9 x 1022 m~3 in. the outermost cell for case 1 and 2 respectively, corre-
sponding to optical depths of 0.13 and 0.16. Coronae with these parameters through-
out wouldvcorrespond to radial optical depths of %th = 1.6 and 1.9 respectively. To
summarise, the optical depth of the corona decreases from 0.33 (0.41) to 0.13 ‘(0.16)
in case 1 (case 2), creating a gradually thinning corona. The optical depth of each
cell in these two cases in plotted in figure 3.6.

The overall optical depth in all_ three cases (one homogeneous case and two
- different inhomogeneous éaSésv with decreasing n_e) is similar, and so it is perhaps
not surprising that there is little to distinguish between their spectra in figure 3.5.
This would have been a better comparison haq the optical depth been the same in
all three cases. With such little difference in the spectra, and given the limitations of
the model and observation'al data, however, it seems unlikely that these geometries
can be .distinguished between vbased on spectr.al.information. This simple example

is encouraging for the applicability of homogeneous models, but also implies that

other methods and information may be necessary to determine the geometry of such

-
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How optical depth varies with radius
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Figure 3.6: A plot of how the optical depth in each cell changes with radius

in the two inhomogeneous cases discussed here, with parameters given in table
3.1,
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systems. .

With this modification in place, however, HEART is more easily adaptable to
exploring a wider variéty of coronal geometries, ‘not only smooth variations with
radius. Although including a great variety of inhomogeneous geometries as parame-
ters becomes messy (see section 2.3 for examples on existing geometries specified as
parameteré), it is now a trivial mattér of changing a few lines of code to model prac-
tically aﬁy inhomogeneous three-dimensional geometry of the corona. The crucial
.modification to the HEART code was the éapability of each cell to store different
electron parameter values.

Another geometry often considered is that of several localised active regions
injecting energetic electrons locally, rather than a single homogeneous, spherical
corona, see for example Poutanen & Svensson (1996) and Stern et al. (1995b). Such a
geometry can be modelled in HEART using a random number generator in each cell,
or group of cells, to determine whether an electron distribution should be injected
or not. We can then compare a homogeneous geometry with one of active regions,
as done ,above_ for a radially thinhing corona, but in this case we can also compare
an inhomogeneous, tivrr.le—averaged, varying geometry to a homogeneous, static ge-
ometry. This gnables the evaluation of how appropriate comparisons are between
modelled spectra and observed spectra which aré integrated over long time-scales.
In the case of active regions, there is also information in the temporal variability
it causes* in addition to the spectral information, which prbvides more comparison
possibilities to observed data. |

In figure 3.7 a homogeneous corona (the same as above) is compared to a corona
with active regions created randomly in Fhe first timestep. Subsequently their prop-
erties remain fixed for the dufation of the simﬁlation. The evolution of the electron
distribution is not modelled and the calculation of the kinetic equation is disabled,

0 the electron distribution does hot change from the initial configuration. I refer

4This is a small preview of chapter 5, where HEART is modified and used to model variabil-
ity. Details of how lightcurves are created and how the electron distribution is changed between
timesteps are given there.

61




Chapter 3 Further developments to HEART

HEART spectra with a homogeneous corona and a corona with active regions
T T T T
homogeneous corona
constant active regions

flux (W m'2)

energy (keV)

Figure 3.7: The spectra from a homogeneous corona and a corona with random
active regions injected initially and then kept constant.
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to this geometry as one of constant active regions hereafter. A corona with a 12 cell
diameter is used here to model larger active regions, and the parameters used for the
active regions are listed in table 3.2. The pro‘bability of electron injection into each .
cell is 0.5, and fhe electron ‘distribution is purely.therma,l. Combined with a value
of n_e twice that of the homogeneous case this gives a comparable optical depth to
the homogenéous case, and the overall spectral shapes are similar. This particular
configuration of the corona has a lower optical depth along the normal to the disc
(see table 3.2), thus it is not surprising that the disc emission seen at low photon
energies contributes more to the inhomogeneous case-. Again the homogeneous and
inhomogeneous spectra do not differ significantly, so spectral inform-a‘_cion seems to
be insufficient to distinguish between the fwo géorhetries. This example is, how-
ever, not very different to the homogeneous case, as the covering fraction probably
remains 1 and all the photon distributions travel through approximately the same
optical depth as the homogeneous case in total. More investigatioﬁ is réquired to

draw any conclusions.

3.3.1 The reflected component in a corona of active regions

.A possible way of distingubis.hing between a homogeneous corona and one of active
regions using only spectral information is by comparing the —signature of the reﬁected.
component (as described in section 3.v1) in the spectra of the two different coronal
geometries. When ﬁttiné data from Cyg X-1 in the LHS in section 4.3 I find that the
reflected component has to be added separately to the HEART model in order to fit
the observed data, because the HEART spectrum does not show a reﬂectioﬂ feature
whereas such a feature is present in the data. This is discussed more fully in section
4.3.1, but, in brief, it is because the seed photons in HEART undergo sufficient
scattering events (the average number of scattering events is of order 72 > 1) to _
‘forget’ theif origin. Hence disc photdns and reflected photons are no different when
they emerge from the corona and contribute to the -output spectrum.

One possible reason why the reflection signature is prominent in the data, but
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HEART spectrum with an inhomogeneous corona showing the reflected component separately
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Figure 3.8: The spectrum of a corona made up of random active regions
initialised at the start, with the reflected component, as it leaves the disc, shown
separately. This reflected component is not added directly to the final output,
but is Comptonised as it progresses from the disc, through the corona before it
is added to the final output.
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not i’eproduced by HEART, is that HEART models a time-averaged, homogeneous

* corona, whereas in reality the coronal geometry may be more similar to the active 3

regions geometry described above. In such a geometry some reflected photons may
emerge unscattered through a volume of very small Optlcal depth, even though
the average optical depth is higher. The reflection signature is, however, no more
prominent in the corona of constant active regions than in the homogeneous case
presented here, as is shown in figure 3.7, so initially this suggestion has failed.

The reflected component from the corona of constant active regions is shown
separately in figure 3.8, as well as the overall spectrum. The reflected component
showﬁ is the reflected speetrum as it leaves the disc. Iﬁ is then Compton scattered

as it traverses the corona, before being added to the final outpﬁt. The part of the

spectrum which traverses the corona unscattered is-significantly weaker than the

overall spectrum in this geometry, and thus is not detectable as a distinct spectral
component. Thus the above suggestion, that the unphysical, homogeneous geometry
of the corona in HEART prevents the reflected spectrum from being visible, may

still be valid, but more investigation than this one example is required.

Petrucci et al. (2001) investigate the effects of Compton scattering on the re-

flected spectrum in a slab geometry. This is an extreme case, as the covering frac-
‘tion is 1, but the covering fraction is also 1 in the hemispherical ECorona model
of HEART. The authors .study the effect of Varying‘ the o.ptical depth and temper-
ature of the corona and the inclination angle of the system (and thus the depth
of the corona along our line of sight) on how much difference Comptonisation in
the corona makes to the reflected spectrum. Coronal optical depths up to 0.9 are
considered, which is considerably lower than the case considered here (T ~ 2), but
within the range of optical depths they consider (7 = 0.1—0.9) the authors find that
the reflected spectrum hardens and deviates more from its original shape as optical
depth increases. In the cese of 7 = 0.9 and high electron energies (> 100 keV)
the shape of the Comptonised reflected spectrum approximates the shape of the

continuum. Although the electron temperature in the above example from HEART
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parameters homogeneous | constant active regions | varying active regions
ne (m=3) 2.2 x 102 | 4.4 x 10% 4.4 x 10%

Tth,disc 2.2 2.9 . ' i n/a

Tth,normal 2.2 1.46 ‘ n/a

kT _max (keV) | 0.08 - 0.08 S 0.08

R._cells 12 12 12

Table 3.2: The parameters used (where they differ from those given in table
2.1) to model spectra from a homogeneous and two inhomogeneous coronae, one
with constant active regions and the other with varying active regions. T, gisc
and T¢, normal are the radial optical depth parallel to the disc and normal to the
disc respectively. The optical depth in the case of varying active regions changes
in each timestep, but the electron distribution is purely thermal throughout and
does not evolve according to the kinetic equation.

is dnly 50 keV, the higher optical depth makes it reasonable to suppose that after
Comptonisation the reflected spectrum in HEART approximates the continuum.

It may be possible to construct a corona with such a geometry that the average
optical depth gives an overall spectrum that fits the observed data, but that also
allows throﬁgh a stroﬁger reflected component. For example an inner corona near
the black hole may illuminate the outer disc, where the outer disc is not covered by
the corona. Such a geometry cannot, however, be modelled in HEART, as directions
other than the six parallel to the sides of a cube are required for photons leaving
the corona to hit the disc.(see section 6.2 for a discussion on such geometriés which-
are not modelled in HEART). This is a possible future improvement to the spectral ‘
fitting done in sectiox; 4.3.1, but is not expanded on here for reasons discussed in

section 4.4 and chapter 6.

3.3.2 Variability in a corona of changing active regions

In a geometry of active regions we also have temporal information. In figure 3.9
the lightcurve (after the system has ‘settled’, see section 4.1) is shown from another
simulation. The parameters are the same as fbr the constant active regions above,
but in this case the active regions may change in evéry timestep rather than being

fixed at the start. In other words, in each timestep electrons are injected into a
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Lightcurve while active regions are varying in the corona
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Figure 3.9: A lightcurve showing the varying bolometric flux as the active
regions in the corona change in every timestep.

randomly chosen subset of cells, and removed thereafter. No other electron evolution
is modelled, i.e. the calculation of the kinetic equation is disabled. The probability
for a cell to receive electrons in any given timestep is 0.5. It is shown in the lightcurve
that the bolometric flux varies by a factor 2 over the duration of the simulation as
the active regions change. The spectra with the highest bolometric flux and two of
the spectra with the lowest bolometric flux, one with a low soft bump and the other
with a low hard tail, are shown in figure 3.10, as well as the homogeneous case and
the (renormalised) integrated spectrum over the whole simulation (after allowing
the spectrum to ‘settle’, see section 4.1).

The integrated spectrum is almost identical to the homogeneous spectrum. So,
as well as spectral information being insufficient to distinguish between a homoge-
neous geometry and one of active regions, it seems it is also insufficient to distinguish
between homogeneous, static models and varying, time-averaged models where the
observed spectra are integrated over long timescales. This is encouraging for ho-

mogeneous, static spectral models, though steady-state models are inadequate if

67




Chapter 3 Further developments to HEART

Integrated and homogeneous spectra and extreme high and low bolometric flux spectra
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Figure 3.10: A comparison of the (renormalised) integrated spectrum of vary-
ing active regions with a homogeneous corona, as well as with the spectrum of
the highest bolometric flux and two spectra of the lowest bolometric fluxes oc-
curring during the simulation. The renormalised integrated spectrum is barely
visible underneath the homogeneous spectrum as they are almost identical in
shape. The actual normalisation of the integrated spectrum is much higher than
the other spectra, as it is a sum of the spectra in each timestep, as opposed to
the flux from a single spectrum. It is renormalised in order to better compare
its shape to the single timestep spectra.

The different extremes can be explained by a corona with electrons in more than
half the cells storing a lot of energy, which is suddenly released when a new con-
figuration is randomly chosen where less than half the cells receive electrons.
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the object is chaﬁging systematically during the integration time-scale, for example
during a state transition. It must also be borne in mind that the properties of the
corona may change rapidly, which is not captured by a steady-state rﬁodel, énd
considering the 'ext;emes between which the spectrum changes in figure 3.10, the
capability of static, homogeneous models to describe the physical detail of a source
may be limited. |

The reason for the large difference in output flux between different timesteps,
shbwn in figure 3.10, is explained by the difference in overall optical depth of the
corona between timesteps. On average, half the cells will receive electrons in each
timestep, but this is not true in a given timestep. Because the probability for' a given

cell to receive electrons is 0.5, rather than half the cells receiving electrons in each

timestep, a different number of cells will receive electrons in different timesteps. In .

timesteps where more than half the cells are filled with electrons the corona stores

more energy, which is then released quickly in a timestep where fewer than half the .

cells receive electrons.

For ‘technical reasons® the corona is changing on unphysical timescales in this
simulation (1 timestep = 4.2 x 1075 s), but similar behaviour is expected on longer
timescales. In a simulation where active fegions vary more slowly, the system will
more closely appr_oach a steady state betweeh changes, but as the steady state in
figure 3.7 and the varying spectra in ﬁgure 3.10 are comparable this should not affect
the result signiﬁcantly. '

Although spectral information is insufficient to distinguish between a steady,
homogeneous geometry and one with random. active regions when the integration

time is long, there is often additional temporal information which may be more

useful. More physical simulations and comparisons to temporal data could verify -

whether modelled active regions produce the same variability as real sources. For

5The timestep can only be increased by decreasing the number of cells in the corona, as a timestep
is defined to be the time light takes to cross one cell (see equation 2.1). Decreasing the number of
cells leads to greater inaccuracies in the modelling, however, and so the only way of modelling a
longer time-scale is by running the code for longer, but the code already takes a very long time to
run (see discussion in section 4.4). '
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example Done & Nayakshin (2001) suggest that it may be possible to distinguish
between the ADAF model described in section 1.1 and évcorona created by magnetic
flares, similar to the active regions described here, by the different variability created
by the reflected componént in the two different geométries. Distinguishing between
these two geometries based on their spectra is difficult without more sophisticated
models of the reflected component, which take into account the vertical structure of |
the disc (Done & Nayakshin, 2005). |

A significant extension to HEART would be necessary to do this exact compar-
ison, which is beyond the scope of the current work, but this is a demonstration of
how HEART can be used to study variability in combination with spectral informa-

tion. This is investigated further in chapters 5 and 6

3.4 Energy-dependent removal of low energy electrons

Another feature of the electron distribution that can be improved on is the artificial

removal of electrons. In the absence of healting effects for the electrons, the kinetic

equation eventually causes a pile-up of electrons in the bin with the lowest energy due

to the electron cooling processes described in section 2.2.3. To avoid the numerical

problems with this effect, electrons are artificially removed from the lowest energy

bin. Whenever the number of electrons in the lowest energy bin, N, exceeds the |
number in the adjacent energy bin, Ny, i.e. whenever N; > Ny, N; is set equal t(:)'
Ng. '

Sometimes it may be necessary to remove low energy electrons faster than high

\

energy electrons, for example in the HSS where a power-law electron distribution de-
scribes the spectrum well, but the thermalisation process of the electrons (Coulomb
interactions) prevents the establishment of a long-lived power-law distribution in
individual cells. | |

Previously all electrons escaped as part of the kinetic equation (eqﬁation 2.2),

which can be represented as,
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Chapter 3
Parameters Energy-dependent | Energy-independent
kT_max (keV) 0.39 0.39
Q-e (m™3) tcross™! | 2e22 2e22
equivalent injected 7, | 0.08 0.08
q | 3.5 3.5
t_esc t_cross™! 0.8 0.8
t_inj 0.0 0.0
t_esc_threshold (v) 2.0 " n/a

Table 3.3: The parameters used to compare energy-independent and energy-
dependent electron removal. t_esc_threshold is T} in equation 3.11 given in terms
of v, and the other parameters are defined in section 2.3.

_

Toya (3.10)

 tesc
where Ny, is the new electron distribution in the next timestep, n,, is the old
electron distribution from the current timestep and t.s represents the number of
timesteps required for Ny, t0 escape (tesc. IS given as a parameter, see section 2.3).
In order to allow electron escape times to depend on energy to counteract fast
thermalisation, rather than this energy-independent escape rate, I add the following

escape equation,

¢ _ tesc,old
escnew — T/ -
exp(l — —lTh)

(3.11)

where fesenew 15 the new value of t.s used in equation 3.10, fescoid 18 tesc given
as a parameter (see section 2.3) and T} is a threshold value in 7. Electrons where
v = T}, escape as described in equation 3.10, but electrons where v < T} escape
faster and electrons with v > T}, escape more slole. | _

This is modelled in addition to the removal of excess electrons in the lowest
energy bin whenever N; > Ng.

Energy-dependent electron removal is demonstrated in figure 3.11, where if is

compared to energyeindependent electron removal. The parameters used are listed

in table 3.3 (where they are different from the values given in table 2.1), and in this
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Typical HSS spectra with both energy—-dependent and energy-independent electron removal
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Figure 3.11: Spectra of a typical HSS demonstrating the difference be-
tween energy-dependent electron removal and energy-independent electron re-
moval. The spectral bump created by the thermalised electrons in the energy-
independent version can be seen clearly, preventing a flat power-law spectrum.

T2




Chapter 3 ’ ' Further developments to HEART

case electron evolution according to the kinetic equation is modelled®. Including
energy—dependeht electron removal gives a smoother power-law tail, and the bump
created by the thermalised electrons in the energy-independent case is seen clearly.

This is a technical feat_ure, however, necessary due to the discretisation used
in the code, and is not comparable to a physical situation. Two different ways of
dealing with this.technical issue are compared here without being based on a physical
explanation. The physical implications of the technical treatment should, however,

be considered, whichever version is used.

3.5 Anisotropy of Compton scattering

One of the greatest weaknesses of HEART is the lack of treatment of the anisot_ropy

of Compton scattering, as the scattering angle, the probability of a scattering event |
and the energy transfer depend on the interaction angle of the photon and the -
electron (Blumenthal & Gould, 1970). Isotropic conditions are assumed inside each
cell in HEART when using equations 2.31 and 2.32 to calculate the intensity of
scattered photons. This is a valid assumption, at least initially, for the electrons,
as long as we do not wish to model bulk motion, but all the photons are initially
travelling upwards, and later different numbers of photons travel in each of the six
modelled directions, a pofentially highly anisotropic situation. Initially photons
are more likely to continue upward or be back-scattered in the downward direction
rather than scatter into a given sideways direction. More than 1/6th of the scattered
photons should continue upwards, more than 1/6th should back-scatter and less than
4/6th should be side-scattered, though this is strongly energy-dependent. While at
low photon energies (scattered photon energy ~ 0.04 keV) the 1/6th approximation
is quite good (~ 1/5th _should forward—sCatter and ~ 1/5th should back-scatter,
see equation 3.12), the anisotropy effect Beéomes rﬁoré important with increasing

photon energy (~ 70% of scattered photons at ~ 40 MeV should forward-scatter).

SElectron heating is not modelled in HEART, but rather injection of hot electrons and removal
of colder electrons. This is not physical, and the parameters given in table 3.3 do not refer to the
equilibrium electron distribution. This is discussed further in chapter 6.

73




Chapter 3 _ - Further developments to HEART

HEART is not suitable for including a full anisotropic treatment of Compton
scattering for two main reasons. Firstly, the restriction of only modelling six di-
rections limits the usefulness of any angular treatment that can be implemented. -
Including an anisotropic treatment of Compton scattering may improve spectra to
an extent within the framework of the six direction restriction, but this,vrestriction '
may be too great to improve the spectra sufficiently. Also, one of the most useful
outcomes of including an angular treatment would be to model spectra dependent
on yieWing angle. This may even be necessary for accurate spectral fitting (Haards
& Maraschi, 1991; .Haardt, 1993; Haardt & Maraschi, 1993; Stern et al., 1995a,b;
Poutanen & Svensson, 1996). Strictly speaking, with the six direction restriction it
is only possiblé to model spectra of inclination angles 0° and 90°.

Secondly, if the anisotropy of Compton scattering is to be taken into account, the
scattering cross-sections-used throughout the Comptonisation calculations must be
changed as well as the structure in which information about the photon distributions
is kept. More information must be stored, for example a larger number of directions
for photons to travel in, and each scattered photon must be linked with its pre-
scattered energy state to allow the accurate determination of its path after scattering.

In essence, if HEART is to model the anisotropy of inverse Compton scattering
accurately, it must be modified significantly, including the basic structure upon
Wh.ichv it is built. For example, more photon diréctions could be modelled by changing
the shape of a cell from a cube to a structure with more sides ‘which still tessellates.
The algorithm for building the corona and linking the cells would have to be re- '
worked, and this would increase the run-time of the code. Another Ipossibility is
to model several photon directions within a cubic cell, but this introduces an error
in the photon propagation time. Photon distributions necessarily propagate from
one cell to the next in one timestep because of the distribution storage system in
HEART. The maximum error would occur for photons travelling along the diagonal,
which would travel a factor of \/§ too fast. In either case, taking these effects into

account would increase the run-time of the code.
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.Before‘ attefnpting to make such signiﬁcaﬁ’c changes, we must be sure that they
are both feasible and necessary. It is only worth reworking HEART in this way if
HEART is suitable for the fitting of spectra with long integration times, and if the
anisotropy of Compton scattering can be implemented satisfactorily. The s\uitability
of HEART to spectral fitting in this sense is discussed in chiapter 4, but to summarise,
it is not practical to use HEART routinely for fitting of steady-state spectra due to
its long run-times and limited reliable parameter range’.

Nevertheless, it is worth investigating how much difference the inclusion of an
* anisotropic treatment of Compton scattering is likely to make to the angle-averaged
spectrum, and whether a slightly better approximation than the aSSumﬁtion of
isotropic scattering could improve the spectra for more accurate variability mod-
elling. I have implemented an approximation to an anisotropic treatment of inverse
Compton scattering, which I refer to as ‘directionality’ hereafter. The cell structure
and restriction to six directions remain uhchanged, and the scattering cross-sections
va,ssuming isotropic conditions are still used, but I have modified the fraction of
scattered photons being scattered into each possible direction, rather than always
assumihg 1/6th. This approach should be viewed as the simplest conceivable mod-
ification towards an implementation of anisotropic scattering. It alsov allows test
modelling of extreme situations, for example 100% forward scattering, to gauge how
significant an improved treatment is likely to be.

Given that a photon has undergone scattering to a pre-calculated energy (deter-
: miﬁed by the equations in ééction 2.2.3.3 aséuming isotropic conditions), I determine
the scattering angle depending on which direction it came from and its pre-scattered

energy according to Lei et al. (1997)
dognu _ 1 59 1 .2
—ANY — : 3.12
19 570€ (e +¢€ sin” 6], (3.12)

where oxn v is the Klein-Nishina differential cross-section of a free electron at

rest in the case of unpolarised radiation, g is the classical electron radius, 8 is the

"Further limitations are discussed in chapter 6.
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scattering angle (the angle between the initial photon trajectory before scattering

and the scattered photon trajectory) and

_E_
 Ey 1+ (Eg/mec?)(1— cosb)’

(3.13)

where E’ is the energy of the scattered photon and Ejp is the photon enérgy
before scattering. v | '

In the case of the cubic cells in HEART, equaﬁion 3.12 is calculated for three
different cases: forward-scattering, back‘—scattering. and side-scattering. A photon
is equally likely to scatter into any of the four sideways directions, hence it is only
necessary to Calculaté the probability of scattéri»ng into one of the sideways direc-
tidns. Scattevring‘ is assumed to occur ét the‘céntre of a cell, thus the probability of a
certain photon direction after a scattering event is given by integrating equation 3.12

over the solid angle, €2, containing the face of the cube that the scattered photon

travels towards. This is a large approximation, as is illustrated in figure 3.12, but is '

necessary due to the fact that only six directions are modelled.

For example, consider a photon entering the cell from face B in figure 3.13. To
calculate the probability of forward-scattering I integrate equation 3.12 over the
solid angle contaihing face F. The probability of back-scatter is calculated using the
solid angle containing face B and the probabilify: of side-scatter is cal‘culated using
the solid angie containing any of the other four sideways faces.

Assume that the scattering event occurs at the origin upon which a cube with
sides of length 2a is centred in Cartesian coordinates. Consider forward-scattering
only, into a cube face on the plane z = a, and refer to figure 3.14. From equation

3.12 the scattering cross-section is

a a .
1 | -
of = / / SToer(es + €7t —sin® )0, (3.14)
—aJ—a

where €y, 67 and d§) are calculated below. In figure 3.14 the origin, O, is at

the centre of the cell where the scattering event occurs. Only the face into which
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Figure 3.12: A two-dimensional illustration of one of the approximations
caused by modelling only six directions. Scattering is assumed to occur at
the centre of the blue cell, i.e. at the purple dot. The purple lines represent the
photon paths modelled by HEART, whereas the red line represents a possible,
physical photon path which is not modelled by HEART. In HEART, a photon
travelling along the red line is transferred into the neighbouring green cell la-
belled ‘S’, and thus integrating the Klein-Nishina differential cross-section over
the solid angle containing each face of the cube gives the probability of scatter
into the neighbouring cell sharing that face, as described in figure 3.14. As is
clear from this diagram, however, a photon travelling along the red line actually
spends very little time in cell ‘S’, and would more accurately be transferred to
the cell on the diagonal, cell ‘D’.
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Figure 3.13: The faces of a cell in HEART. The near face is labelled ‘F’ and
the far face is labelled ‘B’. For example, if a photon enters the cell through face
B and forward scatters at the centre of the cell, then it will subsequently leave
the cell through face F.

/S

op
X
o/h

O

Figure 3.14: Calculating the solid angle containing the face of a cube in Carte-
sian coordinates.
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forward-scattering occurs is shown, and this is the face I compute the solid angle for.
This face is located on the plane z=a, so the centre of the face is at point (0,0,a),
pointv C in figure 3.14. The vector joining the origin O to point C, OC, represents
the direction of the photon before scattering, and the vector joining the origin-O
to a random point X(x,y,a) on the cube. face, OX, represents the direction of the
photon a,fter scattering. 6y is as marked in the figure, the angle between the initial
photon trajectory and the scattered photon trajectory. '

Now consider the right-angled triangle in figure 3.14. The hypotenuse, h, is eqﬁal
to the length of OX, call it r¢, hence h = r; = /(2% + y2 + a2). The adjacent is
equal to a as O and C are fixed, and the opposite, op, is the lengfh of CX on the
z=a plane, so op = v/ (@Z+y?). Therefore sinf; = /22 +y%/r; and ¢; is as in
equation 3.13 but with cos§ = cos 0y = a/ry. ' l

dQ can easily be derived for the face of a cube, and I follow the method from

Weisstein (2008) here. The solid angle is defined as

QE//SH;Sa - (3.15)

where n is a unit vector from the origin, da is a small area on the surface 2 of

a unit sphere and r is the radius of a from the origin. To find the solid angle of the
face of a cube With sides of length 2a, consider again the face in a Cartesian x,y,z
coordinate system which is.located on the z plane, z = a, with the cube centred
on the origin. Notice that n - da = cos dedy. where 6 is the polar angle (the angle
between the perpendicular to the area of the face of the cube and the perbendicular

to the small area da on a unit sphere) and that 7 = \/(z%+ y2 + a?). Then

a a ' )
Q= / / __cosf dedy (3.16)
—aJ-a /(22 +y% + a?) ,

and since cosf = a/ry

a a a .,\
Q= — > dad 3.17
[ s a0
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hence

dQ = a dedy (3.18)

_ (562 + y2 + a2)3/2

A similar calculation can be done for s‘ide-scattering,

rs = /(2% +-a2 + 22) (3.19)
_ 71 52
sin By = _(irﬂ (3.20)
cosf == (3.21)
Ts
40 = 2 dadz | (3.22)

(m2 + a2+ 22)-3/2 ;

and for back-scattering,

e = /(22 + a? + 2?) : (3.23)
Ve ty | (3.24)

sin§p = -
b
cosf = 2 _ (3.25)
Th
dn = - dzdz  (3.26)

(z2 + y2 + a2)3/2 ’

Now the number of scattering -events in the forward direction is n.osl where
ne is the number density of electrons and [ is the distance travelled by a photon,
thus the total number of scattering events is neo sl + neopl + 4neosl. Therefore the

probability of forward-scatter, py, is

_ neloy _ | of
n neloy + neloy + 4nelos o of+o0p+4os

Pf (3.27)

and siinilarly for back and side-scattering: By normalising the scattering cross-
sections I obtain the probability of scattering into each cube face.

It is only necessary to calculate these cross-sections once at the start of the
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code for every modelled photon energy. The same values can then be used in every -
timestep when calculat-ing the photon direction after each inverse Compton scat-
tering event. In HEART the _scattered distribution (equation 2.31) and the pre-
scattered distribution (equation 2.32) are calcula;ced sef)arately, i.e. the scattered
distribution, v, is calculated and added to the photon diétribution, at which point
the scéttered photons exist twice because the photons vy which scattered to v; have
not yet been removed. These photons (1) are ‘absorbed”separately using equation
2.32. Because of this procedure it is not possible to link a scattered photon with its
pre-scattered energy in HEART. This introduces a complication as the direction of
the scattered photon depends on its pre-scattered energy, vg. I make an approxipqa—
tion, which is most easily described by considering a specific photon distribution.
Considér a given cell, and Consider ‘th_e photon distribution, ¥, entering the cell‘
from face B in figure 3.13 at the start of a timestep. Some of the photons in ¥
undergo scattefing, call them Wy, and call the scattered distribution ¥;. I wish to
find the proportion of ¥; which is scattered forwards (into face F), backwards (into
face B) and sideways (into one of the other, sideways faces). This proi)ortion must be
independent of the pre-scattered energy as the pre—scattered energy is unknown, so
that the same proportion can be applied to ¥y over all energies. Now consider only
forward-scattering. To ﬁnd the proportion which forward_—scatter, Wo,for, 1 multiply
the intensity in each energy bin of ¥y by tﬁe energy-dependent probabilities of

forward-scattering calculated in 3.12, ot (v):

Vo tor(V) = Yo(V)0sor(r) (3.28)

I convert to photon number to avoid high energy photons being weighted more
than low energy photons later, thus ¥ () gives the number of forward-scattered
photons in each pre-scattered energy bin. In order to remove the dependence of
ﬁlo,for on energy I sum over energy. The total number of photons coming from face

B and scattering into face F, Ypr is
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VUgp = Z\Ilo,for(y)' . (3'29)

Similarly, I find the ‘number of photons coming from face B which back-scatter
into face B, Upp and side-scatter into the other faces, 4¥gg. I then normalise to
obtain energy-independent probabilities of forward—séatter, pf, back-scatter, pp, and

‘side-scatter, ps:

¥ = VYpr+ ¥pp +4¥ns

py = ¥pp/Z
pr = Upe/T
ps = Ups/T
pot+prtdps = 1 (3.30)

The factor of 4 enters because there are four sides into which photons can side-
scatter. These probabilities are then applied to the scattered distribution, ¥, over
all energies, to determine what fraction of the sc_attered photons continue in each
diréc’cion, rather than 1/6th in each.

When this has been done for the photons coming from face B, it is also done for
the photons coming from the other faces, and the contributions from each photon
distribution to each direction are added. For example photons leaving through face
F are those which forward-scattered from B, back-scattered from F and a quarter
of those which side-scattered from each of the other faces. This is then repeated for
every cell. This treatment is similar to assuming that a given scattered photon was
scattered proportionally from all the pre-scattered photons calculated in equation
2.32. |

Using an avérage probability over energies in this way causes low energy pho-

tons to have too great a probability of forward-scatter in HEART, and high e'nergyv
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photons to have too small a probability of forward-scatter. These probabilities are
re-calculated in every timestep, and so, as the eﬁergy‘ of the overall photon distribu-
tion increases, the probability of forward-scatter also inc're_ases.

Although this approximation is an improvement on the 1/6th assumed previ-
ously, it is still a weak treatment of the anisotropy of Compton scaﬁtering. Each of .
the six distributions in each cell is now treated individually, however, so HEART
is in a better form to deal with anisotropic scatteriﬁg events should such a modifi-
cation be reduired in future. It is also easy to change the probabilities of forward,
back and side-scatter to any required value, to gain a better understandihg of how
much difference modelling the anisotropy of inverse Compton scattering makes to

the angle-averaged spectrum of HEART, within the current restrictions.

3.5.1 Results of the new approximation to anisotropy of Compton

scattering

A comparison of HEART to compTT is made in section 4.2, and this new treatment
of directionality is included and discussed there, but only for the case where electron
evolution is not modelled, i.e. the calculation of the kine’tic equation is disabled. I
include a short summary here.

Includmg d1rect10nahty increases the range of parameters over which HEART can
be used to include high Compton y parameters (deﬁned in section 4.2) in excess of 15.
Wlthout directionality HEART is valid for low Compton y parameters < < 3, and in
this case the 1/6th approximation is better. Figures 4.4, 4.5, 4.6 and 4.7 demonstrate
the parameter range over which directionality should be used. It is particularly
evident in figure 4.5 how the scattered photon component is underestimated with
directionality and overestimated without directionality for high optical depths.

This new approximation has made a significant difference to the output spectra,
showing that the treatment of anisotropy in Compton scattering changes the angle-
averaged spectra from HEART signiﬁcanﬂy.’ It is possible that including a more
complete treatment would significantly extend the applicability of HEART. It is
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' alsb possible, however, that the reason HEART only agrees with compTT for low
Compton y parameters is that the optical depth per cell is too high in the éase of
high Compton y parameters, and so does not comply with the restrictions imposed
to ensure that the radiative transfer is modelled accurately. Currently, however,
a basic form of HEART can be used for restricted parameter ianges,discuséed in

section 4.2.
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Testing HEART

The HEART code includes several physical processes and features described in the

previous chapters. Simple checks are made throughout in Collins (2004) and in the.

figures in chapter 3, to ensure that the HEART output is sensible and qualitatively
as expected, but HEART has ﬁot yet been properly tested or applied to explain real
data. ' v

-1 test the HEART code by comparing it to the analytic model by Titarchuk
(1994), and by fitting observed X-ray spectra of Cyg X-1 in the LHS and the HSS.
The analytic model is widely used and tested in the literature (see for example Hlf&
& Titarchuk (1995) and Skibo & Dermer (1995) for comparisons to Monte Carlo
codes), buf is very limited in that it only describes steady-state conﬁgurations in
hdinogeneous spherical and élab geometries. HEART should, however, agree with
the analytic model under these limited conditions. As the observed spectra are
obtained from observations with long integration times, I model a stationary config-
uration of the accretion disc and corona without an evolving electron distribution,
i.e. the calculation of the kinetic equation is disabled, to allow the comparison with
both the analytic model and the observed spectra. This also allows the testing of

HEART in its most basic form.
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4.1 Practical Cdnsiderations

Before testing and using HEART some practical considerations are necessary. ‘Equi-
-librium’ is detected within the code by comparing the output spectra of two consec-
utive timestéps. If they agree with each' other Withiﬁ a_user—speciﬁed tolerance, then
the code assumes that a steady state has been established. Hére I use an analytié
estimate combined with a simple Monte Carlo code to set a number of timesteps
(sim = Normal, see section 2.3) to avoid an apparent equilibrium being reached too
early. While the photons undergoing multiple scattefing events make little difference
to the output of each consecutive timestep, their summed éffect is significant over a
large number of timesteps, making equiiibriurn conditions difficult to implement in
the case of a corona with high optical depth.
‘ The analytic estimate is valid only in optically thick cases, and is described in
appendix A.3. The Monte Carlo code is valid for all optical depths, énd calculates

an escape time estimate. I use the same cell structure as the corona in HEART in

the Monte Carlo code, and scattered photons are equally likely to scatter into any of

the 6 modelled directions. The probability of undergoing scatter is equal in all cells.

and is set initially by an optical depth given by the user. No energy dependence is

modelled, though a fraction can be speciﬁed to multiply the scattering probabilities
by, to mimic the decreasing scattering probability with increasing energy. A specified

number of photons, usually ~ 1000, are then followed as they traverse the cbrona

one by one, and the code outputs the maximum number of timesteps any photon '

required to escape, where a timestep is as déﬁned in HEART (see equaﬁon 2.1).
This is a fairly crude éstimate, but gives a good starting point.

After obtaining estimates from appendix A.3 and this Monte Carlo code, Ii run
HEART for the maximum estimate for the number of timesteps, and also for twice
as ’lon'g to ensure that the code reaches a steady state. If the spectrum is identical
in these two runs, then I assume that I cén safely use the number of tirhesteps
suggested by the estimates described above. This method is used throughout my

work, and I find that my crude estimates of the required number of timesteps is
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always sufficient.

4.2 Comparison to an analytic model

With these practical considerations, I now compare the output of HEART with the
analytic model of Titaréhuk (1994) as implemented in XSPEC version 11.3.2.t as
model compTT. To approximate the conditions assumed in the compTT model, a
spherical corona with central injection of blackbody seed photons, I continue to use
the ECorona model (see section 2.3), a spherical corona with an accretion disc, but
with a very small disc to approximate only central seed photon injecfion. The solu-
tion of the kinetic equation in individual cells is disabled as compTT assumes a static
electron energy distr;ibution. Thus the electron density parameter in equations 2.3
and 2.4, n., refers to the actual electron density and not the time-dependent density
of eléctron injection. Bremsstrahlung, synchrotron radiation and reprocessing in the
disc are also disabled.

3604 cells (corresponding to a 24 cell diameter of the corona) are used to construct
a hemisphere and the corona is assumed to be symmetric. Full reflection is modelled,
" so photons propagating out of the modelled hemisphere through its circular cross-
section are reflected back into the modelled region as, by symmetry, they correspond
to photons entering the modelled hemisphere from the unmodelled hemisphere (see
section 3.2). A purely thermal electron distribution is modelled in each cell (Q-e =

0 m™~3, see section 2.3), and does not evolve.

Parameters within the applicability region given by Skibo & Dermer (1995) for |

the corﬁp TT model are used. The HEART and compTT spectra are plotted in fig-
ures 4.1, 4.2 and 4.3 for optiéal depths 'rt;l =0.5,1.5 and 5, for electron temperatures
50 and 100 keV and for maximum disc temperatures of 0.1 and 0.3 keV.

The slopes of the Comptonised spectra are consistent betweeﬁ HEART and
compTT at low optical depth, vup-to T ~ 2, and at electron temperatures up to
~ 100 keV for both disc témpératures. Equivalently, the models agree fqr the non-

relativistic Compton y parameter yyg = (4kT/mc?)Max(r,72) < 3. The models
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HEART and compTT at max disc temperature 0.1keV and electron temperature 50 keV

10

arbitrary normalisation of energy flux
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T T
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107" 10° 10' 10° 10
energy (keV)

Figure 4.1: Spectra from HEART and compTT for optical depths 733 = 0.5,
1.5 and 5 with a maximum disc temperature of 0.1 keV and electron temperature

50 keV.

HEART and compTT at disc temperature 0.1keV and electron temperature 100 keV
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Figure 4.2: Spectra from HEART and compTT for optical depths 7, = 0.5,
1.5 and 5 with a maximum disc temperature of 0.1 keV and electron temperature

100 keV.
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HEART and compTT at max disc temperature 0.3keV and electron temperature 50 keV

10° 1

—— HEART. 2= 05
compTT,T=0.5
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Figure 4.3: Spectra from HEART and compTT for optical depths 735, = 0.5,
1.5 and 5 with a maximum disc temperature of 0.3 keV and electron temperature
50 keV.

are not expected to match exactly as the approaches are quite different, but two
possible reasons for the significant discrepancy at large optical depths are easily
deduced from the limitations of HEART. Firstly, the optical depth per cell, 7.ey,
must be much smaller than 1 for equation 2.30 to be valid. Here, 7.;; = 0.04 in the
examples where the radial optical depth, 74, is 0.5, but 7.e; = 0.4 when the radial
7th, = 5. Thus the approximation used to model Compton scattering is only valid
for small radial optical depths, the cases where HEART agrees well with compTT.
The only way of modelling a radial optical depth of 5 with a sufficiently small 7.y
for this approximation to be valid, is by modelling more cells. A corona diameter,
R_cells, of significantly more than the 24 cells used here is necessary, but that is
prohibitively computer intensive. Thus HEART is limited to modelling small radial
optical depths by the combined limitations of 7..; < 1 and R_cells < 24.

A second possible reason is that the lack of treatment of the anisotropy of inverse

Compton scattering in HEART contributes to HEART overestimating the scattered
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HEART vs compTT with and without directionality, tau= 1.5, kT_max = 0.1, kT_e = 50
10 er— T T T T

disabled directionality
directionality on
compTT -

arbitrary normalisation of energy flux

L L | |
10’ 10
energy (keV)

Figure 4.4: Spectra from HEART with and without directionality and compTT
for optical depth 74, = 1.5 with a maximum disc temperature of 0.1 keV and
electron temperature 50 keV.

photon distribution for high optical depths and electron temperatures. As the pho-
tons gain energy they become more likely to undergo forward-scatter (with minimum
energy transfer) and escape the corona faster than HEART predicts.

The high (relativistic) Compton y parameter case, yg = 16(kT/mc?)*Max(r, 72)
2 15 can be improved on by including the new approximate treatment of anisotropy
of Compton scattering, ‘directionality’, described in section 3.5. Figures 4.4, 4.5,
4.6 and 4.7 show a comparison between compTT, HEART with directionality and
HEART without directionality. The approximation of scattered photons being
equally likely to undergo scattering into any of the faces of the cell works better

for ynr < 3, but for yg 2 15 including directionality is a better approximation.

Low energy photons are more likely to forward-scatter and escape than they should
be with directionality on, hence the deficiency of scattering events in the low optical
depth case. Where scattering events are more likely and photons are scattered to

higher energies (i.e. at higher optical depth), however, this increased probability of
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HEART vs compTT with and without directionality, tau = 5, kT_max = 0.1, kT_e = 50
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disabled directionality
directionality on
compTT
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L W

T
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Figure 4.5: Spectra from HEART with and without directionality and compT'T
for optical depth 7, = 5 with a maximum disc temperature of 0.1 keV and
electron temperature 50 keV.

arbitrary normalisation of energy flux
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HEART vs compTT with and without directionality, tau = 5, kT_max = 0.1, kT_e = 100
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Figure 4.6: Spectra from HEART with and without directionality and compTT
for optical depth 74, = 5 with a maximum disc temperature of 0.1 keV and
electron temperature 100 keV.
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= HEART vs compTT with and without directionality, tau = 4, KT_max = 0.1, kKT_e = 150
10 T T T T T

10° 4

arbitrary normalisation of energy flux

107 F 1
— disabled directionality
directionality on
compTT
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Figure 4.7: Spectra from HEART with and without directionality and compTT
for optical depth 73, = 4 with a maximum disc temperature of 0.1 keV and
electron temperature 150 keV.

escape is necessary. For Compton y parameters between ynyg 2 3 and yp < 15,
including directionality underestimates the scattering component whereas using the
1/6th approximation overestimates the scattering component (as in figure 4.5). A
better treatment of anisotropic Compton scattering is required. Using this new ap-
proximation of the anisotropy of Compton scattering changes the output spectra
significantly, however, and so including an improved treatment of this anisotropy
may provide sufficiently accurate spectra, though the requirement that 7..; < 1
must also be included.

The greater soft excess in the HEART spectrum is due to a slightly extended
multicolour disc in HEART compared to a central blackbody in compTT. The ex-
pected high energy cut-off at ~ 3kT., where kT, is the temperature of the thermal
electron distribution, is seen in both models.

It is not ideal that different treatments are necessary for different values of y, or

that only low and high values of y are modelled well, but for the purposes of fitting
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data from X-ray binaries the expected fitting parameters (yvg < 3) lie within the

- region where HEART agrees well with comp TT.

4.3 Comparison to data from Cyg X-1 in the low hard
state and the high soft state

After comparing HEART to the analytic model of Titarchuk (1994), the next tesf B
is to apply HEART to fit observational data. I use HEART to fit Cyg X-1 data
in the LHS and t_he HSS. No attempt is made to improve on previous fits, only to
demonstrate the capability of HEART to fit observed data with reasonable physical
parameters. This is done for testing purposes only, and a discussion' of how suitable
HEART is for spectrai fitting is given in section 4.4. For simplicity, and for ease of
comparisoh to previous spectral fitting of the same data, a spherical, static, homo-
geneous electron corona is used, and only inverse Compton scattering of multicolour
blackbodyvplhotons injected from an underlying disc (as described in section 2.2.4) is
modelled. As above, evolution of the electron energy distribution is-disabled. Thus
HEART is being used with similar capabilities to comp TT within its restricted pa-
rameter range, for the purposes of fitting this data and is, again, being tested in its
most basic form. v

Cyg X-1 was observed by BeppoSaz on May 3rd and 4th 1998 (DiSalvo et al.,
2001) in the LHS and on 22nd June 1996 (Frontera et al.,. 2001) in the HSS, and
HEART is used to fit this data. I use XSPEC version 11.3.2.t to analyse the fits,
where the HEART oﬁtput is implemented as a table model. A multiplicative con-
stant allows different normalisations for different instruments allowing for uncertain-
ties in the absolute calibrations of individual instruments. The reflection component
and fluorescent iron line are added separ_ately in the LHS using the XSPEC models
reflect by Magdziarz & Zdziarski (1995) and a Gaussian respectively. In the HSS
HEART models the reflection component, and a Gaussian is used to fit the iron line.

‘This different treatment of the two states is discussed in sections 4.3.1 and 4.3.2,
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bvut in both cases the reflection component is added without modelling the heating
of the disc caused by the absorbed photqns, i.e. the coupling of the disc and corona
are not modelled. This is therefore not a self-consistent model. »

A full list of HEART parameters and settings is given in tables 2.1 and 2.2
respectively, and the best fit pararﬁeteré are given in table 4.1 for both states where
they differ from those given in table 2.1. The parameters Which are the same for both
~ fits are discussed here, and the ones which differ between the states are discussed
in sections 4.3.1 and 4:3.2. I model a spherical corona covering an optically thick,
geometrically thin disc (the ECorona model). Photons of frequency 1.0 x 106 —
1.0 x 1022 Hz (0.0414 keV - 41 MeV) are modelled, covering a significantly broader
band than the observational data, and electrons with v = 1 ~ 1000 aré modelled,
including a raﬁge of nonrelativis_tic to highly relativistic electrons. The diameter
of the corona is 3 x 108 metres, althouvgh{ this is somewhat arbitrary and the total
optical depth is more important. The fitting algorithm of XSPEC is used to set
the overall normalisation and the model phabs determines absorption by neutral
hydrogen. Hence the distance assumed for Cyg X~1,» 2 kpe, is not important, and
galactic absorpfion is set to 0 in HEART itself. The mass of the black hole in Cyg -
X-1is aséumed to be 5 Mg which is within the range given in Herrero et al. (1995).
The exact number used is not crucial as it is only used to provide a scaling factor for
values given in Schwarzéchild radii. 1 mddelﬁi only i_nvérse Compton scattering and
reflection (without absdrption and heatirig in the 'disc), so I assume no magnetic
field (B = 0), and bremsstrahlung and elec:cron evolution by the kinetic equation are
disabled. Hence the electron distribution rerﬁains the same in each cell throughout
the simulation, and n_e and Q_e represent actual electron densities rather than time-

dependent injected densities.

4.3.1 Cyg X-1 in the LHS

The best fit pararﬁeters to the LHS data are listed in table 4.1 and the range of

parameters used in determining this best fit is listed in table 4.2. Only thermal
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HEART parameters | The LHS | The HSS
n_e (m=3) 22x10%2 [0
(equivalent to ) | 2.2 0
kT e (keV) 49.6 0
Q-e (m~3) 10 0.12 x 10%?
(equivalent to 7,) | 0 0.12
q ' 0 4.1
kT _max (keV) - 0.08 0.39 -

Table 4.1: The best fit parameters of HEART for the LHS and HSS data. n_e

- and kT_e are the thermal electron parameters n, and kT, as defined in equation
2.3 and Q-e and q are the power-law electron parameters n, and ¢ as defined
in equation 2.4. kT_max converted to Kelvin is tmae at 73, in equation 2.36.
Note that the evolution of the electron distribution is not modelled and the
calculation of the kinetic equation is disabled.

HEART parameters The LHS The HSS

ne (m™%) 2x 102 -4x1022 |0

corresponding 7y, 2-4 0

kT e (keV) . 45-65 0

Q-e (m™3) 0 1.24 x 1017 — 3.3 x 10?2
corresponding 7, 0 1.24 x 1075 —-3.3

q : 0 : 1.1-4.5

kT_max (keV) 0.01-0.2 0.01-0.8

r-max (Schwarzschild radii) | 5-100 10-100

Table 4.2: The range of parameters used in HEART for the fitting of observed
Cyg X-1 data.

electrons are modelled, with n_e = 2.2 x 10?2 (see equation 2.3), equivalent to a
Thomson optical depth 'of Teh = 2.2 along the radius; and temperature kT e =
149.6 keV, producing a photon index of 1.75. The seed photons have a maximum
blackbody temperature of 0.08 keV' (kT .max = 0.08 keV) at the inner disc radius.
The corona covers the disc fully in this model. Therefore any photons reflected
by the disc are subject to the same -Comptonisation as the directly injected photons. .
" Because the optical depth is fairly high (the averagé number of scattering events
~ 72> 1), the scattered spectrum is almost independent of the properties of the

seed photons (Sunyaev & Titarchuk, 1985), which means that a distinct reflection

component is not produced in the HEART output. However, the data show evidence
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XSPEC parameters | The LHS The HSS
LineE (keV) 6.54 +/- 0.284 6.20 +/- 0.111

Sigma . (keV)
nH (x10%'cm—2)

6.06x107% +/- 6.12
4.46 +/- 0.441x 1072

0.972 +/- 0.532x 10~}
4.96 +/- 0.231x1072

rel_refl 3.92 +/- 3.04 n/a
redshift 0 n/a
abund 13.0 +/- 8.77 n/a
Fe_abund 5.58%x1073 +/- 3.96 n/a
cosIncl 5.00x1072 4/- 0.716x107! | n/a
reduced x> 2.1 : ' 2.0

Table 4.3: The best fit parameters of the XSPEC models used (gaussian, phabs
and reflect).

for such a component. I model this compoﬁent using the output of HEART as the
input for the XSPEC reflection model reflect (Magdziarz & Zdziarski, 1995). 1 also
add a Gaussian profile to model the fluorescent iron line (see table 4.3 for a list of
XSPEC parameters, including the value for nH).

.Because of this, and also because reprocessing and energy balance are not mod-
elled, the HEART model spectrum is not self;consistent. Three possible. scenarios

may explain the need for a separate reflection component:

1. Cold matter external to the corona is reproncessing photons from the corona,
for example the companion star. In Cyg X-1 the solid angle subtended by
half the companion star covers approxirﬁately 5% of the 27 solid angle of the-
hemisphere above the disc, so in an isotropic situation 5% of emitted photons
should be reflected by the companion star. This is sufficient for a possible

observable effect, thohgh it is a rough estimate.

2. The corona is not homogeneous or sfatic, but rather lumpy and evolving, and _v
so at times photons escape unscattered from the disc and at other times they
travel through regions of even higher optical depth than modelled here. The
HEART corona contains a time averaged electron distribution, which does not

allow the reflected component through unscattered?.

1A limited investigation into this scenario is discussed in section 3.3:1, where a corona of active
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LHS parameters | HEART | DiSalvo et al. (2001)
nH (x10%lcm™2) | 4.46 ~ 7.0

kT_max (keV) 0.08 ~0.12

photon index 1.75 ~ 1.6

KT.e (keV) 49.6 ~ 90

 Table 4.4: HEART parameters compared to the best fit parameters in DiSalvo
et al. (2001) for the LHS of Cyg X-1.

3. The geometry is completely different to that modelled here, such that the
corona does not fully cover the disc. Parts of the disc are not obscured by
the corona, and any reflected photons may escape the system without further

scattering?.

This model glves a reduced x? of 2. 1in XSPEC, and the best fit is shown in
ﬁgure 4.8 with the Ax deviation plotted in figure 4.9 The best fit parameters are -
compared to those of DiSalvo et al. (2001) in table 4.4. The parameters from DiSalvo
et al. (2001) are an approkimate single representation of the four models they use,
as the parameters do not vary much between models. This comparison shows that
HEART fits the data with the same general physical properties as DiSalvo et al.
(2001). The disc size is also consistent, as the disc in HEART (extending to 3
Schwarzschild radii) is within the range found by DiSalvo et al.”(2001). HEART
does not really constrain this, however, as the emission from the outer disc is much
weaker than that from the inner disc. '

DiSalvo et al. (2001) include a second soft component which improves the fit and
which I have not modelled, though HEART could model such a component either
as a second blackbody or as an additional or ‘hybrid electron population. With
the fairly high reduced x2 obtained here it seems a sensible attempt, but I do not
improve on the fit here. This is discussed further in section 4.4 after the fit to the

HSS data is discussed in the following section.

regions is modelled. The reflected component is no more prominent in the active regions geometry
than the homogeneous geometry, but only one example is considered. More work is required to
draw any conclusions as to the validity of this scenario.

2This cannot be modelled by HEART and is discussed further in section 6.2
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Figure 4.8: The best fit to the LHS data using the HEART model in XSPEC
as well as a Gaussian iron line and the reflect model. The spectrum of the
Comptonised component is shown separately in addition to the overall spectrum,
and so the contribution from the reflected component is seen clearly between

~ 10 — 200 keV.

delta x

lecs_60XY.pha mecs23_30XY pha sys5_pds_256.pha hp_tot.pha

2
¥

-4

L

|

i
W

i

.{nﬁm'l ik
\1

i
H‘U-‘i

1!1

10
channel energy (keV)

ker 4-Feb-2008 1540

Figure 4.9: Ay for the best fit to the LHS data in XSPEC.-
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4.3.2 Cyg X-1 in the HSS

A static distribution of only power-law electrons (i.e. n.e = 0 m™3) are modelled in
the HSS as there is no observable high energy cut-off, and the beét fit parameters
are listed in table 4.1 with the fitting range of the parameters used to detefmine this
best fit in table 4.2. Thus the evolution of the electron distribution is not modelled
and the calculation of the kinetic equation is disabled. The index of the power-law
distribution is ¢ = 4.1. This should give a photon index (¢ + 1)/2 = 2.5 (using the
best fit values of q before rounding to 4.1) in the Thomson limit (Blumenthal &
Gould, 1970), which is close to the photon index I obtain of 2.4. The density of the
electroﬁ distribution is given by Q_e = 0.12 x 10?2 m~3 (Q_e is n. in equation 2.4),
giving a radial optical depth of 7, = 0.12. The blackbody emission from the disc
dorhinates with a maximum temperature of kT_max = 0.39 keV at 3 Schwarzschild
radil. The disc extends in to the ISCO at 3 Schwarzschild radii, which is consistent
with the findings of Frontera et al. (2001), and éxtends out to 100 Schwarzschild
radii. As explained in section 4.3.1, I cannot constrain the size of the disc.

Since the optical depth is much smaller in this case than in the LHS, HEART
is used to model the reflected component, so there is 1o need to add it separately
in XSPEC. This does not make the model self—consisfent, however, as absorption
in the disc is not modelled, similarlyk to the fit to the LHS. More details of the
reﬁecﬁed component modelled ,by HEART is given in section 3.1.3 where the reflected
component is also shown separatelyl in figure 3.1. A Gaussian is, added to represent
the iron line. The best fit values for nH and the Gaussian are listed in table 4.3.
This fit gives a reduced x? = 2.0 in XSPEC and is shown in figure 4.10 with the Ax
deviation plottévd in figure 4.11. ' |

Frontera et al. (2001) fit this data using the model of Coppi (1992), where a
steady-state hybrid electron distribution is used. HEART produces the same gen-
eral features as Frontera et al. (2001) with similar values for the maximum disc tem-
perature, photon index and galactic absorption. These paLrameters are compared in

table 4.5. As for the LHS, it is possible that using a hybrid electron distribution in
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Figure 4.10: The best fit to the HSS data using the HEART model in XSPEC
as well as a Gaussian iron line.

HSS parameters | HEART | Frontera et al. (2001)

nH (x10%! cm™2) | 4.96 6.0
kT _max (keV) 0.39 0.37
I’ (photon index) | 2.4 2.8

Table 4.5: The best fit HEART parameter values for the HSS compared to the
best fit values found by Frontera et al. (2001).

HEART would produce a better fit, but I do not attempt that approach here. This

is discussed further in section 4.4.

4.4 Conclusions to the testing of HEART

I have now tested HEART by comparing it to fhe analytic model by Titarchuk (1994)
and using it to fit leg X-1 data, and the results are mixed. HEART agrees.well with
compTT for yyr < 3, and it agrees reasonably for yg 2 15 when directionality is
included. HEART fits the Cyg X-1 data reasonably within these limited boundaries

in its most basic form, where electron evolution and reprocessing are not modelled.
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Figure 4.11: Ax for the best fit to the HSS data in XSPEC. The large devi-
ation at ~ 5 keV is probably due to the Gaussian not modelling the iron line
accurately. ' .

It is possible that by inclﬁding the extra components déscribed above, a second
thermal electron distribution in the LHS and a hybrid electron distribution in the
HSS, I would dbtain considerable bettér reduced x? fits. There are signiﬁcaht ob-
stacles to dbing this‘su.ccessftilly, however, one of Which is the run-time of HEART.
With cuirent'computer technology HEART is too cdmputér intensive to be used
successfully for spectral fitting. A typical homogeneous run where electrons do not
evolve and with sufficient resolution takes ~ 6 hours on a dual 2.2 GHz Opteron
~ processor with 6 GB rhemory, and 81 n;ns are needed for a single multiparameter fit |
where four parameters are varied between three values each. The number of neces-
sary runs and multiparameter fits grows quickly when extra parameters are added.
With such timescales it becomes infeasible to use HEART. routinely for spectral
fitting, especially as its reliable parameter range is also limited. There are several
fast ﬁtting'models. available which fit observational data within its error bars for. a

.greater parameter range than that over which HEART has been shown to be valid.
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Even if it were reasonable to use HEART for spectral fitting, an improved fit
to the data should include energy balance and the coupling of the disc and corona
thfough reprocessed flux in the disc. With this included, the ECorona geometry
deelled by HEART in the LHS will produce a significantly different spectrum
which does not fit the dafa, as discussed in section 6.1.

A potential strength of the cell-structure of HEART is the simultaneous mod-
elling of thé photon and electron energy distributions evolving in time, making it
suitable for modelling variability. Few other models are available which model spec-
tra in addition to their evolution in time, and variability models are less dependent
on very dccurate spectra. HEART may therefore be better suited to modelling vari-
ability, and it is better to focus on investigating this feature than attempting to
obtain perfect fits to the Cyg X-1 data above with a model which cannot practically
be used for routine spectral fitting. The above tests show that HEART models the
general spectral features sufficiently well within the parameter boundaries yygr < 3
and ygr 2 15 in static situations, and it may be possible to extend HEART to model
spectral evolution in time within these bdundaries. This is investigated in chapter

5 and discussed further in chapter 6.
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Chaptér 5
Using HEART to model
dynamic syst.ems :

On testing HEART in the previous chapter I find that HEART is unsuitable for

spectral fitting, but may have potential for modelling dynamic systems, thus com-

bining spectral and temporal information. Simultaneous modelling of spectra and.

their evolution in time is often not included in other models of the physical processes
which dominate the spectra from X-ray binaries and AGN. For example, the evolu-
tion of the electron diétribution is not modelled in compTT, and it is therefore not
possible to. model the effect of the radiative prdCessés on the electron distribution
and the consequent effect on the spectrum. In principle, electron evolution can be
modelled in the cell-based structure of HEART, though there are problems with this
in the current form of HEART. This is discussed in chapter 6. Combining all avail-
able data, both spectral and temporal, is import'ant in furthering our understanding
of these systems, as discussed in the introduction (chapter 1).
While the structure of HEART allows for the modelling of evolving systems, as
| the evolution of the electron and photon distributions is modelled in every timestep,
HEART is not immediately cdpable of modelling interesting dynamic situations. The
version of HEART described in chapter 2 does not, for.example, allow parameters

to change with time. Thus only the evolution until a steady state is reached, with
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a single parameter set, can be modelled, after WhiCh_ the simulation remains in
equilibrium and the output spectrum remainé unchanged.

For example, if state transitions are to be modelled, the physical parameters
must be allowed to change. The disc may cool and/or recede as a transition is
made from the HSS to the LHS, and the corona may become denser with a greater
proportion of thermal electrons than in the HSS. In order to model this physical
evolution of the system, the physical parameters must also evolve.

In this chapter I describe the necessary modifications of HEART to enable the
modelling of evolving systems. Two dynamic systems are then modelled, a state
transition from the LHS to the HSS in a BHXB and an X-ray burst on the surface
of a neutron star, with the aim of test_ing these additions, and investigating the

capability of HEART for dynamic modelling.

5.1 Modifications to the code

In order to study the variability of a system evolving in time, the specﬁra.l output
f)reviously produced by HEART is insufficient. A more flexible form of output
is necessary in order to produce, for example, lightcurves and hardness-intensity
diagrams (HIDs) The numerical spectral data and data describing the electron‘
distribution in every timestep is therefore output to a ﬁle; This file can then be
imported i_nto a plotting program Whilé maintaining full flexibility of producing
different plbts. . _

For example, a simple Matlab program imports HEART data and produces a
lightcurve by summing the spectrum from eachrtimestep over energy to produce
a single bolometric flux per timestep. It is then easy to only plot portions of the
lightcurve. F_or example the part of the lightcurveWhich is created before the system
has ‘settled’ (as discussed in section 4.1) is usually of no physical interest and isvb'est
not included. The lightcurve shown in ﬁgurev‘3.9 is an example of a lightcurve
produced in this way. A lightcurve can easily be modified to sum only 6ver certain

energy ranges to produce separate hard and soft lightcurves, as is done in section
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5.3.

: HIDs are plotted similarly. The output flux in given energy ranges is summed
for each timestep, producing a value for the soft flux, the hard flux and the total
flux for every timestep. The hardness ratio, (hard flux) /.(soft flux), is then plotted
versus thebtotal flux for every timestep, and sd the system’s evolution on the HID
is aisplayed. Examples of HIDs with different energy ranges, produced in this way,

are shown in figures 5.3 and 5.4.

5.1.1 Changing parameter values during a simulation

The parameters which describe the injected elecfron distribution (see section 2.3)
were previously set at the start of é simulation, where the electron distribution was
calculated and then used throughout. In order to (;hangé the parameter values de-
scribing the injected electron distribution as the simulation progresses, I create a
ft"mction within the time loop which r;zcalculates the injected electron distribution
at the start of every timestep, if required. Distinct individual electron distribu-
tion parameters are already stored within each cell (see section 3.3), so, in addition
to initiallyvinjecting different electron distributions into each cell, an evolving, in-
homogeneous electron corona can be modelled by specifying a differént parameter
evolution path in each cell.

These parameters describe the evolution of the injected electron distribution -
from one tiniestep to another. Electron distributions also evolve during a timestep,
however, according to the kinetic equation (equation 2.2). These two types of evolu-

- tion combine as follows. The injected electron distribution changes instantaneously
between timesteps according to user-specified parameter changes, providing a differ-
ent source. term in the kinetic equation in each timestep. The electron distribution
in a cell then evolves according to the kinetic equation during a timestep, with this
new source term. If the injected electron distribution is then kept.consta,nt, the cal-
cﬁla’cion of the kinetic equation éauses the electron distribution in each cell to evolve

to a new steady state. Thus the evolution of the actual electron distribution in each
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vcell occurs more slowly thz;n the changes in the injected electron distribution. This
allows the evolution between two spectra, produced by two-distinct steady-state
. electron distributions, to be modelled!. Alternatively, if the electron distribution
does hot evolve during each timestep, i.e. the calculation of the kinetié equation is
disabled, then the electron dist_ribution in each cell is Changed instantaneously to a
different.distribution. _

The flexibility in changing the electron parameters is great. It is, for example,
possible to only recalculate the injected electron distribution in certain timesteps.
This can be used to allow the system to reach a steady state before the parameters
start -varying, producing a more physical simulation. The éystem may then reach a
second steady state before introd_uciﬁg further parameter changes.

‘There is also little limitation in the way in which the electron parameters may
change. The changes may depend on time, for example the electron terﬁperature
may be proporticlmal to the timestep. So in timestep 2 the temperature may equal
2*kT_e, whereas in timestep 3 the temperature may be 3*kT_e, where kT_e is an
initially specified electron temperature. Alternatively, the electron parameters may
follow a pre-specified pattern. The temperafure may, for example, increase by 0.1
keV in one timestep and by 0.01 keV in the next. Single, instantaneous changes are
also possible. Th‘e injected electron distribution in each cell is treated \individually,
so there is no restriction for the parameter changes to be the same in all cells.

An example is given in section 5.2, where the power-law component of the in-
jected electrons decreases linearly over 31 timesteps (timesteps 100-131), while the
thermal component increases linearly over only 5 tfmesteps (timesteps 127-131).
This is done after allowing the system to reach a stea,dy state for the first 100
timesteps. | |

Output spectra depend on the injected seed photon distribution as well as the
injected electron distribution. Th.e‘disc must be allowed to cool to evolve from the

HSS to the LHS. To implement the evolution of the disc temperature in HEART,

! As electron heating is not modelled, the steady-state electron distributions are not physical.
See chapter 6 for more details. :
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a feature added when expanding the code to include reflection and reprocessing in
the disc (see section 3.1) is used. The seed photon distribution can be recalculated
_in every timestep for disc cells, if the photons absorbed by the disc change the disc
temperature locally. This is not modelled due te the problems it causes,. which are
_discussed in chapter 6, but here this recalculation is used whenever a new tempera-
ture of the disc is required. Equation_s 2.35 and 2.36 are used for this recalculation,
so only the maxi_mum temperature of the disc, the value of kT _max (see section 2.3),
can be changed.

For example, in the state transition from the HSS to the LHS, the maximum
disc temperature, kT _max, is decreased by 0.01 keV per timestep from 0.39 keV in
the HSS to 0.08 keV in the LHS. This change starts at timestep 100, when a steady
state has been reached, and kT_max remains at 0.08 keV once this temperature is
reached. The parameter kT_max can be varied at any timestep(s) and between any
values required in any specified manner. _

It is not currently possible to change the size, or the inner and outer radii,
of the accretion disc during a s1mulat10n or to dictate local changes to the disc
temperature The local disc temperature is always determmed by the temperature’
at the inner radius, kT max, and local absorption of photons. Such changes require
more modifications to HEART, but the framework is written and so these additional
features should be easily included if required.

Such modifications could be used to model the scenario described by the ADAF
model during state transitions. In section 5.2, however the disc temperature rather
than the inner disc radius, is changed to model a state transition. This provides
starting and end points for the state transition, as they can be based on the HEART
model fits to data from Cyg X-1 in the HSS and the LHS in section 4.3. The disc
extends in to 3 Schwarzschild radii in these fits in both states.

One other modification to the injected seed photon distribution is made, in
order to simulate an X-ray burst in section 5.3. A second blackbody 'of multi-colour

disc distribution may be added during a given set of timesteps. The parameters
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of this second seed photon distribution, i.e. the maximum temperature, the inner
and the outer radii, are specified in thé parameter file similarly to the original
seed photon distribution (see section 2.3). An additional normalisation parameter,
factor.2, is added, and its purpose is discussed later in sec_tion 5.3. The two seed
photon distributions are then added in the relevant timesteps and treated as one,
reverting back to the original seed photon distribution if required.

It is unnecessary to allow any other parameters to vary during simulati(.)ns(for
the purposes of the current work. There is no need to vary non-physical parameters,
for example the maximum and minimum photon and electron energy modelled, and
it is unphysical to vary some parameters, for example the mass of the source and the
distance from the observer to the source. Bremsétrahlung and Coulomb interactions
are not determined by user-specified parameters, but vary as the electron and photon
distributions vary. The only other parameter which it might be useful to vary is the

friagnetic field strength, but as HEART has yet to be applied to any situation where

the magnetic field is considered, this is not included here.

5.2 Modelling a state transition

To demdn‘stfaté the capability of HEART to combiﬁ'e spectral and temporal mod-
elling, and to test the features described above, a state transition from the HSS to
the LHS is modelled. HEART is in its early stages of temporal modelling, and so
no attempt is made to model a specific observed state transition, wiﬁh spectral and
_temporal fitting throughout. Such an exercise could, in future, aid in distinguishing
between different suggested geometries before, during and after state transitions,
-by comparing both spectral and temporal model information with observed data.
. Understanding which physical parametéI_'s must change, and in what way, to initiate

a state transition could aid models for the driving mechanism of state transitions,

something which is still a matter of debate. This is, however, considerably beyond-

the scope of the current work, where the evaluation of the capability of HEART to

do such modelling is the focus.
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HEART parameters | value
n.e (m=3) ’ 7 x 10%
kT e (keV)- 1 30.0
equivalent 13 2.1
Q-e (m™3) 0.6 x 1022
equivalent. 7, 0.6
q 3.5
tinj 0.0

| t_esc t_cross™!. . 10.3

Table 5.1: The electron parameters used to model the steady-state HSS and
LHS spectra with the calculation of the kinetic equation included. This gives
a very similar scenario to the best fit static models in section 4.3. Electrons
are continuously injected, and may escape in the length of time it takes light to
cross 0.3 times the width of the corona (equivalent to the length of 7.2 cells).
Definitions of the parameters are given in section 2.3. -

The injected seed photon and electron distributions are changed to simuiate a
state transition. A model based on the best fit HEART parameters to the HSS
data_ is used initially, . and the parameters are then graduaily éhanged to those of
a rﬁodel based on the best fit HEART parameters of the LHS data. These best
fit parameters are listed in table 4.1, but can not be used directly. - The evolution
of the electron distribution as calculated by the kinetic equation (equation 2.2)
is disabled in the HEART best fits to the HSS and LHS observational data in
section 4.3. As an eVolving system is modelled hére, ‘electron evolution must be
included, so new steady-state HEART models describing the HSS and LHS dafa are
used, which include the evolution of the electron distribution as-calculated by the
kinetic equation. Thus here the electron density parameter in equations 2.3 and 24,
n., refers to the electron density injected per unif time. Electron evolﬁtion is not
treated in a physical way in HEART, however, as the only way of heating electrons
is by injecting more high—energy'electrons,. and the only way of preventing this from
causing an extremely high optical depth is by removing eleétfons from the system.
The parameters given in table 5.1 are therefore not Very meaningful, as they do not
describe the steady-state electron distribution. This problem is discussed in more

detail in chapter 6, and includingvthe calculation of the kinetic equation here, and
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thus the evolution of electrons, should be seen as a test of a simple implementation
of electron evolution in a dynamic simulation. .

. The steady-state models are ve_ry'similar‘t‘o the static ones of section 4.3, as
they are set up to be, with oxily the electron parameters being different?. The new
electron parameters are listed in table 5.1, but, as mentioned before, these do not
describe the steady-state electron distribution and are not physically meaningful.
The spectra produced by the static models from chapter 4 and the steady-state
models presented here, i.e. with and without the calculation of the kinetic equation,
. are extremely similar, so no more detail is included here.

As no direct transition ‘was ever_hlade by Cyg X-1 from the HSS observed data
to the LLHS observed data. used in section 4.3, this is not a simulation of a real
transition. Instead, the modéls describing the data in section 4.3 are used as typical
HSS and LHS spectra, and a typical state transition is modelled, for thé purposes
of this exercise. The progress of the state transition is plotted as a lightcurve and
as a HID. _

] So, initially the HSS is modelled, and the system reaches a steady state after 100
timesteps. The disc then decreases in temperature from 0.39 keV in the- HSS t0.0.08
keV in the LHS, and, in this example, is set to decrease by 0.01 keV per timestep. '
Hence the maximum disc temperatﬁre reaches the LHS value in 31 timesteps. The
electron.distribufion in the HSS is a pufe power-law distribution, while in the LHS
it is a pure thermal distribution. In the first 100 timesteps, while the system reaches
a sfeady state, the injected electron distribution is the pure power-law distribution
of the HSS (see table 5.1). The density of this injected distribution then decreases
linearly to O over the same" 31 timesteps over which the disc temperature decreases.
Towards the end of this decrease, a thermal electron distribution is injected. This is
the thermal electron distribution of the LHS (see table 5.1), and its density increases
linearly from 0 to the LHS value over timesteps 127-131. A plot of how the injected

2The disc is also slightly smaller than in section 4.3, with an outer radius of 85 Schwarzschild
radii. This makes no significant difference, éxcept that it gives a marginally better fit to the data
in XSPEC when the kinetic equation is not disabled.
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Lightcurve during the HSS to LHS transition
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Figure 5.1: A lightcurve showing a state transition from the HSS to the LHS.

density of the thermal and power-law electron distributions vary over timesteps
100-131 is shown in figure 5.5, where ‘thermal 1’ is relevant to this example. The
variation of the disc temperature is also shown in the same figure. In timestep 131
and thereafter the parameters of the system are identical to those of the LHS. A
steady state is reached in the LHS after another ~ 50 timesteps.

The simulated state transition is illustrated in figures 5.1, 5.2, 5.3 and 5.4 by the
lightcurve, a few spectra at different times showing the evolution between the states
and two HIDs. The energy ranges used in Fender et al. (2004) are used in the first
HID, whereas the second HID uses all modelled energies with the boundary between
the soft and the hard flux set to 4.5 keV. This is where the soft bump becomes a hard
power-law tail in the HSS. Comparing the two shows that the general movement of
the source in the HID is fairly independent of the exact energy ranges chosen. Both
HIDs show similar evolution during the state transition to HIDs of observational

data. Hereafter the energy ranges from Fender et al. (2004) are used, for better

Ll




Chapter 5 Using HEART to model dynamic systems

Spectra at various timesteps during the HSS to LHS transition
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Figure 5.2: Spectra showing the evolution from the HSS to the LHS. The

spectrum evolves from that labelled HSS, through the spectra at 120, 140, 160
and 200 timesteps and finally reaches the LHS spectrum.
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_28 HID of the HSS to the LHS transition
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Figure 5.3: A HID, using the energy ranges from Fender et al. (2004), showing
the evolution from the HSS to the LHS. The shape is similar to that of observed
HIDs during a HSS to LHS transition. The HID is given in two colours so that
the progression of the source on the diagram can be followed. The HSS is at
the top left hand corner, on the curve labelled ‘start’. The source progresses
down the blue curve through to the green curve during the state transition.
This progression ends at the bottom right hand corner, i.e. the end of the green
curve labelled ‘end’, which represents the LHS. This convention is used in all
the HIDs plotted here.
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—27 HID of the HSS to LHS transition
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Figure 5.4: A HID, using all the modelled data, showing the evolution from
the HSS to the LHS. The general movement of the source on the HID during
the state transition does not depend significantly on the energy ranges chosen,
as is seen by comparing this figure to figure 5.3 where different energy ranges
are used. The labels are defined under figure 5.3.
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Figure 5.5: How the density of the injected thermal and power-law electron
distributions vary during the modelled state transition. Thermal 1 refers to
the thermal electron distribution used for the state transition, while thermal
2 demonstrates increasing the density of the thermal electron distribution over
the same timesteps as the power-law distribution is decreased. This is used in
figure 5.6.
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-28 HID of the HSS to the LHS transition
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Figure 5.6: A HID for the HSS to LHS transition where the power-law electron
distribution is decreased, and the thermal electron distribution is increased, over
the same 31 timesteps as the disc temperature is changed. The shape does not
agree with observations. The labels are defined under figure 5.3.

comparisons to observable scenarios.

This simulation does not last as long as a real state transition. The complete
transition takes place in less than 100 timesteps, which is equivalent to ~ 0.04
seconds. It is, however, not currently possible to run HEART over realistic state
transition timescales, and this is discussed further in section 5.4.

The reason for delaying the injection of thermal electrons is most easily explained
by considering the HID produced if the injection of the thermal electrons is not
delayed. Such a HID is shown in figure 5.6. Here the seed photon injection decreases
due to a decrease of the maximum disc temperature from 0.39 keV to a maximum
disc temperature of 0.08 keV in steps of 0.01 keV over 31 timesteps, and the power-
law electron distribution decreases linearly over the same timesteps, as above. In

this case, however, the injected thermal electron distribution also increases linearly,
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from 0 to 7x1022 m—3, over the same 31 timesteps, -as shown in figure 5.5 under
‘thermal 2’. It can be seen in the HID that the source initialiy_ follows a path similar
to that of observed state transitions, and figures 5.3 and 5.4, but finishes off by
softening again.v -

Initially the source hardens as the luminosity decreases, but a state is reached
in the intermediate steps, while the ihjected power-law electron distribution de-
creases and the thermal electron ‘distribution increases, where the overall electron
distribution becomes significantly denser than during either the HSS or the LHS. A
blackbody bump is éreated by the electron distribution at high energies, making the
spectrum considerabl){ harder than in the LHS. As the overail‘ electron distribution
decreases to the thermal one of the LHS, this bump disappears, and the source soft-
ens to reach the LHS .spectrum, though the final LHS spectrum is harder than the.
initial HSS spectrum. The intermediate spectrum reached in this simulation, which
is harder than the LHS, is very transient, and may not be visible in observational
data if it does exist. As nqthing like it has been observed, howevef, the delayed
injection of the thermal electron distribution is used.

A linear decrease of the power-law electron distribution simultaneousl(y with a
linear increase in the thermal electron distribution is a simple first attempt, With
the more successful delayed increase of the thermal electron distribution being a
sirﬁilar, simple attempt of modelling the HSS to LHS transition. It is possible that
other combinations of the rate of decreasing the power-law electron distribution and
increasiﬁg the thermal electron distribution reproduce the observed HID equally
well. It may be possiblevto constrain this by-studying intermediate spectra, but
the main result here is that HEART can. reproduce the observed shape 6f the HID
during a state transition from the HSS to the LHS by changing the disc temperature
and the iﬁjected electron distribution, even without changing the size of the disc,

during a simulation.
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-28 HID of the LHS to the HSS transition
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Figure 5.7: A HID for the transition from the LHS to the HSS. This does
not reproduce the typical observed shape of an increase in luminosity while
the spectrum remains hard, and then a softening to the HSS at approximately
constant luminosity. The labels are defined under figure 5.3.
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'5.2.1 A state transition from the LHS to the HSS

Tt should be possible to model a state transition from the LHS to the HSS as well,
to complete the movement of the source in the HID during a complete outburst.
This is not, however, trivial, as it is necessary to increase the luminoéity of the LHS
without changing the spectral shape before modelling the state transition. If the
above procedure used in the HSS to LHS state transition is simply reversed, with the
maximum disc temperature increasing from 0.08 to 0.39 in steps of 0.01 keV for 31
timesteps, and the thermal electron distribution increasing linearly and the power-
law electron distribution decreasing linearly over the same 31 timesteps, the HI]j in
figure 5.7 is produced. Instead of increasing in luminosity and then softening, an
initial softening occurs, before the increase in luminosity. Changing the timing and
rates of the_ evolving electron distribution does not produce the desired result here,
as it did above in the opﬁosite state transition. As soon as the disc temperature
increases, the spectrum softens.

An investigation into hoW to incrvease the luminosity of the LHS without changing
the spectral shape is necessary, perhaps by increasing the area of the accretion disc
providing the seed photons while keeping the disc temperature roughly the same.
Considering an ADAF geometry, the area of the inner disc in the LHS is much larger
than that modelled here, as the inner disc is further from the compact object. The
inner disc in HEART is at 3 Schwarzschild radii, with the contribution from seed -
photons from the outer disc being negligible as they are considerably coider. If a
more luminous LHS steady—staté spectrilm were modelled, perhaps by modelling a
larger innér disc radius, the state transition from the- LHS to the HSS could easily
be modelled. bThe necessary increasé in luminosity while remaining in the LHS on
the right-hand side of the HID would still have to be modelled, however, but in a
considerably different geometry where the disc is much further from the compact
object throughout the LHS.

Such an invesvtigation‘requires significantly more work and is not done here.

The current aim is to demonstrate how HEART models the evolution between two
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distinct steady-states, which is done above for a state transition. HEART is also
successfully used, in conjunction with Matlab, to produce lightcurves, HIDs which

agree with observations and spectra throughout the evolution from a HSS to a LHS.

5.3 An X-ray burst in Aql X-1

To further investigate the capabilities of HEART to model dynamic systems, a very
diffeient evolving system is modelled. An X-ray burst on the surface of a neutron
star is simulated here. The similarities between neutron star and black hole X-ray
binaries (BHXBs), and the épp‘_licability of models describing BHXBs to neutron |
star X-ray binaries, are discusséd in the introduction (section 1.3)'. Although both
systems can be modelled by HEART, the focus here has been on BHXBs. In this
section, however, HEART is applied to describe the behaviour of Aql X-1, a low
mass X-ray binary .(LMXB) wheré the compact object is a neutron star, during a
type 1 X-ray burst, referred to here as an X-ray burst. ‘ '

A review of X-ray bursts is given in Lewin et al. (1993), and a brief summary
is included here. X-ray bursts have been observed in approximately 40 neutron
star LMXBs, and are most likely caused by a thermonuclear flash on the surface
of the accreting néutron star, hence they are not observed in BHXBs. Hydrogen
and helium accrete onto the surface of the neutron star from the donor star, —and
the weight of the accreted matter on the surface of the neutrbn star builds up until
there is sufficient pressure for fusion of hydrogeﬁ and helium into heavier nuclei to
occur. This is likely to be an explosive event, and the ehergy emitted, in the form
of gamma rays, kinetic energy and neutrinos, eventually emerges from the surface
of the neutron star in the form of X-rays, and is observed as an X-ray burst. Such
bursts typically last only a few seconds to minutes, but ’can. in rare cases last up to
~ 25 minutes.

A typical spectrum of an X-ray burst is similar to that of a blackbody spectrum,
though a hard tail, possibly from Comptonisation, has also been observed in some

burst spectra. In general, however, the time-dependent X-ray burst spectra are well
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-

modelled by a blackbody spectrum (Lewin et al., 1993). /

5.3.1 Modelling the X-ray burst

Maccarone & Coppi (2003) present RXTE déta from Aql X-1, observed during an
outburst in May/J une 1999. An X-ray burst was observed during Observation 40047-
01-01-01, which lasted from 22:24:23 to 23:04:15 on May 19th 1999. An increase in
the soft lightcurve (15-30 keV) of ~ 20%, simultaneously with a decrease in the
hard lightcurve (30—60 keV) by a factor ~ .2, is the main sigﬁature of this burst
and is shown in figure 5.8. The spectral data is not well constrained, with the high
energy data having particularly large errors associated with them. This observafion
is also integrated over a time period when the source is undergoing substantial,
systematic variability due to the burst, and .so the integrated spectrum is probably
not representative of a singie physical situation in the source. Therefore, only the
genefal features of the spectra before (Observation 40047-01-01-00) and during the
burst are modélled. The evolution between theée spectra then provides a lightcurve
~of the source as the burst occurs, and the soft and hard lightcurves are compared.

Steady-state HEART parameters are ﬁfst found to model the general features
of the spectral data before the'burs"t. These parameters are listed in table 5.2 and
are used throughout this section (seé section 2.3 for definitions of each parameter).
Electron evolution is modelled, so the calculation of the kinétic equation is enabled,
but as in the previous section, section 5.2, this not modelled in a physical way
. and is used as a simple test of modelling evolution in HEART. Thus the electron
parameters given are not physically meaningful and do not apply to the steady-state
electron distributibn. See chapter 6 for a more detailed discussion. The range of
. parameters used to obtain this fit is listed in table 5.3.

The distance to Aql X-1, and the value used for nH (3.4 x102! cm™2) whenever
fits in XSPEC are referred to (the model phabs is .usved, as in section 4.3), are those
used in Maccarone & Coppi (2003)‘. The distance fnodelled by HEART is not im-

portant as the focus here is on the general features of the spectra, and XSPEC is
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Quenching of Corona During a Type | Burst
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Figure 5.8: A simultaneous drop in the hard lightcurve with an increase in
the soft lightcurve during an X-ray burst between 1600 and 1700 seconds. The
points at 1600 and ~ 1650 seconds correspond to the spectra fitted here. Figure
taken from Maccarone & Coppi (2003).
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HEART parameters value
model S | ECorona -
nu_min (Hz) "l 1x10%
nu-max (Hz) | 5x10%
gamma,_min 1 '
gamma.max 20.0

w (m) 826,978
D (pc) 12500
M_bh (Mg) 1.4

N_H (cm™2) 0

B (T) 0

ne (m™3) 8.7 x 10%2
equivalent radial 7y, 1.2

kT e (keV) - - 32.0

Qe (m~%) 0

q 10

t_inj ' 0.0

t-esc t_cross™! v 0.5

kT max (keV) 0.1

r-min (Schwarzschild radii) | 3

r-max (Schwarzschild radii) | 13

Table 5.2: The parameters used to model the Agl X-1 data before the X-ray
burst. See section 2.3 for deﬁnltlons of the parameters. :

HEART parameters .| Before Bursts 1, 2 and 3
kT _max (keV) 0.01-0.3 ' 0.01 - 0.9
e (m™3) 2 x10%2 - 3 x10% | 1 x10%2 - 3 ><1026

equivalent 7y 0.5-83 ° 7.3 x1078-74

| kT_e (keV) . | 5-150 0.1-30
kT.max-2 (keV) n/a 101-25
factor_2 n/a v v 1 x1078 - 2.5 x10~*
kT max3 (keV) . - | n/a 0.6 -2.0
factor_3 n/a 4 x107% -8 x107°
r-min (Schwarzschild radii) | 3 0
r.max (Schwarzschild radii) | 5-15 - 8-15

Table 5.3: The range of parameters used to obtain the HEART models de-
scribing the general features of the data before and during the X-ray burst in
Agqgl X-1.
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Figure 5.9: The ECorona geometry in HEART used to model the X-ray burst
in Agl X-1. The red disc, previously used to model an accretion disc, is here
used to model the neutron star surface. Thermal seed photons are injected from
this area. Seed photons modelling the burst are injected centrally at the blue
diamond. Hot electrons surround the neutron star, and are modelled within the
volume delineated by the cyan line.

allowed to set the normalisation of the model when used for fitting data. A mul-
tiplicative constant also allows different normalisations for different instruments al-
lowing for uncertainties in the absolute calibrations of individual instruments, when
fits in XSPEC are referred to. The mass of Aql X-1 is assumed to be the canonical
neutron star mass, as suggested by Maccarone (2003) and Lewin et al. (1993).

The modelled electron and photon energy ranges are smaller than in the work
described previously, but the size of the energy bins is unchanged, and the energy
ranges modelled cover a sufficiently greater energy range than the data to give
equally accurate results®. The same number of cells as previously, a 24 cell diameter,
is modelled.

Similarly to work in previous chapters, the ECorona geometry is used (a hemi-
spherical corona above a circular disc). It would be preferential to use a slab geome-
try, as the surface of a neutron star is being modelled, not a central black hole. One
slab, the neutron star surface, would emit seed photons while the other would act as
the corona surrounding the neutron star. Such a geometry is, however, not properly

tested in HEART, and so the ECorona model is used instead. By using a small

3Simulations of both energy ranges have been run and compared, with no detectable difference.
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central disc and injécting seed photons only at the centre, the shortest escape path
of each photon is identical, similarly to a slab geometry. Furthermore, including full
reflection provides a similar effect to those seed photons which travel some distance
parallel to the neutrbn star surface before escaping from the corona. The boundary
layer and accretion disc are not modelled, but it is often difficult to d_istiﬁguish be-
tween the emission from the neutron star surface and the disc in obsérved data, and

the neutron star surface may inject seed photons into the corona as well as, or even

instead of, the accretion _disc' in some geometries. ‘The modelled geometry is not

ideal, but sufﬁc_ient for the current _purpose of fitting fhe_ general spectral features of

the data. ‘

Compton scattéring is modelled, while synchrotron radiation and bremsstrah-
~ lung are disabled to keep the model simple. Sufficiently detailed spectral fitting to
determine any components from these processes is not done. The kinetic equation
is calculated, with continuous injectibn of thermal electrons and an escape timescale
of half the time taken for light to cross the corona. As mentioned before, this is
not a physical way of modelling an evolving electron distribution. Ideally, reflection
would be modelled over the entire surface of the neutron star. This-would, however,
not necessarily follow the same form as reprocessing in an accretion disc, and is
currently only modelled in the disc. Here the disc is too small for reflection to make
* a difference to the output spectrum. Reprocessing of absorbed photons in the disc
is not modelled, as is the case throughout. »

Fitting the HEART spectrum produced by these parameters and settings, im-
ported as a table model into XSPEC, gives a reduced x2 of 4.8. The phabs mo.del‘
is used to model the inteystellar hydrogen column density and a Gaussian models
the iron line. This is not a very accurate fit, but the general features are consistent
with the observations (as can be seen in figure 5.10, where the steady-state HEART
spectrum and observed data are shown; the other spectrum in this figure is referred
to later); and accurate spectral ﬁtting is not a current aim. The HEART model is

flatter than the data at high energies, but due to the large errors associated with
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1 HEART parameters Burst 1 | Burst 2 | Burst 3
kT _max_2 (keV) 1.5 2.5 2.5
factor_2 6 x1077 | 9 x107® | 8 x1078
kT max_-3 (keV) n/a n/a 0.8
factor_3 n/a n/a 4 x107
r_min (Schwarzschild radii) | 0 0 0o
r-max (Schwarzschild radii) | 8 18 8

‘n.e (m™3) 7 x10% | 5 x10%® | 5 x10%®
equivalent 7y 0.9 0.7 1 0.7
kT.e (keV) 0.2 0.2 0.2

Table 5.4: Three different parameter sets used to model the data during the
X-ray burst in Aql X-1.

the high energy data it is still a good fit. A better overall fit is not found within the
parameter ranges given in table 5.3. The maximum temperature of the seed photons
in HEART, 0.1 keV, is determined by the slope of the data in the energy range 3-20
keV, but is not well constrained as the spectrum of the séed photons themselves
‘dominate below 1 keV where no observational déta is available. The corona is in-
jected with thermal electrons at a temperature of 32 keV and has a radial optical
depth of 1.2 in the steady state.

_ After determining parameters that describe the features of the spectrum before
the burst, the same is done for the speétrum during the burst. Three such parameter
sets are ‘gi’ven in téble '5.4 with the range of parameters used to obtain them given
in table 5.3. The first, Bursﬁ 1,1is discusged here, while the other two parametef sets
are discussed in section 5.3.2. .

~ The blackbody spectruin of thé burst is injected in addition to the seed pho-
" tons used to model the data before the burst (listed in téble 5.2), as the localised
blackbody spectruin from the burst is emitted in additioﬁ to the radiation from
the overall neutron star surface. The burst is modelled as a single temperature
blackbody (r.rnin = 0 sets the seed photons to a single temperature blackbody) of
’temperature 1.5 keV, which is scaled by a factor, factor_2, as the area producing
‘ the emission of the burst is much smaller than the surface area of the neutron star.

As the modelled surface area of the neutron star is necessarily small due to the
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geometry discussed above, it is not possible to model a sufliciently smaller area for
the burst, so a normalisation factor is used insfead. The actual area of the burst
cannot be constra.inedA from the observations. v
_ The parameters describing the injected electron distribution are different in the
HEART model during the burst and the HEART model before the burst (see tables
. 5.2 and 5.4). During the burst, the corona is injected with thermal electrons of a
much lower temperature, 0.2 keV, and lower density, producing a lower radial optical
depth of 0.9 (a discussion into whether it is necessary to change the injected electron
. distribution is given later in section 5.3.3). The general features of the steady-state
- spectrum predicted by HEART during the burst and the data points agree well, as
is shown in figure 5.10.

Now that HEART has produced a steady-state model with the same general
features as the data both before and during the burst, the evolution of the ‘switching
on’ of the burst is modelled.  After the model describing the data before the burst
has reached a steady state, the second blackbody spectrum at 1.5 'keV- is injected
in timestep 400" and remains on thereafter. The parameters describing the injected
electron distribution are simultaneously changed from those listed.in table 5.2 to
those under Burst 1 in table 5.4. The system is then allowed to reach a steady state
with the burét on. This steady state is reached in less time than the duration of a
typical X-ray burst, with a steady state being reached in ~ 200 timesteps, or ~ 0.02
seconds. Only the region close to the compact object is modelled. Hence it makes
sense to model the steady-state spectrum diii"iilg the burst when comparing to the
current data set.

Figure 5.10 sh'ows the HEART spectra, as well as the data points, before and
during the burst. Error bars are not included, as this is not a fit of the HEART
spectra to the data, but rather an indication that the general features of HEART and
the data are similar. The bolometric (3-190 keV), soft (15-30 keV) and hard (30-60
keV) lightcurves during this evolution are shown in figure 5.11. The soft and hard

energy ranges are those used in Maccarene & Coppi (2003), with the bolometric
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Spectra before and during the X-ray burst of Aql X-1
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Figure 5.10: HEART spectra before and during the X-ray burst of Aql X-1 as
well as the data points. The burst model shown here is Burst 1. Error bars are
not included as this is not a fit of the HEART spectra to the data, but rather
an indication that the general features predicted by HEART and the data are
similar.
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Bolome:;toric (8-190keV), soft (15-30keV) and hard (30-60keV) lightcurves
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Figure 5.11: The bolometric (3-190 keV), soft (15-30 keV) and hard (30-60
keV) lightcurves during the ‘switching on’ of the burst. Parameter set Burst 1
is used here to model the burst. The burst occurs at timestep 400 and is on
thereafter. During the burst, the hard lightcurve decreases (by a factor 1.3)
simultaneously with the soft lightcurve increasing (by a factor 1.1), similarly to
the lightcurves shown in figure 5.8 (Maccarone & Coppi, 2003).
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,. energyr range being the same as the energy range of the data. The simultaneous
decrease in the hard lightcurve (of a fac‘tbr 1.3) accompanied by an increase in the
soft lightcurve (of a factor 1.1) is dearly visible. This corresponds to two data points
in the observed lightcurve given in Maccarone & Coppi (2003), one before the burst’
and one during the burst, see figure 5.8. |

The spike in the hghtcurves at timestep 400 is due to the sudden release of energy
stored in the corona as the additional seed photons of the burst are injected and
the electron distribution reduces in -femperafure and density. If such a phenomenon
is present in the source, it would not be visible in the observed data due to the
ldng integration time-scales (the spike lasts for less than 100 timesteps, which is
equivalent to ~ 0.01 s). The instaﬁtaneous changé', throughout the corona, in the
injected electron distribution, is, howevér, unphysical, as the cause of this change
takes some time to affect the whole corona, but it is not possible to constrain the
short-term evolution of the electron distribution with this data.

Even though the error bars are large at high energies, HEART is systematically

‘underestimating the high energy slope during the burst. On ﬁtting the HEART
model to dat;a, in the energy range 17—.190 keV in XSPEC, a reduced x? of 1.9 is
obtained. A steeper slof)e in the HEART model would fit the data better at high
energies and make the effect in the Iightcur\}es more pronounced. This is described

by the second and third models of the burst, Burst 2 and Burst 3, in the next section.

5.3.2 Modelling a hotter burst

A hotter burst gives a steeper high energy slope, which is modelled by injecting a
2.5 keV blackbody spectrum instead of the 1.5 keV blackbody spectfum described
above. The injected electron.distribution is thermal and has a temperature 0.2 keV,
as.above, but with a lower density giving a lower radial optical depth of 0.7. A
list of the HEART parameters used to produce this spectrum is given in table 5.4
under Burst 2. This creates a large discrepéncy between the HEART spectrum and

the data at low energies, as can be seen by comparing the steady-state spectrum to
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the data during the burst in figure 5.12. The high energy tail, however, produces a
better fit with a reduced x? of 1.15 in XSPEC when ﬁtting-ohly the 17 - 190 keV
' data. |

- Instead of directly modelling the evolution of the parameters describing the spec-
trum before the burst to,tvho-se of Burst 2, an improvement is first made to the soft
spectrum of the Burst 2 model. A third bla,ckb'ody spectrum, with a temperature of
0.8 keV, is injected simultaneously with the burst blackbody spectrum, creating a
steady-state situatioﬁ during the burst which agrees better with the general features
of the low-energy data.. This is Burst‘ 3, and this spectrum is also shown in figure
5.12.°

This third blackbody spectrum can be viewed as the cooler edges of the burst,
i.e. the third blackbody spectfum is emitted by the outer region of the burst area, or
it could be emitted by the same burst, but at a later time when the burst has cooled.
The hot and cooled burst would be visible in the same spectrum due to the long
integration time vused in the observations. Both of these scenarios are better modelled
by a varying blackbody spectrum which decreases in temperature with rédius (but
probably ndt according to equation 2.36) or time, for example according to equation
(3.1) in Lewin et al. (1993) discussed earlier, where the blackbody spe‘ctrﬁm changes
with time. This is, however, currently not possible in HEART. ,

It is'also ﬁot immediately necessary to model the sdft spectrum more accurately
as the overall spectral features are modelled sufficiently with a third blackbody
spectrum. Especially as a typical burst lasts of the order of a few seconds or minutes, 4
and the observed spectrumis integrated over 29.9 minutes, a single physical model
describing -the soft data has limited Yalidity. The slope of the hard data is more
vimportant as it determines the relative shape of the soft and hard lightcurves. This
slope should, perhaps, be considered to be an ﬁpper bound to ﬁhe hard emission
during the burst for the same reason. The long integration time could mean that
all the hard emission is from before and/or after the burst. Table 5.4 lists the

parameter set Burst 3, where factor 2 is slightly lower than in. Burst 2, due to
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Spectra before and during the X-ray burst of Agl X-1
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Figure 5.12: HEART spectra before and during the X-ray burst of Aql X-1, as
well as the data points. Both the HEART spectrum without a third blackbody,
Burst 2, and with a third injected blackbody spectrum, Burst 3, are shown.
Error bars on the data points are not included, as in figure 5.10.

the added contribution from the third blackbody spectrum in Burst 3. Another
normalisation constant is also added for the third blackbody spectrum.

With this improved low-energy spectrum, HEART simulates the evolution be-
tween the parameter set of the spectrum before the burst and parameter set Burst
3. The HEART steady-state spectra before and during the burst, as well as the data
points, are shown in figure 5.12, and the lightcurves of the evolution between these
spectra are shown in figure 5.13. The simultaneous decrease in the hard lightcurve
(of a factor 1.8) with an increase in the soft lightcurve (of a factor 1.1) are more

pronounced than in the previous example of a colder burst.
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Bolomestgic (3—-190keV), soft (15-30keV) and hard (30-60keV) lightcurves
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Figure 5.13: The bolometric (3-190 keV), soft (15-30 keV) and hard (30-
60 keV) lightcurves during the evolution from the parameter set modelling the
spectrum before the burst to the parameter set Burst 3, modelling the spectrum
during the burst. The burst occurs at timestep 400 and is on thereafter. During
the burst, the hard lightcurve decreases (by a factor 1.8) and the soft lightcurve
increases (by a factor 1.1) in a more pronounced way than in parameter set

Burst 1 in figure 5.11.

| HEART parameters Burst
kT _max 2 (keV) 0.1-25
factor_2 10 -1 ax 307
r_min (Schwarzschild radii) | 0
r_max (Schwarzschild radii) | 1- 6 g+

Table 5.5: The parameters used to model the X-ray burst in Agl X-1 without
changing the injected electron distribution.
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5.3.3 An unchanged injected electron distribution

In both examples considered above, the system evolves from a set of parameters that
fits thebgeneral features of the data befofe the burst to a specified set of parame-
ters describing the spectrum during the burst." Both the injected seed photon and
electron distributions afe changed. Instead, it would be interesting to simply iﬁject
a blackbody spectrum, representing the burst, to the éteady—state model before the
burst. Without changing any other parameters, such a simulation shows how the
system reacts to a sudden change of the seed photons only. In particular, it will
show whether the extra seed photons from the burst cool the corona sufficiently
through Compton cooling, to produce the observed drop in the hard lightcurve,
without changing the injected eiectron distribution. This is done for a large range
of Iburst parameters, covering a‘ range of temperatures and normalisations, which is |
listed in table 5.5. Not one of these simulations reproduces the observed decrease in
the hard lightcurve. The hard spectrum during the burst is at best the same as the
hard spectrum before the burst.- | |

The steady-state spectra before and during the burst of such a simulation, where
~ the injected elec‘.c_vron distribution is not changed, but fhe distribution which is con-
tinuously injected before the burst continues to be injected throughout, are shown
in ﬁguré.5.14. This example is of an identical burst to that .in_parameter set Burst
3,1i.e. a blackbody spectrum at 2.5 keV combined with one at 0.8 keV, but without
changing the electron parameters. » ,

The bolometric (3-190 keV), soft (15-30 keV) and hard (30-60 keV) lightcurves
during this evolution are shown in figure 5.15, where the burst occurs at timestep
400 and is on thereafter. Both the hard and the soft lightcufves increase during the
burst. It is clear from these sirmﬂations and figures that the additional seed photons
from the burst do not cool the corona sufficiently. -Instead, both the spft ahd hard
photon flux increase. L v A

Thus, in this model, the energy injected into the electron distribution in the

corona must change as the burst occurs; so the mechanism which accelerates the
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Spectra before and during the X-ray burst of Agl X-1
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Figure 5.14: HEART spectra before and during the X-ray burst of Aql X-1
without changing the injected electron distribution, as well as the data points.
Error bars are not included, as in figure 5.10.
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Bolomeegic (8-190keV), soft (15-30keV) and hard (30-60keV) lightcurves
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Figure 5.15: The bolometric (3-190 keV), soft (15-30 keV) and hard (30-60
keV) lightcurves, where the burst occurs at timestep 400 and is on thereafter.
The injected electron distribution is not changed and the hard lightcurve does
not decrease as in the previous hard lightcurves (figures 5.11 and 5.13) and
the one shown in Maccarone & Coppi (2003), but increases with the soft flux

instead.
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electrons i'nv the corona is affected by the burst. A limitation of the HEART model
“which has until now caused no problems, but which may be significant in this case,
hoWever, is the inability of HEART to model bulk electron motion. In longer, J
stronger bursts, it is thought that theé radiation pressuré from the bufst causes the
photosphere to expand and cool (Lewin et al., 1993), thus Compton cooling is not
the only mechanism for cdoling the corona. Depending on the mechanism invoked
to accelerate the electrons, this acceleration may also be affected by the size of the
corona. For example gravitatibnal dissipation is less effective in parts of the corona
which are further from the neutron star surface after expansion. It is not possible
to determine t_hé length of this burst from the data, and thus the extent of the
expansion effect of radiation pressure in this case.

More importanﬂy, electron evolution is not modelled in a physical way here, with
an infinite energy reservoir for the electrons in the corona. This causes problems,
such as preventing the corona from.copling as is the case here. This is discussed in

more detail in section 6.1.

5.4 Evaluation of dynamic modelling in HEART

Two distinct evolving systems are modelled in this chapter, the state transition which
occurs on comparatively ldng timescales, and an X-ray burst which occurs on shorter
timescales. The evolution between two known steady states is successfully modelled
using HEART, with every intermediate spectrum being available for inspection, as
well as lightcurves and HIDs. HEART in conjunction with Matlab can even create
an animation of the changing spéctra during the evolution. The electron evolution
is, however, unphysical, and would have to be modified for physically significant
dynamic modelling.

The evolution of the ‘switching on’ of the X-ray burst in Agl X-1 is modelled
succ\essfully when evolving from one steady-state model before the burst to another
such model during the burst. Modelling the injection of additional photons during

a burst and studying the subsequent evolution of the system over time is also done,
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but it is possible that the inability of HEART to model bulk electron motion is
restrictive in this case, in addition to the unphysical modelling of electron evolution.

K.Previously discussed restrictions, in chapters 2 and 4, still apply. Only spectra in
certain parameter ranges can be modelled by HEART and finding good, steady-state
fits to ’chg spectra before and after the change of the state of the modelled system
is computer intensivé and can be very time consuming. If intermediate spectra are
also to be compdred to data, more time ié required. In addition, only a very basic
form of HEART has been tested and used here. In particular, energy balance and |
reprocessing .of flux in the' disc have not been modelled, yet this must be included
for physical consistency and has a signiﬁcaht effect on the emitted spectrum. It will
significantly change both the spectrum of the LHS in sectidn 5.2 and the effect the
bursf has on the corona in section 5.3. This is discussed in section 6.1.

The examples of evolving systems presented here, particularly the state tran-
sition, are also inodélled over shorter timescales than those which are observed in
several sources. As 100 timesteps is equivalent to ~ 0.04 second in the state transi-
tion model presented here, a simulation has to run for 150,000 timesteps to simulate
one minute. As a 400 timestep simulation already takes ~ & hours to ruh (on a
computer specified in section 4:4), it is curfently not feasible to run HEART over
physical timescales of minutes. Time must also be allowed for the system to reach
a steady stéte when necessary.

There is a trade—oﬂ‘r between run-time ar;d accuracy, so it is possible to reduce
" the run-time of HEART if léss accuracy is required. The run-time is approximately
proportional to the number of cells along the diameter cubed, so reducing the corona
from a 24 cell diameter to a 12 cell diameter decreases the run-time by a factor of
8. A 400 timestep simulation then runs in 1 hour rather than 8 hours. A 24 cell
diameter is, however, the minimum number of cells giving a good approximation to
the disc emission for the exampleé studied here. This also restricts the radial optical
depth to be less than 3, if an optical depth as high as 0.5 is allowed in each cell.v

Decreasing the number of energy bins that the photon and electron distributions
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are discretised into also reduces the fun—time, but this is only approximatelsr linear -
with the product of the number of energy bins used for the electron distribution,
R_€, and the number of energy bins used for the photon distribution, R_ph. Thus by
reducing R_e to 57 and R_ph to 76 (from 96 in both cases) a factor of 96*96/(76*56)
~ 2 is gained. Thus a 400 timestep simulatibn runé‘in ~ 4 hours. This is done for
the X-ray burst simulations in this section. By reducing R-e¢ and R_ph, however,
either a smaller energy range must be modelled, or the energy bins into which
the eleetron and photoh distributions are discretised become larger. The models
presented here would probably not suffer from modelling slightly smaller energy
ranges. The modelled energy range 'mu'st, howéver, always be greater than the energy
range of interest, as higher.(or lower) energy electrons and photons can affect those
in the range of interest. For exémple in processes such as reflection in the diéc, where
high energy photons are down—scatteréd in the outer layers of the disc to energies
" between ~ 10 and 300 keV, photons of higher energy than the data may contribute
to the 'shape of the spectrum energieé within the range of the observed data.
HEART is perhaps better suited to modelling short term variability, on time-
scales of milliseconds. Thié is not modelled here, though the lightcurve in section
3.3.2 varies on very short timeécales.
| .When using HEART in future, an evalué,tion must initially take place to de-
termine whether the limitations of HEART allow the modelling of a given physical
situation. The necessary accuracy of the model must be compaﬁble with the lim-
itations presented' here. These limitations are discussed in more detail in the next

chapter.
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Throughbut most of the work presented here, HEART is tested and used in a very
basic form, with most of its features disabled. In this basic form Compton scattering
is the only radiative process calculated, the corona is a hofnogeneous hemisphere over -
a circular disc with a thermal electron distribution which does not evolve, i.e. the
calculation of the kinetic equation is disabled. In section 4.2, this basic form of
HEART is found to agree well with the analytic model by Titarchuk (1994) for
small Compton y paraméters, but instead of being an improvement on the analytic
model HEART is the opposite. HEART takes several hours to run combared to
a few seconds for the analytic model, and HEART is valid for a more restricted
parameter space, namely small Compton y paraméters only.

In order for HEART to be considered for use, it must model more physical
situations than the analytic model. Energy balénce ‘and the reproceésing' of flux
in the disc must be mddelled, as well as the evolution of the electron distribution
and, ideally, more radiative processes. To an extent, some of these are already

implemented, but there are serious problems with all of them.
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6.1 Modelling energy balance and reprocessing

Energy balance is not modelled in HEART, and the basis upon which HEART is
buildt is not suitable for the inclusion of energy balance. This is most easily under-
stood by considering two separate cases: the case where the solution to the kinetic
equation is calculated and electron evolution is modelled and the case where elec- -
tron evolution is disabled. Consider first the case where electron evolution is not
modelled, i.e. the calculation of the kinetic equation is disabled. Thus the Comp-
tonised spectrum, assuming that some constant electron distribution is maintained,
is calculated. Any energy lost by the electrons to the photons is implicitly assumed
 to be replenished, as the electron distribution does not change. The amount of en-
ergy that is implicitly replenished is not restricted, i.e. there is, in effect, an infinite
energy reservoir available to the cooled electrons.

Including reprocessing of photons in the disc, as described in section 3.1.2, to
such a scenario causes a thermal .equilibrium to be reached between the disc and
corona at the electron temperature. Thermal disc photons gain energy from the
electrons in the corona through inverse Compton scattering, without the electrons
losing that energy. Some of those photons return to, and are absorbed by, the disc,
thus heating the disc and adding more energy fo the system in the form of hotter
disc photons. This leads to increased hard X-rays from the corona and thus even -
more reprocessed energy in the disc and an even hotter disc. A cycle is created
" where energy is continuously added to the system until the disc photons reach the
same temperature as the electrons in the corona, at which point, on average, energy
is no longer. transferred from the electrons to the photbns and so the infinite energy
reservoir is no longer being tapped. A blackbody spectrum is created from the whole
system at the temperature of the electrons. As an infinite energy reservoir is not
available to the electrons in X-ray binaries and AGN, this is not a good model.

Consider now the case where electron evolution is modelled, i.e. the kinetic
equation is calculated in each timestep. If electron number is conserved, i.e. there is

no source or sink term in the kinetic equation, and in the absence of any heating of
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the electrons, the irﬁtial energy of the electron Qistribution is quickly transferred to
the photons .and radiated away, leaving a cold electron distribution. It is necessary
to heat the electrons iﬁ order to simulate the equilibrium conditions expected in X-
ray binaries and AGN, with an example of the source of this heating being magnetic
reconnection events in the corona.

It is not, however, possible to heat the electrons in HEART; The only way
of increasing the energy in th_e eléctron distfibution is by adding more high-energy
electroné._ This does not conserve electron number, but rather‘continuously increases
the electron number. .The_ corona becomes increasingly optically thick wivth the
cooled electronsbdominating_ more with every timestep. It is possible to remove
electrons to obtain_an equilibrium situation, as is done in chapter 5, but this is
an ad hoc solution to the problem required by the ?articular treatment of electrons
implemehted in HEART. The addition and removal of electrons in this way is unlikely
to represent a physical systein. Also, the electron injection and escape are forced to
maintain a given electron distribution, causiné a similar situation to the case above,
where the electron distribution does not evolve. All energy lost by the electrons is
assumed replenished by an infinite energy reservbir, and énergy is lost as the energy
of the removed electrons is also removed, so energy balance is not modelled on any
ievel. _ |

It is possible that energy balénbe could be modelled by limiting the energy in-
jected into the electron distribﬁtion, i.e. limiting the energy reservoir in some way,
and keeping track of the energy 1ost.by removed electrons. It may then be necessary
to redistribute the energy of the electron distribution in eaéh timestep. This would,
however, be an unphysical method which might be able to reproduce physical spec-
tra. If adding reprocessing to HEART were to be attempted, it would be better to
restructure HEART to allow for the heating of electrons and to include a control of -
the amount of power dissipated in the system and where that pbwer is dissipated.

Checks should also be put in place in the code to ensure conservation of energy.
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6.1.1 The LHS with reprocessing modelled

The model used to fit Cyg X-1 in the LHS in section 4.3 is unphysical because energy

-balance and reprocessing are not included. The fits to the data can therefore only be
taken as confirmation that HEART can reproduce similar fits to thdse of compTT,
when HEART is used only to model Comptonisatioﬁ of soft seed photons by a set,
non-evolving electron distribution in a spherical coronal geometry for low Compton
y parameters. The model is not self-consistent, as the electron distribution does not
evolve, feprocessing and energy bal%mce are not modelled and reﬁection is added
separately. Instead of being absorbed and heating the disc, the scattered photoﬁs
which return to the disc are simply lost.

Haardt & Maraschi (1993) present detailed calculations to determine the efTect’
of including energy balance and reprocessing on Comptonised spectré. They only
consider a slab geometry and an optically thin cofona (r £1), and their spectra
suffer slightly from the use of an exponential vcut-off to model the high-energy cut-off
in the spectrum and the assumption that the flux incident on the disc is isotropic
(Poutanen & Svéhsson, 1996). Apart from the high-energy cut-off and some differ-
-ence in the relative strength of the reflected cdmponent at high energies, however, the
general shape of the spectré agrees well with those of Poutanen & Svensson (1996)
where a more accurate treatment is used. Poutanen & Svensson (1996) also treat
spherical and cylindrical geometries, but their model is restricted to 7 < 0.7. Stern
et al. (1995a) also include energy balance and reproceséing in their model, which is
" considerably more flexible in the geometries and optical depths it can model.

For the purpose of discussing the effect of including energy balance and repro-
cessing in HEART the work by Haardt & Maraschi (1993) is most appropriate as
“these authors include a detailed discussion of the effect. of such an inclusion. The
results of_th.e three models by Haardt & Maraschi (1993), Poutanen & Svensson
(1996) and Stern et al. (1995a) are sﬁfﬁcien‘cly similar that the limitations of the
model by Haardt .& Maraschi (1993) are not significant for this general discussion.

The slab geometry is also sufficiently similar to that used in HEART (the covering
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fraction of both is 1) to give a good indication of what HEART would model if
energy balance and reprocessing were included. For detailed spectral fitting with
energy balance and reprocessing included, however, it would be better to use one of
the other two models. | _ A |
Haardt & Maraschi (1993) find that, in cases where Compton cooling is the
dominant cooling process for the electronsl, and if all the energy is assumed to be
dissipated in the corona?, reprocessing causes the electron temperature to édjust so

as to maintain a roughly constant spectral index, o ~ 1, and also an almost constant

- Compton y parameter, independent of the optical depth for 7 < 0.5. The adjustment

of the electron. temperature naturally implies that the ratio of the luminosity in
the soft to hard components of the spectrum does not depend on the to’cal_power
~ dissipated in the system, and so the spectrél index is independent of the total power
dissipated in the corona. This depends only weakly on the soft photon temperature.

As the optical depth increases above 0.5,-Haardt & Maraschi (1993) find a sudden
decrease in the Compton amplification factor and thus an increase in the spectral
index, o, making the spectrum steeper. They also find that the.spectral index
remains within the range 0.4 < o < 1.1 for reasoriable parameter values. Stern
et al. v(1995a) include a simulation of a hemisphericai péir corona of optical depth 2
which reaches equilibrium at a coronal temperature increasing from 31 keV (at the
bottom)vto 72 keV (af the top), With energy balance and reprocessing included. This
simulation models very similar conditions to the HEART model in section 4.3, i.e.
a hemispherical corona with electrons of temperature 50 keV and optical depth 7=
2.2. With energy balance included, however, Stern et al. (1995a) obtain a spectral
index of 1.09, and this spectfuin is shown as the dotted line in figure 6.1. rJ.;‘hus the
spectral index found by both Haardt & Maraschi (1993) and Stern et al. (1995a) is
significantly steeper than that modelled by HEART in the LHS in section 4.3, and

in this geometry, harder spectra (a < 1) are only produced by lower optical depths

1This imposes a lower limit on the electron density to prex)ent bremsstrahlung from dominating
over Compton cooling. See equation (1) of Haardt & Maraschi (1993).
2If some power is assumed to be dissipated in the disc, the spectral index is steeper.
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Figure 6.1: A spectrum obtained by Stern et al. (1995a) using similar pa-

rameters to those used in HEART to model the LHS in section 4.3, but with

reprocessing included. The dotted line assumes a thermal electron distribution

in the corona, similarly to that modelled in HEART, while the solid line is for

- combined thermal and non-thermal power supplies to the corona. Both spectra
represent the angular range cos © > 0.5, where © is measured from the normal
to the disc. The figure is taken from Stern et al. (1995a).
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(7 < 1). With energy balance and reprocessing included, the HEART spectrum
used to fit the LHS cannot be produced using this geometry.

Thus, if reprocessing were ‘switched on’ in the steady-state HEART model used
to fit the LHS data of Cyg X—.l, then, rather than photons absorbed by the disc
being lost, they would be reprocessed iﬁto soft seed flux, increasing the §oft seed
flux. Keeping the heating of the electrons constant would then cause ‘an overall
cooling of the electrons and a steeper spectrum. The steady-state spectrum will be

as described by Haardt & Maraschi (1993), Stern et al. (1995a) and Poutanen &
Svensson (1996), and not as modelled by HEART in section 4.3.

6.1.2 The X-ray burst in Agl X-1 with reprocessing modelled

The X-ray burst in Aql X-1 occurs towards the start of a state transition, so slower
underiying changes are occurring in the system. These take place over a longer
timescale than considered here, so they are ignored for the purpose of this dis-
cussion. The spectrum of Aql X-1 before the burst éan be approximated by an
equilibrium situation such as those diécussed in Haardt & Maraschi (1993). By the .
_same arguments as in section 6.1.1, the spectrum will be steeper fhan that mod-
elled by HEART for the same optical depth, if reprocessing and energy balance are
included. Deducing the spectrum during the burst is less straightforward, however,
as it is not an equilibrium situation where_ all the power ié dissipated in the corona.

Considering the seed photons to be an ex’ternél addition to thé equilibrium situ-
ation before the burst, the extra seed photons will initially create more hard X-rays
in the corona as they tap the energy of the electrons. The electrbns will not be
reheated to their original temperature, however, because this temperature cannot
be maintained with the increased cooling by the additional seed photons, assuming
a constant amount of heating to the electrons (which is not affected by the burst).
Thus a lowef temperature will be reached in thé corona, with the Thomson optical
depth remaining unchéunged, and therefore the spectrum will be steeper than before

. the burst occurred. The increased energy in these additional seed photons will also
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cause the luminosity to increase.

- Alternatively, the extra seed photons can be seen as additional energy dissipation,
but occurring in the disc, not the corona. In this case, three effects need to be
considered to find the equilibrium spectrum during the burst: the ox'/erall power
dissibated in the system increases, the temperature of the seed photons increases and
some of the power is dissipated in the disc. Increasing the power of the system does
not affect the Speétral index. Instead, a similar equilibrium is reached at a higher
bolometric luminosity. More energy dissipation in the corona causes moré efficient
fe—heating of the electrons, hence more hard X-rays are continually produced, and
more reprocessing occurs. This heats the disc so that the same ratio of soft to hard
luininosity is maintained at a higher bolometric Iuminosity.b

Spectra are only weakly dependent on the temperature of the soft seed photons,
so the increase in seed photon temperature during the burst should only have a
small effect on the spectrum. Haardt & Maraschi (1993) find that higher blackbody
temperatures create slightly flatter spectra (in the energy range 2-20 keV) due to
the hotter corona, assuming that optical depth remains constant. There is also an
increased contribution from thé reﬂected specfrum as the increased effect of the
anisotropy of Compton scattérihg at higher energies causes more photons to return
to the disc. " .

So the increased power dissipation, and the increased seed photon temperature
cause little change in the spectral index. FOne consideration remains: some of the
energy is dissipated in the disc. Such systems are not as well studied, but allowing
some of the energy to be dissipated in the disc causes the spectrum to steepen
(Haardt & Maraschi, 1993). Thus overall, a steeper spectrum is expected during the
burst.

Both these arguments lead to a steeper spectrum during thé burst, as is observed
in Maccarone & Cdppi (2003), where the soft luminosity incréases during the burst
while the hard luminosity decreases. Therefore, if reprocessing and energy balance

were included in HEART, and electron heating were treated properly, modelling the
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Process Testing » .| Limitations

Compton scattering | comparison to compTT | Compton y parameter < 3 -

“bremsstrahlung | qualitative electron-electron only

synchrotron qualitative

Coulomb interactions | qualitative only between electrons

kinetic equation qualitative no energy balance and
‘ no electron heating

reprocessing not implemented no energy balance

pair production not implemented ‘

pair balance | not implemented

annihilation not implemented

electron transport not implemented

Table 6.1: A summary of the limitations of, and testing done on each physical
process in HEART. Qualitative testing refers to the qualitative checks done
in Collins (2004). All the physical processes are also subject to the general
limitations summarised in the text. :

J .

‘switching on’ of the burst should have been more successful, without the necessity of
forcing changes in the electron parameters. Different values for the electron param-
. eters would also have been found, givén that the geometry modelled is compatible

with the system (unlike in the LHS above).

6.2 Technical limitations to HEART

Many limitations to HEART have been presented throughout this thesis, but a few
still remain that should be mentioned. This is summarised in table 6.1. Firstly,

the physical processes presentéd in chapter 2 have not all been thoroughly tested.

Simple tests are done for all the radiative processes in Collins (2004) to demonstrate.

that the HEART output seems reasonable and qualitatively reproduces the expected
effects of, foi‘.example,- increasing the temperature and/or density of the electron
distribution. Only Compfon scattering has been quantitatively compared to any
.other models, however, and it has only been compared to the analytic model by
. Titarchuk (1994) in section 4.2. Before trusting the implementations described in
chapter 2 they should all be tested more tl\10rough1y, for example by comparing the
HEART output to Monte Carlxo simulatidns and/or other well-tested models.
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Some of the radiative processes are not implemented with all physical situa- J
'tions taken into account. For example, there is no treatment of any particle other
than electrons. This means that pair production, pair balance and annihilation
are not modelled, and only electron-electron brémsstrahlung is treated. While an
ion accelerated in an electric field emits negligible émounts of energy compared to
an electron, electron-ion bremsstrahlung is significant. Ion synchrotron radiation
is, however, negligible compared to electron synchrotron r‘aldiation, as the power
emitted is proportional to m™2, where m is the mass of the particle.

All these processes are important in modelling accretion onto compact objects,
the main application of a code such as HEART. Compton scattering and synchrotron
radiation may either, or both, be the main mechanism for producing hard X-rays.
Bremsstrahlung and Coulomb‘interactions will occur in these systems, though their
effects may be negligible. Coulomb interactions are important at high electron den-
sities where electrons thermalise on shorter timescales than they cool. In other
WOrds, Coulomb interactions are indportant when I/l > 1, I < 1 where [ is the
soft photon compactness and I, the electron compactness (Coppi, 1992). Brems-
strahlung is negligible uhder more conditions, but it also important at high electron
densities (see equation (1) of Haardt & Maraschi (1993)), orif 7 2 1 and © 2 1
where © = kT,/m.c? (Skibo & ‘Dermer, 1995). The presence of positrons is also
expected, for example from photon—photon pair production, and although annihi—
lation lines have not been detécted in most X—fay binaries®, possible smearing of
such lines may have effects at lower energies. Electron transport is also important,
as evaporation from the disc, disc winds and other bulk motion of the electrons is
likely to be occur.ringland have an important effect on the spectrum. It may even
be. necessary to reproduce observed spectra (Beloboroddv, 1999). Most importantly,
electron cooling and heating, energy balance and reprocessing occur naturally in the
geometries modelled for these systems and cannot be neglected in a physical model.

Their inclusion has a significant effect on the spectra, as discussed in section 6.1,

3High energy data from Nova Muscae 1991 has been interpreted as showing annihilation lines.
* See for example Sunyaev et al. (1992), Gilfanov et al. (1994) and Smith et al. (1995).
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and may even hold the key to understanding the geometry of these systems.
Modifications to the code to include positrons and ions are possible, but thorough
tesfing of what is already implemented should be prioritised. More importantly, in-
cluding energy balénce, reprocessing, controlled energy dissipation, electron heating
and bulk motion of the electrons would require a complete restructuring of the code
to be implemented properly. .
HEART is also limited in the geometries it can model. Although almost any
geometry of the corona can be approximated using cubic cells, the restriction of
only modelling the six directions parallél to the sides of a cube signiﬁcaﬁtly limits
the applicability of HEART. Two examples of geometries that HEART cannot model
are illustrated in figure 6.2. It is impossible to model reprocessing in any uncovered
part of the disc in HEART, because phbtons cannot return to an uncovered part of
the disc. Thus only a covering fraction of 1 can be modelled properly, because a
éovering fraction of less than 1 will underestimate the reflected component by not
modelling the reflected photons which escape without a chance of scattering?.

A summary of the limitations of HEART is given here.

e The optical depth per cell must be < 1. This is to ensure the validity of equa-
tion 2.30 and because the code can only model a maximum of one scattering

per cell.

e A diameter of 2 24 cells is required for sufficiently accurate discretisation of
the disc emission, and a diameter of < 24 cells is required to prevent runtimes

from exceeding a few hours.

e Compton scattering is only valid for yyr < 3, possibly due to the combined
effect of the two previous items. High optical depths cannot be modelled with

a diameter of < 24 cells because the optical depth per cell is too high.

4An attempt at modelling a spherical corona near the black hole with a disc surrounding it is
done in Collins (2004), and is called the ICorona model. Photons are injected sideways into the
corona instead of upwards, but only the six directions of the ECorona geometry are modelled. This
suffers from the same problems as illustrated here, i.e. scattered photons cannot return to the disc.
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Figure 6.2: These are two examples of coronal geometries which HEART
cannot model in a physical way. The red line represents the cross-section of
a circular accretion disc with the black dot being the black hole. The cyan
regions represent the corona, i.e. volumes with electron populations. Blue lines
represent directions which photons in HEART may travel along, and the purple
lines represent directions which photons in a real system may travel along, but
which are not modelled by HEART.

In example A, disc photons in HEART may either leave the disc directly, or enter
a coronal volume. After entering a coronal volume the photons may return to the
disc and be reprocessed, but the photons cannot then escape the disc without
re-entering a coronal volume. In a real system, however, such photons may
leave the system without re-entering a coronal volume, because the photons
may travel along diagonals.

In example B, disc photons from HEART cannot enter the corona at all, and
even if they could, they can then not return to the disc. Real photons, however,
can easily move from the disc to the corona and then return to the disc again.
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e A small energy transfer from the electron distribution to the photon distri-
bution, compared to the total energy of the electron distribution, must be

‘ensured in each cell, in each timestep.

e Only a few hundred timesteps can be modelled in a reasonable length of time,
lLe. afew hours, and unless very few, large cells can be used this corresponds

to physical timescales of less than a second.

e Despite the considerable ﬁeXibility of the cell—generating algorithm, many phys-
ical geometries cannot be modelled by HEART due to the six direction restric-

tion.

e Energy balance and reprocessing are not modelled. This has a significant effect

on the spectrum, as is discussed in section. 6.1.

e Particle number is not conserved when modelling electron evolution due to.
~the necessity of adding hot eilectrons and removing cold electrons to simulate

electron heating. If electron addition and removal is not modelled, then the

- algorithm used to solve the kinetic equation does conserve particle number

(Park & Petrosian, 1996).
- @ The physical processes included have not been thoroughly tested.

e Electrons are the only particle modelled. Thus only electron-electron brems-
strahlung and Coulomb interactions are considered and pair production, pair
balance and annihilation are not modelled.v Synchrotron radiation from ions is .

negligible compared to that from electrons.

e The anisotropy of Compton scattering and reflection are not modelled, and

spectra from different viewing angles cannot be calculated.

e Electron 'trapspbrt between cells is not modelled.
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6.2.1 Comparison to other codes

A .short review of other Comptonisation codes is given in section 1.5, and a short
discussion of HEART in fhis context is given here. The codes can be divided into
’_Lwo classes: the analytic codes and the numerical codes. Analytlc codes mclude
those by Sunyaev & Titar¢huk (1980); Titarchuk (1994); Hua & Titarchuk (1995);
Zdziarski (1985); Poutanen & Svensson (1996) and Coppi (1992), whereas numerical
codes include the Monte Carlo (MC) code by Skibo & Dermer (1995) and the large
particle Monte Carlo (LPMC) code by Stern et al. (1995a). Pozdnyakov et al. (1983)
and Haardt & Maraschi (1991) combine the two. -

In general, analytic modelé run much faster than MC'codes, but are also less
accurate and model more limited systems. The analytic models use escape probabili-
tiés rather than modelling the photon propagation, and models are generally limited
to simple geometries such as static, homogeneous slab, hemispherical and cylindri-
cal geometries. Within these limitations, however, they agree well with MC codes
(Skibo & Dermer, 1995). Thus the analytic models can give a gobd indication of the
general spectral features expected from Comptoﬁ scattering, but cannot accurately
model mdre complicated systems such as inhomogeneous, dyriamic systems.

MC codes take considerably lonéer to irun with the LPMC code taking'over
an hour to run on a SPARC 20°, but they allow for much more flexible and phys—
ical modelling. MC codes are also very accurate given that a sufficient number
of particles is modelled, and are often used as tests to deterrnme the accuracy of
other models. The LPMC by Stern et al. (1995&) is capé,ble of ihhomogeﬁeous; dy-
namic modelling, but does, as always, have dther limitations. It does not obtain
as good particle statistics in low-density volumes and in the low luminosity parts
of the spectrum as other MC codes, and cannot model synchrotron self-absorption
properly without modifications (Stern et al 1995a).

HEART cannot currently compete with the analytlc models or thé MC codes.

5This timing specification was given in 1996. On current computers, this would be considerably
faster, but later applications of the LPMC code have been extended and combmed with other codes,
slowing the run-time down. :
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Although HEART can achieve as accurate spectra as compTT in a restricted pa-
rameter space, it can never compete with an analytic model in situations which
can be modelled analytically.. An analytic model will always be much faster, and
probably at least as accurate (compTT is accurate over a larger parameter space
than HEART). HEART, and any other numerical code, must achieve more than an
analytic model in order for the longer run-times to be justified.

In its current form, HEART cannot compéte with MC codes, either. The LPMC
code of Stern et al. (1995a) is accirate over a greater parameter range, and achieves
much of what HEART was intended to achieve, i.e. self-consistent, complete, inho-
mogeneous, dynamic modelling. It is considered to be computer_ intensive, but runs
‘considerably quicker than HEART. It is, however, not used for more than approx-
imately 7 different regions .to. model inhomogeneous systems because of run-time
restrictions. A modified HEART would have to do at least as well, as quickly, to
be worth considering, and to achieve this will require modifications taking HEART
beyond recognition. v ‘

It is possible that a cell-based code such as HEART can compete with standard
MC codes as far as run-time is concerned, especially in a strongly inhomogeneous
system, as the run—t_ime of HEART does not increase when different electron dis-
tributions are modelled in each cell. Finding a situation which does not suffer
significantly from the other limitations of HEART is,’hOwev‘ef, unlikely. Again,

modifications taking HEART beyond recognition are necessary.
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A detailed overview of HEART, as created By Collins (2004), is given in chapter
2, with details of the equations used for both the radiative transfer and electron
evolution and the running of ‘ghe code. An investigation into the capabilities and
validity of HEART is then discussed, making'lip the majority of this thesis. HEART
is tested for a simple case (in chapter 4), lwh'ere only Compton scattering. is calcu_la%d
and the evolution of the electron’ distribution is disabled. Some of 'my additions to
the code, detailed in chapter 3, are used in this testing process. For example, full
reflection is used to approximate the geometry of a spherical corona with central
injection used in the model by Titarchuk (1994), to enable the comparison between
output spectra from the two models. In this comparison, the models are found to
agree bnly at low Compton y parameters, yng < 3. Agreement is poor for high
oprtical depth and/or high electron temperatures. One possible reasons for this is
that the optical d_epth must be much less than 1 in each cell for equation 2.30 to be
valid (the equation describing radiative transfer due to Compton scattering). A cell
diameter of 24 is therefore not sufficient to model high qoronal optical depths, but
increasing the number of cells sufficiently is prohibitively time-consuming. Another
. possible reason is the very simple determination of photon directions after Compton
scattering events, in which scattered photons are distributed evenly info the six

modelled directions.
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It is therefore possible that the valid parameter range of HEART may be in-
creased by including an anisotropic treatment of Compton scattering. It is not
possible to calculate the energy from which a photon is scattered in HEART, how-
ever, due to the method used for calculating Compton scattering. As the photon
direction after scattering: depénds on its energy prior to the scattering event, it is

therefore difficult to include an anisotropic treatment of Compton scattering within

~ the current framework of HEART. The, cubic cell structure may also limit the suc-

cess of such a treatment. Thus it is useful to gauge how significant the inclusion of -

an anisotropic treatment of Compton sca‘btering is likely to be, before attempting to

re-write the Compton scattering code. An improved, yet still simple, approximation

is therefore implerﬁented, detailed in section 3.5, and is shown to make a significant
difference to the output spectrum. '

With this ﬁew approximation, agreement is found between HEART and the
model by Titarchuk (1994) at high Compton y parameters, though the isotropic

approximation is better for low Compton y parameters. Thus an improved treatment

-of the anisotropy of Compton scatterihg is likely to make a significant difference to

the output spectra, but how accurately this can be done within the current cell
structure remains uncertain. It may be more important to enable the modelling of
more cells to ensure that the optical depth per cell is much less than 1.

For the purpose of testing HEART further, within the low Compton y‘ parameter
restriction, HEART is used to fit data from Cyg X-1 in bothb'the HSS and the LHS
(in chapter 4). The same geometry and physical processes are modelled as those
tested by comparing HEART spectra to the model by Titarchuk (1994) (as discussed |
above), though reflection from the disc is also included in the HSS. Reasonable fits to
the observatlonal data are obtained with this 51mp1e version of HEART. No attempt
is made to improve upon these fits by 1nclud1ng more of the features of HEART, as
these features have not been tested, and including reprocessing and energy balance
will have a more significant effect as discussed in section 6.1. The fits are, however,

sufficient for the purpose of testing this simple form of HEART, and it is found that
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HEART is required to run for roughly a few hundred timesteps, depending on ﬁhe
optical depth of the corona, to produce accurate spectra (as discussed in section 4.1).
HEART is thus extremely computer intensive, and, even within the parameter range
in which HEART agrees with Titarchuk (1994), HEART is therefore not suitable
- for routine spectral fitting (as is discussed in section 4.4).

Instead of attempting to improve on the restrictions to spectral fitting at this
'st‘age,v the.focus is moved to modelling dynamic systems, a ‘possible strength of
HEART where detailed spectral fitting is less importent. HEART, as opposed to
most other models, is designed to simultaneously model the evolutlon of the electron
and photon distributions, without the dependence on escape probabilities for the
electrons. A better understandlng of the capability of HEART for dynamic modelling
is required to evaluate whethef improving the spectral fitting of HEART is likely to
be worthwhile. Dynamic modelling must, however, be used within the restrictions
presented so vfar; only certain parameter fanges can be modelled and any necessary
spectral .ﬁtting is computer intensive. -

For the purpose of investigating the capabilities of HEART for dynamic mod-
elling, further additions to the code are presented in chapter 5, some of which build
on modifications discussed in chapter 3. These additions enable the physical param-
eters of the photon and electron distributions to be varied during a simulation, and
output such as lightcurves and hardness-intensity diagrams to be produced. These
new features are used to model a state transition from a typical HSS to a typical
LHS in a BHXB system, as well as an X-ray burst in the neutron star binary Aql
X-1. A lightcurve of short-term vafiaﬁility' is also produced in section 3.3.2, where
an inhomogeneous corona of changing active regions is modelled. _

HEART successfully models the evolution from one set of parameters, usually
representing some steady state, to another set of parameters. Every spectrum dur-
ing the evolution can be studied and lightcurves and hardness—intensity diagrams
are compared to observed data. As well as modelling the evolution between two

parameter sets, it is also possible to change given parameters and study the effect
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such a change has on the spectrum over time.

The limitations of the s’péctral fitting in HEART also significantly restrict the
usefulness of HEART for dynamic modelling, however. A more comprehensive dis-
cussion of the limitations of HEART is given in chapter 6. Even in the. simple
case where electrons do not evolve, the pé,rameter range dver which HEART can be
applied is limited. Spectra from different viewing angles cannot be modelled, yet
observed spectra can change significantly at different viewing angles, and these spec-
tra are greatlyraﬁ“ected by the geometry of the source. HEART is also significantly
limited in the geometries it can model, as is discussed in section 6.2. Improving
the angular treatment of Compton scattering within the current cell structure may
impréve the valid parameter range, but in order to .model different viewing angles
and more physical geometries a more drastic modification is required.  Two sugges-
tions, discussed in section 3.5, include a cell structure made up of tessellating cells

with more sides, or storing a distribution of directions with the photon distribu-

tions. Both of these modifications are also approximations, and require yet more _

computational resources, and yet HEART is already very computer intensive. It can
only reasonably be run for a few hundred timesteps, with 600 timesteps modelling of
order 0.24 seconds in the source and taking roughly 12 hours to run, so the physical

timescales HEART can model are also limited (as discussed in section 5.4).

One possible way of speeding up HEART might be to parallelise the code. This,

should be possible, as the calculations done in each cell could be done on different

- processors. With several runs being required for any form of spectral fitting, how-

ever, speeding up the run-time of a single run on several computers is not necessarily

‘an advantage over running a slower version of HEART with different parameters sets
simultaneously on several computers. The overall required computing time would
have to be reduced. Alternatively, computers will almost certainly be significantly
faster in future, possibly enz;bling HEART to run on reasonable timescales even for
routine spectral fitting. |

More importantly, however, energy balance and reprocessing are not included
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in HEART. This significantly -changes the spectfa, as is discussed in section 6.1.
The inclusion of energy balance and. reprocessing in HEART réquires a complete
restructuring of the code, where the total amount of energy injected into the sys-
tem is contrblled, and where electrons .ére heated rather than being injected and
then escaping. Currently, the heating of the eléctron distribution is. modelled in -
an unphysical way, where high energy electrons are added and colder electrons are
removed, rather than heating a cc;nstant electron population, and an infinite energy
reservoir is assumed. Thus electron evolution is not modelled in a physical way
either. _

If all the processes irﬁplemeﬁted in HEART are to be used, further testing is
also required. Only a simple case,. where Compton. scattering is the only physical
process modelled in a spherical geometry, is tested here. The other modelled physical
processes must be similarly testéd before being used.

A code which models spectra simultaneously with the variability of a system is an
important tool in .furthering our understanding of X-ray binaries and AGN. HEART
in its current fdrm is not, however, the answer. The limitations outlined above and
in chapter 6 are too large to be overcome without restructuring HEART into a
completely different code. The large particle Monte Carlo (LPMC) code by Stern
et al. (1995a) is currently a good, available code. Fast, analytic Comptonisation
* codes dealing with simple Compfonisation problems have been’ around for a long
time now, and have established multiple Compton scattering events as a likely cause
of X-ray spectré from X-ray binaries and AGN, and have given a general idea of the
op‘gical depi_;h and coronai temperatures required. To progress in Comptonisation
models, more detail is required, including thé effects of different geometries, bulk
motion of the corona, different viewing angles, the structure of the disc and the
variability signature. 'Reprocessing and energy balance must also be included. The
LPMC code has so far provided a basis for further developments in this direction, as,
for example, in Malzac et al. (2005) where it is combined with another code which

models the structure of the disc. Such models, as well as fast analytic calculations to
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- guide the way, combined with improved observational data, should lead to a better

“understanding of X-ray binaries and AGN in future.
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A.1 Coulomb interactions

- For Coulomb interactions the treatment of Nayakshin & Melia (1998) is used, and

3o clﬁA !
o) = 2222 [ DL -y (A

where In A is the Coulomb logarithm. This is a weak function of energy and

therefore a constant value of 20 is assumed. We also set

+ ’ 2

N K z
x(v,) = /T \/(:zz-f—l)(a:—l):‘dxx

e ()] e

5

where v = v¥/(1 £ 88).

For the dispersion we use the corrected version given by Blasi (2000),

| InA 4 / / !
Dy = LS [ [«w) - 2= Pxn )J oo @as).

.where,
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(ony) = /j ;2_1{(;(;‘33)2 -_1} i

(V2 -1 NN
(1+x)\/(1+m)2—2x—2+(7+7)2 ’

| 1
2
V22 =11+ (v+7)?In (x + Vz? ~ 1_) J . (A.4)

-
A.2 Compton Scattering

The photon redistribution functions for the three cases defined in section 2.2.3.3 are

* detailed below. ’
The solution for case 1 is taken from Coppi & Blanford (1990) and treats the
case of mildly relativistic electrons (y < 10) interacting with high-energy photons

(k > 1072),

v 5 '
zFo(x) = 30Tx2/i—zdz (A.5)

dP i s .
where 5 is given by:

ar ’ 1 | 1+ 32 — 2ayok + a2k?
dz ~ (1= po)/P + 2 1 2Bez Va? =52
9 B o 9 271  hAl.2
1 ey ab@b—0) | a(loyo) + K00 —yo) =) | ) g
k2(1 — Bz) (a —b)Va? — b2 (a? —b%)2 '

X {2y0k —ak? +

where € = hvg/(ymec?), k = ymec?/(hvy), a=1 —PBz—(1—0)/k, b=4/k and

(e +‘ﬂ2)(pA+ ep— 1+ Bz)
W= 08+ 1 28ez) (A7)
5= B/ (a = 22)[p?6% + 2pe(1 — p)(1 — Bz) — (p — 1 + B2)] (A.8)

p(B% + €2 + 2fez)
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and p = 1/vy. vy and vy are the frequency 6f the photon before and after

scattering respectively. The integration limits are

LTV

2y = maz[:tl,

where d =14 ¢ — €p.
Case 2 uses the treatment of EnBlin & Kaiser (2000) in the situation where mildly

relativistic electrons (y < 10) interact with low energy photons (k < 1072),

zFo(z) = i’% {— ll;’l_ [1+ p(10 + 8p* + 4p*) + p2] +
2 4 Y2
o1+ ) [3 e ;jp @in(p+ ) - 11n<p>1>} }(A-10>

where pisasincase 1 and p= /72— 1.
Case 3 is for ultra-relativistic electrons (v > 10) (Jones, 1968),

(47q~,,’%£7)2 } } o
(A.11)
2 (1 n 47q—n%’clg) '

zFo(z) = 3&m;{2qln(q) +{(1—¢q) [{1+29) + 

where g = z/ (1 — e , the frequency gain p = v1/vg and p is the electron
. YeC

momentum.

A.3 Time estimate | | '} .

In an optically. thin corona, photons leaving through surface cells represent the
model output after only a few timesteps. Since most Vphotons traverse the corona
without any interaction with the coronal plasma, the model output will not change
significantly after R/ Reey timesteps, where Reen is the size of a single cell and
R, is the diameter of tile entire corona.

- If the corona is optically thick, significantly more tiniesteps may be needed before
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the model output ‘settles down’ to a steady state. Consider the case of an optically
thick corona in which only inverse Compton scattering off a thermal electron pop-
ulatioﬁ is important. If the temperature of the electrons is T,, then the typical
maximum energy to which photons can be boosted by Comptonisation is 3k7T,. The
energy gain per scattering event is Av/v =~ kT, / (mec?), and so after N scattering

events the energy of a photon with initial energy hvp is

L KT, \V - ,
hy ~ (1 +- ‘;) hyp. (A.12)
MeC
The number of scattering events required for a photon of initial energy hyg to

reach energy hv is
log Eh,f—o
log (1+ 2L;)

Scatterings become less efficient at transferring energy to the photon as hv ~ kT,

N~ (A13)

so0 this is a lower limit for the required number of scattering events.

After N scattering events a photon with the maximum energy must escape from
the corona to be observable. For a spherical corona of radius R, and total optical
depth T we can write N = (7/ Rcm;)ct, where t is the escape time for the photons
with the maximum enérgy. In HEART there' are N, = Ror/Reen cells along the
radius of the corona. During a single timestep a photon travels through one cell, i.e.
At = Reey/¢ = Reor/Nec. So, for the photons with the maximum energy to escape .‘
from the corona after N scattering events, we require t/At = N.N/T timesteps. This
provides us with a rough estimate for the minimum number of timesteps we need
to model in HEART before we can expect to observe rphotons with the maximum .
_ energy attainable to escape the corona. Note here that this estimate only applies for
situatlions where we want to model a static disc/corona system with a steady-state
spectrum. HEART is designed to simulate evolving situations and for these the

calculation of a minimum number of timesteps to reach a steady state is irrelevant.
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