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Introduction
Despite the recent success of gravitational-wave astronomy, electromagnetic ra-
diation is still by far the most prevalent way of exploring the most extreme parts
of our universe. Light contains multiple types of information that each provide
a valuable insight into such environments and which all together give a unique
portion of understanding. Namely, it is the direction of photons tracing its
sources, time of arrival of each photon, energetic spectrum of the incoming super-
posed radiation, and the way in which the light can be macroscopically polarized.
The last property, which brings three important parameters into the global picture
– the degree, angle and ellipticity of macroscopic polarisation, may sometimes be
overshadowed by the others due to the difficulty of measurement, especially in
the X-ray part of the incoming spectrum, if it appears.

However, technological development in the past decades made a significant
progress in the study of X-ray sources, which can be now polarimetrically ob-
served with sufficient precision for the first time in history in this frequency band.
Thus, it is high time to (re)investigate the theoretical background of astrophys-
ical sources, which are known to embrace the phenomenon of X-ray emission in
the view of spectroscopy and polarimetry, because only by a sound and consis-
tent physical theory can be the upcoming observations understood. And here,
in between theoretical studies and observations, two up-to-date scientific fields,
is, where majority of this thesis lies. Linking a theory to observations is in fact
a whole branch of astrophysics by itself, these days mostly probed by the means
of numerical simulations. It is a goal of this thesis to correctly interpret results of
various numerical computations, which have roots in common astrophysical the-
ories, such as the general theory of relativity, the theory of radiative transfer, and
the theory of interaction of matter with light. In particular, the thesis will focus
on accretion discs of active galactic nuclei (AGN), as such sources are unique
laboratories of extreme physics. Here X-ray polarimetry may bring an important
insight into the broad and consistent picture of both, these common objects on
the sky and the physical theories themselves. It is for this reason, why AGNs are
also of top interest by the upcoming X-ray polarimetric space missions, such as
the NASA IXPE mission [Weisskopf et al., 2016] or the Chinese eXTP mission
[Zhang et al., 2016]. The aim of this thesis is to dig more into the understanding
of light emerging from accretion discs of AGNs by interpreting and connecting
results of various codes that have been developed recently in this field. Correctly
simulated spectral and polarisation properties of these sources can then serve as
state-of-the-art foundations for the missions mentioned.

Chapter 1 brings a brief overview of the theoretical and observational back-
ground of X-ray spectrography and polarimetry with focus on accretion discs
in AGNs. This includes the basics of the related physical theories, specifying
the adopted formalism, and providing definitions of the physical quantities later
used in the text. Important observational facts are mentioned, as well as some
modern numerical simulations that support them. Chapter 2 describes a pos-
sible use of one such code STOKES [Goosmann and Gaskell, 2007, Marin et al.,
2012, 2015, Marin, 2018] and its performance in reproducing spectral and po-
larimetric properties of locally emitted radiation from accretion discs in AGNs
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illuminated by a hot corona above. This is compared to results of other codes
and approaches in the literature, namely the XILLVER [Garćıa and Kallman, 2010,
Garćıa et al., 2011] numerical computations and analytical approximation of po-
larisation given by the Chandrasekhar’s formulae [Chandrasekhar, 1960]. Chapter
3 brings the results from Chapter 2 into a broader picture, where we incorporate
the outcome into a wide scheme of parametric spectral and polarimetric fitting
of AGNs, adapting the already published KYNLPCR routine [Dovčiak et al., 2004,
2011], which is suitable for computing the total spectrum of AGNs or X-ray binary
systems, including general-relativistic effects. This also allows for a comparison
of the total unfolded AGN models using the STOKES local tables with other codes
and approaches in the literature. Last but not least, Chapter 4 provides a specific
integration of Chapter 3 novel computations into an observation simulation soft-
ware used by one of the most promising forthcoming polarimetric missions IXPE
[Weisskopf et al., 2016], which is to be launched in April of 2021 and which may
readily use these results for polarimetric fitting once being in orbit.
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1. Theoretical background and
context
In all of this work we work in the cgs units. In this chapter, we mostly follow
a review by Trippe [2014] and Chapter 1 of Di Lalla [2019] for X-ray polarime-
try, while we focus on the accretion discs in AGNs. We are also interested in
the general production of X-ray electromagnetic spectrum of accretion discs in
AGNs, which is inherently related to the polarisation upon it. Thus, there will be
number of paragraphs devoted to general X-ray production mostly based on the
overviews in Seward and Charles [2010] and Trümper and Hasinger [2008]. We
begin with definition of basic quantities used in the text and with a description
of polarisation of electromagnetic waves. Then proceed with a brief observational
summary of known polarized X-ray sources, particularly AGNs, and stress the im-
portance of development of X-ray polarimetry in the context of modern research.
We continue with a description of physical processes that can lead into such emis-
sion in AGNs (and the general X-ray spectrum production of AGNs) and with
the equations that govern them. Based on these possibilities, argumentation for
a reasonable spectral and polarimetric model that is found in the literature and
that serves as a basis of this thesis, is given. As it turns out necessary in the con-
ditions of strong gravity in AGNs, a general-relativistic approach is used further
in the text. Therefore, another section is dedicated to an overview of radiative
transfer in general relativity in case of a distant geometrically thin disc around
a rotating black hole. This includes relativistic description of polarized light from
such sources. With this background, we can finally provide a short summary of
modern numerical codes important for this thesis, which use these equations in
order to simulate observations. To complete the picture, we dedicate a small
section at the end of this chapter to the already in-orbit or upcoming spectral or
polarimetric space observatories that measure X-ray emission from AGNs with
sufficient precision, or could do so in the near future.

1.1 Definition of quantities and basic concepts
In astronomy, the amount of energy in electromagnetic radiation is exhaustively
described by a macroscopic quantity called specific intensity I. This energetic
value dE, in a specified frequency interval (ν, ν +dν), which is transported across
an element of area dσ and in directions confined to an element of solid angle dω,
during a time dt, is expressed in terms of the specific intensity I by

dE = I(x, y, z; l, m, n; t; ν) cos ϑdνdσdωdt , (1.1)

where ϑ is the angle which the direction considered makes with the outward
normal to dσ, t is time, and (x, y, z) and the direction cosines (l, m, n) define
the point and the direction to which I refers [Chandrasekhar, 1960]. Let us also
define the radiation flux F (slightly reducing the general vectorial definition of
flux in e.g. Castor [2004]), which is the net flow of energy in all directions

F (x, y, z; t; ν) =
∫︂

I cos ϑdω , (1.2)
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where the integration is over all solid angles dω. In practice, for providing simu-
lation results regardless of distance of the sources, it is worth using the definition
not across an element of detector area dσ, but per solid angle dΩ0 = dσ/r2

o, by
which the area dσ is seen by an emitting point-like source at a distance ro. In
this case, we will use the notation

F Ω0 = r2
oF (1.3)

and F Ω0 will be in the units of [erg · sr−1 · s−1 · Hz−1]. Sometimes a photon flux
N or NΩ0 will be used:

N = F

hν
, NΩ0 = F Ω0

hν
(1.4)

where h is the Planck’s constant (not to be confused with height h defined in Sec-
tion 1.3.2). Lastly, as it is a common practice in X-ray astronomy, the frequency
of radiation will be expressed as photon energy in [keV] units through majority of
this thesis, providing F in [erg ·cm−2 · s−1 ·keV−1] or F Ω0 in [erg · sr−1 · s−1 ·keV−1],
and N in [counts · cm−2 · s−1 · keV−1] or NΩ0 in [counts · sr−1 · s−1 · keV−1].

1.1.1 Polarisation of light
Polarisation as additional property of light upon its energy follows the principles
of wave-particle dualism and the quantities that describe this property can be
equally microscopically understood in terms of waves or photons. It is perhaps
more illustrative to introduce them here in the notion of individual electromag-
netic waves, which rather supports the geometric terms used in the theory. For
the readers interested in the same terms in the notion of individual photons,
namely the bra-ket notation of polarisation state |P ⟩ of a photon preferred by the
quantum theory, see e.g. Bachor and Ralph [2004].

We begin with a single electromagnetic wave traveling with the speed of light
c in the z-direction of a Cartesian coordinate system (t,x,y,z) in a classical setup.
A simple solution of Maxwell’s equations in vacuum gives two non-trivial com-
ponents of E electric field vector

Ex(t) = Ex(0)cos(ωt − φ1)
Ey(t) = Ey(0)cos(ωt − φ2) ,

(1.5)

where ω = kc denotes the angular frequency, k is the absolute value of the wave
vector, and φ1,2 denote the two – a priori arbitrary – phases (and analogically
for the magnetic field). Then for this field in the plane transverse to the direc-
tion of propagation, if the ratio of the amplitudes and the difference in phases
of the components in any two directions at right angles to each other are abso-
lute constants, we call this wave (or a beam, if it holds for a superposition of
waves in this direction) to be elliptically polarized [Chandrasekhar, 1960]. This
means eliminating ωt from equation (1.5) and arriving at the general equation of
an ellipse

E2
x(t)

E2
x(0) − 2Ex(t)Ey(t) cos δ

Ex(0)Ey(0) −
E2

y(t)
E2

y(0) = sin2 δ , (1.6)

where δ = φ2−φ1 is the relative phase between the two components. The E vector
follows an elliptic trajectory in the xy-plane (the polarisation plane), which is
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depicted on Figure 1.1, where linear (δ = 0) and circular polarisation (δ = ±π/2)
are also shown as special sub-cases. For the general elliptic trajectory, following
the IEEE convention [IEEE, 1979], if δ > 0, the tip motion from the point of
view of the observer is in clockwise direction and the polarisation is referred as
right-handed (RH). Otherwise, if δ < 0, as left-handed (LH). In addition, we
denote the polarisation angle Ψ between the positive x-axis and the semi-major
axis of the ellipse (counted from the positive x-axis as Ψ > 0 in counterclockwise
direction from the observer’s point of view).

Figure 1.1: Illustration of an electromagnetic wave linearly, circularly (RH) and elliptically
(RH) polarized. Image from Yavuz [2011].

Astrophysical measurements are sensitive only to a superposition of very large
number of individual waves, which represents a macroscopic situation. Since all
orientations of the electric field vectors are in principle equally probable, there is
no reason to expect a one specific polarisation in such macroscopic signal. How-
ever, if a specific source of radiation causes a preference in polarisation of a certain
fraction of waves in a beam, we may characterize this fraction as the degree of
polarisation p of electromagnetic radiation

p = IP

I
, (1.7)

where IP is the specific intensity of the polarized waves in the beam, I is the to-
tal specific intensity into this direction and at this point in space and time. For
an individual wave described in the case above, the intensity I representing a mea-
surable energetic value, can be regarded as time average ⟨...⟩ of the electric field
vector components over times much longer than 2π/ω (it can still change with t on
large time scales, following the definition of specific intensity, as 2π/ω is an ex-
tremely small scale for light and for obtaining such (apparent) mean intensity
directly from the electric field vibrations [Chandrasekhar, 1960])

I = ⟨E2
x⟩ + ⟨E2

y⟩ . (1.8)

This is already a definition of the first Stokes parameter I. In 1851, George
Gabriel Stokes introduced a set of four parameters [Stokes, 1851], which are
needed to fully describe an arbitrary polarisation state of radiation. The other
three parameters Q, U and V are defined as

Q = ⟨E2
x⟩ − ⟨E2

y⟩
U = 2⟨ExEy cos δ⟩
V = 2⟨ExEy sin δ⟩ .

(1.9)
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A remarkable property of the definition is linearity of all the parameters, which
means that the definition holds for a macroscopic superposition of individual
waves averaged over time.

Figure 1.2: Polarisation for different values of the Stokes parameters. (a) Q > 0, U = 0, V = 0;
(b) Q < 0, U = 0, V = 0; (c) U > 0, Q = 0, V = 0; (d) U < 0, Q = 0, V = 0; (e) V > 0,
Q = 0, U = 0; (f) V < 0, Q = 0, U = 0. Image from Kislat et al. [2015].

While I represents the squared amplitude in the xy-plane of the superposi-
tion of waves and for the reasons above may be denoted by the same letter as
the macroscopic specific intensity defined in (1.1), Figure 1.2 shows meaning of
the other three Stokes parameters. Q quantifies a difference in the intensities in
x and y directions (further referred as vertical and horizontal directions respec-
tively, addressing the intuitive orientation on Figure 1.1), providing information
on linear polarisation. U quantifies the difference between the components at
angles of 45◦ and 135◦ counted from the positive x-axis, also probing linear po-
larisation. V corresponds to circularly polarized intensity. For individual waves
the Stokes parameters are related via

I2 = Q2 + U2 + V 2 (1.10)

reducing the number of free parameters to three – as expected. If we superpose
waves with the same polarisation and leave out the unpolarized (randomly po-
larized) part of a beam, we may rewrite this equation with the total polarized
intensity IP ≤ I [Chandrasekhar, 1960]:

I2
P = Q2 + U2 + V 2 (1.11)

and the number of free parameters remains four. Two parameters can be replaced
by the previously introduced degree of polarisation p and the polarisation angle
Ψ, which may be now both redefined with the use of Stokes parameters. For
a partially linearly (which will be the only case used in this work) polarized beam

p =
√

Q2 + U2

I

Ψ = 1
2 atan2

(︄
U

Q

)︄
.

(1.12)

where atan2 denotes the quadrant-preserving inverse of a tangent function. Thus,
p and Ψ correspond to the length and orientation of a vector centered at the origin
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of a plane spanned by Q and U . Note that combination of polarized signals
requires use of the Stokes parameters, p and Ψ cannot be added or subtracted
in a straightforward manner [Heiles, 2002]. The degree of circular polarisation pc

relates to the V parameter as
pc = V

I
. (1.13)

A complex exponential notation for the wave solution (1.5) is equally possible
for the definition of Stokes parameters, see e.g. Hamaker and Bregman [1996].
Sometimes the x and y amplitudes and phases of the electric field in exponential
notation are put into a vector and elements changing a polarisation of a signal are
represented as matrices, in order to conveniently note a change of polarisation
of a signal in series of optically active elements the signal goes through. This
is the so-called Jones formalism [Jones, 1941]. Similar representation, holding
the Stokes parameters in one four-dimensional vector and with matrices repre-
senting a change of the polarisation state, is the Müller formalism [Müller, 1948].

1.1.2 Polarigenesis
Polarisation is undoubtedly connected to the internal asymmetry of a source of
radiation, requiring the structure of the source to be anisotropic [Trippe, 2014].
A number of processes causes natural light to be polarized. Namely, it is the scat-
tering processes: microscopic scattering (Thomson scattering, Compton scatter-
ing, Rayleigh scattering, fluorescence, or Raman scattering), which will be later
described, and scattering on dust grains, which cause linear polarisation along
a well-defined direction on spherical particles or in isotropic situations in opti-
cally thick media (e.g. dust clouds in ISM) on collectively oriented grains with
elongated shapes. Then it is the linear dichroic and circular dichroic media,
where one component of the wave in the transverse plane experiences stronger
attenuation (e.g. by long-chain molecules, helically shaped molecules or in plasma
in the presence of magnetic field). Important high-energy astrophysical process
(present in e.g. AGN jets), emitting elliptically polarized light due to geometric
projections of circularly gyrating electric charges including the special relativs-
tic effects, is synchrotron radiation, which produces such general polarisation in
collimated electron beams and partial linear polarisation in high-energy plasmas
with random velocity distributions. Also the Zeeman effect on spectral emis-
sion in the presence of magnetic field (and the anomalous Zeeman effect, and
the Goldreich-Kylafis effect for unresolved cases) causes the resulting split spec-
tral lines to be either linearly or circularly polarized, depending on the viewing
geometry towards the magnetic field lines, and is mostly important in radio bands
of ISM observations. In fluorescent gases permeated by weak magnetic field, a lin-
ear polarisation can appear due to the Hanle effect. Finally, linear polarisation
naturally arises in reflections on refractive boundary between two homogeneous
media and linear or circular polarisation emerges in birefringence crystals or simi-
larly in interstellar plasma with electric anisotropy from external static magnetic
field, which is the effect of Faraday rotation on the passing light (or Faraday
depolarisation on contrary in inhomogenous media). For a recent review with
references to literature on all of these phenomena, see Trippe [2014].
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1.1.3 Polarimetry
Since current technology in X-ray astronomy is not sensitive to circular polarisa-
tion [Fabiani and Muleri, 2014], here I only focus on defining quantities necessary
for measuring linear polarisation and I refer to a polarimetric summary in Fabiani
and Muleri [2014] and Di Lalla [2019]. Modern X-ray polarimetric instruments
will be introduced in Section 1.5.3. Any such linear polarimeter is able to measure
azimuthal modulation of some physical quantity R(ϕ̄), around some direction of
polarisation ϕ̄0 in the polarisation xy-plane. Excluding systematic effects, un-
polarized incoming radiation should provide a statistically flat response curve
R(ϕ̄), a 100% polarized incoming radiation should provide strongly modulated
response curve R(ϕ̄) (see Figure 1.3). In general, the response of a polarimeter
can be characterized by two generic parameters C and D:

R(ϕ) = C + D cos2(ϕ̄ − ϕ̄0) . (1.14)
As for realistic polarimeters C ̸= 0 even for 100% polarized radiation, it is useful
to introduce the energy-dependent modulation factor µ:

µ = Rmax − Rmin

Rmax + Rmin

⃓⃓⃓⃓
p=100%

= D

D + 2C

⃓⃓⃓⃓
p=100%

, (1.15)

where Rmax and Rmin denote the maxima and minima of the response curve R(ϕ̄),
respectively. Thus, the modulation factor directly corresponds to the ability and
sensitivity of a given polarimeter, allowing ideal value of µ = 1 for complete
modulation.

Figure 1.3: Response curves from a fictitious linear polarimeter for unpolarized radiation (left)
and completely linearly polarized radiation (right). Image adapted from Di Lalla [2019].

Once µ is known for the instrument, degree of polarisation p of a source can be
derived from the measured value of modulation amplitude m (from the response
curve):

p = 1
µ

Rmax − Rmin

Rmax + Rmin

≡ m

µ
. (1.16)

This is an idealized p acquisition, and p cannot be obtained directly from (1.16)
with m from a response curve fit for realistically low amount of data. Nonetheless,
in case of low statistics, it is possible to define quantities

ik ≡ 1
qk ≡ cos(2ϕ̄k)
uk ≡ sin(2ϕ̄k)

(1.17)
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for each photon arrival (indexed by k) at the instrument-defined direction ϕ̄k.
Once again, the linearity of Stokes parameters also in this sense allows declaration
of

ĨN = 1
T

N∑︂
k=1

ik

Q̃N = 1
T

N∑︂
k=1

qk

ŨN = 1
T

N∑︂
k=1

uk

(1.18)

for a measurement in [counts·s−1] of N events per energy band over the exposition
time T (but not yet in the units per unit area, which is the reason for the tilde
notation). Then, using trigonometric relations on the fitted response curve (1.14)
and equation (1.16), the measured polarisation degree p and angle Ψ for realistic
detectors may be expressed and actually determined as

p = 2
µ

√︂
Q̃

2
N + Ũ

2
N

ĨN

Ψ = 1
2 atan2

(︄
ŨN

Q̃N

)︄ (1.19)

with some inherent uncertainty in the measurement, which is a combination of
both statistical and systematic errors, the latter being calculated from µ (playing
a major role in the description of quality of a polarimetric instrument) and the so-
called response matrices of a particular detector at each resolvable energy band.

Moreover, in such scarce receipt of photons that is expected in AGN mea-
surements, it is inevitable to account for Poissonian noise in the data. In case of
unpolarized source, some polarisation will always be detected due to statistical
fluctuations. We may conclude that particular degree of polarisation may always
be exceeded by chance for an unpolarized source. To specificize this statement,
it can be shown that the level of minimum detectable polarisation (MDPX) to be
exceeded by random noise with X = 99% probability, which is used further in
the text as a standard confidence criterion in literature, is given by [Fabiani and
Muleri, 2014]

MDP99% = 4.29
µ

√
NS + NB

NS

, (1.20)

where NS is the number of events received from the actual source, NB is the num-
ber of events from the background contribution to the measurement. The MDPX

does not correspond to the actual uncertainty in the measurement. Rather, it
should be regarded as additional criterion p > MDP99% to be fulfilled by the mea-
sured p values, in order to call a single measurement of both p and Ψ reliable,
including their estimated uncertainties. This additional criterion does not per-
meate into the measurement discussion of pure I-, Q-, U -like quantities, where
only the standard uncertainty is important to take into account. It should also
be noted that solving equation (1.20) for NS allows to estimate the number of
counts needed to reach a certain low value of MDP99% for a given instrument,
background, and source, of which we have some physical assumptions. For exam-
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ple, with a perfect polarimeter (µ = 1), NB = 0, and MDP99% = 0.01: approx-
imately 1.84 × 105 photons are required to hold the MDP99% at this reasonable
level. This gives an estimate on the long exposure times and enormous amount
of data needed in X-ray polarimetry with limited instrumental capabilities, as
opposed to X-ray spectroscopic measurements, where hundreds of photons may
suffice in similar situations.

1.2 Astronomical objects of interest

1.2.1 X-ray polarimetry science cases
There is a variety of objects outside of the Earth’s atmosphere that are known
to produce partially polarized light. This includes stars, including the sun, due
to the Zeeman and/or Hanle effect from their magnetic fields; planetary systems
due to scattering effects and refraction; interstellar matter due to dust scatter-
ing; star-forming regions due to Zeeman splitting of maser emission lines; pulsars
due to their strong magnetospheres and the inevitable synchrotron radiation;
AGNs and their jets dominated by synchrotron processes from radio to ultravio-
let frequencies and scattering processes in their accretion discs at higher energies;
discs of galaxies and galaxy clusters due to their large-scale magnetic fields and
their interaction with the interstellar or intergalactic medium, which is probed
by the Faraday rotation, Zeeman splitting, synchrotron emission, dust scatter-
ing, and the Chandrasekhar-Fermi effect; gamma ray bursts due to synchrotron
and inverse Compton radiation; cosmic microwave background due to scattering
effects. For a recent review with extensive references to literature on all of these
phenomena, see Trippe [2014]. Equally, a vast number of astrophysical sources
produces light in the X-ray part of an energetic spectrum, ranging from solar
system objects to stars, to interstellar medium, to stellar remnants, to galaxies
and their nuclei, to galaxy clusters, to gamma ray bursts. For an overview on X-
ray astronomy with extensive references to literature, see Trümper and Hasinger
[2008].

It has been only a recent trend to experimentally probe polarisation at X
and γ wavelengths, due to technical difficulties in the past [Fabiani and Muleri,
2014, Di Lalla, 2019]. As is clear from the previous section, this may open new
windows to various phenomena. The polarimetric study of such sources provides
not only hints on possible subprocesses at far distances from us, and the general
morphology of the universe, but examines known physical laws themselves. Both
non-thermal radiation (including synchrotron polarisation) and thermal radiation
(including scattering polarisation) can be in the X-ray band [Weisskopf, 2018]. It
is supernova remnants, pulsar wind nebulae (PWNs) and jets in radio-loud AGNs,
where the acceleration processes are believed to produce polarized X-ray emission,
where synchrotron and inverse Compton processes are typically involved [Angel
et al., 1969, Wolff et al., 1970, Weisskopf, 2018]. Accretion discs of X-ray binaries
and radio-quiet AGNs are supposed to produce polarized X-ray emission mainly
due to inverse Compton scattering or Compton scattering [Weisskopf et al., 1976,
1978], which will be elaborated below. Some polarized X-ray emission is also
expected from the center of our Galaxy in Sagittarius A* due to scattering of
a past outburst [Marin et al., 2015]. Finally, highly magnetized compact objects
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(accreting millisecond pulsars, accreting X-ray pulsars, and magnetars) should
cause polarized X-ray emission because of synchrotron radiation from large mag-
netic fields, due to aspherical scattering geometries, which are typical for such
objects, and possibly because of Faraday rotation in strongly magnetized plasma
[Viironen and Poutanen, 2004, Taverna et al., 2015, Meszaros et al., 1988].

Apart from studying the objects listed above, X-ray polarimetry is useful in
probing the effects of fundamental theories. Precisely measured polarized X-ray
emission could examine departures from general relativity in X-ray binaries and
AGNs (see below), test existence of axion-like particles, or prove the hypothesis of
vacuum birefringence predicted by quantum electrodynamics [Soffita et al., 2017].

1.2.2 The case of active galactic nuclei
Out of the sources that are on the list of science cases for the upcoming X-ray
polarimetric missions [Weisskopf et al., 2016, Zhang et al., 2016], it is the active
galactic nuclei, which are remarkable objects for their brightness and rather ex-
treme physical conditions. AGN is a compact region at the center of a galaxy that
is very luminous (≳ 107L⊙) due to efficient accretion onto a central super-massive
black hole (SMBH) with typical masses from 105M⊙ to 109.5M⊙ [Fabian, 1999,
Reynolds and Nowak, 2003]. The infall of matter happens on nearly circular or-
bits in a disc-like structure around the SMBH, where the so-called accretion disc
can extend up to tenths of AU in radius1 [Seward and Charles, 2010]. The verti-
cal disc size is uneasy to estimate but some density profiles appear in literature
upon the standard Novikov-Thorne disc model [Novikov and Thorne, 1973, Page
and Thorne, 1974, Abramowicz and Fragile, 2013, Compère and Oliveri, 2017]. If
highly collimated jets of relativistic plasma along the rotational axis of the disc
are present, it is intimately connected to a raised radio emission compared to op-
tical one, and such AGNs are classified as radio-loud. In this thesis, we will study
the radio-quiet AGNs with absence of such jets, which also ionize the gas in their
surroundings. For these objects it is sometimes handy to distinguish between
type-1 and type-2 AGNs, based on the presence and absence of broad lines in
their optical spectra, respectively. For a review describing the processes behind
such classification, see e.g. Antonucci [1993]. The broad lines are believed to be
produced in an inner (≲ 1 pc) dust-free region, the broad line region. The so-
called unified model [Antonucci, 1993] supposes type-2 AGNs to be surrounded by
a dusty toroidal structure (with vast uncertainties on its actual typical size and
shape) that blocks the emission from the region and itself radiates at the mid-
and far-IR. The absence of broad lines is thus believed to be an effect of inclina-
tion towards the observer. A schematic representation of the broad consensus on
the possible large scale features of AGNs is shown on Figure 1.4. Narrow lines
may also be formed in regions further out from the disc in the so-called narrow
line regions, which is depicted and reasoned in e.g. [Trümper and Hasinger, 2008].

In this thesis we will focus on the processes that happen in the accretion
disc of AGNs and discuss simulated emission from this disc with the absence

1That is the region, where also the energy from radio-quiet AGNs is largely radiated, and it
is located within a few Schwarzschild radii, i.e. 106 km ⪅ RS ≡ 2GMSMBH/c2 ⪅ 1010 km for
the characteristic masses MSMBH and gravitational constant G [Trümper and Hasinger, 2008].
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Figure 1.4: Schematic of an AGN (not to scale). Main observational variabilities are believed
to be due to different viewing angles. Image from Gandhi [2003].

of jets and the absence of a dusty torus 2. Therefore, the results of simula-
tions may be compared to some known unobscured radio-quiet AGNs, such as IC
4329A, MCG–8-11-11, GRS 1734-292, NGC 2110, NGC 5506, and MCG–5-23-16
[Di Lalla, 2019]. In these type of sources, detailed calculations show that disc
emission from pure mass transfer is dominant in optical and UV bands (the so-
called big blue bump), which permeates into soft X-rays [Seward and Charles,
2010]. A hot (≈ 108 K) corona of optically thin ionized gas above the disc is
supposed to be responsible for large part of the total X-ray emission. The corona
is not only a reasonable construct for spectral reproduction in AGNs but also has
its radiohydrodynamical and time-analysis justification [Haardt and Maraschi,
1991, Seward and Charles, 2010], although the possible physical and geometrical
details of such high-temperature plasma regions remain unknown, and the models
must abide very flexible and their results treated very carefully in this sense. If
such region was present above and below the disc, an observer would see radiation
directly from this source (commonly referred to as primary radiation) and radia-
tion reflected from the accretion disc having its origin in the corona (commonly
referred to as reflected or secondary radiation) [Fabian et al., 2000, Matt et al.,
1993]. This total radiation is believed to be dominant in the X-ray spectrum of
these type of AGNs upon all possible synchrotron processes and upon thermal
radiation from the disc itself, unlike e.g. accretion discs in X-ray binaries with
similar coronal models. In AGNs, we assume their discs to be rather cold com-
pared to the discs of X-ray binaries due to different gravitational potential well
that drives the mass transfer [Seward and Charles, 2010].

Apart from primary and reflected continuum radiation from the corona, X-ray
line emission or absorption is also expected from the elements present in the disc,
while being illuminated by the hot corona nearby. Presence of both emission
and absorption lines of some elements, in particular the Fe Kα emission line at
6 − 7 keV range in the local co-moving frame of the disc, is well justified by both,
observations of AGNs and radiative transfer models of the disc structure [Fabian
et al., 2000]. Absorption lines also arise, mainly in the lower part of the X-ray
spectrum of AGNs, when disc is obscured by warm highly ionized matter outflow
from the inner parts of AGNs along the line of sight (the so-called warm absorber),
which is noticable at high inclinations [Seward and Charles, 2010]. Therefore we

2Its presence may be partially modeled in the codes used by reducing the emitting area of
the disc from which the radiation reaches observer [Dovčiak, 2004]

13



will not account for these in the case of unobscured AGNs and we only account for
absorption lines that may be of origin in the reflection processes. Furthermore,
we do not attempt to model the narrow lines from narrow line regions and any
time-variability of spectral and polarimetric properties.

An overall X-ray spectrum from such AGNs is composed of two distinct con-
tinua, best described by different underlying power-laws: the soft X-ray excess
approximately from 0.1 keV to 1 keV and the hard X-ray power-law in the ap-
proximate energy range from 1 keV to 100 keV [Trümper and Hasinger, 2008]. An
observed and fitted spectral energy distribution for typical AGNs are depicted on
Figure 1.5. The soft X-ray excess strength correlates with measured optical line
widths, the steepness of both power-laws correlates as well with these [Boller
et al., 1996, Boroson and Green, 1992]. Detailed studies of these correlations
support the partial origin of soft excess in the disc accretion and contribution to
soft and hard power-laws by the radiation from a hot corona above the disc, as
both of these sources can in their proximity ionize disc elements and consequently
also form lines [Trümper and Hasinger, 2008]. While both power-laws can be ad
hoc added to the models with some physical background given in Section 1.3.1,
their slopes show large diversity in the observations and both laws are an addition
of a free slope parameter with vague explanation, as details of accretion and coro-
nal phenomena are unknown and disentangling the total superposed spectrum is
a difficult task [Seward and Charles, 2010].

Figure 1.5: A recent attempt by Kubota and Done [2018] for fitting of an observed SED of three
AGNs. Details and data sources are provided therein. The fit consists of four distinct continua
here: outer disc emission (in magenta), the soft excess component (in green), and the hard
Compton primary (in dark blue) and secondary (in light blue) components. Total spectrum
is in black, data in red. Panels (a), (b), (c), (d), (e) and (f) show fits of NGC 5548 with and
without outer disc, Mrk 509 with and without outer disc and PG 1115 + 407 with and without
outer disc, respectively. Image from Kubota and Done [2018].
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1.3 Modeling X-ray spectra and polarisation of
radio-quiet AGNs

Let us reflect on a few physical processes that are known to be responsible for
X-ray (un)polarized emission and that could be present in the accretion discs of
radio-quiet AGNs. This may then lead into a global model of X-ray spectral and
polarisation production of accretion discs in radio-quiet AGNs.

1.3.1 Physical processes of particular interest
In case of high-energetic processes that could result in polarized X-ray emission,
it is reasonable not to exclude microscopic scattering processes and synchrotron
radiation. Outside of polarimetry, we will be naturally interested in the general
production of X-ray energetic spectrum of accretion discs in AGNs. Therefore we
also mention thermal bremsstrahlung mechanism that is believed to be behind
many X-rays sources and the line emission from a hot gas, although these do
not produce any initial polarisation. An important unpolarized component of
radiation in the soft X-ray band can have physical origin in the loss of potential
energy in pure accretion within the disc (the continuation of the big blue bump),
as well as mutually additive line features broadened by relativistic blurring.

Synchrotron radiation

In the high-energetic sources like AGNs, where polarized synchrotron radiation is
expected, the degree of polarisation, however, can be vastly reduced by multiple
scattering in case of increasing optical thickness, disordering of magnetic field by
turbulences (the Chandrasekhar-Fermi effect), and possible shocks propagating
through the plasma [Pacholczyk, 1970, Chandrasekhar and Fermi, 1953, Hughes
et al., 1985, Cawthorne and Wardle, 1988]. For astrophysically realistic plasmas
with a partially disordered magnetic field and 0 < ᾱ < 1, where ᾱ sets the power
in the usually assumed power-law distribution of electron energies, the degree
of linear polarisation is not expected to exceed p ≈ 16% [Pacholczyk, 1970].
For circular polarisation the realistic estimates are pc ⪅ 1% [Angel, 1974]. This
does not mean that X-ray emission from synchrotron origin is not measurable
by the space polarimetric observatories in e.g. particle acceleration regions such
as jet origins in AGNs [Weisskopf, 2018], nor that synchrotron emission at lower
energies is not present, but for the X-ray emission in accretion discs of radio-quiet
AGNs, which is the topic of this thesis, it is believed not be a dominant emission
process, nor to produce measurable polarized light in the X-ray band [Seward
and Charles, 2010], and I dare to omit its theoretical background.

Thermal radiation

From the processes that produce continuum radiation due to thermal equilibrium
in the media, we touch upon the thermal bremsstrahlung process that results in
spectral exponential decay towards high energies, and is expected in the X-ray
band for hot gases with temperatures T ≳ 106 K [Seward and Charles, 2010].
Discs of AGNs are expected to have hot inner part but overall temperature profile
is such that the thermal bremsstrahlung should not be significant in the X-ray
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spectrum, unlike the discs of e.g. X-ray binaries that are hotter [Done et al., 1992],
and I dare to omit related theoretical background, although it is implemented in
some of the codes that are further mentioned for comparison with the new results
presented.

Even with a relatively cold temperature profile of AGNs accretion discs (radi-
ally decreasing towards the edge), its natural thermal radiation is always present.
In the discs studied, due to specific infall of matter and viscosity effects, the tem-
perature profile does not have a black-body shape but a “bump” of two separate
power-laws is observed and explained by this way. This previously mentioned big
blue bump is an observed continuum spectral feature in the optical, UV and soft
X-ray bands of our case of AGNs, peaking at wavelengths of around λ ≈ 3000 Å
[Seward and Charles, 2010], and is believed to be of such one origin. Attempts
of computations of the accretion process and its direct radiative energy output
form up-to-date promising explanation of this feature. However, without a pre-
cise model of disc accretion, this continuum rise can only be represented by an ad
hoc power-law with an additional free parameter for its slope3. As seen in Figure
1.5, its high-energy tail naturally extends to the X-ray band and this effect may
partially contribute to the soft X-ray excess discussed below.

Line emission from thermal origin gives spectral signatures of elements heav-
ier than hydrogen in the X-ray band at T ≳ 5 × 107 K [Seward and Charles,
2010] and cannot take place even in the corona, because no heavy elements are
expected in this region due to very high ionisation. However, both of the ther-
mal continuum processes mentioned will naturally take part in radiation of a hot
corona, if present, and the hot coronal electrons will also interact with the soft
photons from accretion disc thermal radiation [Lightman and Rybicki, 1979]. In-
corporation of the coronal presence into the model is discussed below, as it seems
also connected to the inverse Compton effect.

Compton scattering and inverse Compton scattering

Compton scattering may occur also in the X-ray band and is of key importance
for the science cases studied by the upcoming X-ray polarimetric missions, in
particular in the accretion discs of radio-quiet AGNs. By scattering we refer
to a situation when photon encounters a free electric charge, which can lead to
a characteristic linear polarisation of a previously unpolarized light. See Figure
1.6 for a sketch. The reason for linear polarisation in such cases is reduction of one
of the components of the electric field in the plane of scattering (or plane of inci-
dence), which is a plane defined by the incoming and outcoming photon direction
of propagation; however, for a proper treatment of the interaction, a quantum
approach is needed [Klein and Nishina, 1994].

In the discs of AGNs, it is the Compton scattering that happens on free or
bound electrons. Whether the electrons are bound or free has almost no con-
sequence for X-rays above 1 keV illuminating gas mostly composed of hydrogen
[Vainshtein et al., 1998], so let us assume they are free. Compton scattering is

3Thermal radiation has in fact the shape of a multicolor black-body, i.e. sum of black-body
radiation of different temperatures, since accretion disc at different radii has different temper-
atures. The temperature decreases with radius according to Shakura-Sunyaev prescription for
Schwarzschild black hole [Shakura and Sunyaev, 1973] that was later generalised to spinning
Kerr black hole by Novikov and Thorne [1973]
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Figure 1.6: Polarisation induced by scatter-
ing and its geometry. Gray plane is called
the plane of scattering. Image from Trippe
[2014].

Figure 1.7: Degree of polarisation pL as a func-
tion of scattering angle Θ for a few values of
initial photon energy ε. Image from Knights
et al. [2018].

a high-energy inelastic generalization of Thomson scattering (it becomes relevant
when hν of the incoming photon becomes comparable to the electron rest energy
mec

2), meaning the energy of a photon changes after the interaction. This can
be quantified via [Fabiani and Muleri, 2014]

ε′ = ε

1 + ε

mec2 (1 − cos Θ)
, (1.21)

where ε and ε′ are photon energies before and after the scattering at an angle Θ.
The cross section σKN of Compton scattering for unpolarized photon is expressed
by the Klein-Nishina formula [Klein and Nishina, 1994, Castor, 2004]

σKN = 3
4σT

{︃1 + u

u3

[︃2u(1 + u)
1 + 2u

− log(1+2u)
]︃
+ log(1 + 2u)

2u
− 1 + 3u

(1 + 2u)2

}︃
, (1.22)

where u = hν/mec
2 and σT = 8πe4/3m2

ec
4 is the classical Thomson cross section,

e is the elementary charge. The degree of linear polarisation for this process is
given by [Hudson, 1968]

pL = sin2 Θ
ε

ε′ + ε′

ε
− sin2 Θ

. (1.23)

This relation is energy dependent and, for an initially unpolarized beam, the po-
larisation of p = 100% is never achieved. A degree of polarisation as a function
of the scattering angle Θ is shown on Figure 1.7 for different initial photon ener-
gies. In the limit of low initial energies (i.e. the Thomson scattering) the curve
becomes symmetric around Θ = 90◦, can reach p = 100%, and follows equation

pL = 1 − cos2 Θ
1 + cos2 Θ . (1.24)

The inverse process to Compton scattering also gives rise to polarized X-rays in
realistic astrophysical situations, and is commonly referred to as inverse Compton
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scattering [Fabian et al., 2000, Castor, 2004]. Again, a proper quantum treatment
is required, but it is a process of ultra-relativstic electrons (with velocities v
comparable to c) transferring their energy to low-energy photons. This process
may play an important role in the hot corona of AGNs, when hot thermal electrons
from the corona may encounter thermal radiation from the disc, which is in
the optical or UV range, and reproduce considerable X-ray continuum excess
[Fabian et al., 2000]. The higher the ionization is (depending on the proximity
and properties of a corona), the more dominant this effect is. Since inverse
Compton effect is well theoretically covered, we may reproduce this X-ray source
in fixed coronal and disc model assumptions.

For realistic assumptions on coronal and disc properties, the calculations of
the corona emission lead to an emitted power-law radiation in the X-ray band
[Zdziarski et al., 1994, Blandford et al., 1990, Krolik, 1999]. This serves as a basis
for the primary radiation in our models:

NΩ0(Ee) = N0E
−Γ
e , (1.25)

where Ee is the photon energy at the point of emission, N0 is arbitrary normaliza-
tion (usually sets the photon flux per one photon), and Γ is the new parameter,
which is called photon-index (sometimes used as α in the literature and codes,
where α = Γ + 1). This function may have hard or exponential cut-offs on its
lower and/or upper boundaries, which are ad hoc added, depending on the model.
An observed cut-off on the hard-energy tail can be explained as a result of possible
absorption in the disc environment or due to the blue horn of a strong relativis-
tically broadened Fe K line in a reflection dominated model [Boller et al., 2002,
Holt, 1981, Tanaka et al., 2004, Fabian et al., 2002]. In general, we may also jus-
tify the hard-energy cut-off by inability of coronal electrons to gain such speeds
that would result in such hard emission in the estimated conditions of T ≈ 108 K.
Radiation of this origin contributes to the soft excess and the low-energy cut-offs
are typically incorporated below this range for expected coronal thermal black-
body contribution to the power-law [Trümper and Hasinger, 2008]. The primary
radiation may itself be initially polarized as inverse Compton scattering may
as well linearly polarize natural light due to geometrical reasons [Trippe, 2014].
However, the details in the geometry of corona are completely unknown and we
must take all polarisation angles and degrees as somehow probable with only few
assumptions, including the completely unpolarized primary radiation.

The most prominent result of combination of both of these processes is the
Compton hump broad continuum feature in the secondary radiation, which is
a well known observational trait in total AGN spectra, peaking approximately at
20 keV. This feature can be reproduced, if we assume the disc to be illuminated
by a primary power-law from the corona of debatable geometry and proximity
to the disc. If such X-ray radiation scatters free electrons in the disc via regular
Compton scattering (multiple-scattering for one photon is possible), the initial
power-law may be smeared to the Compton hump broad feature in the reflected
radiation that as well beams towards the observer [Fabian et al., 2000]. Inverse
Compton scattering may also be present in the disc reprocessing of primary ra-
diation and can reshape the original spectrum. Although it is implemented in
some of the codes that are further mentioned for comparison with the new results
presented, it will not be of direct use in this thesis. Hence, I date to omit its
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theoretical treatment.

Absorption in the disc

It is important to take into account that some of the coronal radiation emitted
towards the disc is not reflected, but may be absorbed in the disc, which is
modeled by a standard absorption law that sets the probability of a photon being
absorbed at distance x traveled in the scattering region with particle density n
[Goosmann and Marin, 2014]:

PA = e−nσAx . (1.26)

The absorption cross section σA along with the local density n take into ac-
count various continuum as well as line absorption processes (see below) based
on the atomic theory and the theory of radiative transfer, which is out of the scope
of this work to provide here briefly.

Line production

By the means of fluorescence mechanism we explain numerous spectral line fea-
tures in AGN observations, most notably the Fe Kα line and the relativistic effects
upon it. If an X-ray with an origin elsewhere (the primary power-law radiation in
our case) encounters an atom in the cold gas disc conditions of AGNs, conceived
as a semi-infinite slab, it may scatter off electrons as in the previous subsection,
or be photoelectrically absorbed by inner shells of heavy atoms, resulting into
excited state which decays immediately [Seward and Charles, 2010]. The latter
case may be either an Auger de-excitation (e.g. with 66% probability for n = 1
shell of the iron atom [Fabian et al., 2000]) or characteristic fluorescent line X-ray
emission, where the emitted photon may also escape the slab [Fabian et al., 2000].
Apart from emission lines in case of high ionization, primary irradiation may also
cause absorption lines in case of lower ionization [Garćıa et al., 2013].

Details depend on the disc structure used, but this spectral line production
is incorporated into the models used including the recombination processes, by
which we mean a cascade of radiative de-excitations following a recombination of
a free electron upon an ion. The incorporation is based on expected and observed
presence of various heavy elements in the accretion discs of AGNs, the atomic
theory itself, and the theory of radiative transfer. It is altogether out of scope of
this work to provide even a reduced related background in here, but I shall at least
provide the line profiles utilized in the codes, which I worked with. A realistic
(still relativistically untouched) line profile is always a convolution of different
profiles from various processes. For a case of cold gaseous optically thick media
with very strong lines, which the accretion discs observations impose, suppressing
the Doppler broadening effects with only a plain Lorentzian line profile may be
presumed (e.g. Castor [2004]) in the co-moving rest frame of the disc. This profile
is given by

N(ν) = 1
π

Γ
2

(ν − ν0)2 + (Γ
2 )2 , (1.27)

with centroid frequency ν0 and line width Γ, depending on each line included
[Goosmann and Marin, 2014]. The amount of photoelectric absorption is also
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photon-energy dependent, which results in the fact that incident soft X-rays are
mostly absorbed, while hard photons rather tend to Compton scatter, and ini-
tial atomic ionization-state dependent, which gives line production dependent on
optical depth inside the slab-like disc [Fabian et al., 2000]. This gives an insight
into the overall view of the spectra and importance of 1) the so-called overall ion-
ization parameter ξ, 2) the elemental abundance that is usually represented by
the iron abundance AF e, 3) the cosine of incident inclination angle µi = cosδi

4,
for the line production. The definition of ξ, which represents the amount of irra-
diation that ionizes a medium, varies in literature. But for all of the codes used
in this thesis, we calculate with

ξ = 4π
∫︁

F (re)dE

nH

, (1.28)

where nH is hydrogen density in the medium, F (re) is the radiation flux received
at radius re on the disc, and the bounds of the integral vary, depending on
the code used. ξ has to be a free parameter in pre-calculated disc structure models
and local reflection tables (see Section 1.5.1), as the total irradiated output of
the corona that reaches the disc depends on emitting region’s geometry, proximity
and total emission amount.

Linear polarisation may be transferred via resonantly scattered emission lines
[Lee and Blandford, 1997], as the emission carries memory of the polarisation of
the absorbed photon with modulation by the cos2 Θ function too [Fabiani and
Muleri, 2014], and is incorporated in the models used. For the recombination
processes, a total preferred polarisation should be statistically eliminated and is
not expected to rise from the atoms in accretion discs of AGNs, although it is
incorporated in the models used.

The soft excess continuum

It was already mentioned that the observed soft excess may be partially caused
by continuation of thermal radiation onto the X-ray range. The temperatures for
this may be achieved in the inner most parts of the disc but significance of this
contribution is unknown [Seward and Charles, 2010]. Other explanations of this
soft excess, which clearly departs from the observed hard X-ray power-law that
is expected to be given by the coronal radiation and its reflection and that only
serves as a basic contributor to the soft X-rays, allow for its rise independently
of the disc thermal radiation. This includes contribution from relativistically
blurred C, O and N fluorescence lines [Branduardi-Raymont et al., 2001], and
absorption edges mainly from Fe L lines [Lee et al., 2002]. Further smearing
of lines by turbulences in the disc may play a role too [Pariev and Bromley,
1998]. In the codes used for this thesis, the (partial) interpretation of soft excess
via relativistically blurred lines does not require implementation of additional
processes and other free parameters, and we hope to recover the soft excess only by
this continuum enhancement of broad lines, which should be more present towards
lower energies, or by a specific low-energy cut-off of the primary radiation. This
suits to a relatively recent attempt for its explanation, the so-called warm corona

4δi is measured from the axis perpendicular to disc plane in the local co-moving rest frame
at the point of reflection, see Figure 1.8.
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model. It assumes a relatively optically thick warm corona (i.e. between a totally
optically thick and cold accretion disc and an optically thin hot corona) that
would generate Comptonised component with much steeper power-law (Γ ∼ 2.8)
and lower high-energy cut-off that could contribute to the soft excess [Petrucci
et al., 2020, Mehdipour et al., 2011, Różańska et al., 2015].

1.3.2 Reasonable spectral and polarimetric model
With this argumentation, essentially, only three fundamental radiative processes
must be taken account when modeling the full X-ray spectra of radio-quiet un-
obscured AGNs. Primary continuum emission from a static (or slowly moving)
corona above the accretion disc, reflected continuum radiation from the disc (and
a proper treatment of its partial absorption within the disc), and the simulta-
neous spectral lines emergence from the present disc elements. Primary radia-
tion described by equation (1.25) is also used to illuminate the disc and cause
reflected continuum and line radiation from the disc. For calculation of this pro-
cess, a proper model of a disc structure is required. An optically thick disc with
a horizontal ionization stratification from the coronal illumination is a generally
accepted model, which is supported by slab-models of numerous radiative transfer
codes and which will be specified in the subsequent sections, as picking a correct
disc structure model heavily affects the resulting spectrum in this scheme, and
thus brings additional free parameters into play. As soon as disc structure is
calculated, an interaction of light and matter in the disc for the reflected contin-
uum can be modeled by Compton reflection upon free electrons in the disc, which
may lead into additional polarisation effects. X-ray line production from known
elements in the disc from observations is also added with Lorentzian line profiles
and their properties based on estimated conditions in the disc. All the computa-
tions of interaction of light and matter in this region are more complicated due
to the fact that multiple-scattering must be taken into account.

Apart from inclination i of the disc with respect to the observer, photon-index
Γ and cut-offs of the primary radiation, and estimated disc structure, a shape and
distance from the disc of the corona and the disc size are crucial unknown pa-
rameters of this setup. In the literature, we may find two most popular distinct
simplified archetypes of the coronal geometry: a lamp-post model [Matt et al.,
1991, Martocchia and Matt, 1996, Henri and Petrucci, 1997, Martocchia et al.,
2000, Miniutti and Fabian, 2004, Dovčiak et al., 2004] and an extended coronal
model [Dabrowski and Lasenby, 2001, Niedźwiecki and Życki, 2008, Schnittman
and Krolik, 2010]. Some of the recent codes are flexible among these distinct
geometries and possible distances of the corona from the disc, and both of these
simplified considerations are sketched in Figure 1.8. The lamp-post model as-
sumes a patch of hot corona located on the rotational axis of the disc at some
height h above the central SMBH. This serves as an isotropic point-like source of
stationary power-law emission [Martocchia and Matt, 1996, Petrucci and Henri,
1997]. Radial dependence of illumination of the disc under the angle ΘL between
the incident photon direction and rotational axis (see Figure 1.8) depends on h of
the point-like source above the disc. The extended coronal model assumes a dif-
fuse optically thin hot corona near above large area of the disc, which may cause
quite complicated radial dependence of illumination, but usually a decreasing
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power-law with radius is assumed [Dovčiak, 2004].

Figure 1.8: Two model geometries of a corona above an accretion disc: a) the lamp-post model,
b) the extended coronal model. Image from Dovčiak [2004].

All in all, this has to be put into the framework of general relativity, because
this radiative transfer happens very close to the horizon of the central black
hole. The evidence of strong gravity in these regions due to presence of SMBH,
and its influence on the geometry of spacetime is well justified by observations,
most notably by broadening, shifting and the time-analysis of the observed spec-
tral lines [Seward and Charles, 2010]. Using the theory of general relativity for
gravitational effects on the spectrum production might be a test for the theory
itself; however, once we accept its effects, we have to choose appropriate solu-
tion of the Einstein’s equations, which necessarily simplifies the real situation,
as analytical solutions in this theory are scarce. A reasonable general-relativistic
framework for these models is given in the next section and brings additional
free parameters into the modeling. The relativistic effects are considered upon
the reflected continuum and line radiation, as well as primary radiation.

It is clear that modeling spectral and polarisation properties of these objects
requires a lot of assumptions and brings an extensive number of parameters.
Nevertheless, the setup described above is generally accepted as promising and
physically one of the best-reasoned compromises between crude approximations
of realistic situations and long computational times. Today’s computers are able
to deliver sufficient spectral and polarimetric results with state-of-the-art codes
taking all of the effects described above into account. Once the approximations
and the applied theories are accepted, we may fit observations and decide on
the arisen free parameters of real objects, such as spin of the central black hole,
ionization of the accretion disc and observer’s inclination. Modern codes that
build upon this setup and the past or upcoming observations, for which they can
be of use, are described in Section 1.5.

1.4 Relativistic description of the problem
It has been argued that strong gravity regime is necessary for the computations.
Therefore, we opt for the most widely used and up-to-date most precisely con-
firmed gravitational framework provided by the Einstein’s equations of general
relativity. A Kerr solution to the equations describes a black hole with non-zero
angular momentum ā and mass M [Kerr, 1963], being used further in the text
sometimes in a more practical combination with a standard notation a ≡ ā/M . It

22



is this metric that is used in the relativistic codes in this thesis without a gravita-
tional impact of the disc or any other bodies. The disc is assumed as a stationary
emitting medium in the equatorial plane with the same rotational axis as the cen-
tral black hole. While it is more common to work in the so-called Boyer-Lindquist
coordinates (t,re,θ,ϕ) for theoretical considerations, the numerical code KYNLPCR
[Dovčiak et al., 2004, 2011] discussed in this thesis computes in the so-called Kerr
ingoing coordinates (t̂,û,µ̂,ϕ̂). As it is beyond the scope of this work to provide
full theoretical background of these theories, we refer the reader to e.g. Misner
et al. [1973], where basic description of this solution is discussed. In the following,
we only declare the relativistic model chosen and the most important equations
for the numerical codes, without giving much details on the reasons behind. We
follow the fundamental papers of Cunningham [1975] and Connors et al. [1980],
while more up-to-date notation and approach used also by KYNLPCR is taken from
Dovčiak [2004].

1.4.1 Emission from an accretion disc around a Kerr black
hole

Photon trajectories follow the geodesic equation

dpµ

dλ′ + Γµ
στ pσpτ = 0 , (1.29)

where pµ = dxµ

dλ′ is a four-momentum of light, λ′ is affine parameter of a geodesic,
and Γσ

µν are Christoffel symbols for the Kerr metric. While distortion of solid
angles over areas observed are governed by the equation of geodesic deviation

d2Y µ
j

dλ′2 + 2Γµ
σγpσ dY γ

j

dλ′ + Γµ
στ,γpσpτ Y γ

j = 0 , j = 1, 2 , (1.30)

where Y µ
j are two vectors characterizing the distance between nearby geodesics.

These equations have to be numerically integrated over the journey of a pho-
ton in order to achieve a distorted picture that the observer has, since the tra-
jectories (and energies) of photons depart from the classical Newtonian frame-
work. The general-relativistic framework automatically includes all the special-
relativistic effects. Namely for the energy and direction changes, the effects of
gravitational and Doppler shifts, special-relativistic aberration, gravitational lens-
ing and bending, relative time delay and change of an emission angle are covered.
In order to obtain F Ω0 at a distant detector that sees an emitting accretion disc
at inclination angle i, measured from the rotational axis of the disc, with local
intensity I as a point-source, we ought to integrate

F Ω0 =
∫︂ rout

rin

∫︂ gmax

gmin

g3If dgdre (1.31)

over the area of the disc with radial coordinate re extending from rin in the outer
vicinity of the black-hole horizon5 to arbitrary rout. We only aim to cover one

5Even regions below the innermost circular orbit (ISCO) are allowed by e.g. KYNLPCR
[Dovčiak et al., 2004, 2011], although the emission processes and dynamics will be a whole
different and we shall rather neglect this region from our considerations.
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side of the disc and possible photons arriving from the far side of the disc due to
non-zero curvature are neglected, as well as reflections of indirect photons in this
sense. Keplerian disc rotation is assumed, which is not needed for the local emis-
sion itself, but the assumed velocities U (ϕ) ∝ r−1/2

e affect the shifts upon locally
emitted radiation. In (1.31) f is the transfer function that represents the Ja-
cobian of the transformation from the detector’s viewing angle towards the disc
area in the integration coordinates and that includes all of the effects above upon
the photon’s journey. ne is the emission angle. g = Eo/Ee is the energy shift
from the emitted photon energy Ee to the observed one Eo, and it is directly
related to the Boyer-Lindquist coordinate ϕ, being the azimuthal coordinate over
the disc. Therefore, g may also be used as a distinct azimuthal coordinate. Both
of these have their minima and maxima, gmin, ϕmin and gmax, ϕmax respectively,
depending on the emission radius studied. equation (1.31) may be written in
terms of observed photon flux NΩ0 in a different, equally useful way:

NΩ0 = N0

∫︂ rout

rin

∫︂ ϕmax

ϕmin

INg cos(ne)lre dϕdre , (1.32)

where N0 is the normalization constant, IN = I/hνe is the local photon intensity
at emitted frequency νe, l is the so-called lensing factor for far-away sources (see
e.g. Dovčiak [2004]), and the combination of parameters g2 cos(ne)l is an analogue
of the transfer function f from the former case.

The emitted undistorted spectrum I on the disc’s surface is in our case ob-
tained from reflected local radiation that can be pre-calculated for all possi-
ble points on the disc’s surface and all possible incident angles of irradiation
of the surface of the disc, knowing the coronal geometry and disc’s structure.
Although we consider the disc as an optically thick semi-infinite slab in the cal-
culations of the reflection tables, once we have the reflection tables, the disc is
considered geometrically thin, having its emitting surface directly on the equato-
rial plane defined by θ = π/2. This is only an approximation regarding the disc’s
vertical density profiles previously mentioned. After the primary source’s loca-
tion is also decided, we integrate equations (1.29) and (1.30) to calculate photon
trajectories towards the disc, which in practice determines the right values from
the pre-computed reflection tables at each point on the disc’s surface, as well as
photon trajectories of the primary radiation towards the observer.

As the metric is a and M dependent and these parameters play a role especially
in the vicinity of the horizon, we may constrain these parameters for real objects
by proper fitting of spectral observations. Moreover, for spinning black holes
the accretion disc is expected to extend closer to the innermost circular orbit
(ISCO) and these parameters are more predisposed to be constrained. Likewise,
it is possible to constrain ξ of which I is dependent, and i of which the transfer
function and I are both dependent. Dependencies of this sense are equally valid
for the other Stokes parameters Q, U and V , with which we may work in a similar
way6, although circular polarisation represented by V is not expected. The final
manipulation with all four Stokes parameters is sketched in the next section.

6Sometimes partial polarisation and spectral results of the codes at the disc’s surface are
given in terms of flux F or N , provided by definitions (1.2) and (1.4), where ϑ is with respect
to the disc’s normal, rather than by intensity I or IN . Corresponding Stokes parameters to F
or N in this sense are further labeled as Q or QN , U or UN , V or VN .
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The relativistic effects on polarisation are also discussed in the following section
but that only brings additional considerations for Q and U .

1.4.2 Polarized light in general relativity
It has been known since Connors et al. [1980] that polarisation features from
accretion discs in the vicinity of the central black hole are heavily affected by
gravitational effects and that Newtonian approach cannot be used. These effects
have been studied extensively since then [Laor et al., 1990, Matt, 1993, Agol and
Krolik, 2000, Dovčiak et al., 2004, Dovčiak et al., 2008, Schnittman and Krolik,
2009, 2010]. It is both the polarisation angle and the polarisation degree that
undergo changes as the light travels in curved spacetime. The Newtonian results
allow only for a special orientation of the plane of polarisation with respect to
the observer. General- and special-relativistic effects allow polarisation angles in
any direction and break this symmetry. The effects are realized by continuous
rotation of the polarisation plane with respect to a static observer as a function
of energy and time along the ray, which varies for rays from different parts of
the disc. Again, the net rotation that interferes into the otherwise undistorted
picture of Stokes parameters Q and U can then constrain a and M of the central
black hole as well as the inclination i of the observer, as all of these parameters
define the correct geodesics. In fact, we rather expect a relativistic depolarisation
effects on reflected radiation (unlike the primary radiation) [Dovčiak et al., 2008],
although the discussion is more complicated for the lamp-post model [Dovčiak
et al., 2011].

In practice, this rotation of polarisation plane is fully quantified via the change
∆Ψ of polarisation angle Ψ, which is redefined at the disc in the four-dimensional
notation, stretching between a normal to the disc and a polarisation four-vector
(see e.g. Dovčiak [2004] for a proper definition). It has a value of 0◦ parallel
to the direction of the projected disc’s normal and it is rotated counterclockwise
for positive values from the observer’s point of view, corresponding to the pre-
viously defined polarisation angle. Then, along a geodesic, this angle changes
and we are interested in computation of its total change ∆Ψ = Ψ2 − Ψ1 between
the source (1) and arrival at the disc or detector (2)7. This, in theory, can be
described using the complex constant of motion κpw = κ2 − iκ1, which is related
to the Carter’s constant and describes the parallel transport of a polarisation
four-vector perpendicular to the photon’s four-momentum along a geodesic. For
a complete theoretical background see e.g. [Walker and Penrose, 1970, Connors
and Stark, 1977, Connors et al., 1980].

Once the geodesic equation (1.29) that also governs the change of polarisation
angle is computed, one may drop the four-dimensional formalism and stick to
the classical Stokes parameters defined in (1.8) and (1.9). Similarly to the Stokes
parameter I, whose integration was already described in (1.32), we integrate
the U , Q and V locally emitted total parameters; however, in the computation of
total Q and U from the disc towards the observer, now the change of polarisation

7Here we use the general notation of Ψ1 and Ψ2, as the general-relativistic change of polarisa-
tion angle is needed to be calculated between the primary source and disc, between the primary
source and observer, and between the disc and observer. For the observed total polarisation
angle and degree at infinity, Ψo and po will be used specifically later in the text, respectively.
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angle ∆Ψ plays a role. Furthermore, in numerical codes it is useful to also
integrate the resulting photon flux NΩ0 over an energy bin (E, ∆E) (this has
not been mentioned in the previous section yet), in order to obtain a quantity
∆io(Eo, ∆Eo) in the units of [counts · sr−1 · s−1], which is actually measured per
energy bin. This integration is identical for the Q, U and V parameters, and let
us state the final formulae for all integrated Stokes parameters over some disc
area at once:

∆io(Eo, ∆Eo) = N0

∫︂ ∫︂
Irecos(ne)g2l dS

∆qo(Eo, ∆Eo) = N0

∫︂ ∫︂
[Q cos(2∆Ψ) − U sin(2∆Ψ)]recos(ne)g2l dS

∆uo(Eo, ∆Eo) = N0

∫︂ ∫︂
[Q sin(2∆Ψ) + U cos(2∆Ψ)]recos(ne)g2l dS

∆vo(Eo, ∆Eo) = N0

∫︂ ∫︂
V recos(ne)g2l dS .

(1.33)

1.5 Modern research in spectral and polarimet-
ric properties of AGNs

It is important to note that the codes, analytical approaches and space missions
mentioned in the following paragraphs do not form an exhaustive list of recent
studies in this broad topic. I focus only on the works directly related to my thesis,
while their general importance in the context of modern research is stressed.

1.5.1 Numerical codes
The scheme described above can be practically divided into three separate com-
putations, in order to reproduce a full unfolded X-ray spectrum and polarisation
of an accretion disc in AGN. First, an appropriate disc structure computation is
needed. Here, for most of this work and as an input to the main STOKES code,
we use the radiative transfer code for photoionized media TITAN [Dumont et al.,
2003]. Other notable disc structure computations are achieved by e.g. XSTAR
[Kallman and Bautista, 2001]. Second, these computations are incorporated into
the broader codes computing the locally reflected primary radiation off the semi-
infinite slab-like disc. For majority of this thesis, we work with a Monte Carlo
simulation of this process by STOKES. We later compare these results with other
reflection tables achieved by XILLVER [Garćıa and Kallman, 2010, Garćıa et al.,
2011] that uses XSTAR computations as input. Other notable published reflection
model results, but too different8 for being functionally compared to ours, are
by the codes NOAR [Dumont et al., 2000] and REFLIONX [Ross and Fabian, 1993,
2005].

Once locally reflected radiation is computed for all possible geometries, a to-
tal spectrum including the primary radiation can be produced based on various
parametric behaviour as a last modeling step. This has to incorporate all the rel-
ativistic effects. Such final spectral tables are produced by the KYNLPCR code,

8Mostly because they compute with a neutral disc, as opposed to the ionized disc structure
most convenient for our case.
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which has been modified as part of this thesis in order to evaluate the STOKES re-
sults. Relativistic computations upon the XILLVER results can be also achieved by
RELXILL extension [Garćıa et al., 2014, Dauser et al., 2014]. KYNLPCR and RELXILL
have an advantage of being readily coupled to the standard X-ray spectral fitting
software XSPEC [Arnaud, 1996], which can be easily used to fit real spectroscopic
observations after multiplying the models with appropriate response matrices of
particular instruments later on, i.e. forward folding of the spectra.

Regarding polarimetry, the STOKES code is able to simulate polarisation out-
come of local reflected radiation as well, unlike the XILLVER computations. This
may be again used to reproduce full polarisation properties of accretion discs in
AGNs via the KYNLPCR code, including the relativistic effects upon polarisation,
although it has to be again adapted for the STOKES output. With this, we may
either compare the polarimetric results with some analytical approximations of
locally induced polarisation or already with real polarimetric observations.

For many spectroscopic and polarimetric space observatories, it is necessary
to have an observation simulation software, which is a numerical code emulating
all of the instruments on board. First of all, it helps better understanding of
the instruments before being put onto orbit and has a role of double-check on
the forthcoming images of real objects. Secondly, it is important to simulate
observations with realistic estimates on the possible science cases (see Section
1.2.1) before the mission starts, in order to plan the exposition times on these
objects, predict the uncertainties of such observations (and thus their relevance),
and develop a long-term targeting schedule. Lastly, and most importantly for this
thesis and the forthcoming IXPE mission, we have to run our theoretical models
through the response functions of the instruments on board via this software as
well, in order to get realistic folded models, which can only after that serve for
fitting of the data folded in the exactly same manner. This last step completes
the picture and puts the theoretical models finally into practice. It is important
to prepare this step before the mission’s launch not only to be able to immediately
process the data after they are collected, but to find, on the contrary, hints on
the model inconsistencies and flaws well in advance.

IXPE mission has its own data simulation software IXPEOBSSIM [Di Lalla,
2019, Weisskopf et al., 2016], into which I aim to incorporate the obtained models
as part of this thesis. After leaking of the models through the IXPE response
matrices, they are again ready to fit real IXPE polarimetric observations with
e.g. XSPEC.

For the sake of this thesis, it is important to at least briefly give theoretical
background of the codes in our setup. I only mention the codes, which I directly
worked with and that are mostly discussed in the following chapters. That is
the STOKES code and its input code TITAN, the KYNLPCR spectral and polarimetric
disc integration scheme, and the IXPEOBSSIM code for simulations of the upcoming
IXPE polarimetric observations with the IXPE response functions.

TITAN

TITAN [Dumont et al., 2003] is a code designed for hot optically thick media. In
our application under the version 105v03f, it computes the structure of a plane-
parallel slab of gas in thermal and ionization equilibrium, illuminated by a given
power-law primary spectrum. This is done using the accelerated lambda iteration
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(ALI) method of radiative transfer and heavily relying on atomic theories. It
solves the energy balance, the ionization and the statistical equilibria, the transfer
equations in a plane-parallel geometry, for the lines and continuum up to about
20 keV, which is enough for the required output on line properties. Then, having
the thermal and ionization stratification obtained, it can also compute the emitted
spectrum in this range using the code NOAR [Dumont et al., 2000] which uses
a Monte-Carlo method taking into account direct and inverse Compton scattering.
We may use this spectrum as a double-check on STOKES results in this range,
although our primary aim is to only import the computed disc structure into
STOKES. The density of gas is represented by a constant hydrogen density nH ,
although in reality, we would expect a non-constant density profile [Novikov and
Thorne, 1973, Page and Thorne, 1974, Abramowicz and Fragile, 2013, Compère
and Oliveri, 2017]. The bounds of the integral in (1.28) used for ξ are infinite
(i.e. they follow the chosen cut-offs of the primary radiation). An inclination
towards the source remains general, i.e. the computation is one dimensional and
it is an integrated radiation from all possible incident angles with this spectral
power-law, reflected onto outward angle µe = cosδe = 0.5779, and normalized
accordingly. For details on TITAN see e.g. [Dumont et al., 2003].

STOKES

Here and throughout the thesis we use information on the STOKES code from its
main scientific papers [Goosmann and Gaskell, 2007, Marin et al., 2012, 2015,
Marin, 2018], the last update of its manual [Goosmann and Marin, 2014], discus-
sions with authors of the code, and the latest code version 2.32 itself, which is
constantly under development, as parts of this work also helped to suggest certain
improvements therein.

Once the TITAN code computes all necessary disc structure data for a set
of possible photon-indices Γ, ionization parameters ξ, and heavy element abun-
dances represented by AF e, these data can be used in STOKES for the same set of
parameters, regarding the horizontal stratification of disc (with arbitrary number
of layers) for computations of spectral line creation, producing lines of profiles
(1.27) and appropriate polarisation, and the continuum processes. In addition,
the code computes with primary radiation per incident angle µi and per outward
angles Φe

10 and µe. The continuum reflection and the energy and polarisation
change is calculated based on equation (1.21) and Müller formalism from Section
1.1.1 for Compton scattering for the same set of parameters and the same primary
spectral power-law with arbitrary initial polarisation. However, in the current
version of the code, the angular dependence on Θ is approximated by Thom-
son phase function given by equation (1.24), rather than equation (1.7), which
is a good approximation for the energies studied. For details on Thomson po-
larisation functions used, see Poutanen and Vilhu [1993]. The inverse Compton
scattering is not included in STOKES. Multiple-scattering is allowed. Apart from
reflection or (re)emission, the photon may be also absorbed according to the law

9δe is measured from the axis perpendicular to disc plane in the local co-moving rest frame
at the point of reflection, see Figure 1.8.

10Φe is an azimuthal emission angle, which is the projection between the three momentum
of the emitted photon into the disc plane and the radial tetrad vector, all in a local co-moving
rest frame.
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(1.26). This altogether produces an overall local reflection Stokes parameters
(without the relativistic effects yet) as a function of ξ, Γ, AF e, µi, Φe and µe

in adjustable grids and boundaries. In general, the STOKES code also allows for
dust scattering and systematic velocities, but that is not relevant for our case of
local reflection spectra of accretion discs in AGNs. An auxiliary code ANALYZE
by the same authors is used to process the results into a conveniently readable
files.

In practice, STOKES computes as a three dimensional radiative transfer Monte
Carlo simulation, meaning all the processes that follow a single photon journey
from generation to absorption or detection by a virtual detector, are based on
predefined random sampling (see e.g. Cashwell and Everett [1959]). Regardless
of the steepness of the primary power-law, all energy bands are equally populated
and in the end weighted according to the power-law to reduce artificial noise in
the data. The code is written in C++ and contains routines according to the pos-
sible processes that may happen to a single photon. A model object keeps track
of geometrical parameters, a photon object keeps track of the Stokes parame-
ters, wavelength, position and direction of the sampled photon, and a monitor
object rules the observational part of the system and its geometry. For details
on sampling and a flowchart of a “typical photon’s journey” inside the code, see
[Goosmann and Marin, 2014]. Again, for our case the scattering region is a semi-
infinite slab with constant density nH for Compton scattering off electrons given
by cross section (1.22), and a horizontal stratification and optical depth dependent
line formation based on the TITAN atomic data for heavy elements. The emitting
region has a cylindrical shape by default, but is vastly extended for our case, in
order to cover all possible incident angles for an unknown coronal geometry.

KYNLPCR

One of the widely used packages in X-ray astronomy for analyzing spectra of
black-hole accretion discs is XSPEC [Arnaud, 1996]. This multiple-parameter fit-
ting, detector-independent code may eventually be used for spectral and polari-
metric fitting as a continuation of this thesis. In the work presented, I intend
to provide details only on its external routine KYNLPCR, which was originally de-
veloped by Dovčiak et al. [2004, 2011], and has been continuously updated since
then, including this study11. The KYNLPCR extension computes the emission from
an acrretion disc in either the lamp-post scheme or the extended coronal scheme
described in Sections 1.3.2 and 1.4, and in its latest versions before this work
it was already adapted to the NOAR [Dumont et al., 2000] and XILLVER [Garćıa
et al., 2013] reflection tables. Notable spectral modeling results already achieved
by this routine can be found in e.g. Dovčiak et al. [2011], which includes the NOAR
tables.

All relativistic effects are taken into account – from the primary source to
the observer, from the primary source to the disc, and from the disc to the ob-
server. This requires calculations based on equations (1.29), (1.30) and (1.32), as
the disc emission gets integrated and the primary radiation is added. KYNLPCR

11The latest stable version adapted to the NOAR reflection tables is available at https:
//projects.asu.cas.cz/stronggravity/kyn/blob/master/xsKYNlpcr.c on the date of sub-
mission.
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also allows for partial obscuration of the disc or local flare computation by en-
abling computations of sole non-axisymmetric patches of the disc [Dovčiak et al.,
2004]. Apart from plain spectra, it is also able to incorporate polarimetric analy-
sis, and it is part of this thesis to develop the global polarisation results achieved
by KYNLPCR (using equations such as (1.29), (1.30) and (1.33)) and to compare
them with Chandrasekhar’s analytical approach within KYNLPCR and to prepare
them for fitting real observations within IXPEOBSSIM (see below).

In practice, KYNLPCR routine is written in C and it has a main routine named
xsKYNlpcr (already designed for NOAR or XILLVER tables) that requires defini-
tion of number of parameters, for which it is able to produce a full spectrum.
It is the geometrical parameters of the corona, the photon-index Γ, the cut-
offs’ declaration, the black-hole parameters a and M , the accretion disc radiative
area, the geometrical parameters situating the observer (including inclination i
and possible redshift z), and additional polarisation specifications. An important
subroutine ide integrates local emission over the disc. For this, it requires not only
some reflection tables (in our case obtained by STOKES) in a standard Flexible Im-
age Transport System (FITS) format [Hanisch et al., 2001], but also pre-computed
transfer functions (based on equations departing from (1.29)) between the corona
and the disc that take into account all possible coronal geometries, and transfer
functions required towards the observer. Once all of these tables are correctly
linked and their parameters properly interpolated, also with respect to the user’s
choice of parameters in the main routine, full unfolded spectral and polarimetric
results are achieved.

IXPEOBSSIM

The IXPE mission, for which this work is extremely timely, has its own observa-
tion simulation framework IXPEOBSSIM. It is important to note that the software
is still under development and not yet publicly available, although it is possible to
publish the results achieved with this code in this thesis. Regarding the informa-
tion on the code I refer to Di Lalla [2019], which deals with part of this framework,
and in general to the IXPE team [Weisskopf et al., 2016], which kindly accepted
me as a scientific participant to efficiently work with the yet unpublished code
and its documentation.

IXPEOBSSIM is a tool to produce fast and realistic IXPE observations and
is written in Python and the associated scientific ecosystem. As an input it
uses a user-defined source model including morphological, temporal, spectral and
polarimetric information, which are completely arbitrary, and the response func-
tions of the detector, which are already implemented for the IXPE case and are
stored in separate files. The output12 of No(Eo), QN,o(Eo), UN,o(Eo) or po(Eo),
Ψo(Eo) including error bars and possibility of MDPX(Eo) calculation is provided
in the standard FITS format and conforms to the Office of Guest Investigator
Programs (OGIP) standard [Arnaud, 1995]. It is, therefore, also ready to be used
in XSPEC, a standard fitting tool in the X-ray astronomical community.

At this point of development, the latest version 8.2.2 already allows for end-
to-end analysis. Given a source model13 with specified (time-dependent) emission

12Here, as everywhere else in the thesis, the subscript “o” refers to observed or measured
quantities in the far limit from the central black hole.

13In our case, before the mission’s launch, it is necessary to create and connect fictitious AGN
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spectrum io ≡ ∆io/∆Eo, qo ≡ ∆qo/∆Eo, and uo ≡ ∆uo/∆Eo all in [counts · sr−1 ·
s−1 · keV−1], or polarisation degree po and angle Ψo as a function of energy and
time, and given the estimates on obtained flux F2−10 at the detector and galac-
tic absorption NH (as column density in [cm−2]) in the X-ray band 2 − 10 keV,
which provides the estimated distance ro to the source and calibrates the model
appropriately, it automatically connects the response functions for IXPE detec-
tors and first, the main ixpeobssim routine is called, which generates a photon list
for a specific observation time. xpbin routine then allows to bin the data using
several different algorithms, producing binned events lists as output files. These
can be readily visualized by the interface xpbinview, which takes the binned data
as input files. Additional xppimms tool is also able to calculate the MDPX for
a specific observation time, given a source model and a set of instrument response
functions. All simulation and analysis tools in IXPEOBSSIM are fully configurable
via command-line.

1.5.2 Analytical approximations
Despite the global numerical approach, which is necessary due to the severe com-
plexity of obtaining simulated spectra of accretion discs in AGNs and their po-
larisation properties, it is always worth to compare the numerical approaches to
analytical approximations, if it is at least partially possible. In the scheme above,
polarisation of the reflection spectral continua may also be analytically computed
in a single-scattering approximation of elastic Rayleigh scattering. The formu-
lae for the approximation of this single-scattering plane-parallel atmosphere are
provided in Chandrasekhar [1960] and must be taken with caution, as the actual
process expected for high-energy photons is Compton scattering and we cannot
expect characteristic spectral and polarimetric features given by the Compton
recoil [Matt, 1993]. Moreover, multiple scatters are also likely14. Here, we adopt
transcription of the Chandrasekhar’s formulae from [Dovčiak, 2004]. For unpo-
larized primary radiation it holds

I = Il + Ir

⟨Il + Ir⟩
IN

Q = Il − Ir

⟨Il + Ir⟩
IN

U = Û

⟨Il + Ir⟩
IN

V = 0 ,

(1.34)

where

Il = µ2
e(1 + µ2

i ) + 2(1 − µ2
e)(1 − µ2

i ) − 4µeµi

√︂
(1 − µ2

e)(1 − µ2
i ) cos(Φe − Φi)

− µ2
e(1 − µ2

i ) cos[2(Φe − Φi)]
Ir = 1 + µ2

i + (1 − µ2
i ) cos[2(Φe − Φi)]

Û = 4µi

√︂
(1 − µ2

e)(1 − µ2
i ) sin(Φe − Φi) − 2µe(1 − µ2

i ) sin[2(Φe − Φi)] ,

data to test the fitting procedures.
14As a continuation of this thesis, it might be also attempted for inclusion of similar, but

more robust approximative formulae for multiple scattering from Chandrasekhar [1960].
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where

Φi = −Ri
sgn arccos

⎛⎝ −1√︂
1 − µ2

i

piαeα
(ϕ)

piµUµ

⎞⎠+ π

2 ,

and Ri
sgn is the sign of the radial component of the four-momentum pµ

i of an in-
cident photon. It is positive, if the incident photon travels outwards (p(r)

i > 0),
and negative, if it travels inwards (p(r)

i < 0) in the local rest frame of the disc.
Equations of this form can be used for comparison with plain reflection ta-

bles computed by STOKES or incorporated into KYNLPCR instead of the STOKES
tables in the scheme above for the integrated spectra, and both numerical and
analytical approaches may be juxtaposed. However, these approximations give
only an estimate for the continuum polarisation, not spectral lines.

1.5.3 Space observatories
Since the discovery of cosmic X-rays in 1962, X-ray astronomy has become one
of the leading fields in observational studies of the universe. After the launch of
first X-ray telescopes and most notably the ROSAT satellite, the sensitivity of
X-ray observations increased dramatically in the 1990’s [Trümper and Hasinger,
2008, Seward and Charles, 2010]. Today, we may use high quality X-ray im-
ages from space observatories such as Chandra (operated by SAO, NASA, since
1999) or XMM-Newton (operated by ESA, since 1999), and potentially con-
strain real AGN parameters by models described above. The spectral resolution
E/dE of the Chandra mission’s instrumentation is 65–1070 at 0.4–10 keV (1000
at 1 keV), and ≥ 1000 at 50–60 Å, and ∼ 20X λ at 3–50 Å [Weisskopf et al.,
2000]. The spectral resolution E/dE of the XMM-Newton satellite is 200–800
at 0.35–2.5 keV (information available at https://www.cosmos.esa.int/web/
xmm-newton on the date of submission).

On the other hand, X-ray polarimetry encountered difficulties in the past,
despite its potential to unveil structure of many astrophysical objects and de-
spite the fact that polarimetry from radio to optical bands had already become
an inseparable part of astronomy. In fact, to date we have only one statisti-
cally significant polarisation detection [Di Lalla, 2019], which is the Crab Nebula
measurement by OSO-8 in 1976 and 1977 [Weisskopf et al., 1976, 1978, Silver
et al., 1978]. The main reason was a rather faint nature of polarisation signal
from the expected sources and difficulties in constructing high-sensitivity detec-
tors on the basis of Thomson scattering and Bragg diffraction. These obstacles
now seem to be overcome due to development of polarimeters based on Gas Pixel
Detectors (GPDs) or Time Projection Chambers (TPCs), which work on the ba-
sis of photoelectric effect and improve the sensitivity of previous polarimeters by
at least two orders of magnitude in µ [Fabiani and Muleri, 2014]. Most notable
high-resolution X-ray polarimetric observatories, whose launch has already been
confirmed for the near future, are the NASA IXPE mission15 [Weisskopf et al.,
2016], the Chinese eXTP mission16 [Zhang et al., 2016], as well as the NASA XPP

15The launch is scheduled to April of 2021 (information available at https://ixpe.msfc.
nasa.gov/ on the date of submission).

16The launch is scheduled to the second half of 2020’s (information available at https:
//www.isdc.unige.ch/extp/ on the date of submission).
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mission17 [Jahoda et al., 2019], and the NASA X-Calibur balloon experiment [Guo
et al., 2011], which has been already accomplished in 2014, 2016, 2018–2019, and
its potential successor XL-Calibur18 by NASA. See a recent review by Fabiani
[2018], where information on planned X-ray polarimetric experiments is given as
well as on their technical details. For all of these this work could be of use.

Current technology in X-ray polarimetry is not sensitive to circular polarisa-
tion, therefore we may only probe linear polarisation with the mentioned satel-
lites [Di Lalla, 2019], which is fine for the processes mentioned above for the case
of accretion discs in AGNs. Physically, the modern detectors make mostly use
of the Thomson and Compton scattering, the Bragg diffraction, the fluorescence,
and the Auger effect [Fabiani and Muleri, 2014]. The IXPE mission has a planned
energy resolution of 23% FWHM at 2.6 keV scaling as 1/

√
E, operates between

2 to 8 keV, and the detector units are based on the mentioned GPD, a semicon-
ductor (gas-based) instrument [Weisskopf et al., 2016]. With these detectors, it
is possible to achieve µ = 0.5 at 5 keV [Di Lalla, 2019]. The eXTP mission has
a planned polarimetric energy resolution of 18% at 6 keV, operates between 2
to 10 keV (with some limitations), and its detectors are based on GPD as well
[Zhang et al., 2016]. The same goes for the XPP mission, which operates between
0.2 to 60 keV and has planned resolution < 20% at all wavelengths [Jahoda et al.,
2019]. Let us devote few more words to the IXPE polarimetric instrumentation,
as future outcome of these scientific facilities is directly supported by this thesis.

IXPE

The Imaging X-ray Polarimetry Explorer (IXPE) [Weisskopf et al., 2016] is en-
tirely dedicated to X-ray polarimetry and its purpose is to add polarimetric infor-
mation to the X-ray sources already measured by OSO-8 as well as new science
cases important for this branch of astronomy (see Section 1.2.1) by means of
point-and-stare mode for the selected targets, including radio-quiet AGNs. Due
to the recent development of GPDs and their imaging capabilities, it surpasses
the polarimetric sensitivity of OSO-8 by two orders of magnitude [Di Lalla, 2019].
IXPE has three identical co-aligned telescope systems on board. Each of these
operates independently and consists of a Mirror Module Assembly (MMA) and
a Detector Unit (DU). The MMA is followed by a 4-m long focal-length in a boom,
and the DUs comprise, apart from the GPD, a Filter Wheel assembly (FW),
which allows for in-flight calibration and source and background attenuation and
assessments [Weisskopf, 2018]. The entire payload is depicted on Figure 1.9.

Concerning the instruments on board [Weisskopf et al., 2016, Weisskopf, 2018,
Di Lalla, 2019], the energy range and resolution has already been mentioned.
The mirror effective area at single MMA is ≈ 240 cm2 at 4.5 keV. Angular
resolution is < 30 arcsec, seeing all known AGNs as point-sources. An overlapping
field from all 3 DUs is 10 arcmin in diameter. Timing accuracy is ≈ 20 µs, using
GPS signal and on-board clocks. The polarisation sensitivity can be characterized

17The launch is scheduled to the second half of 2020’s (information available at https:
//re.grc.nasa.gov/compass/overview/past-designs/2017-designs/xpp/ on the date of
submission).

18The launch is scheduled to 2021 (information available at https://antarcticsun.usap.
gov/science/4402/ on the date of submission).

33

https://re.grc.nasa.gov/compass/overview/past-designs/2017-designs/xpp/
https://re.grc.nasa.gov/compass/overview/past-designs/2017-designs/xpp/
https://antarcticsun.usap.gov/science/4402/
https://antarcticsun.usap.gov/science/4402/


Figure 1.9: Sketch of the IXPE observatory
with descriptions of the main instrumental
parts on board. Image from Di Lalla [2019].

Figure 1.10: GPD (quantum) efficiency ϵ as
a function of energy is shown in green for
the detectors on board of IXPE. In orange and
blue are shown the window transparency and
absorption efficiency respectively in the gas in-
side of the GPDs. Image from Di Lalla [2019].

by MDP99% < 5.5% for an exposure time of 10 days at 0.5 mCrab source19. To
be more precise, the simulated and measured modulation factor µ with energy is
depicted on Figure 1.11, along with the corresponding energy resolution. Also,
quality of a GPD is described by the GPD efficiency ϵ (further described in e.g.
Di Lalla [2019]), which is depicted on Figure 1.10 for IXPE detectors as a function
of energy. Then the product µ

√
ϵ may serve as a quality factor, and in case of

source dominated observation it holds [Fabiani and Muleri, 2014]

MDP99% ∝ 1
µ

√
ϵ

1√
F

, (1.35)

where F is the source flux.

Figure 1.11: Measurements of the GPD modulation factor µ(E) (left) and the corresponding
energy resolution (right) on board of IXPE. Red line shows the most recent measurements,
magenta line represents measurements from 2012, black line shows a preceding Monte Carlo
simulation of the modulation factor. Image from Di Lalla [2019].

191 Crab is a flux unit designed for measuring X-ray astronomical sources and corresponds
to the flux from a Crab nebula at a certain energy band [Kirsch et al., 2005].
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2. Reflected local radiation from
an accretion disc
In this chapter, the results of the Monte Carlo STOKES code used in the scheme
above are given. The aim was to compute low-resolution1 tables for reflected
local radiation from an accretion disc of radio-quiet unobscured AGNs, such that
the framework is similar and comparable to completely different radiative transfer
computations by XILLVER. First attempt, where I dealt with already finished
computations by my supervisor and the authors of the STOKES code and where
I tried for a subsequent conversion to the common FITS format [Hanisch et al.,
2001], was made as part of a school project funded by Student Faculty Grants at
the Faculty of Mathematics and Physics, Charles University, during the spring of
2019. This work lead to discoveries of some flaws in the yet unpublished version of
the STOKES code. Further corrections in the code were made after discussions with
the authors and my supervisor based on the partial results during the autumn
of 2019. The most recent version of the code, as of early 2020, which I ran and
controlled to obtain the results below, is presented in this thesis. It still leads
into discussion of improvements in both STOKES and TITAN, as will be clear from
the first two sections, where STOKES spectral results are provided and discussed.
In the third section, polarisation results from the same set of computations by
STOKES are given. In the fourth section, total reflectivity from the disc obtained
by STOKES is discussed.

STOKES code and its auxiliary code ANALYZE provides values of N , QN and
UN (also VN but that is always zero in the processes implemented) as a function
of discrete parameters E (local energy of reflected radiation), ξ, Γ, µi, µe, Φe,
AF e and arbitrary primary linear polarisation given by QP and UP in the units
relative to primary IP . Computed tables were put into a standard FITS format
(see Chapter 3 for motivation and description) and are available as electronic
attachment to this thesis. For the sake of comparison with previously achieved
XILLVER and XSTAR results [Garćıa et al., 2013], in TITAN and in the definition
(1.28) we used nH = 10−15 cm−3. Fixed AF e = 1.0 was used. The grid in E
is 350 bins logarithmically spread between ≈ 0.080 keV and ≈ 248.313 keV with
∆ log E = 0.01. The primary radiation is a power-law (1.25) with sharp cut-
offs at 10−1.1 keV and 102.4 keV. The grid in Γ is {1.2, 1.4, ..., 3.0}. Ionization
parameter ξ values, which for the STOKES code are further denoted as ξS, vary
with Γ due to code’s inner performance, but in general span values between
1.1 and 39225.5. Γ and ξS range was motivated by observations of real objects
similarly to Garćıa et al. [2013]. Regarding geometry, all values of µi, µe, and Φe

are reached during the integration for total emission including relativistic effects
[Dovčiak et al., 2011]. Therefore, the grid in µi is {0.0, 0.1, ..., 1.0}, the grid in µe is
{0.025, 0.075, ..., 0.925, 0.975}, and the grid in Φe is {7.5◦, 22.5◦, ..., 337.5◦, 352.5◦},

1The resolution in all parameters was selected such that all of the main physical effects are
visible and that the computational times are in the limit of submitting this thesis, although it
is slightly insufficient in the energy parameter for the most modern X-ray spectrographs (see
Section 1.5.3) and direct spectral fitting with the results presented might also be premature
at this point, despite the fact that general spectral and polarimetric properties can already be
examined (see continuing discussion).
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where both semi-circles were selected to check for symmetry of the computations.
Three extreme cases of initial polarisation were chosen to discuss all possible
coronal effects: a) unpolarized light with QP = 0 and UP = 0, b) horizontally
polarized light with QP = −1 and UP = 0, c) diagonally polarized light with
QP = 0 and UP = 1. Number of primary photons Ntot used varied with ξS, Γ and
µi, but was always ≥ 3.5 × 108 with the aim to reduce numerical noise as much
as possible within reasonable computational time.

The output spectra are not given in any normalized flux unit and must be
adjusted to the incident power-law at each energy. This normalization, i.e. multi-
plication factor of the raw STOKES output S (one of the Stokes parameters), that
is further used for depicting values and saving to the FITS files is given by

N(E, µe, µi, Φe) =
ξT nH

∫︁ Emax
Emin

E−ΓdE

4πKe × 1010
S(E, µe, µi, Φe)
Ntot∆E∆µe∆Φe

, (2.1)

where
K = E2−Γ

T,0 Γf (Γ − 2,
ET,0

ET,1
) + E2−Γ

T,c Γf (2 − Γ,
ET,1

ET,c

)

and
Γf (s, x) =

∫︂ ∞

x
ts−1e−tdt

is the upper incomplete gamma function, ξT is the value of ionization parameter
given in TITAN, ET,0 = 0.03 keV, ET,1 = 10 keV, ET,c = 300 keV are TITAN cut-
off values, Emin = 10−1.1 keV and Emax = 102.4 keV are lower and upper edges
of the outer STOKES bins, and e is the elementary charge in coulombs necessary
for a unit conversion. This is motivated by comparison with TITAN irradiation
properties, because this code also creates the atomic data and disc structural
foundations for the STOKES computations. The main goal is to try to account
for the differences in cut-offs used in both codes for the primary radiation and
to respect the units in the standard output of the codes. The reason for ξT used
in the STOKES normalization is a practical lack of ξS declaration in the code’s
current version, where only ξT value used for TITAN pre-computations is provided.
Correct ξS for the STOKES code according to definition (1.28) with appropriate
energy range can be then obtained as

ξS =

⎧⎪⎪⎪⎨⎪⎪⎪⎩
E2−Γ

max − E2−Γ
min

2 − Γ
ξT

K
, Γ ̸= 2

ln
(︃

Emax

Emin

)︃
ξT

K
, Γ = 2 .

(2.2)

In case of integrated STOKES spectra in geometry, we use

N(E, µe) =
ξT nH

∫︁ Emax
Emin

E−ΓdE

2π2Ke × 1010

∑︂
µi

µi

∑︂
Φe

S(E, µe, µi, Φe)
Ntot∆E

(2.3)

and simply average in µe, if necessary. For the purpose of comparison with
XILLVER values and to compensate for different cut-offs therein, alternative nor-
malization is used and described in the second section.
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2.1 STOKES spectral results
Let us first discuss the results for initially unpolarized radiation and the plain
spectrum N(E) obtained by STOKES (to be later compared with other codes).
Figure 2.1 shows spectral values integrated in geometry for different ξS and same
Γ. All of the spectra possess characteristic features such as the Compton hump
at around 20 keV, a sharp decline at E > 102 keV, an excess at soft energies (to
be later discussed), a forest of lines around 1 keV, and the most prominent Fe
Kα line at 6 − 7 keV. Therefore, in STOKES it was also achieved that at energies
above 10 keV, Compton scattering, governed by the fairly constant Klein-Nishina
cross section (1.22) in energy, is the dominant source of opacity to the detriment
of photoelectric absorption, which decays as ∼ E−3 [Garćıa et al., 2013]. It also
shows that the Compton hump can be obtain by pure recoil given by energy
redistribution (1.21) of the primary power-law, even in the approximation of no
inverse Compton scattering.

Figure 2.1: STOKES spectral results integrated
in µi, µe and Φe for unpolarized primary radi-
ation, Γ = 2.2, and varying ξS .

Figure 2.2: STOKES spectral results multiplied
by EΓ and integrated in µi, µe and Φe for
unpolarized primary radiation, varying Γ, and
similar ξS .

The behavior of N(E) corresponds to the standard cases in literature, e.g.
Figure 2 from Fabian et al. [2000]. Spectral lines tend to be absorption lines
for very low ξS. Then become emission lines, and then completely yielded by
the continuum, once the ionization is higher and the disc acts more like a pure
mirror of the primary radiation, meaning that the reflected radiation resembles
its original shape. Fabian et al. [2000] discusses four distinct regimes of spectral
variation with ξ based on atomic properties and absorption edges involved, which
is supported by these computations and the resulting Figure 2.1.

The effect of varying Γ in the spectral output with the same setup is shown
on Figure 2.2, where N(E) is in addition multiplied by EΓ to abstract from
plain slope effects. In the current version of the STOKES code it is not possible
to achieve common ξS values for varying Γ and this picture is distorted by ξ
effects as well. That is also the reason for varying continuum in Figure 2.2.
Nonetheless, it appears that higher Γ enhances lines in the spectrum2, as more
initial radiation is received at the soft energies, where the majority of strong lines

2Garćıa et al. [2013] argues that for XILLVER and XSTAR results this tendency changes with
varying ξ, as the disc temperature changes.

37



reside. If varying AF e was also used in this model, higher AF e would be expected
to enhance the presence of lines and their strength, such as it does for XILLVER
[Garćıa et al., 2013].

2.2 Comparison of STOKES with other codes
STOKES spectral results can be directly compared to similar attempts in the liter-
ature, unlike the STOKES polarisation results, which are rather unique. Regarding
Section 1.5.1, the most relevant code simulating the same physical conditions is
XILLVER, although it is not a Monte Carlo simulation and it simultaneously solves
the equations of radiative transfer, energy balance, and ionization equilibrium in
a Compton-thick, plane-parallel medium, using the Feautrier method. For details
on the theory and methods used therein, I refer to its documentation in Garćıa
and Kallman [2010], Garćıa et al. [2011], and also to the paper Garćıa et al. [2013],
which contains a detailed discussion upon the resulting reflection tables. Me and
my supervisor were also in private contact with the main author of the code to
obtain additional information on this work, especially to be able to accordingly
adjust the normalization of the STOKES spectra.

The most recently published XILLVER results for this problem were used, here-
after referred to as XILLVER *.fits tables, also conforming to the FITS format
[Hanisch et al., 2001]. Apart from these, where direct comparison in terms of
amplitude posed a problem, we requested an unrefined output of XILLVER from
the author, hereafter referred to as XILLVER raw tables, which slightly differ from
the official tables in terms of processed geometry, therefore provide more insight
into the formerly mentioned tables, and to which it was easier to compare the cor-
responding STOKES normalization.

Comparison of STOKES results with both of these is shown on Figure 2.3.
The XILLVER *.fits tables in general use unpolarized primary radiation and are
integrated in µi and Φe parameters. As spectral dependency on µe is not drastic
(i.e. the spectral shape remains and the amplitude does not change for more than
one order of magnitude), it is reasonable to average XILLVER *.fits tables in all
µe in order to obtain better statistics and confine to the same average µe = 0.5
value, which is common for both XILLVER and STOKES in this setup. For this
reason, the raw STOKES output S (corresponding to the Stokes parameter I here)
was normalized as

N(E) = 1
Nµe

∑︂
µe

ξT nH

∫︁ Emax
Emin

E−ΓdE

2π2Je × 1010

∑︂
µi

µi

∑︂
Φe

S(E, µe, µi, Φe)
Ntot∆E

, (2.4)

where Nµe = 20 and

J = E2−Γ
X,c [Γf (2 − Γ,

EX,min

EX,c

) − Γf (2 − Γ,
EX,1

EX,c

)] ,

where EX,c = 300 keV, EX,min = 0.1 keV, EX,1 = 1000 keV are the selected
XILLVER cut-off values. The main goal behind this normalization is to find
the closest ξS parameter, which directly determines the amplitude at all ener-
gies, in the STOKES grid to ξX , which is used to denote ionization parameter in
the XILLVER grid, and try to account for the differences in both amplitudes. In
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all of the codes I directly worked with, the ξ definition remains (1.28), but the in-
tegration boundaries therein vary for ξT , ξS (recomputed accordingly from ξT via
(2.2)), and ξX . XILLVER uses similar grid in Γ parameter and the same values
could be used for comparison without the need of interpolation. The same holds
for AF e = 1.0 in both codes. The normalization (2.4) differs from (2.3), because
it is necessary to again account for alternative cut-offs used in XILLVER tables as
opposed to STOKES computations, which is the reason for change of the K factor,
derived from TITAN and STOKES primary radiation, to J . Namely, the high-energy
cut-off in XILLVER is exponential and begins at EX,c = 300 keV (for the tables
chosen) and low-energy cut-off is sharp at EX,min = 0.1 keV, hence the primary
radiation follows equation

N(E) = AE−Γe
− E

EX,c , (2.5)

where A corresponds to ξX via

ξX = 4πA

nH

J . (2.6)

But in STOKES, both cut-offs are sharp and primary radiation follows equation
(1.25).

The XILLVER raw tables are averaged in µe inherently, integrated in Φe, and
given for a single δi = 45◦. The cut-offs remain the same as for XILLVER *.fits
tables. Therefore, for comparison of the STOKES tables with XILLVER raw tables
the closest value in the selected µi grid was used: µi = 0.7, and it was normalized
accordingly:

N(E, µi = 0.7) = 1
Nµe

∑︂
µe

ξT nH

∫︁ Emax
Emin

E−ΓdE

8π2Je × 1010

∑︂
Φe

S(E, µe, µi = 0.7, Φe)
Ntot∆E∆µe

. (2.7)

In order to display N(E) in our units [counts · cm−2 · s−1 · keV−1], the stored
XILLVER *.fits tables are divided by ∆E for each bin and multiply by the nec-
essary factor 1020

4π
µe that accounts for storage convenience used and geometrical

definitions therein. Also, XILLVER raw tables have to be divided by 2π for geo-
metrical definitions therein. Last but not least, we multiply both XILLVER *.fits
tables and XILLVER raw tables by ξT /ξX to compensate for the differences in ξ,
as this parameter does not have the same grid in both computations. This is all
behind the display of Figure 2.3.

Both normalization attempts are nearly perfect (with relative difference <
10%) at the Compton hump feature (∼ 20 keV)3 for all comparable ξ4 and Γ5,
hence the STOKES preliminary results are well mastered for further use. More
importantly, overall spectral shape is remarkably similar between XILLVER and

3Comparison of amplitude at these energies makes most sense, because ξ variation and
subsequent compensation for uneven ξ grid does not permeate heavily at these energies (see e.g.
Figure 2.1), as the uneven grid in ξ is believed to be the biggest issue in setting the normalization
100% accordingly. Also, line production based on different atomic data produced by TITAN and
XSTAR is not present at this range. Moreover, different cut-offs used in both codes should affect
this part of the spectrum least, see continuing discussion.

4Various ξS were tested and for each, the closest ξX was affiliated.
5Grid in Γ is the same for all of these.
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Figure 2.3: Comparison of the XILLVER *.fits tables (black) for ξX = 100 and Γ = 2.2 with
the corresponding STOKES spectral results (blue) for ξS = 106.5 and Γ = 2.2, both normalized
accordingly. Comparison of the XILLVER raw tables (red) for ξX = 200 and Γ = 2.2 with
the corresponding STOKES spectral results (green) for ξS = 106.5 and Γ = 2.2, both normalized
accordingly.

STOKES, even though XILLVER results were obtained by a completely different
method. Hence, focusing on the most important and comparable X-ray spectral
feature: the Compton hump, we may begin a valid discussion of the properties
of STOKES computations in the next sections (unlike some quality spectral fitting
of observations with e.g. XSPEC, which may seem premature at this point).

The fact that XILLVER and STOKES results vary in some line features and their
strength is not surprising, as different atomic data are used and XILLVER codes’s
pre-calculations of level populations, temperature, total opacity, and emissivity
are performed by XSTAR, not TITAN. In Garćıa et al. [2013] it is argued that choice
of atomic data does not affect the resulting spectrum heavily, so it is more secure
to account the differences to the computational methods of the disc structure
itself.

What may not seem noticeable at first sight is a strong influence of cut-off
definition chosen in the primary power-law on the spectral shape, which also has
to be taken into account when comparing two different codes. To illustrate this,
we borrow with kind permission of the author and publisher Figures 2.4, 2.5 and
2.6 from Garćıa et al. [2013]. Figure 2.4 shows the impact of different low-energy
(continuous and broken power-law) and high-energy (exponentials with different
EX,c) cut-offs and different primary radiation high-energy range extension on
the reflected local spectrum of the XILLVER code. This manifests especially at
energies below 5 keV, and the change in overall spectrum would be stronger,
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if higher Γ was used [Garćıa et al., 2013]. Figure 2.5 shows how in particular
the high-energy limit and the cut-off value Ec can affect the reflected spectrum.
This is inherently connected to the temperature profile with optical depth τ (in
the literature for this case called Thomson depth) inside the disc, which is depicted
on Figure 2.6 for the computations on Figure 2.5. Again, the differences would
manifest stronger for higher Γ and it can be noted that for the more extended
primary radiation the emission lines are weaker [Garćıa et al., 2013]. This is
because the disc region near the surface is more heated by high-energy photons
(Compton heating and cooling dominate), which can be seen on Figure 2.6 [Garćıa
et al., 2013]. For the sake of finding the differences from the STOKES results
presented in this thesis, a close computation in the STOKES grid of parameters
was selected, and the corresponding temperature profile obtained by TITAN was
added to the same figure.

Figure 2.4: XILLVER reflection spectra (solid
lines) for different cut-offs and energy range of
primary irradiation (dashed lines) with ξX =
100 and Γ = 3. In black is used a power-law
from 0.1 to 2×105 keV energy range with an ex-
ponential cut-off at 200 keV. In red is used
a power-law from 0.1 to 1 MeV energy range
with a sudden cut-off at 0.1 keV and an expo-
nential cut-off at 300 keV. Image from Garćıa
et al. [2013] (Figure 1).

Figure 2.5: XILLVER reflection spectra (solid
lines) for only different high-energy limit of pri-
mary irradiation (dashed lines) with log(ξX) =
2.8 and Γ = 1.4. In black is used a power-
law from 0.1 to 2 × 105 keV energy range with
an exponential cut-off at 200 keV. In red is
used a power-law from 0.1 to 1 MeV energy
range with an exponential cut-off at 300 keV.
Image from Garćıa et al. [2013] (Figure 2a).

Temperature profile and the ending τ (representing the vertical optical in-
finity and number of iterations) used in TITAN differs from XILLVER and XSTAR
computations. This could be a reason for deeper inconsistencies between XILLVER
and STOKES in terms of pre-computed disc structure. However, also plain spectra
produced by TITAN do not correspond perfectly to the STOKES spectral output,
which takes from TITAN only the disc structure. This is shown on Figure 2.7 for
one ξ and Γ. The normalization of STOKES with respect to TITAN spectral output
is given by equation (2.3) for µe = 0.575 in STOKES, as primary radiation for
TITAN follows

N(E) = BE−Γe
− E

ET,c e−
ET,0

E (2.8)

with two exponential cut-offs at the previously mentioned values, B corresponds
to ξT via

ξT = 4πB

nH

K , (2.9)
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Figure 2.6: Temperature profiles for XILLVER
data on Figure 2.5 in corresponding colors. In
the parametric grid of STOKES reflection tables,
a close spectrum was selected for ξS = 438.8
and Γ = 1.4, and corresponding temperature
profile generated by TITAN was extracted. This
is shown in blue above the XILLVER results.
Image from Garćıa et al. [2013] (Figure 2b),
corresponding data from the TITAN code were
added.

Figure 2.7: Comparison of the spectra gen-
erated by STOKES (blue) and TITAN (orange)
for the same set of parameters ξS = 106.5
(or ξT = 119 according to equation (2.2)) and
Γ = 2.2, both normalized accordingly.

and the output of TITAN is for single µe = 0.5. Standard TITAN output is shown on
Figure 2.7 in comparison with STOKES. Again, to account for correct geometrical
definitions and units, TITAN spectral output is divided by E22πe × 1010. Same
ξ, Γ and AF e values are used for both codes, as TITAN forms a direct input of
STOKES, therefore no interpolation in these parameters was needed to produce
Figure 2.7.

This would seem fine, if the differences were minor, because again, TITAN
uses radiative transfer equations to produce its spectral output and computes by
a completely different method than STOKES. However, the slopes at soft spectra
vary (in a different way) for all ξ and Γ, as well as some line features. The grid in
ξ, Γ and AF e parameters is completely even in this comparison. One of the reasons
for spectral output difference might be again the primary radiation cut-offs and
energy range difference, as the same argumentation as for XILLVER comparison
holds, although the temperature stratification now remains the same for produc-
tion of both spectra, as STOKES does not change disc structure pre-computed by
TITAN anymore, while producing its spectrum. Only averaging in horizontal disc
stratification was done by STOKES in order to reduce computational times, which
might lead into differences on the spectral output. Different atomic data may ac-
count for the differences in spectral lines, although the distinction here should be
minor, if not none, having in mind atomic data comparisons published in Garćıa
et al. [2013] for XILLVER. Juxtapositions similar to Figure 2.7 lead to discussions
with authors of STOKES and TITAN to overcome these inconsistencies in further
version of the codes, which should generate full high-resolution tables in the near
feature once flawless, and it could also explain the remaining differences between
STOKES and XILLVER.

All things considered, the uncertainties in the modeling manifest most strongly
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in the soft part of the spectrum6. Although this is a positive sign for quality of
polarisation results delivered by STOKES for the energy ranges of the forthcoming
mission mentioned in Section 1.5.3, it brings less clarity into unveiling the soft
excess nature by computations of this kind. Regarding the STOKES results pre-
sented, it cannot be yet excluded that the soft excess has not dominant origin
in thermal processes as a natural continuation of the big blue bump. The soft
excess may be sufficiently simulated in terms of its spectral shape by a realistic
combination of nH and free electron densities, temperature profiles in the disc,
cut-offs and energy range chosen for the primary radiation (especially at the lower
edge).

2.3 STOKES polarisation results
So far only spectral properties of unpolarized X-rays reflected from an accretion
disc were discussed. The aim of this section is to display all polarisation proper-
ties of such radiation computed by STOKES, which cannot be compared directly to
literature, because so far it has been studied only in limited analytical cases for
this problem. In general, light can change polarisation properties in the processes
implemented in STOKES code when scattered off free electrons, or when lines are
involved and the light encounters heavy elements. Recombination lines come out
unpolarized, because they statistically even out, even if single emission was po-
larized. Resonant lines and Compton scattering involves incoming photon with
arbitrary polarisation that is redistributed with polarisation properties, which
are ultimately governed by scattering angle, having the most effective polarisa-
tion change for Θ = 90◦, in case of our computational setup (see Sections 1.3.1
and 1.5.1). Therefore, in the first place and for single scattered photons, geomet-
rical discussion should appear upon the incident and emergent angles µi, µe, and
Φe, which can form Θ = 90◦ in numerous ways. Multiple scattering, which is
more likely for larger µi, always distorts this dominant effect for single-scattered
photons. Then, in the second place, we should reflect on energetic properties of
possible (de)polarisation and the energy dependent cross sections for these pro-
cesses, including absorption of a photon. This is also coupled to geometry, as for
different µi various depth reached is likely and the cross sections of processes men-
tioned vary with the disc’s horizontal stratification. Lastly, photons may change
energy upon the scattering according to equation (1.21) and one photon may en-
counter multiple kinds of processes with different treatment of polarisation during
its journey through the medium. Nonetheless, some distinct polarisation features
in locally reflected radiation are visible and can be unambiguously explained by
one or two origins.

Regarding initial polarisation of the primary radiation, mild polarisation is ex-
pected (p ≲ 10%) due to multiple scattering in the corona [Tamborra et al., 2018,
Beheshtipour et al., 2017, Beheshtipour, 2018]. If some polarisation was present,
then, for symmetric reasons, vertically or horizontally polarized light should be
dominant in case of both lamp-post and extended coronal models. However, two
extreme cases of initial p = 100% polarisation are still being studied, one of them

6In attempts for comparing XILLVER results to other previously published codes (with far
less similarities than STOKES setup has with XILLVER), the differences also mostly appeared in
the soft energy range below 1 keV [Garćıa et al., 2013].
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being less likely diagonal polarisation, in order to estimate its possible effects in
comparison with completely unpolarized light and to test the code’s performance.
If we integrate over incident and emergent angles and display the spectrum for
the three cases of initial polarisation studied, the differences are inconspicuous,
as is displayed on Figure 2.8. Typical effect of variable initial polarisation on
non-integrated spectrum is shown on Figure 2.9, which is about half order of
magnitude in EF quantity (for Γ = 2) in the Compton hump region. Other
selected non-integrated geometries and the possible spectral output examples un-
der different initial polarisation are shown in the Appendix on Figures A.1, A.2,
A.3, and A.4. All combinations of µi, µe, and Φe are spanned when general-
relativistic effects are included in the integration over the disc to obtain total
spectra [Dovčiak et al., 2011]. The maximum differences in the local reflected ra-
diation for our three distinct initial polarisation achieve about an order of magni-
tude in EF (for Γ = 2) in the Compton hump region, but may be also completely
indistinguishable in the spectral output. Variation of initial polarisation behaves
at the spectral output in the same geometrical manner for different ξS and Γ, as
there is no prominent connection of these parameters with this effect.

Figure 2.8: Spectrum obtained by STOKES in-
tegrated in µi, µe and Φe for ξS = 143.4 and
Γ = 2.0. Three different primary polarisations
are shown: unpolarized (black), horizontally
polarized (red) and diagonally polarized (blue)
light. The differences are very mild for this
case.

Figure 2.9: Spectrum obtained by STOKES not
integrated in geometry for µi = 0.5, µe =
0.475, Φe = 292.5, ξS = 143.4 and Γ =
2.0. Three different primary polarisations are
shown: unpolarized (black), horizontally po-
larized (red) and diagonally polarized (blue)
light. This example represents typical differ-
ences in spectra for distinct primary polarisa-
tion in the local reflection tables.

In soft part of the spectrum below 3 keV, where most spectral lines are present,
the differences regarding initial polarisation are minor. Therefore, spectral lines
act destructively on possible initial polarisation state with p > 0. The same can be
said for the polarisation outcome of arbitrary initial polarisation. Although some
polarisation would be expected from resonant lines, they do not appear dominant
in the output, and may be also impacted by multiple scattering, which distorts
any clear single scattering contribution. An example of typical emergent QN and
UN spectra for the three initial polarisation states in non-integrated geometry
is shown on Figures 2.10 and 2.11, respectively. A dependence on ξS and Γ of
these two quantities is present, but discussed later in terms of p and Ψ to which it
naturally permeates. In the display of QN and UN , generic ξS and Γ was selected.
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A forest of lines around 2 keV reduces polarisation upon continuum, which will
also be later clearer on the display of p quantity. In the Appendix, Figures A.5,
A.6, A.7, A.8, A.9, A.10, A.11, A.12, A.13, and A.14 display these two quantities
for the same set of parameters as on Figures 2.10 and 2.11, but for other Φe.
Effect of variable initial polarisation in this generic selection of parameters is
included in all of these figures displaying QN and UN . These examples may serve
for the reader as a check on angular precision and general performance of STOKES
polarisation computations.

Figure 2.10: QN spectrum obtained by STOKES
for µi = 0.5, µe = 0.475, Φe = 7.5, ξS = 143.4
and Γ = 2.0. Three different primary polarisa-
tions are shown: unpolarized (black), horizon-
tally polarized (red) and diagonally polarized
(blue) light. This example represents typical
results for this parameter in the local reflec-
tion tables. Same parametric choice, but with
different Φe is depicted on Figures A.5, A.6,
A.7, A.8, and A.9 in the Appendix.

Figure 2.11: UN spectrum obtained by STOKES
for the same set of parameters as in Figure
2.10. Three different primary polarisations are
shown: unpolarized (black), horizontally po-
larized (red) and diagonally polarized (blue)
light. This example represents typical results
for this parameter in the local reflection tables.
Same parametric choice, but with different Φe

is depicted on Figures A.10, A.11, A.12, A.13,
and A.14 in the Appendix.

Perhaps of more natural information on the polarimetric STOKES results are
the quantities p and Ψ, here obtained directly from N , QN , and UN . Ψ is al-
ways constant in E (by < 1% variation in the total range) for any configuration
of the remaining STOKES parameters, because QN and UN behave in the same
manner with E. This implies independence of Ψ on Γ, and independence of Ψ
on ξS is also observed, as both QN and UN behave in the same manner with ξS.
Regarding polarisation degree p, Figure 2.12 displays variation of p(E) with ξS

for unpolarized primary radiation and fixed generic set of remaining parameters.
Figure 2.13 displays variation of p(E) with Γ for unpolarized primary radiation
and fixed generic set of remaining parameters apart from ξS, which has uneven
grid in Γ inherently in the current version of STOKES. Figure 2.14 displays also
non-integrated p(E) values for similar generic set of parameters, but with vary-
ing initial polarisation. Other examples in distinct geometries of these effects
are depicted on Figures A.15, A.16, A.17, A.18 in the Appendix. All of these
p displays mentioned correspond to the same sets of parameters as for previous
demonstration of STOKES spectral properties on Figures 2.9, A.1, A.2, A.3, and
A.4, so that the reader may directly check on the code’s angular precision and
overall polarimetric performance.

In all of p displays with respect to E, some depolarisation in lines is visible,
especially in the Fe Kα line at 6 − 7 keV, due to the reasons discussed above.
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Figure 2.12: p values obtained by STOKES (solid
lines) for unpolarized primary radiation, µi =
0.5, µe = 0.475, Φe = 292.5, Γ = 2.2 and vary-
ing ξS . Value for the single-scattering approx-
imation by Chandrasekhar’s formulae for un-
polarized primary radiation in this geometry
is shown (dashed line).

Figure 2.13: p values obtained by STOKES (solid
lines) for unpolarized primary radiation, µi =
0.5, µe = 0.475, Φe = 292.5, varying Γ and
similar ξS . Value for the single-scattering ap-
proximation by Chandrasekhar’s formulae for
unpolarized primary radiation in this geometry
is shown (dashed line).

A tendency of rising polarisation towards higher energies is visible, as less lines
are present in the hard X-rays and pure Compton recoil (which is a dominant po-
larigenesis process in our setup) manifests. A dip similar to the reverse Compton
hump shape in N(E) is typically present around 20 keV. This is reasonable, as
most multiple scattering may happen at this Compton hump feature, to which
the photons from the primary radiation are largely redistributed in energy, and
a dip upon a generally large polarisation not affected by lines is created. On
Figure 2.12, variation with ξS is less observable in the high energy tail, as none
of the quantities N , QN , and UN varies there with ξS. In the low energy tail,
polarisation rises with increasing ξS, due to gradually less spectral lines being
present (see Figure 2.1). In the soft energetic bands, regarding the definition of p
(1.12), the rise of N with ξS is compensated by similar rise in QN and UN , while
the slopes originating in primary power-law also cancel out. Antagonistic trend
around 10 keV cannot be explained by spectral lines and is due to natural rise
of N (still observable on Figure 2.1) to the detriment of QN and UN increment
at these energies. On Figure 2.13, the effect of line enhancement at higher Γ is
present at soft energies. At hard energies, the Γ dependency is again distorted
by ξS effects, similarly to Figure 2.2.

Distinct initial polarisation naturally permeates to the output polarisation.
It manifests in the same geometrical manner as for the spectral output, but with
higher relative importance, which is visible on Figures 2.14, A.15, A.16, A.17,
and A.18. Therefore, the upcoming polarimetric missions could be of more help
in constraining polarisation of the primary radiation in this sense, as the coronal
emission is also itself supposed to be dominant on the total output, despite some
omnipresent depolarisation by multiple scattering for the secondary radiation.
It may be concluded that ξS and Γ variations change the slope of the locally
reflected p(E), while angular dependence, setting the Θ value important for single-
scattering contribution to the local polarisation output, only affects the amplitude
of p(E) and preserves relative importance of line features visible in p(E).

As p is fairly constant around the Compton hump feature in all cases, it is
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Figure 2.14: p values obtained by STOKES (solid
lines) for µi = 0.5, µe = 0.475, Φe = 292.5,
ξS = 143.4 and Γ = 2.0. Three different
primary polarisations are shown: unpolarized
(black), horizontally polarized (red) and diago-
nally polarized (blue) light. This example cor-
responds to parametric choice in Figure 2.9.
Value for the single-scattering approximation
by Chandrasekhar’s formulae for unpolarized
primary radiation in this geometry is shown
(dashed line).

Figure 2.15: p(Φe) values obtained by STOKES
(solid lines) integrated at E > 10 keV for
unpolarized primary radiation, ξS = 106.5,
Γ = 2.2, and various µi, µe combinations sim-
ilar to angular choices in Figure 4 (middle)
from Dovčiak et al. [2011] for comparison. Val-
ues for the single-scattering approximation by
Chandrasekhar’s formulae for unpolarized pri-
mary radiation in these geometries are shown
(dashed lines).

relevant to average p at E > 10 keV, and select generic Γ and ξS in order to study
further effects with more clarity. In this manner p(Φe) is displayed on Figure 2.15
for various µi and µe values. In this way, pure geometrical performance of the code
can be studied and compared to the Chandrasekhar formulae (1.34) for Rayleigh
single scattering of unpolarized incident radiation7. These analytical values were
already implemented to the previously mentioned graphs of p, but with little
importance, as their values were overly high or low for the selected geometries,
although it can be concluded that unpolarized incident radiation reached these
idealized values around 3 keV. Figure 2.15 clearly displays the code’s perfor-
mance with respect to the analytical approach in the reflecting scenario. STOKES
angular precision is nearly perfect in p treatment and the results are bilaterally
symmetric in Φe. The presence of multiple scattering and general crudeness of
the Chandrasekhar’s approximation unsuitable for reflection processes on the ac-
cretion discs of AGNs, which is discussed in Section 1.5.2, are the reasons for
lack of p in the STOKES semi-realistic simulation behind the idealized analytical
values.

Since Ψ does not depend on E, Γ and ξS, it may be integrated over these
parameters in order to obtain better statistics on Ψ geometrical behavior without
loss of generality. Similarly to Figure 2.15, Figure 2.16 displays Ψ(Φe) for various
µi and µe values and in comparison to the same Chandrasekhar formulae (1.34)
for Rayleigh single scattering of unpolarized incident radiation. Identical graphs
are depicted in the Appendix on Figures A.19 and A.20, but for the other two
states of initial polarisation studied. All of these figures can be explained by
pure geometrical effects and the role of Θ in polarisation change upon single

7Same analytical formulae were used in Dovčiak et al. [2011], and Figures 2.15 and 2.16
try to mimic Figure 4 (middle and right) in this publication with similar µi and µe values, as
a double check on the formulae applied.
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scattering, despite some distortion by multiple scattering and numerical noise.
STOKES angular precision in Ψ is again decent, and the obtained values follow
the analytical behavior quite nicely despite the fact that the Ψ quantity suffers
from geometrical degeneracy (because of presence of the so-called critical point in
the definition of polarisation angle discussed in e.g. [Dovčiak et al., 2011]) more
than p. Figures 2.15, 2.16, A.19, and A.20 also prove that for the locally reflected
radiation, any values of p and Ψ can be reached over the disc. Hence, during
the subsequent integration and polarimetric fitting, these two quantities could
be useful in terms of constraining for example the source’s inclination, black-
hole spin, or disc’s velocity profile, i.e. all the parameters that permeate into
determining the incident and emergent photon geodesics, despite all the inevitable
depolarisation effects.

Figure 2.16: Ψ(Φe) values obtained by STOKES
(solid lines) integrated in E, Γ, and ξS for
unpolarized primary radiation and various µi,
µe combinations similar to choices in Figure
4 (right) from Dovčiak et al. [2011] for com-
parison. Values for the single-scattering ap-
proximation by Chandrasekhar’s formulae for
unpolarized primary radiation in these geome-
tries are shown (dashed lines). Corresponding
figures for pure horizontal and diagonal pri-
mary polarisation are Figures A.19 and A.20
in the Appendix.

Figure 2.17: Total reflectivity obtained by
STOKES integrated in all energies, as it varies
with µi for different values of ξS and Γ.

For the sake of noise reduction, all QN , UN (and resulting p and Ψ) are dis-
played as averaged in the neighboring 10 E bins in the figures above with E on
the x-axis. Some numerical noise is naturally present due to the Monte Carlo
character of the simulation and finite number of incident photons. The condi-
tions are worse, and have to be compensated by higher Ntot for higher absorption,
in case of lower ξS, higher Γ, higher µi, and lower µe. Before this averaging in
E bins, some noise seemed to be omnipresent with the same intensity at all en-
ergy bands. This is natural, as in the latest version of STOKES, same photon
sampling is used at all bands. Correct reduction to the initial power-law dis-
tribution is performed by the means of weight assignment to each photon, and
recalculation to the original distribution is done only in the end. In fact, the noise
should be slightly inhomogenous due to uneven energy redistribution in the scat-
tering medium, energy dependent absorption of the primary radiation, and due
to the logarithmic binning, which inherently imposes uneven number of photons
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per keV. However, without the use of more sophisticated statistical examination,
these effect in numerical noise were not observed in our setup. The Ntot used
and averaging over the neighboring 10 E bins seemed to be an ideal option for
clarity (not to the detriment of physical information loss). Energy resolution of
the important polarimetric missions mentioned in Section 1.5.3 is still far below
this reduction by a factor of 10. For the subsequent integration of the STOKES
results and energy redistribution due to general-relativistic effects in Chapter 3,
original energy resolution is used of course.

In general, the effect of integration over the disc, once computing the total
spectrum with all general-relativistic effects, cannot be said to depolarize and
efface the differences in possible initial polarisation and predicted emergent po-
larisation in the local reflection tables. Although it is more likely that polarisation
effects will be less profound in the total spectra, some geometries may enhance
the polarisation effects [Dovčiak et al., 2011]. Nevertheless, primary radiation,
which is expected to be largely depolarized [Tamborra et al., 2018, Beheshtipour
et al., 2017, Beheshtipour, 2018], will have a depolarisation contribution to the to-
tal spectrum once added. The importance of primary radiation with respect to
the reflected part will be underlined in the next chapter, which presents the total
spectral and polarimetric results.

The uncertainty in disc’s structure computed by TITAN discussed in the pre-
vious section does not permeate much into energies above 1 keV, where the po-
larisation becomes most prominent for the local reflection tables. This brings
inherently more credibility to the polarisation results, as the details on disc’s
structure are largely unknown. Yet again, it impedes unveiling the nature of
the soft excess. It may be concluded that the origin of this phenomenon is far
from being discovered by polarimetric methods, because in addition to its low
polarisation expected and vast uncertainties in the photonic production at this
energy range, it will be yielded by stronger primary power-law (in general ex-
pected to be minimally polarized) at this range, and it is not covered (partially
for these reasons in the case of AGNs indeed) by any of the promising missions
stated in Section 1.5.3, which could have provided more details experimentally.

2.4 STOKES and total reflectivity
By reflectivity I refer to the quantity Nr/Ntot, where Nr denotes specifically
the STOKES raw spectral output N integrated in some energy range (i.e. the num-
ber of photons in this range per unit area per unit time per keV, without any
normalization) integrated in all µe and Φe for one µi, one ξS, and one Γ, in
the computational setup described in the beginning of this chapter. Reflectiv-
ity characterizes quantitatively the absolute importance of reflection values con-
tributing to the total spectrum for different combination of µi, ξS, and Γ parame-
ters. For those combination of parameters, where reflectivity is stronger, spectral
or polarimetric fits using reflection tables and ideas sketched above are likely to
have less uncertainties8. This quantity will behave differently at soft X-rays, hard

8Although it should be noted that reflectivity does not always address the relative importance
of reflected radiation to primary in the total spectral and polarimetric results. The µi effects
cannot be generally represented by e.g. height h of the lamp-post corona due to relativistic
angular distortion and integration effects. The promising energetic dependency (see continuing
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X-rays, and in total energy range – being the addition of both.
Figure 2.17 shows how reflectivity varies with µi for three different values

of ξS and three different values of Γ, if integrated in total energy range (it was
tested that this behavior is similar at both soft and hard energies). There is
an ubiquitous tendency of decline with increasing µi apart from few anomalies at
low ξS and µi = 0.0, which should be due to the code’s inner behavior for such
extreme values. This tendency is natural, because more absorption is expected for
high µi as the incident photons will penetrate further below the disc’s surface in
a more vertical incident direction. Since this tendency is similar for all parametric
combinations, it is possible to further integrate in µi, in order to obtain better
statistics on pure behavior with respect to ξS and Γ at different energy bands.
But even from Figure 2.17 for total energy range it is evident that reflectivity
rises with increasing ξS, as the disc tends to act more like a mirror for higher
ionization (see Figure 2.1). Inside of the STOKES grid boundaries chosen, ξS

variation affects reflectivity in much stronger way than Γ variation, as distinct
triplets from the nine curves are formed on Figure 2.17.

Within each triplet, the variation with Γ is uneasy to describe from Figure
2.17, because it shows a combination of all energy bands. Γ describes the plain
slope of incident radiation; thus, it will automatically enhance reflectivity at soft
energy bands once raised, and the other way around at hard energy bands. This
simple effect, which suppresses any possible subtle impacts of Γ variation on
reflectivity, is shown on Figures A.21 (integrated in energies below 1 keV) and
A.22 (integrated in energies above 10 keV) in the Appendix, where the data is
integrated in µi and once again, ξS grid dependent on Γ slightly distorts the plain
Γ effects. In general, reflectivity at hard energy bands reaches smaller values
and has to be depicted in logarithmic scale, since less emission is present at
these energies due to the primary power-law. Variation of reflectivity with ξS is
shown on Figures 2.18 (integrated in energies below 1 keV) and 2.19 (integrated
in energies above 10 keV) for various Γ values, while integrated in µi. Clearly,
the soft band follows the “S” shape unlike the hard band, which evolves more
mildly. This is strongly connected to the spectral shape varying with ξS displayed
on Figure 2.1. Role of Γ in these two graphs switches, which is again a simple
consequence of the power-law impact.

For continuation of this work, it might also be interesting to compute similar
reflectivity results for XILLVER tables in the future. It might give deeper insights
into the differences, reliability, and quality of both computations.

discussion) is overshadowed by the descending primary power-law given by Γ, which makes
the primary radiation more dominant at the more interesting soft energies. The normalization of
ξS over the disc is largely given by the amount of total illumination (apart from the disc’s density
nH), again comprising only of the primary radiation. Therefore the ξS effects on reflectivity
should rather be regarded as important with respect to variable disc radii in the total spectra,
with higher ξS accentuating the inner regions of the accretion disc that are being illuminated
more powerfully than the outer regions.
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Figure 2.18: Total reflectivity obtained by
STOKES integrated at E < 1 keV and over µi,
as it varies with ξS for different values Γ.

Figure 2.19: Total reflectivity obtained by
STOKES integrated at E > 10 keV and over µi,
as it varies with ξS for different values Γ.
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3. Total X-ray spectral and
polarisation modeling of AGNs
After the creation of local reflection tables with STOKES, the aim is now to ob-
tain the total spectrum and polarisation of AGNs observable at infinity, using
the local reflection tables. First, it will be necessary to convert the raw STOKES
output into a standard FITS format [Hanisch et al., 2001], so that it is ready
to be used by any standard astronomical environment, including KYNLPCR. Next,
the current version of the KYNLPCR code will have to be adapted to calculate
with the recent STOKES results in the FITS format and to produce full spectral
and polarimetric models of AGNs based on the parametric set-up described and
reasoned in Sections 1.3 and 1.4. To follow this change in the code, it will be
hereafter referred to as KYNSTOKES with a main routine xsKYNstokes. At the end
of this chapter, a brief1 overview of the unfolded spectral and polarimetric results
obtained by KYNSTOKES is presented, including examples and direct comparison
with a) spectral results with NOAR and XILLVER tables used, instead of the STOKES
tables, inside the same integration routines within KYNLPCR, and b) polarisation
results with Chandrasekhar’s analytical formulae (1.34) and NOAR reflection tables
used also inside the same integration routines within KYNLPCR. While comparing
the NOAR reflection tables and Chandrasekhar’s analytical formulae, it will be of-
ten referred to Dovčiak et al. [2011]2, where these were already used to discuss
the performance of previous version of KYNLPCR.

3.1 Conversion of STOKES output into FITS for-
mat

While working towards the production of integrated STOKES tables over the accre-
tion disc, it seemed natural to keep the local tables’ production and integration
process separate. If the STOKES output is converted into a standard FITS for-
mat conforming to the OGIP standard, it can be used by the X-ray astronomical
community also with codes other than KYNSTOKES, namely directly in XSPEC, for
which the OGIP standard was made [Arnaud, 1995]. Conversely, if we retain
the KYNSTOKES routine to work with the local tables in this standard format,
only slight modifications will have to be done in KYNSTOKES to be used with other
similar tables in the future. I made a separate script in Python at this point that
transforms the raw STOKES output into the OGIP standard of FITS, and that
can be readily used again, if any changes to the STOKES code are made and new
(e.g. high-resolution) STOKES reflection tables are produced.

For the purposes of testing the current STOKES low-resolution tables with
1Due to reasons mentioned in the previous chapter, at this point, it is rather premature

to deeply discuss disentangling of the spectrum with respect to distinctive relativistic effects,
which would also require much more computational runs than provided here. And as the same
integration schemes already appeared in literature [Dovčiak et al., 2004, 2011], it is likely that
most of the discussion would even after that not differ from therein.

2Although it should be noted that different parametric setup and units are often used in
this article, compared to this chapter.
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KYNSTOKES and IXPEOBSSIM on a personal computer with regular computational
power and memory, and for the purpose of producing quick low-resolution results
that can be already discussed in this and next chapter as an output of these two
codes, the energy range for FITS storage was reduced to 200 bins between 1 keV
and 100 keV (without the need to re-bin in E). As is clear from the discussion
in Chapter 2, this range ensures valid discussion on the main spectral and po-
larimetric X-ray properties (excluding the soft excess only) and preserves the full
range covered by the IXPE mission. Yet these boundaries can be easily adapted
in the conversion script for future purposes and discussion of the soft excess in-
terpretation by various codes. The same applies to the grid in µe angle, where 9
out of 20 values computed by STOKES were omitted in the final FITS storage.

Table 3.1 summarizes the low-resolution STOKES output grid in the FITS
format, into which the STOKES computations from Chapter 2 were converted.
The conversion script stores the N , QN and UN values normalized via (2.1) and
additionally multiplied by ∆E at each energetic bin to conform to the OGIP stan-
dard units. It produces nine separate FITS tables in total3. With the current
version of STOKES code and the floating ξS(Γ) grid, it was necessary to add one
more extension to the final FITS tables that departs from the OGIP standard
and represents a ξS(Γ) table. If the future version of STOKES code switches to
a fixed ξS grid, in order to conform exactly to the OGIP standard, this is desirable
to be omitted from the conversion script as well as from the current version of
KYNSTOKES that has to deal with the uneven ξS grid and its additional extension.
All nine FITS files created via this script that represent the STOKES-produced
low-resolution locally reflected radiation tables for accretion discs in AGNs are
available as an electronic attachment to the electronic version of this thesis and
on a DVD attached to the printed version of this thesis provided to the university.

Number of tables: 9 horizontal, diagonal, and no incident
polarisation for N , QN and UN output

Units: [counts · cm−2 · s−1] (N , QN and UN), [keV] (E)
Energy range: 1 keV to 100 keV 200 bins, ∆ log E = 0.01
Γ: {1.2, 1.4, 1.6, 1.8, 2.0, 2.2, 2.4, 2.6, 2.8, 3.0}
ξS index: {1., 2., 3., 4., 5., 6., 7., 8., 9., 10., 11.} indices for conversion table in extension

‘XI(GAMMA)’
µi: {0.0, 0.1, 0.2, 0.3, 0.4, 0.5, 0.6, 0.7, 0.8, 0.9, 1.0}
µe: {0.025, 0.075, 0.175, 0.275, 0.375, 0.475, 0.575, 0.675,

0.775, 0.875, 0.975}
Φe: {7.5◦, 22.5◦, 37.5◦, 52.5◦, 67.5◦, 82.5◦, 97.5◦, 112.5◦,

127.5◦, 142.5◦, 157.5◦, 172.5◦, 187.5◦, 202.5◦, 217.5◦,
232.5◦, 247.5◦, 262.5◦, 277.5◦, 292.5◦, 307.5◦, 322.5◦,
337.5◦, 352.5◦}

Extensions: Primary Header description of the tables
‘PARAMETERS’ parameter values
‘ENERGIES’ low and high energetic bin edges
‘SPECTRA’ N , QN and UN model values and

corresponding parametric values
‘XI(GAMMA)’ conversion table to real ξS values

depending on Γ and ξS index

Table 3.1: Description of the attached FITS tables representing the reduced local reflection
tables computed by STOKES that are used further in the text.

3This corresponds to the three quantities times three different initial polarisations computed
by STOKES that serve as independent polarisation states also for subsequent interpolation, if
arbitrary incident polarisation angle and degree is requested around the disc within KYNSTOKES.
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3.2 Implementing the STOKES FITS tables into
the KYNLPCR integration scheme

With the latest version of KYNLPCR that was provided to me by my supervisor,
who is a main author of the code, it was necessary to adapt the main input read-
ing routine previously called xsKYNlpcr, in order to load the STOKES reflection
FITS tables described in the previous section appropriately. Apart from redefin-
ing new variables and loading the extensions containing the parameter values,
energetic bins, the N , QN and UN values, and the ξS(Γ) table, I ensured correct
interpolating between these parameters, once the user selects all the black-hole
and observer-related parameters or during the integration over the disc. It was
also important to implement cyclic loading of the newly created nine FITS ta-
bles and prepare the routine for all available Stokes parameters in the reflection
tables (VN being zero) and all available initial polarisations. This needed to be
adapted for both models available within the code: the lamp-post model and
the extended coronal scheme, using the theoretical set-up from Sections 1.3.2
and 1.4. Rest of the code, such as the integration routine ide, was left untouched
and corresponds to the KYNLPCR documentation available on the date of sub-
mission at https://projects.asu.cas.cz/stronggravity/kyn/blob/master/
xsKYNlpcr.c. I thank my supervisor for helping me orientate in the code, adjust-
ing the ξ(re) computations accordingly, and doing a final revision of the changes,
including pointing out normalization issues in the FITS tables, so that the up-
dated version of the code KYNSTOKES is well-functioning and almost ready for
publishing4.

With such finalized KYNSTOKES code, I tested the lamp-post scheme with dis-
tant disc segments to check for similarity of the reflected global part to the lo-
cal reflection tables, global orientation, and some basic flat-spacetime limits far
from the black hole. The new code’s total performance can be also judged from
the next section, where full-disc integration examples are presented. The out-
put5 of the code is in the form of io(Eo), qo(Eo), uo(Eo), po(Eo) and Ψo(Eo),
and all is again XSPEC-compatible. The user selects energy range by Eo,min and
Eo,max and number of bins NE in power-like spreading Eo,j = Eo,min

Eo,max

Eo,min

j
NE ,

j = {0, 1, ..., NE}, which is used further in the text, but linear binning is also
allowed by the code. Table 3.2 summarizes rest of the most important input pa-
rameters of the current version of KYNSTOKES and states the default values, which
were used for producing the examples in the following section.

4Although at this point it would be also rather premature to publish the KYNSTOKES routines
and corresponding spectral and polarimetric full parametric tables in e.g. FITS format that
would be complete and ready for unfolded fitting of sources, as further testing is required to
consider KYNSTOKES stable and completely flawless. In addition, as was previously mentioned,
another more profound version of the STOKES local reflection tables is likely to be obtained in
the future, see Chapter 2.

5Circular polarisation represented by vo(Eo) is also to some extent included in the code,
but for the objects of interest in this thesis and for the testing performed, it was not used.
Therefore, I dare to omit it in further discussion.
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parameter default value description
a 0 black-hole angular momentum relative to mass, −1 ≤ a ≤ 1
i [◦] 0 inclination of the observer, 0: pole-like, 90: disc-like
rin [GM/c2] 1 inner edge of non-zero disc emissivity
below ISCO no integrate also below the innermost circular orbit
rout [GM/c2] 400 outer edge of non-zero disc emissivity
ϕmin [◦] 0 lower azimuth of non-zero disc emissivity
∆ϕ [◦] 360 sets upper azimuth ϕmax = ϕmin + ∆ϕ of non-zero disc emissivity
M [108 · M⊙] 0.1 black-hole mass
h [GM/c2] 3 height of the lamp-post primary source measured from the center
Γ 2 photon-index of the primary radiation
L/LEdd 0.01 observed primary isotropic flux at 2 − 10 keV in the units of

Eddington luminostiy LEdd

primary yes include primary radiation upon the reflected radiation
nH [1015 · cm−3] 1 radial disc density profile normalization, setting ξ(re) in (1.28)
density profile 0 power-law index of radial disc density profile, setting ξ(re) in (1.28)
z 0 overall Doppler shift
nr 300 number of grid points in radius
division in re integration 1 0: equidistant radial grid (constant linear step),

1: exponential radial grid (constant logarithmic step)
nϕ 360 number of grid points in azimuth
smooth yes whether to smooth the resulting spectrum
pP 0 primary polarisation degree
ΨP [◦] 0 primary polarisation angle

Table 3.2: Selection of the main KYNSTOKES parameters and their default values. In addition
to these, the code is also able to change the orientation of the global system, crudely work in
the extended coronal scheme, work with local intrinsic primary isotropic flux instead of observed
luminosity (also if entered as measured towards the disc), set directly radial ionization profile
and normalization, insert size-adjustable cloud obscuration at particular impact coordinates
[Cunningham and Bardeen, 1973], and alter the output format and number of threads to be
used for computations. For details and limits on all of these aspects already belonging to
KYNLPCR, see e.g. Dovčiak [2004], Dovčiak et al. [2004, 2011].

3.3 Total emission using the STOKES tables and in
comparison with other local computations
within the same integration scheme

In this section, only the selected and most important total spectral and polarimet-
ric results by KYNSTOKES are discussed at infinity for integrated reflected emission
and also in the superposition of the secondary with the primary radiation far from
the source. Eo,min = 1 keV, Eo,max = 100 keV, and NE = 200 was used to fully
utilize the novel local FITS tables. Rest of the input parameters used in this sec-
tion corresponds to the default values in Table 3.2, unless otherwise stated. For
comparison with other local computations within the same integration scheme,
I display the latest version of the KYNLPCR code, which uses the NOAR reflection
tables and Chandrasekhar’s approximation (1.34) for scattering-induced polari-
sation, and the XILLVER spectral tables that were already compared with STOKES
on a local level in Section 2.2, which were also implemented in this integration
scheme by my supervisor already before this thesis and where the integration
code is hereafter referred to as KYNXILLVER. For such KYNXILLVER and KYNLPCR
comparison with KYNSTOKES, referring to the names newly adopted, the clos-
est parametric choice to the given KYNSTOKES computation was always adopted
within KYNXILLVER and KYNLPCR.

In the future, it would be also desirable to compare the existing STOKES
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tables with other reflection computations appearing in the literature also in
the soft-excess part of the spectrum, which was outside of scope of this work
at the moment. It might give more details on STOKES’ possible inconsistencies
in line production and continuum slope in this energy range with respect to
the TITAN spectrum, as was indicated in Section 2.2. Also, as a continuation of
this work, it would be very useful to re-normalize and compare the output of
RELXILL computations [Garćıa et al., 2014, Dauser et al., 2014], where another
general-relativistic integration approach was used on the XILLVER local reflection
tables, with KYNSTOKES, or implement the STOKES local tables into the scheme
therein to complete the picture.

3.3.1 Spectral results
Let us first present on Figure 3.1 the total KYNSTOKES spectra including the pri-
mary (here unpolarized6) radiation in three inclinations i = {30◦, 60◦, 80◦}, two
distinct heights h = {3, 15} GM/c2, and for a non-rotating black hole a = 0,
and a rapidly rotating black hole a = 1. The figure displays full spectral values
measured at infinity with added primary radiation. Compared to reflection-only
Figure 2.1 with similar Γ, the primary power-law radiation now dominates the to-
tal output in this generic parametric setup. Only the most prominent reflection
spectral features are visible, such as the Fe Kα line at 6 − 7 keV, a forest of lines
around 2 keV, and the Compton hump at around 20 keV, but all being heavily rel-
ativistically smeared, unlike the relatively mild relativistic effects on the primary
power-law. This is consistent with the overall spectral shapes for similar setups
and computations appearing in the literature [Dovčiak et al., 2004, Garćıa et al.,
2014, Dovčiak et al., 2011], and the total spectral computations upon the new
reflection tables seem well-grounded with comparable behavior in the main model
parameters.

Figure 3.1: Total integrated spectra from KYNSTOKES for three different inclinations i = 30◦

(left), i = 60◦ (middle), i = 80◦ (right), including primary radiation. Cases of a = 0 (dashed)
and a = 1 (solid), and h = 3 GM/c2 (red) and h = 10 GM/c2 (black) are shown. Rest of
the parameters correspond to Table 3.2 default values.

If more luminosity was added to the source in the model input, overall ion-
ization of the disc locally represented by ξ would be strengthened in reflection
component similarly to the display in Figure 2.1, and the reflected component
would start to resemble the primary radiation, only with potentially different

6Figure 2.8 suggests little or no variation of local emergent F for distinct initial polarisation
in an integrated case anyways.
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relativistic effects, as the reflected light travels on different geodesics spanning
the entire disc. The more radiation reaches the innermost parts of the configu-
ration, the more profound the relativistic effects are, which may serve for better
constraints of the coronal and black-hole properties, even though some of the more
modest reflection effects stated in Chapter 2 are now diminished and out of dis-
cussion for global parametric fitting. Namely and typically the blurred Fe Kα
line in the total spectrum serves as a powerful feature for fitting of inclination,
spin and disc’s ionization in the AGNs or X-ray binaries spectra [Vaughan and
Fabian, 2004, Dovčiak et al., 2004, Dovčiak, 2004, Miniutti and Fabian, 2004,
Seward and Charles, 2010].

In the case of our configuration, it may be visible already from Figure 3.1 that
if the black hole rotates rapidly, the innermost circular orbit advances closer to
the black-hole horizon and with the decreasing lamp-post height more radiation
gets to the vicinity of the center and more emergent light starts to obtain a dis-
similar shape, providing greater confidence in spectral determination of physical
parameters of such systems. Throughout all of this section, the configurations
with lower lamp-post heights and high black-hole spins tend to vary from rest
of the configurations, although inclination effects are also important. But dis-
entangling all the special and general-relativistic features on both primary and
secondary radiation is an extensive task, and requires not only understanding
of the relativistic effects on the light trajectories but also the transfer function
behavior at different disc areas for distinct observer’s positions and black-hole
rotations [Dovčiak, 2004, Dovčiak et al., 2011].

In the modeling, one may also switch-off the primary radiation in order to
get more intuition on the reflected part, which has been done on Figure 3.2
for similar parametric setup (multiplying the reflection-only io,R by EΓ

o to ab-
stract from the plain slope effects, excluding the highest inclination, and lowering
the higher height configuration to h = 10 GM/c2). This, furthermore, serves
as a springboard for comparison of the STOKES tables in the total spectra with
other reflection tables mentioned, because the normalization of the reflected part
has been already revised in the local co-moving frame with respect to different
primary power-law cut-offs used by each tables, in order to accentuate the dif-
ferences. Hence, Figure 3.2 displays the reflection part using KYNXILLVER and
KYNLPCR too.

Apart from the relativistic spectral smoothing, which in the reflection-only
display allows to examine more line features7 without the primary covering, and
apart from general parametric behavior similar to Figure 3.1 and quite supporting
the thesis in e.g. Garćıa et al. [2014], Dovčiak et al. [2011], all of the three
integrated spectra still remain remarkably similar in the Compton hump feature.
This also supports correct implementation of the newly created STOKES tables
into the integration process. As it was already discussed and reasoned during
the direct studies of the STOKES and XILLVER local tables in Section 2.2 and it
did not disappear in the integrated results, they tend to disunite more towards
the soft excess.

Despite some possible caveats with the current version of the STOKES local
model, the fact that it calculates with distinctive incident µi and relative az-

7For example, the effect of further line broadening for lower heights h is present due to
stronger relativistic influence.
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Figure 3.2: Total integrated reflection-only spectra multiplied by EΓ
o from KYNSTOKES (blue),

KYNXILLVER (black), and KYNLPCR (green), for two different black-hole spins a = 0 (dashed)
and a = 1 (solid). Cases of i = 30◦ (left), i = 60◦ (right), and h = 3 GM/c2 (top) and
h = 10 GM/c2 (bottom) are shown. Rest of the parameters correspond to Table 3.2 default
values.

imuthal angle Φe unlike XILLVER, may be crucial in the precision of the lamp-post
scheme modeling and may lead to preference of use of these tables over the other,
while for the extended coronal scheme the illumination is presumed to be isotropic
and this argument does not apply. Even though the NOAR tables have not been
previously discussed in direct comparison with the STOKES reflection tables in
Chapter 2, it is evident that with the known impact of the ionization parameter
ξ on spectral shape (see e.g. Figure 2.1 or Figure 2 from Fabian et al. [2000]),
the reflected part will rapidly decline towards lower energies for the NOAR tables
even in the integrated results, which is what is seen on Figure 3.2, as they repre-
sent a neutral accretion disc model. This is what makes the STOKES or XILLVER
tables much more realistic with respect to the argumentation given in Section
1.3.2 and of potential use, compared to these.

3.3.2 Polarisation results
In the discussion of the integrated polarisation results, the total values including
the primary radiation are presented in all of the figures below, in order to illustrate
the realistic effect of depolarisation that this addition has to the detriment of
the reflected part, where polarisation is amplified by the Compton recoil towards
higher energies. First indications, whether the overall polarisation from AGN
targets can actually be measurable by the IXPE mission under the predictions
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by these new reflection models, will be given in Chapter 4.
Integrated polarimetric results for the reflected radiation only were also stud-

ied, and follow similar behavior to the outcome in figures presented in Section 2.3,
which serves as a verification on the KYNSTOKES’ polarimetric incorporation. As
expected, the differences in initial primary polarisation on the outcome are milder
compared to the total results below and with respect to the discussion of the lo-
cal initial polarisation impact in Section 2.3. Also, the integrated polarimetric
results without the primary radiation depart more from the pure reflection tables
for stronger departures from the Newtonian cases: faster rotating black holes,
higher inclinations and smaller h, and especially in the studies of polarisation
angle Ψ, as it can undergo vast changes due to the general-relativistic rotation
of the polarisation plane (see Section 1.4.2) even at large distances from the cen-
tral black hole. The relativistic effects on the change of polarisation angle might
also affect the polarisation degree po at infinity, if overall Ψo orientation far from
the central black hole is preferred in specific configurations. There are cases,
when even the seemingly chaotic relativistic change of the polarisation angle,
while all possible angular configurations are achieved over the disc, may lead into
strengthened polarisation degree near the vicinity of the black hole, depending
on the so-called critical radius [Dovčiak et al., 2011].

Firstly, Figure 3.3 shows the polarisation degree po(Eo) for both KYNSTOKES
and KYNLPCR in two different inclinations i = {30◦, 60◦}, for h = 3 GM/c28,
for a non-rotating black hole a = 0, and a rapidly rotating black hole a = 1,
and distinct modest9 incident primary polarisations given by polarisation degrees
pP = {0, 0.01, 0.02} and polarisation angles ΨP = {0◦, 90◦} (degenerates for
the first p option). As with the plain reflection tables, the Chandrasekhar’s
values of the Stokes polarisation parameters grant greater polarisation at nearly
all incident and emergent angles (see Figure 2.15), mainly due to the single-
scattering approximation, which manifests also in the total spectra. It is a quite
convincing result that despite the diverse amplitude, both of these representations
behave similarly after the integration with respect to variable initial polarisation
and other tested parameters.

It should be noted also in the case of integrated results that the Chan-
drasekhar’s formulae (1.34) provide only an analytical feedback on the STOKES
Monte Carlo simulation’s overall performance and should not be used in realistic
situations, although some of the polarisation effects may be studied more clearly
with their use. In the future, it might be beneficial to implement and test similar
formulae for multiple scattering [Chandrasekhar, 1960], but these again only rep-
resent the continuum10 crude behavior, and it is impossible to achieve detailed
polarimetric behavior, especially in lines at the lower part of the X-ray band. Of
course, one cannot hope to measure polarisation with sufficient energetic preci-
sion by the confirmed forthcoming missions, in order to use the line behavior for
polarimetric fitting of AGN properties. But there is other theoretical consider-
ations that this detailed modeling brings, and similar simulations could be used

8Slightly lower value was selected to emphasize the strong-gravity effects.
9The displayed values represent some broad estimates in Beheshtipour et al. [2017], Tamborra

et al. [2018], Beheshtipour [2018]
10In KYNLPCR, the lines are subtracted and then re-added to the spectrum in the calculation

of scattering-induced polarisation upon the reflected radiation.
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Figure 3.3: Total integrated polarisation degree from KYNSTOKES (solid) and KYNLPCR (using
the Chandrasekhar’s approximation, dashed), for primary polarisation pP = 0 (black), pP =
0.01 and ΨP = 0◦ (blue), pP = 0.01 and ΨP = 90◦ (green), pP = 0.02 and ΨP = 0◦ (red),
pP = 0.02 and ΨP = 90◦ (orange). Cases of i = 30◦ (left), i = 60◦ (right), and a = (top) and
a = 1 (bottom) are shown. Rest of the parameters correspond to Table 3.2 default values.

for X-ray binary accretion discs, where more photons are expected, which could
allow for sooner utilization of such preparations.

Far from the central black hole, inclination sets the emitting angle, height h
sets the incident angle, and azimuthal behavior can be tested on small-segment
emission. In all of these tests for KYNSTOKES, the behavior corresponded to the lo-
cal results from Section 2.3, including the overall polarisation degree change with
Γ and ξ, here represented mostly by primary source’s luminosity (and disc density
nH , which is constant in our models though). The integral behavior of po from
KYNSTOKES quite corresponds also to the previous results with KYNLPCR in Dovčiak
et al. [2011]. One representation displayed already there is particularly interest-
ing, and it confronts the polarisation degree po with h in four different energy
bands between 2−50 keV, with the lower two being in the correct range and quite
resolvable by future IXPE measurements of brighter sources (see Chapter 4 for
possible issues). This is depicted on Figure 3.4 for KYNSTOKES now in three differ-
ent inclinations i = {30◦, 60◦, 80◦} and for a = {0, 1}. It agrees with the somewhat
general idea of more pronounced polarisation with low heights11 and enhanced
illumination near the vicinity of the horizon, while inclination changes the role of
a black-hole spin in the observer’s perspective. Also, the role of distinct spin is di-

11Dovčiak et al. [2011] discusses the role of exceptional addition of the polarisation angle Ψ
that causes a scattering-induced p enhancement in the central parts of the disc within the lamp-
post scheme.
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minished for large heights, which is consistent with the spectral results showed in
the previous section. In general, the amplitude rises towards larger energy bands
in agreement with Figure 3.3 and Section 2.3 with more Compton reflection being
involved or energetically redistributed into these ranges.

Figure 3.4: Total integrated polarisation degree from KYNSTOKES for energy bands Eo ∈
[2, 6] keV (blue), Eo ∈ [6, 10] keV (green), Eo ∈ [10, 20] keV (orange), and Eo ∈ [20, 50] keV
(red). Cases of i = 30◦ (left), i = 60◦ (middle), and i = 80◦ (right), and a = 0 (dashed) and
a = 1 (solid) are shown. Rest of the parameters correspond to Table 3.2 default values.

Figure 3.5 describes Ψo(E) behavior at infinity for KYNSTOKES and KYNLPCR
in the same parametric setup, as is on Figure 3.3. Although the polarisation
angle begins responding to the energetic change in a quite complicated way at
soft X-rays, for hard radiation it maintains a nearly constant value in agreement
with the local results tested in Section 2.3. In the depicted configurations, apart
from a few cases, the overall Ψo behavior again quite follows that of the Chan-
drasekhar’s approximation; therefore, it provides a general positive feedback on
the angular performance of the new results and indicates correct implementation
of the STOKES tables into the integration scheme, as the two approaches already
corresponded on a local level (see Figures 2.16, A.19, and A.20).

Integral behavior of the polarisation angle Ψo is much more intuitively un-
predictable due to significant gravitational effects on this quantity mentioned
previously. One must take into consideration the angular distortion of the lo-
cal polarisation induction largely dependent on the scattering angle (see Sections
1.3.1 and 2.3), the transfer function that amplifies the emission from various parts
of the disc and causes different relativistic energetic redistribution at various parts
of the disc, and the overall role of inclination and spin upon these tendencies (see
Section 1.4 and Dovčiak [2004], Dovčiak et al. [2011]).

All in all, the general-relativistic effects tend to modify the observable polar-
isation quantities in a more radical way than the pure spectral profiles [Connors
and Stark, 1977, Connors et al., 1980, Laor et al., 1990, Matt, 1993, Agol and Kro-
lik, 2000, Dovčiak et al., 2008, Schnittman and Krolik, 2009, 2010, Dovčiak et al.,
2011], which raises the opportunities of profitable measurements for constraining
physical parameters of such systems in the future, despite the faint predictions
for AGNs and yet crude energy resolution possibilities12. For further discussion
of the relativistic polarisation features in the integral view of AGNs at infinity,

12This, for example, much denies chances of constraining the primary photon-index and
ionization normalization of the disc by measuring polarisation, which manifests as a slope
effect on representative Figures 2.12 and 2.13 of locally induced p(E), if not overshadowed by
the primary radiation.
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Figure 3.5: Total integrated polarisation angle from KYNSTOKES (solid) and KYNLPCR (using
the Chandrasekhar’s approximation, dashed), for primary polarisation pP = 0 (black), pP =
0.01 and ΨP = 0◦ (blue), pP = 0.01 and ΨP = 90◦ (green), pP = 0.02 and ΨP = 0◦ (red),
pP = 0.02 and ΨP = 90◦ (orange). Cases of i = 30◦ (left), i = 60◦ (right), and a = (top) and
a = 1 (bottom) are shown. Rest of the parameters correspond to Table 3.2 default values.

see e.g. Dovčiak et al. [2004], Dovčiak et al. [2008, 2011], Marin et al. [2013],
where the past analysis can be now confronted with the KYNSTOKES results.
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4. Preparation of the models for
IXPE mission
In this chapter, the new total spectral and polarimetric models achieved by
KYNSTOKES, described in Chapter 3, are processed for a particular mission –
IXPE [Weisskopf et al., 2016], which is again wise to do in codes independent
of the model production. The obtained models have to be multiplied by the re-
sponse matrices of the IXPE detectors, in order to form forward-folded fitting
schemes for IXPE. As the mission is not yet in orbit and has not produced any
observations yet, it is necessary to design some artificial emitting sources, and let
them run through the IXPEOBBSIM framework for further testing. After creation of
these artificial observations, it is possible to display the results from IXPEOBSSIM,
including the closest folded model curve, being here exactly the artificial source.
We will do this for the ĨN , Q̃N , and ŨN quantities for one representative exam-
ple, as all of these can be easily used in XSPEC for fitting in this form of a folded
output (unlike the folded polarimetric po and Ψo), in order to illustrate the end-
to-end preparation for fitting achieved in this work. It is also possible to multiply
the artificial observations with inverse response matrices, and compare the values
with unfolded models. We will use this approach as well for the display of po

and Ψo quantities from all remaining tests in this chapter, as this is easy to do
with IXPEOBSSIM, including the display of MDP99%, which is crucial for primal
analysis. Being able to produce all of these pictures, we can evaluate the unfolded
tables from Chapter 3 in a selection of crucial AGN parameters, and elaborate
on the artificial observations created in terms of observational perspectives. If all
seems functioning, the gathered models and scripts are ready for the IXPE launch
and for fitting of the IXPE observations of real sources with XSPEC in the future.

4.1 Preparation of auxiliary codes to IXPEOBSSIM
As a first step, it was necessary to prepare a script that a) connects the KYNSTOKES
output representing the testing object, hereafter referred to as model, for selected
parametric values to IXPEOBSSIM, b) scales this model to correct IXPEOBSSIM
flux units (using also the built-in galactic absorption functions), and c) appoints
the testing object as region of interest for a particular location on the sky for
a single artificial observation with exposition time T . This is called a config
script, which is standardly used within the IXPEOBSSIM configuration directory.
Then, an IXPEOBSSIM launching example script is needed, typically launched
from the IXPEOBSSIM example directory. This script creates all event files and,
with the use of the xpbinview routine, produces folded values of ĨN(Eo), Q̃N(Eo),
and ŨN(Eo) in the actual instrumental channel bins (converted to the energetic
scale) and unfolded values of po(Eo) and Ψo(Eo) in the pre-selected bins, including
MDP99%(Eo) and all y-errors, using the theoretical background from Sections 1.1.3
and 1.5.3, while x-errors represent the energetic bins for all displayed detected
quantities in this chapter. I thank my supervisor for providing these scripts
that were already half-prepared from previous projects and which I only had to
verify for the latest IXPEOBSSIM version 8.2.2, and add there an optimal picture-
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producing script (upon the built-in xpbinview routine) that selects the correct
raw data for figures in Section 4.3 and displays appropriate model data (folded
or unfolded with the IXPE response functions) with correct binning and spline-
function interpolation.

4.2 Selected testing objects
As a second step, I had to collect information in literature on a few type-1 radio-
quiet AGNs, in order to use them as semi-realistic sources for testing. These
happened to be MCG–6-30-15 (RA: 13:35:53.8, Dec: −34:17:44.1, J2000, X-
ray [Webb et al., 2019]), Ark 120 (RA: 05:16:11.4, Dec: −00:08:59.2, J2000,
X-ray [Webb et al., 2019]), and NGC 1365 (RA: 03:33:36.3, Dec: −36:08:26.4,
J2000, X-ray [Webb et al., 2019]). Even though the constraints on inclination in
literature are scarce and some of these sources could be highly inclined and thus,
they could be considered as obscured type-2 galaxies and possible high absorption
might devaluate the measurements, for our purposes, it is also interesting to
study higher (≳ 45◦) inclinations, in order to test the asymmetry caused by
strong gravity. It is important to note as well that there is no indication that
these particular sources will be selected as main targets for the IXPE mission
at the moment. There might be some brighter or otherwise parametrically more
suitable sources in the mission’s observation plan.

Also, the aim of this chapter is to demonstrate that the scripts are functional
and that the analysis is technically prepared for real measurements. Therefore,
the research on information about these sources was not exhaustive for this thesis,
and the used parameters, which are summarized in Table 4.1, may not represent
the most realistic and up-to-date consensus in literature and should not be re-
garded as precise estimates on required observational times, but rather as crude
indications, serving for a prove of technical functionality. In particular, almost
no information on incident polarisation of the primary radiation exists; there-
fore, I used some general ∼% estimates according to Tamborra et al. [2018],
Beheshtipour et al. [2017], Beheshtipour [2018] and private trials of IXPEOBSSIM
by my supervisor, which gave me indicia on semi-realistic primary polarisation
properties of these sources1. Rest of the information is consolidated from Vaughan
and Fabian [2004], McHardy et al. [2005], Nandra et al. [2007], Noda et al. [2011],
Raimundo et al. [2013], Marinucci et al. [2014], Fink [2016], Mantovani [2016] for
MCG–6-30-15, from Brenneman and Reynolds [2009], Matt et al. [2014], Denis-
syuk et al. [2015], Fink [2016], Porquet et al. [2018, 2019] for Ark 120, and from
Schulz et al. [1999], Risaliti et al. [2009], Brenneman et al. [2013], Marin et al.
[2013], Risaliti et al. [2013], Braito et al. [2014], Walton et al. [2014], Whewell
et al. [2016] for NGC 1365. The coordinates, fluxes F2−10, and galactic absorp-
tions NH are for the X-ray band and are implemented as input to IXPEOBSSIM.
Rest of the parameters serve already as input parameters to KYNSTOKES, which
was used in the same setup as in Table 3.2 otherwise and for a small testing

1Similar models for these three objects obtained by KYNLPCR were previously tested within
prior versions of IXPEOBSSIM, which also served as a reason for selection of these testing objects
for this thesis, although the expected amount flux in the 2−10 keV band, including the galactic
absorption, is low (see continuing discussion).
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grid of a = {0, 1}2 and h = {2.5, 3, 15} GM/c2 to subtly illustrate the strong-
gravity effects on measurements. For production of all of the results described in
the next section, time-independent models were run, despite numerous remarks
in the literature above on possible temporal variability of the selected sources.

parameter MCG–6-30-15 Ark 120 NGC 1365
F2−10 [10−11 · erg · cm−2 · s−1] 3.6 1.9 1.3
NH [1020 · cm−2] 4.1 9.8 1.3
M [108 · M⊙] 0.045 1.5 0.02
Γ 2.1 1.9 2.1
i [◦] 33 30 60
pP 0.01 0.015 0.02
ΨP [◦] 0 0 0

Table 4.1: Chosen parametric values for the testing objects to produce appropriate models in
KYNSTOKES and to simulate observations with IXPEOBSSIM.

4.3 Test results and discussion
For each of the three testing objects, six models and subsequent simulated de-
tections described in the previous section are presented here. As far as setting
the exposition time T for each run, numerous trials were attempted in order to
achieve at least partially trustworthy measurements in polarisation by means of
the MDP99% reduction and T prolongation. Here I address the polarimetric con-
cepts sketched in Section 1.1.3 and particularly equation (1.20), which allows for
observational time estimation in this sense. Also, it seemed illustrative to keep
the energy resolution at minimum of three bins in the mission’s stable energy
range 2−8 keV, in order to show possible energetic dependency of the polarimet-
ric quantities, instrumental effects and the galactic absorption functions used.
Hence, I decided to keep the polarimetric unfolded results at bins 2 − 3 keV,
3 − 5 keV, and 5 − 8 keV, although, using the same semi-realistic values of F2−10
and NH from Table 4.1, lower MDP99% values or lower exposition times could be
achieved with reducing the results only to one energetic bin, loosing the infor-
mation on photonic energy. From the results below, it is also obvious that no
observational time-folding due to possible over-exposure, which might be consid-
ered for e.g. X-ray binary measurements being far less faint, was necessary.

Figures 4.1, 4.2 and 4.3 show the resulting detector outcome for pure folded
ĨN , Q̃N , and ŨN quantities in the instrumental channels converted to real ener-
getic scale in the maximal instrumental range for the case of MCG–6-30-15, a = 1,
and h = 3GM/c2 only3 out of the models tested. In these figures, for illustra-
tive purposes on the behavior under forward-folded transformation of the models
from Chapter 3, curves of the original models in ∆io, ∆qo, and ∆uo, multiplied

2a = 1 is also rounded value for mimicking a rapidly rotating black hole, as theoretical
considerations limit the black-hole spin in the center of accretion discs to a = 0.998 rather
[Thorne, 1974].

3The reason behind the display selection is again some evidence on rather fast black-hole
rotation in these objects, particularly a ≳ 0.9 for MCG–6-30-15 [Brenneman and Reynolds,
2006, Marinucci et al., 2014], a ∼ 0.8 for Ark 120 [Porquet et al., 2019], and a ≳ 0.975 for NGC
1365 [Walton et al., 2014], and a lack of informative value of more similar images.
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by the IXPE response matrices and scaled accordingly, are also depicted. Figures
4.4, 4.4, 4.6, 4.7, 4.8, and 4.9 show the po(Eo) and Ψo(Eo) in the pre-selected
bins of the unfolded display, including MDP99%(Eo) and the original po(Eo) and
Ψo(Eo) models, and for the entire testing grid. All of the figures below include
y-errors representing the statistical and systematic errors under 1σ standard de-
viation criterion, and x-errors constituting the energetic bins are displayed in
Figures 4.4, 4.4, 4.6, 4.7, 4.8, and 4.9 as vertical lines for clarity.

MCG–6-30-15

Figure 4.1: Simulated IXPE detector output ĨN of the three DUs in instrumental energetic
bins for a = 1, h = 3 GM/c2, T = 70 Ms, and rest of the model parameters from Table 4.1 for
MCG–6-30-15 and Table 3.2. Model curve, which was used as a source for these detections, is
also displayed, multiplied by response matrices and scaled accordingly.

Figure 4.2: Simulated IXPE detector output
Q̃N of the three DUs in instrumental energetic
bins for the same parametric setup as on Figure
4.1, including the forward-folded model curve.

Figure 4.3: Simulated IXPE detector output
ŨN of the three DUs in instrumental energetic
bins for the same parametric setup as on Figure
4.1, including the forward-folded model curve.
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Figure 4.4: IXPE observation simulations of unfolded polarisation degree po (left) and polar-
isation angle Ψo (right) for the three DUs in pre-selected three energetic bins (gray vertical
dashed lines), including the original model curve (black solid line) and MDP99% values (orange
horizontal bars). Cases of h = 2.5 GM/c2 (top), h = 3 GM/c2 (middle), and h = 10 GM/c2

(bottom) are shown for a = 0, comprising three out of six parametric models run for each testing
object, here MCG–6-30-15. Rest of the parameters correspond to Table 4.1 for MCG–6-30-15
and Table 3.2. Used observational time T for each run displayed is indicated at the top of each
graph.
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Figure 4.5: Same setup as for Figure 4.4, but for a = 1, comprising the other three parametric
models run for each testing object, here MCG–6-30-15.
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Ark 120

Figure 4.6: IXPE observation simulations of unfolded polarisation degree po and polarisation
angle Ψo for the three DUs in pre-selected three energetic bins, including the original model
curve and MDP99% values. Same display scheme as with Figure 4.4 is used, comprising the same
three parametric models run for a = 0, here for Ark 120 and the corresponding values in Table
4.1.
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Figure 4.7: Same setup as for Figure 4.6, but for a = 1, comprising the other three parametric
models run for each testing object, here Ark 120.
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NGC 1365

Figure 4.8: IXPE observation simulations of unfolded polarisation degree po and polarisation
angle Ψo for the three DUs in pre-selected three energetic bins, including the original model
curve and MDP99% values. Same display scheme as with Figure 4.4 is used, comprising the same
three parametric models run for a = 0, here for NGC 1365 and the corresponding values in
Table 4.1.
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Figure 4.9: Same setup as for Figure 4.8, but for a = 1, comprising the other three parametric
models run for each testing object, here NGC 1365.

From the results above it is clear that unrealistic exposition times are needed
in these configurations, but it has been argued against realisticity of these tests
already. Moreover, even if these or other AGN sources, including absorption
on the way, provided such a scarce amount of photons also at the full one-bin
energetic range that would lead into large T needed for IXPE, there is other
polarimetric mission proposals (such as the eXTP mission [Zhang et al., 2016]),
which could effectively reach much larger mirror areas and reduce the observa-
tional times needed for AGNs in the future. Furthermore, the models and analysis
developed in the previous chapters of this thesis are also useful for spectral in-
vestigation4 and with only slight modifications for galactic X-ray binaries, which

4The IXPE mission itself is primarily a polarimetric mission, and even though it naturally
collects some spectroscopic information, the resolution is insignificant compared to the specif-
ically spectroscopic missions such as Chandra or XMM-Newton, and the scientific value of
the measured plain ĨN component might be low, especially for the typically faint AGNs.
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could provide distinctively higher amount of photons per unit time in the more
demanding polarimetry in this sense.

In terms of the difference of behavior of our tests between the pre-selected
energetic bins, it can only be concluded within the scope of this work that in
this setup, it seems more likely to measure polarisation degree at lower energy
bands of the IXPE range, while in the highest energetic bins, the Poissonian noise
often caused the data to be above the model5, see Figure 3.3) and MDP99% to be
insufficiently high. Therefore, also the polarisation angle measurements are least
credible at this band.

Aside from the discussion of observational prospects for the IXPE missions, re-
alisticity of the observation simulations, predictions on the actual selected sources,
and credibility and crudeness of the modeling performed at each step of the pro-
cess, the main reason behind the display of the results in this chapter is to claim
that at this point, all scripts in the process are ready to produce the full forward-
folded model tables for observational fitting with XSPEC, and that the X-ray po-
larimetric modeling of accretion discs in AGNs in the approach presented in this
thesis can only be improved henceforward and further tested for potential flaws.
In the future, minor modifications in all scripts made for this thesis are expected
mainly due to newer version of the STOKES model for local reflection tables, which
is expected based on the discussion in Chapter 2, and due to possible changes in
IXPEOBSSIM that is still under development by the IXPE team.

5Despite the degree of polarisation being generally highest there, depolarisation in the promi-
nent Fe Kα line at 6−7 keV might have sometimes lead to the detriment of potential detection.
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Conclusion
It has been argued that polarimetry is soon becoming an inevitable part of X-ray
astronomy. Rise of X-ray polarimetric mission’s proposals in the past decades
urges to properly investigate the theoretical background and modeling of poten-
tially interesting objects, of which radio-quiet active galactic nuclei deserve par-
ticular attention due to their omnipresence, yet mysteriousness. Studying X-ray
polarimetric signatures of AGNs may in general provide physical constraints on
the central supermassive black holes, surrounding accretion discs, potential coro-
nal presence and character, overall inclinations of distinct systems, and micro-
scopic emission processes in these types of objects. Indeed, polarigenesis follows
internal asymmetries of sources, and geometrical aspect of such studies is espe-
cially important within the general theory of relativity, which makes the space-
time discussion more complex and further enhances our understanding of nature
in the strong-gravity regimes within the already fascinating high-energy condi-
tions.

Although X-ray polarimetry is of key topic in this work, it cannot be developed
without proper understanding of the pure spectral part of emergent X-ray radia-
tion from these objects, which has already been largely investigated in the past.
This unavoidable unity of one physical origin manifested itself throughout the the-
sis and in all chapters both properties of radiation had to be considered. Towards
the upcoming first X-ray polarimetric missions and their observational prospects
for AGNs, it was necessary to provide theoretical background and context of relat-
able X-ray spectroscopy and polarimatery. This includes the definition of related
physical quantities, polarimetric foundations, introduction to modern spectro-
scopic and (planned) polarimetric X-ray space observatories and their capabili-
ties, observational facts for AGNs, list of possible emission or absorption processes
of interest inside these objects, and necessary general-relativistic considerations
for such studies. Then an up-to-date general consensus on the AGN model was
presented within Chapter 1 with respect to this background, which requires nu-
merical computations for observational fitting and understanding of the physics
behind these objects, as analytical solutions in such configurations are scarce.
A reasonable and innovative selection of existing numerical codes in this topic
was then argued, and within Chapter 1, all of the codes that helped to con-
nect the theory to observational perspectives further in this thesis, have been
presented, including similar attempts in literature, to which this selection and
the novel results obtained during this work were later compared.

In Chapter 2 output of two of the selected codes, studying the accretion
disc’s structure and radiative properties, TITAN and STOKES, was presented in
the context of AGNs. With pre-computations of the horizontal disc stratification
by TITAN, a Monte Carlo radiative-transfer simulation STOKES is able to calculate
locally reflected radiation from an accretion disc, which is of crucial importance
in the global AGN emission modeling. The obtained local spectroscopic and
polarimetric output was then discussed with respect to important free parameters
of the models, compared to other codes and analytical approximations appearing
in literature, and the processed reduced local reflection tables were subsequently
converted into a standard FITS format and made available as attachment to this
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thesis. Especially the polarimetric part of the tables is important, as it is a result
of one of the first detailed simulations of local X-ray polarisation properties of
accretion disc’s in AGNs, and at this moment can only be directly compared to
analytical approximations.

The STOKES local reflection results evince all characteristic spectral and po-
larimetric features in both continuum and lines, and can be already qualitatively
discussed, although some caveats coming from the juxtapositions in this work,
especially with the plain spectral output of the fundamental code TITAN, lead
to discussions with authors of these codes to further re-investigate and precise
the simulations in the future. The behavior in ionization parameter ξ and pri-
mary photon-index Γ for STOKES computations corresponds to that of predic-
tions, and was compared, including appropriate normalization adjustment, to
similar XSTAR and XILLVER spectral tables with success and remarkable similar-
ity. The latter two codes comprise of purely numerical radiative transfer solu-
tions, and the Monte Carlo simulation STOKES delivers almost identical answer
in the Compton hump feature around 20 keV. Remaining inconsistencies may
be due to primary power-law cut-offs selection, diverse ξ grid, adopted elemental
abundance and line production, internal disc temperature profiles, or approxi-
mative geometrical approaches. Geometrical performance of STOKES was mostly
studied in the context of polarimetry. The available Chandrasekhar’s formulae
(1.34) are in accordance with the new local tables, as long as all coarsenesses of
such single-scattering approximations are considered. Effects of extreme initial
polarisation of the primary radiation on the spectral and polarimetric output of
the reflection tables have been studied, as well as the overall reflectivity, which
provided an overview of the absolute importance of the reflection component
within AGNs and further analysis.

An important conclusion from the investigation of the local radiation is con-
firmation of rising polarisation degree towards higher energies in the X-ray band,
which is where the range of the forthcoming polarimetric missions is aimed at,
and thus it brings positive perspectives for observational investigation of the po-
larisation properties of the reflected component. In the global view at infinity,
which was presented in Chapter 3 by means of incorporating the new STOKES re-
sults into an already existing integration scheme KYNLPCR, the relativistic effects
entangle the emergent polarimetric quantities, which makes the analysis more
complicated on one hand, but allows for greater understanding and possible ob-
servational polarimetric constrains of e.g. black-hole spin, disc’s overall structure
and ionization, and observer’s inclination for real objects on the other (in addi-
tion to the already existing spectroscopic methods). Further comparisons with
the local XILLVER and NOAR tables, and the Chandrasekhar’s analytical formulae
within the same integration scheme provided positive feedback on the implemen-
tation of the results from Chapter 2 into production of total unfolded unobscured
radio-quiet AGN spectra, as well as allowed for further comparisons between
the distinct approaches in the accretion disc’s studies in terms of actual manifes-
tation of the different local models in the spectroscopic and polarimetric output
at infinity.

Despite the mentioned favorable circumstances for polarimetric measurements
of the reflection component, the depolarisation effect of primary radiation over
the secondary, and the faint nature of extragalactic sources seem too harsh for
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X-ray polarimetric detection of such AGNs by the soonest scheduled polarimetric
space observatory IXPE, based on the models adopted for this thesis and first
attempts of polarimetric artificial observations in Chapter 4, using this mission’s
detector simulation software IXPEOBSSIM. Even if one admits slightly brighter
sources and more predisposed AGN parameters than with the tests performed
here, which would allow for few confident polarimetric measurements by IXPE,
the chances of prospective large statistical analysis, parametrical constraints, and
receipt of other valuable information on the nature of AGNs emission in e.g.
different energetic bins, are low. Nevertheless, the effort made in this and similar
studies can be largely utilized on the measurements of X-ray binaries, where much
lower required exposition times are predicted. Also, large part of this thesis was
devoted to the pure X-ray spectral results, where extensive data research in case of
AGNs already exists and much shorter observational times are needed, and where
the newly available STOKES computations may also bring some novel prospects
and insights.

Therefore, further continuation of this work might lead into actual fitting of
spectroscopic observations with the STOKES reflection tables, once the appointed
caveats are investigated and high-resolution tables produced. Then it may be
possible to begin comparing their fitting performance with the closest XILLVER
results on the local level or other integration schemes on the global level, such as
the RELXILL tables. Also, inclusion of other yet neglected effects can be consid-
ered in an updated version of STOKES reflection tables, such as inverse Compton
scattering in the AGN’s corona, or thermal bremsstrahlung processes. And once
they are precised especially in the soft X-rays, they might provide valuable dis-
cussion on the nature of the soft excess, for example, which has been omitted
from this work. There is then still time for re-investigation of the current discus-
sions with improved STOKES modeling before the first IXPE data are gathered,
and there is also a lot of room for continuation of the analysis in terms of further
comparison of herein adopted scheme at all levels with other already existing
approaches. And to add a personal remark at the end, that is, where I find
work on this thesis most absorbing and lively. Interconnecting various pieces of
the complex mosaic, discussing state-of-the-art codes and methods at each part
of the process, all with regard to the most important astrophysical goal of such
preparations: obtaining observational evidence for the predictions and acquiring
constraints on the theoretical considerations.
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M. Dovčiak, V. Karas, and G. Matt. Polarization signatures of strong gravity in
active galactic nuclei accretion discs. MNRAS, 355:1005–1009, Dec 2004. doi:
10.1111/j.1365-2966.2004.08396.x.

A. M. Dumont, A. Abrassart, and S. Collin. A code for optically thick and hot
photoionized media. A&A, 357:823–838, May 2000.

A.-M. Dumont, S. Collin, F. Paletou, S. Coupé, O. Godet, and D. Pelat. Escape
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J. Garćıa and T. R. Kallman. X-ray reflected spectra from accretion disk models.
I. Constant density atmospheres. ApJ, 718:695–706, Jul 2010. doi: 10.1088/
0004-637x/718/2/695.
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A. Appendix
Auxiliary figures to Chapter 2 that all correspond to the STOKES code results are
presented here.

Figure A.1: Spectrum not integrated in geometry
for µi = 0.0, µe = 0.025, Φe = 187.5, ξS = 143.4
and Γ = 2.0. Three different primary polarisations
are shown: unpolarized (black), horizontally polarized
(red) and diagonally polarized (blue) light. This exam-
ple represents mild differences in spectra for distinct
primary polarisation in the local reflection tables.

Figure A.2: Spectrum not integrated in geometry
for µi = 0.0, µe = 0.975, Φe = 187.5, ξS = 143.4
and Γ = 2.0. Three different primary polarisations
are shown: unpolarized (black), horizontally polarized
(red) and diagonally polarized (blue) light. This exam-
ple represents amplified spectrum for initial horizon-
tal polarisation with respect to the other two cases in
the local reflection tables.

Figure A.3: Spectrum not integrated in geometry
for µi = 0.0, µe = 0.725, Φe = 97.5, ξS = 143.4
and Γ = 2.0. Three different primary polarisations
are shown: unpolarized (black), horizontally polarized
(red) and diagonally polarized (blue) light. This ex-
ample represents amplified spectrum for initial diago-
nal polarisation with respect to the other two cases in
the local reflection tables.

Figure A.4: Spectrum not integrated in geometry
for µi = 0.0, µe = 0.075, Φe = 97.5, ξS = 143.4
and Γ = 2.0. Three different primary polarisations
are shown: unpolarized (black), horizontally polarized
(red) and diagonally polarized (blue) light. This ex-
ample represents reduced spectrum for initial horizon-
tal polarisation with respect to the other two cases in
the local reflection tables.
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Figure A.5: QN spectrum for µi = 0.5, µe = 0.475,
Φe = 52.5, ξS = 143.4 and Γ = 2.0. Three different
primary polarisations are shown: unpolarized (black),
horizontally polarized (red) and diagonally polarized
(blue) light. This example represents typical results
for this parameter in the local reflection tables.

Figure A.6: QN spectrum for µi = 0.5, µe = 0.475,
Φe = 97.5, ξS = 143.4 and Γ = 2.0. Three different
primary polarisations are shown: unpolarized (black),
horizontally polarized (red) and diagonally polarized
(blue) light. This example represents typical results
for this parameter in the local reflection tables.

Figure A.7: QN spectrum for µi = 0.5, µe = 0.475,
Φe = 187.5, ξS = 143.4 and Γ = 2.0. Three different
primary polarisations are shown: unpolarized (black),
horizontally polarized (red) and diagonally polarized
(blue) light. This example represents typical results
for this parameter in the local reflection tables.

Figure A.8: QN spectrum for µi = 0.5, µe = 0.475,
Φe = 277.5, ξS = 143.4 and Γ = 2.0. Three different
primary polarisations are shown: unpolarized (black),
horizontally polarized (red) and diagonally polarized
(blue) light. This example represents typical results
for this parameter in the local reflection tables.

Figure A.9: QN spectrum for µi = 0.5, µe = 0.475,
Φe = 307.5, ξS = 143.4 and Γ = 2.0. Three different
primary polarisations are shown: unpolarized (black),
horizontally polarized (red) and diagonally polarized
(blue) light. This example represents typical results
for this parameter in the local reflection tables.

Figure A.10: UN spectrum for µi = 0.5, µe = 0.475,
Φe = 52.5, ξS = 143.4 and Γ = 2.0. Three different
primary polarisations are shown: unpolarized (black),
horizontally polarized (red) and diagonally polarized
(blue) light. This example represents typical results
for this parameter in the local reflection tables.
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Figure A.11: UN spectrum for µi = 0.5, µe = 0.475,
Φe = 97.5, ξS = 143.4 and Γ = 2.0. Three different
primary polarisations are shown: unpolarized (black),
horizontally polarized (red) and diagonally polarized
(blue) light. This example represents typical results
for this parameter in the local reflection tables.

Figure A.12: UN spectrum for µi = 0.5, µe = 0.475,
Φe = 187.5, ξS = 143.4 and Γ = 2.0. Three different
primary polarisations are shown: unpolarized (black),
horizontally polarized (red) and diagonally polarized
(blue) light. This example represents typical results
for this parameter in the local reflection tables.

Figure A.13: UN spectrum for µi = 0.5, µe = 0.475,
Φe = 277.5, ξS = 143.4 and Γ = 2.0. Three different
primary polarisations are shown: unpolarized (black),
horizontally polarized (red) and diagonally polarized
(blue) light. This example represents typical results
for this parameter in the local reflection tables.

Figure A.14: UN spectrum for µi = 0.5, µe = 0.475,
Φe = 307.5, ξS = 143.4 and Γ = 2.0. Three different
primary polarisations are shown: unpolarized (black),
horizontally polarized (red) and diagonally polarized
(blue) light. This example represents typical results
for this parameter in the local reflection tables.

Figure A.15: p values (solid lines) for µi = 0.0,
µe = 0.025, Φe = 187.5, ξS = 143.4 and Γ = 2.0.
Three different primary polarisations are shown: unpo-
larized (black), horizontally polarized (red) and diago-
nally polarized (blue) light. This example corresponds
to parametric choice in Figure A.1. Value for the single-
scattering approximation by Chandrasekhar’s formulae
for unpolarized primary radiation in this geometry is
shown (dashed line).

Figure A.16: p values (solid lines) for µi = 0.0,
µe = 0.975, Φe = 187.5, ξS = 143.4 and Γ = 2.0.
Three different primary polarisations are shown: unpo-
larized (black), horizontally polarized (red) and diago-
nally polarized (blue) light. This example corresponds
to parametric choice in Figure A.2. Value for the single-
scattering approximation by Chandrasekhar’s formulae
for unpolarized primary radiation in this geometry is
shown (dashed line).

90



Figure A.17: p values (solid lines) for µi = 0.0,
µe = 0.725, Φe = 97.5, ξS = 143.4 and Γ = 2.0.
Three different primary polarisations are shown: unpo-
larized (black), horizontally polarized (red) and diago-
nally polarized (blue) light. This example corresponds
to parametric choice in Figure A.3. Value for the single-
scattering approximation by Chandrasekhar’s formulae
for unpolarized primary radiation in this geometry is
shown (dashed line).

Figure A.18: p values (solid lines) for µi = 0.0,
µe = 0.075, Φe = 97.5, ξS = 143.4 and Γ = 2.0.
Three different primary polarisations are shown: unpo-
larized (black), horizontally polarized (red) and diago-
nally polarized (blue) light. This example corresponds
to parametric choice in Figure A.4. Value for the single-
scattering approximation by Chandrasekhar’s formulae
for unpolarized primary radiation in this geometry is
shown (dashed line).

Figure A.19: Ψ(Φe) values (solid lines) integrated
in E, Γ, and ξS for horizontally polarized primary
radiation and various µi, µe combinations. Val-
ues for the single-scattering approximation by Chan-
drasekhar’s formulae for horizontally polarized primary
radiation in these geometries are shown (dashed lines).

Figure A.20: Ψ(Φe) values (solid lines) integrated in
E, Γ, and ξS for diagonally polarized primary radiation
and various µi, µe combinations. Values for the single-
scattering approximation by Chandrasekhar’s formulae
for diagonally polarized primary radiation in these ge-
ometries are shown (dashed lines).

Figure A.21: Total reflectivity integrated at E <
1 keV and over µi, as it varies with Γ for different ap-
proximate values of ξS .

Figure A.22: Total reflectivity integrated at E >
10 keV and over µi, as it varies with Γ for different
approximate values of ξS .
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