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A personal dedication

I have always tried to think of my work within the broadest possible terms. My use of references
Ű as mentioned in the ŞPrefaceŤ Ű is not intended, therefore, either to be pretentious or to con-
vey the impression that this dissertation carries greater weight than it actually does. Within
any given lifetime Ű a lifetime being a characteristic human measure Ű, a period of three years’
work is one of considerable duration, though it amounts to almost nothing when considered
from a collective viewpoint. I am extremely grateful that, whilst possessing only the limited
knowledge of an early-career researcher, I have been given the opportunity to add my own par-
ticular pine needle to what is a growing and collectively assembled anthill. Besides attempting
to make certain parts of my chosen endeavor useful to the local scientiĄc community Ű as is
only inevitable Ű, I have also sought to ensure that the work as a whole should serve my own
personal purposes.

After familiarizing myself with the endless Ű though non-routine Ű cycle of initial insights
and the ensuing development thereof through which results emerge and age, a choice of special-
ization had necessarily to be made. Although inquiry into the disciplines of physical cosmology,
philosophy, (art) history, consciousness studies, or even mathematics, to cite several examples,
might seem to offer a broader Ąeld of comprehension when it comes to providing a basis on which
to generalize, it is my Ąrm belief that, in fact, there does not exist any true hierarchy as far as
areas of research are concerned, even in the case of astrophysics. Once a detailed and solvable
problem has been identiĄed, a problem which possesses high potential in terms of its capacity
to be instructive, all that remains is for one to work, during the constructive phase, with every
ounce of one’s passion and honesty, as well as in accordance with one’s particular capacities,
the recognition of all of which has a calming effect upon oneself. Optimization. From disorder
to order.

While acknowledging all of its unavoidable associated dubieties, I am nevertheless convinced
that science is indeed soothing both to its practitioner and to society as a whole, inasmuch as it
provides long-term, objective sureties, pace postmodernist trends of thought. I chose the Ąeld
of numerical simulations of black-hole environments for the reason that, to the extent that basic
research itself allows, I found the implications useful Ű in the event that such research should
come to fruition Ű and the object of study satisfying Ű insofar as it made its way towards that
fruition. Nevertheless, were I to have chosen any other phenomenon warranting the devotion
of three years to its study, it might also, I believe, have provided me with just as much scope
Ű rather than insight per se Ű, not to mention preparation for upcoming challenges. I consider
the greatest beneĄts of doctoral studies to be the following: they offer a person the opportunity
to analyze one very speciĄc problem in the deepest manner available; they oblige that person
to exercise an overall mastery of efficient working practices; and they enable that same person
to move towards a more productive period of their life once the learning phase has reached
its term, thereby enabling them creatively to explore the unknown.

A large part of my doctoral dissertation was conducted in Strasbourg Ű an imposing me-
dieval town of many wonders Ű and, most importantly, within the Ćourishing environment
of the observatory, a workplace for which I shall probably struggle to Ąnd an equal at any
time in the future. A comparable part was undertaken in Prague, the place of my birth and
a city to which I owe both the days of my youth and the majority of my schooling and uni-
versity education. While spending much of the latter period in the Karlov district of Prague,
I came to develop a sense of the genius loci associated with all the dark corners and pubs
into which celebrated Czech and German writers Ű e.g. Jaroslav Hašek (1883Ű1923) and Egon
Erwin Kisch (1885Ű1948) Ű must once have ventured. This genius loci also made its presence
felt within the university libraries themselves, as well as its lecture halls and corridors, through
all of which great thinkers, including none other than Albert Einstein (1879Ű1955), must have
passed. These same streets, stairways and gardens had once been Ąlled with revolutionary
students, the effects of whom on 20th-century (Czech) history is well known. The neighborhood
of Karlov likewise contained Ű and continues to do so Ű the aged hospitals where many have
taken both their Ąnal and their Ąrst steps, Ű as in the case of my most beloved grandmother,
Margit, and my newborn niece, Olga Ű and where many continue to devote their energies
to healing others Ű as does my inspirational sister, Gabriela.

I have always truly appreciated the degree of patience extended and of instruction freely



given to me during such times by acknowledged authorities; and, accordingly, I feel obliged
to make use of it by virtue of producing fruitful research and to share my own acquired learning
with those less fortunate or younger than myself. Alongside many others, of course, a few teach-
ers in particular laid down enduring paths of inspiration within my mind (for the sake of brevity
here mentioned without their academic titles): Jakub Haláček, who convinced me to opt for
physics on completion of my high school education; Milan Pokorný, who showed me the beauty
and power of mathematics during my undergraduate studies; and Oldřich Semerák, who not
only reiterated to me at graduate level that same beauty and power, as found in General Rela-
tivity, but who also guided me towards the realization that art is of equal importance to me as
is science, and that many interesting possibilities arise at precisely those points where these two
intersect. For the majority of the quotations presented here below, I am indebted to Oldřich
and to Jiří Bičák, the latter being yet another distinguished Ągure who has exerted a con-
siderable degree of inĆuence upon me. I should like to offer my foremost acknowledgement,
however, to my two supervisors, Michal Dovčiak and Frédéric Marin, who have shown incred-
ible endurance, provided me with staggering levels of support throughout my PhD, and also
offered crucial feedback on all of the results presented below. My personal thanks go to you.
Having been able to join the IXPE team of NASA and, in that setting, to have seen in detail
the work of the greatest exponents within our Ąeld, can only be classed as a once-in-a-lifetime
experience. I should also like to register my appreciation of the contribution made by Marie
Novotná, who lent me great assistance as regards the graphic components of this dissertation as
well as producing a number of illustrations. Mention should also be made of Robert D. Hughes
(Prague), who kindly revised the English within the current section (viz. ŞA personal dedica-
tionŤ), and Karolina Hughes, who translated the below quotation.

None of the above would have been possible, however, without the ongoing support of my
family and friends. I am well aware of the privilege I have enjoyed in terms of the fact that
my particular background has enabled me to conduct specialized studies for almost a full decade
in relation to one subject alone, a period of time just long enough to enable me, with an adequate
degree of professionalism, to make small, independent steps towards extending the boundaries
of human knowledge. In particular, I should like to thank my mother, Yvetta, who has had
to make many sacriĄces as I travelled down my chosen path and who herself has successfully
confronted so many obstacles. My thanks next go to my girlfriend, Marie, whose support
through the Ąnal and most important stages of the entire process, enabled me to Ąnish my formal
education. No less do I express my gratitude towards the friends and colleagues I have been able
to make at both of the abovementioned institutions, as well as towards the Magnesium group
in Prague and my Ćatmates in Strasbourg Ű they all contributed towards the fact that the three
years I spent studying amounted to an experience of the greatest intensity, one of signiĄcance
to me as much in terms of personal as of professional growth. Yet, despite the repeated upheavals
our world has seen during the period in question, it was nevertheless for me Ű it must be said
thanks to them Ű a fun time. Lastly, I should like to offer my thanks to those who have already
died, yet remain with us in spirit. Most importantly so to my grandparents, Miroslav, Ludmila
and Jiří, who all left strong roots from which to branch forth; to my mother’s second husband,
Václav, whose humor and wisdom still resonate in Podolí (a district of Prague); and to my own
beloved father, Oleg, who can only have had the heart of a whale. I should like to devote this
work to my Dad. And I hope that, despite his having left us so soon, his lingering presence
remains somewhere near Vyšehrad Castle Ű a place that means a lot to our family Ű and that
he is smiling with pride at the progress I have been making.



Vždy budou duchové..., kteří budou usilovat, aby spojenou mocí poznání

a snů, vědy a poezie, vytvořili jednotný obraz vesmírného dění, jenž by

stejně odpovídal věčnému prahnutí lidského ducha po harmonii a kráse,

i žízni srdce po spravedlnosti.

[There shall always be spirits... who will strive, through the combined
forces of knowledge and dreams, as of science and poetry, to create
a uniĄed image of cosmic events, (one) which might reĆect not only
the human spirit’s eternal longing for harmony and beauty, but also
the heart’s thirst for justice.]

Otokar Březina [excerpt from a letter to Brno-based classical philologist
František Novotný]
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Abstrakt: Tato disertační práce se zabývá polarizací rentegenového záření charak-
teristickou pro astrofyzikální prostředí v blízkosti akreujících černých děr. Byť
název a původní zadání vymezuje problematiku supermasivních černých děr v ak-
tivních galaktických jádrech, výsledky práce lze do velké míry aplikovat také
na černé díry o hmotnosti hvězd uvnitř rentgenových binárních systémů. Před-
staveno je vícero numerických modelů předpovídajících polarizaci emise z těchto
zdrojů v rentgenovém oboru, včetně jejich přímé aplikace v rámci interpretace
nejnovějších pozorování získaných díky misi Imaging X-ray Polarimetry Explorer
(IXPE, v provozu od prosince 2021). Modelování pokrývá oblasti od přenosu
záření v atmosférách akrečních disků, k obecně-relativistickým vlivům na rentgen-
ové světlo ve vakuu v blízkosti centrálních černých děr, až k interakci záření
se vzdálenými komponentami obklopujícími akreční jádro. Problematika je zk-
oumána na široké škále fyzikální a početní komplexity. Jednotícím prvkem práce
je zaměření na odraz rentgenových paprsků od částečně ionizované hmoty.

Klíčová slova: rentgenová astrofyzika, aktivní galaktická jádra, relativistická
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that greatly affected my thoughts and whom I hold in high esteem. For this rea-
son, it is my obligation to use the pronoun ŞweŤ for all results presented further,
even though all results were carried with a necessary degree of independence and
I am the author of this manuscript, which is written on the basis of these publi-
cations and puts them into larger context. If a particular credit deserves to be in
addition given throughout the text, e.g. to my supervisors or to colleagues that
contributed to parts of the publications, it will be acknowledged. All publica-
tions below were published in scientiĄc journals and underwent a review process
apart from three, which are still undergoing a journal revision on the day of sub-
mission. Preparatory works for this dissertation began across my master studies
and were published in my master thesis  [ ], which I build upon,
but do not include. This dissertation was only possible to carry out in time and
sufficient detail due to full-time work schedule allowed by these resources acknowl-
edged in the publications: the Barrande Fellowship Programme of the Czech and
French governments, the GAUK project No. 174121 from CU, the Czech-Polish
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ference support by GALHECOS team at ObAS and ED 182, the Czech Science
Foundation project GACR 21-06825X, the institutional support from AI CAS
RVO:67985815, and the computational facilities provided by both AI CAS and
ObAS.
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Preface

This dissertation aims to broaden our knowledge of astrophysical black holes
and their surroundings. The idea that an object is so heavy and small that even
light cannot escape its surface, today called the event horizon, is known since
1783 thanks to John Michell (1724Ű1793) [ ,  ,  ,  ]. With-
out detailed scientiĄc knowledge, a novelist named Gustav Meyrink (1868Ű1932)
described in his 1903’s novel The Black Sphere [ ,  ] an imagination
of Şmathematical nothingŤ, providing a somewhat brilliant intuition for the ex-
istence and properties of a directly unobservable attracting ball that was soon-
after theoretically predicted by rigorous computations in Albert Einstein’s theory
of gravity, the theory of General Relativity (GR), published in 1915 [ ,

 ,  ].
The governing equations can be written in a compact tensorial notation

Rµν − 1
2

Rgµν + Λgµν =
8πG

c4
Tµν ,

where Rµν and R are the Ricci tensor and Ricci scalar, respectively, gµν is
the spacetime metric, Λ is the cosmological constant, G is the gravitational con-
stant, c is the speed of light, and Tµν is the energy-momentum tensor. Max
Born (1882Ű1970), another brilliant physicist coeval to Einstein, described a few
decades later this ahead-of-time result: ŞThe foundation of general relativity ap-
peared to me then, and it still does, the greatest feat of human thinking about
Nature, the most amazing combination of philosophical penetration, physical in-
tuition and mathematical skill. But its connections with experience were slender.
It appealed to me like a great work of art, to be enjoyed and admired from
a distance,Ť [ ,  ]. Nonetheless, Karl Schwarzschild (1873Ű1916) discov-
ered already in 1916 an exact solution to the Einstein’s equations that describes
a static black hole [ ,  ]. Only in 1963, Roy Kerr (*1934) found
another important analytical solution for an axially symmetric rotating black
hole within the same theory [ ,  ], which was generalized by Ezra New-
man (1929Ű2021) in 1965 to include the electric charge [ ,  ,

 ,  ], building up on the decades older works of Hans Reissner
(1874Ű1967) [ ,  ], Hermann Weyl (1885Ű1955) [ ,  ], Gunnar
Nordström (1881Ű1923) [ ,  ] and George Barker Jeffery (1891Ű1957)
[ ,  ].

The research Ąeld rocketed from obscure sci-Ą to also observationally well-
established theory in the 1980s and 1990s. Although the black hole itself is
impossible to be seen, and thus to be ever truly observationally conĄrmed via
direct light signal by deĄnition, the information observed from its surroundings
by state-of-the-art telescopes gives us strong evidences for the existence of such
objects in both local and faraway universe and no astronomical observation dis-
proved the long-standing tight theoretical predictions [see e.g.  ,  ,

 ,  , for further historical and contemporary references].

Combining information from cosmology, galaxy and stellar studies, we are able
to clearly distinguish two different populations of black holes existing in our uni-
verse. Firstly, supermassive black holes that are more than a hundred thousand,
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sometimes billion times heavier than our Sun. These are located in the center
of almost every massive galaxy and, typically, only one of those giant attractors
is present per galaxy. For example, the ŞshadowŤ near supermassive black hole
in our Galaxy and in the nearby M87 galaxy were recently captured in aston-
ishing spatial resolution by the Event Horizon Telescope (EHT ) project [ 

,  ] in the radio band.
Of completely different origin and astrophysical context are stellar-mass black

holes, which are frequent even inside the Milky Way and which are only a few
times heavier than our Sun, at most a few hundred times heavier. This dis-
sertation was originally assigned to study accreting Ű meaning active, hoovering
matter from its neighborhood and forming an accretion disc of nearly circular
infall of this matter Ű supermassive black holes, like the title suggests. But much
of the theory of these giants is applicable to their million times lighter counter-
parts, when located inside a multiple stellar system. This can be e.g. a close
binary system of two stars mutually orbiting each other due to gravitational at-
traction: one of them so heavy and old that it already exploded as a supernova
in the past and now is a dark remnant, the other one being still an ordinary
star, yet in such an evolution phase that it passes material from its outer layers
to the nearby black hole. Although we will point out important differences be-
tween the two species within black-hole taxonomy, if applicable, the dissertation
will eventually be about both. The existence of intermediate mass black holes is,
however, still until today speculative.

By emphasizing the two discrete populations of black holes with infalling
(and simultaneously partly ejecting) matter in axially symmetric structures,
we highlight the general similarity of appearance in nature across orders-of-
magnitude different scales. Not only that physical shapes of objects are repeating
in nature Ű this is due to optimization in energy, momentum and angular momen-
tum conservation Ű but the same mathematical rules often apply for completely
independent phenomena.

Although much of our understanding of physical behavior comes from vari-
ation principles and symmetries in different forms, let us name perhaps a more
concrete example from the black-hole theory discovered in 1970s mostly by Ja-
cob Beckenstein (1947Ű2015) and Stephen Hawking (1942Ű2018): the description
of basic black-hole attributes is reconciled with the laws of thermodynamics for or-
dinary laboratory systems [ ,  ,  ,  ,  ,  ]. Based
on this, taking the measurable properties of a physical vacuum (thus not true
nothing) leads to fascinating connections between microscopic and macroscopic
theories and provides long-term cosmological predictions for evaporating black
holes with fundamental consequences [ ,  ,  ,  ,  ,  ].

Another example of universality from the history of science of compact (mas-
sive and small) objects is the prediction by Wilhelm Anderson (1880Ű1940),
Edmund Stoner (1899Ű1968) and Subrahmanyan Chandrasekhar (1910Ű1995)
in 1929 and 1930: according to the known principles of the micro-world, a star
1.4 times heavier than our Sun cannot support itself due to internal pressure
and will collapse [see  ,  , and references therein]. This macroscopic
limit of 2.765 × 1030 kilograms can then be directly expressed through combi-
nation of known fundamental constants in nature, derived from the micro-world
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and being universally present at much larger scales. Until now, no ordinary star
heavier than the Chandrasekhar’s limit has been discovered. It collapses to either
a neutron star or, if heavier, then to a black hole [ ,  ,  

,  ,  ,  ,  ,  ].

Alongside light emitted from black-hole vicinity, since 2015 we are able to mea-
sure a direct signal from black holes through gravitational waves [ 

,  ], which have been Ąrst rigorously
predicted by Einstein in 1916 [ ,  ,  ]. Both theoretical and obser-
vational works on light and gravitational-wave messengers from black holes were
awarded the 2017 and 2020 Nobel prizes, which is a noticeable acknowledgement
for black-hole studies. The plain detection of gravitational waves is, similarly
to the predictions of the existence of black holes, an additional illustrative case
of synergy between theory and observations that sometimes takes a century to be
completed, but may become powerful in the end. Already in 1974 Russel Alan
Hulse (*1950) and Joseph Hooton Taylor Jr. (*1941) discovered a binary system
of a neutron star and a pulsar (a highly magnetized, rapidly rotating neutron
star) orbiting each other, showing a gradual decay of orbital period due to loss
of energy and angular momentum in gravitational radiation, which earned them
a Nobel prize in 1993 [ ,  ,  ,  ,  

,  ,  ,  ,  ]. A combination of light and gravita-
tional wave detection from merging compact objects in binary systems is a way
to examine the fundamental parameters of our universe and its evolution, for ex-
ample by studying merging supermassive black holes, or through the so-called
pulsar timing arrays [see e.g.  ,  ,  ,  ,  

,  ,  ,  ].

Much of modern astronomy that uses cutting-edge technology is con-
versely giving hard times to our theoretical understandings of the outer space.
And the wider these gaps are, the more we see trends in dividing the contem-
porary researchers to (sometimes self-proclaimed) experimentalists and theorists,
as if there was some inherent division necessary in the cornerstones of scien-
tiĄc methodology, which results in polarisation and lack of contact between
the two. Of course, the quantity of today’s knowledge requires high special-
izations and team work, but it is likely that the rise of artiĄcial intelligence will
soon transform the academic world and accelerate the literature search and cog-
nitive practices, which could help to bridge the gaps [ ,  ,  

,  ]. Although this dissertation has been completed in the Şold fashioned
wayŤ, we will attempt to link both entities in the Ąeld of astrophysics as effi-
ciently as possible. We will largely depart from numerical simulations with prac-
tical software applications, in order to interpret astronomical data. At all times,
with such ambitions, one comes across the dilemma between a too sophisticated
model that is of low usage when it comes to comparison with real measurement,
or an efficient data-Ątting tool, which is, however, too simplistic to fully capture
the intricate impacts of known processes that are occurring combined. The ulti-
mate skill of a theorist is to describe in the most simple way the most important
characteristics of complex environments observed by far-sighted experimentalists,
or to give rational predictions for phenomena yet to be observed with inventive
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instrumental design.

Such noble objectives are touching the topic of beauty in cognition of nature,
which causes high tension, for example, in modern theoretical physics, affecting
actual methodology and executive decisions in research. Here we will not need
to go this far. Let us just note that throughout the dissertation, human de-
sires for understanding the mysteries of nature uniformly and egoless exploration
of the edges of knowledge Ű while discovering the hidden aesthetics Ű are also
important motivations behind. This is besides the usually mentioned purposeful
incentives for doing basic research, owing to long-term civilization beneĄts and
technological advancement, which are nonetheless extremely important in today’s
world. We remind that to those that despise the latter while using the Internet
in the middle of environmental and health crisis.

We quote from Einstein’s Physics and Reality: ŞThe eternal mystery
of the world is its comprehensibility... The fact that it is comprehensible is a mir-
acle,Ť [ ,  ]. And moreover, that it works so well, and on ranges far
beyond our everyday experience where we can still progressively understand with
human invented science (even in the admittedly shallower how, not the deep-
est why). Humbleness is accompanying the greatest scientists, rather than pride
for ruling the nature.

Despite the successful gravitational-wave detections, and despite the fact that
massive particles are frequently arriving to Earth and represent another useful
messenger of the remote, we will focus on predictions for and from electromagnetic
radiation. It provides still by far the most prevalent and detailed description
of the sky, given the thousands of years of available astronomical records.

We will primarily focus on one property of light: polarisation. As polarisation
is a purely geometrical property of light, much of this work will be about simple
spatial symmetries and asymmetries generating the patterns beyond. Although
throughout the dissertation we will try to avoid the textbook statement Şhigh
asymmetry at the origin of emission means high polarisation of the observed
lightŤ, unless either implication of the equivalence brings more qualitative insight,
it will always be silently present as a driver for discoveries.

Symmetries and asymmetries are part of us since ancient civilizations. We now
even know that there must had been a delicate disproportion of matter and an-
timatter in initial conditions of the universe that kept us here. Much has been
written by scientists, artists, or philosophers on the fascination of a human mind
by geometry. Out of all, let us name the book Symmetry by Hermann Weyl (1885Ű
1955) [ ,  ], or quote Francis Bacon (1561Ű1626): ŞThere is no excellent
beauty that hath not some strangeness in proportion,Ť which is further elaborated
in Chandrasekhar’s Beauty and the quest for beauty in science [ ,

 ], or refer way to the past to the Pythagorean concepts and the Harmony
of spheres by Johannes Kepler (1571Ű1630) [ ,  ,  ,  ]. De-
spite much of contemporary philosophy or art is miles away from such basal
needs and ideals, modern-day scientists still refer to the pure occurrence of order,
objectivity, eternal principles, geometrical interpretations and invariances in na-
ture Ű all expressed in the language of mathematics (the main and by far most
powerful language of contemporary science, regardless of mocking by some) Ű
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as one of their main motivations of everyday efforts. And to many, mathemati-
cal symmetry, and more generally any mathematical description is far more than
a surprisingly useful tool in cognition of nature, it seems to be inherent to nature.

We will leave such platonic beliefs or their partly legitimate criticism above
all the following and let us deeply focus on one particular astrophysical problem.
Aiming at the informative potential of polarisation, we will study the interaction
of light and matter in the hot and violent environments near black holes. Here
the interplay of known microscopic and macroscopic phenomena is so complex
(some would say dirty) that one would not expect any noble geometrical principles
to arise from the muddle. Albeit black holes by deĄnition are one of the simplest
objects in the universe (they are fully described only by 3 numbers: mass, spin
and charge), their interaction with the outside world is of inĄnite degrees of free-
dom. The choice of studying such environment forces us to be highly pragmatic
in linkage of theory and observations and is a challenge to the aforementioned
desire for simpliĄcations. Yet we will show that it is possible to depart from
the Ąrst principles and then use fundamental (not only) geometrical elements
in the global parametrization of emergent polarisation. Conversely, it is natural
to assume that if, in the end, we study the geometrical property of light with
telescopes, it will primarily tell us something about the geometrical structures
of matter emitting, absorbing or reĆecting this radiation within these faraway,
hence angularly small systems, much like a microscope into an unresolved object.

Although the presented dissertation is not rocket engineering, the character
of the problem does not allow to use the so-called classical physics. In clas-
sical physics we operate at human scales, with intuitive deterministic behavior
and slow movement, time is separated from space, all is ŞĆatŤ, the stage play is
independent of the auditorium and we study nature as it truly is. But for more
than a hundred years, physics is enriched by objectively more correct approaches:
a) the Quantum Field Theory (QFT), which effectively describes particle prop-
erties and interactions at the smallest scales using probabilities, and which takes
into account the effect of measurement on the studied system, and b) the afore-
mentioned theory of GR, which effectively describes the gravitational Ąeld by
curvature of the space and time itself (on the left side of the Einstein’s equations,
equalling the matter parameters on the right) and washes out the difference
between large-scale attraction and distortion of geometrical background. Both
of these include the older principles of Special Relativity (SR), important when
characteristic speeds approach the speed of light. SR sets the rules of causality
through Ąnite and maximal speed (that of the light, c = 2.998 × 1010 centimeters
per second), states that determination of length, time, mass or energy depends
on velocity with respect to frame of reference, that space and time are inherently
connected, and that some quantities are absolutely invariant (unlike the usual lay-
man’s understanding that relativistic physics has something to do with ignoble
relativism).

Quantum physics will be touched only lightly in this work, whenever mi-
croscopic phenomena on particle levels are believed to play a collective role
on orders-of-magnitude larger volumes, on at least day-averaged time periods that
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are polarimetrically interesting (i.e. technically observable), and at high, kilo-
electronvolt characteristic energies. Contrary to small-scale interactions, gravity
is a unique physical force, because (apart from repulsive cosmological dark en-
ergy effects), it does not have a neutralizing counterpart and the effects cumulate
and emerge only macroscopically. The GR theory helped to predict black holes
and describes strong-gravity effects in the proximity of black holes in sufficient
detail. The previous theory of Isaac Newton does not give correct predictions
in this case [see e.g.  ,  ]. GR predicts non-negligible curvature
of spacetime still at distances ten or hundred times larger than the event hori-
zon where much observable action is happening. Thus, GR will be omnipresent
in this dissertation, although we plan to stay within one simplistic vacuum so-
lution to the governing Einstein’s equations: the Kerr black hole. Even if we
assume gravitational vacuum outside the black hole, the massive central object
will affect the trajectories, frequency and polarisation of photons passing by that
we primarily aim to interpret from Earth’s perspective. Thus, bringing one other
necessary geometrical chess piece into the game, which might be a great servant
or a bad master.

We will study physical conditions so extreme that no laboratory on Earth
can produce them. It is a realm where human intuition often fails, but we will
be loyal to logical extrapolation and assumption that the same laws of nature
apply across our universe, i.e. a variation of the Copernican principle [ ,

 ]. We will not touch cosmology that studies the space-time edges (whether
Ąnite or inĄnite) of the entire physical universe, although some of these results
might a cosmologist Ąnd useful [as Karl Popper (1902Ű1994) says: ŞAll science
is cosmology, I believe...Ť, The Logic of ScientiĄc Discovery,  ,

 ].
Understanding the central engines of black-hole accretion is important, be-

cause the fundamental process are seen on limits of operation where anomalies
are perhaps more anticipated, which can be identiĄed by disagreement of obser-
vations with models. The infall of matter onto black holes represents the most
efficient energy release in nature, thus it is no surprise that accreting black holes
are highly energetic systems luminous at all wavelengths (cf. the virial theorem)
[ ,  ,  ,  ,  ,  ]. Bolometrically, i.e. integrated
across all frequencies, accreting supermassive black holes are intrinsically the most
luminous objects we know [more than ten million times luminous than our Sun,

 ,  ]. They can outshine thousand times an average galaxy
from a region smaller than our Solar system. Thus, they are easily visible even
if thousands of light-years away from us, despite being ŞblackŤ in the core.

In this dissertation, we will restrict ourselves to the X-ray band, expecting
to gain direct insight on the most important high-energy processes occurring
in the system’s nucleus. Because incoming photons, concurrently to polarisation,
contain also information on direction, intensity, frequency and time variability
with respect to the origin of emission, we will cover also other degrees of freedom
of X-rays when relevant to polarisation properties. In fact, photon-demanding
polarimetry is complementary to high-resolution spectroscopy, timing or pho-
tometry, which are typically more developed in both theory and instrumentation
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[ ,  ,  ,  ]. This applies to other wavelengths
too, but we will only summarize multi-wavelength information on accreting black
holes relevant to X-ray polarisation output and in turn provide hints where high-
resolution X-ray polarimetry can lift degeneracies known from other techniques.

We will investigate X-ray polarimetric methods that allow determination
of black-hole spin and mass, which are independent to the more popular X-ray
spectroscopic and timing techniques. Even within the simpliĄed assumption
of aligned black-hole rotation with the disc, which we will keep for simplicity,
the speed of rotation is a very useful quantity when one examines the evolution
of the universe and attempts to answer whether some very old supermassive black
holes were rotating and what made them rotate in the Ąrst place, if the universe
is assumed to be of Ąnite and relatively young in age. And for their mass: how
did they grow? Are they primordial?

The statistical knowledge of spin and mass of much smaller and younger black
holes located inside our Galaxy is interesting for the stellar evolution theorists,
in some cases predicting the properties of progenitors to black-hole binary mergers
emitting detectable gravitational waves. The knowledge of the mechanism behind
the observed massless and massive particle output, also in relation to the black-
hole properties, is important for evaluating the feedback and evolution of the en-
tire host galaxy or host stellar system.

Apart from the black-hole attributes, we will attempt to provide tools for ob-
servational interpretations and constraints on the surrounding material, such as
the inclination, size and ionization structure of the accretion disc, the geometry
of hot gaseous coronae nearby, and the structure, location and shape of more
distant cold obscuring material around the accreting core.

All of this modeling is timely, because after pioneering 1970s experiments,
such as on board of the Orbiting Solar Observatory 8 (OSO-8 ) mission [ 

,  ], and after nearly four decades of quietness, observational X-ray po-
larimetry is on its rise [ ,  ]. Largely due to successful launch
of the Imaging X-ray Polarimetry Explorer [IXPE,  ,  ] by
NASA and ASI in December 2021, which provides the Ąrst high-precision 2Ű8 keV
linear polarisation window into the outer space. Once we discover the X-ray po-
larisation output of accreting black holes and the data coincides with predictions,
we may assume something on the faraway cosmic laboratories, depending with
honesty on our best state of theoretical knowledge. If the data does not coincide
with predictions at all, we are missing something fundamental, which for a sci-
entist (a truly childish one) after a few minutes of silence is strangely a moment
of felicity, because a new gate opens.

written in Stružinec u Jistebnice, July 2023
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1. Introduction

In this chapter, summary of literature, major deĄnitions, and major conventions
are given.

1.1 Elementary processes

Let us begin with the most fundamental terminology and the overview of rele-
vant physical processes. Throughout this dissertation, we will operate in the cgs
units apart from GR related calculations, where we will assume the standard
geometrical unit system with c = G = 1.

Because we will be interested in X-rays, we will often use keV units of energy
and light will be mostly considered as photons, although introduction to polarisa-
tion is perhaps more intuitive within the equivalent wave description of the wave-
particle duality of electromagnetic radiation.

We express the energy of the radiation dE, in a speciĄed frequency interval
(ν, ν + dν), which is transported across an element of area dσ and in directions
conĄned to an element of solid angle dω, during a time dt, in terms of the speciĄc
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 forms with the outward normal
to dσ, t is time, and (x, y, z) and the direction cosines (l, m, n) deĄne the point
and the direction to which I refers. Apart from intensity, we will often use scalar
radiation Ćux FE [erg · cm−2 · s−1 · keV−1], which is the net Ćux of energy in all
directions [ ,  ]

FE(x, y, z; t; ν) =
∫︂

I cos ϑdω , (1.2)

where the integration holds over all solid angles dω. In order to provide simula-
tion results regardless of distance towards the sources, it is more practical to de-
Ąne Ćux not per element of detector area dσ, but per solid angle dΩ0 = dσ/r2

0,
by which the area dσ is seen by an emitting point-like source at a distance r0.
In this case, we will use the notation F Ω0

E [erg · sr−1 · s−1 · keV−1] = r2
0FE.

Sometimes a photon Ćux NE [counts · cm−2 · s−1 · keV−1] = FE/(hPν)
or NΩ0

E [counts · sr−1 · s−1 · keV−1] = F Ω0

E /(hPν) will be used, where
hP = 6.626 × 10−27 cm2 · g · s−1 is the Planck’s constant.

1.1.1 Polarisation of light

We refer to e.g.  [ ] for the Şbra-ketŤ notation of polarisation
state ♣P ⟩ of individual photons, which is preferred for QFT literature. Polarisa-
tion is then explained by the spin angular momentum of the photon particles.
Here we will deĄne the basic microscopic quantities equivalently in terms of elec-
tromagnetic waves, which better illustrates the geometric terms used in the the-
ory of polarisation. We will treat 3-dimensional space and time separately, be-
cause the governing Maxwell’s equations and their solutions in this form are

16





Real astronomical detectors are sensitive only to a superposition of very large
number of individual waves, which represents a macroscopic situation. Because all
orientations of the electric Ąeld vector are in principle equally probable, the most
natural state is unpolarized macroscopic signal. However, if a speciĄc mechanism
at the origin of radiation traveling in vacuum to the observer causes a preference
in polarisation of a certain fraction of waves in a beam, we macroscopically char-
acterize this fraction as the degree of polarisation p of electromagnetic radiation

p =
IP

I
, (1.5)

where IP is the speciĄc intensity of the polarized waves in the arriving beam, I is
the total speciĄc 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 measurable energetic value, can be regarded as time average ⟨...⟩ of the electric
Ąeld vector components over times t much longer than 2π/ω (it can still change
with t on large time scales for obtaining the apparent mean intensity directly
from the electric Ąeld vibrations, as 2π/ω is an extremely small scale for X-rays
especially) [  ,  ].

In  [ ], Sir George Gabriel Stokes (1819Ű1903) introduced a set
of four parameters, later called ŞStokes parametersŤ, which fully describe an ar-
bitrary polarisation state of radiation. One degree of freedom is represented by
the Stokes parameter I deĄned by:

I = ⟨E2
x⟩ + ⟨E2

y⟩ . (1.6)

The other three Stokes parameters Q, U and V are deĄned as

Q = ⟨E2
x⟩ − ⟨E2

y⟩ ,

U = 2⟨ExEy cos δ⟩ ,

V = 2⟨ExEy sin δ⟩ .

(1.7)

See e.g.  [ ] for equivalent deĄnition of Stokes param-
eters through complex exponential notation of the wave solution ( ). An im-
portant property of the Stokes parameters is linearity, which allows that the deĄ-
nitions hold for any macroscopic superposition of individual waves averaged over
time.

The meaning of Stokes parameters can be understood in the following way.
The squared amplitude of E⃗ in the xy-plane of the wave packet is Stokes I. Hence,
it may be denoted by the same letter as the macroscopic speciĄc intensity deĄned
by equation ( ). Figure  illustrates the Q, U and V Stokes parameters and
the deĄnition of polarisation angle in the polarisation plane. A difference in inten-
sities between the x (ŞverticalŤ) and y (ŞhorizontalŤ) directions is quantiĄed by
Q. A difference in intensities between the 45◦ (ŞdiagonalŤ) and 135◦ directions in
Ψ is quantiĄed by U . Thus, Q and U provide information on linear polarisation.
The intensity of circularly polarized light is encoded in V . For individual waves,
the Stokes parameters are related via

I2 = Q2 + U2 + V 2 , (1.8)
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Numerical codes often require efficient transcription for physical elements that
change the polarisation state of a macroscopic electromagnetic signal traveling
otherwise in vacuum. If the Stokes parameters are held in 4-dimensional Stokes
vector S⃗ = (I, Q, U, V ), then any suitable matrix transformation can represent the
change of the polarisation state along the light trajectory. This is referred to as
ŞMüller formalismŤ with ŞMüller matricesŤ [ ,  ]. This representation is
equivalent to the ŞJones formalismŤ, which operates with the x- and y-amplitudes
and phases of the electric Ąeld in complex exponential notation that are put into
a vector and any series of optically active elements changing polarisation are
similarly the ŞJones matricesŤ [ ,  ].

1.1.2 X-ray polarigenesis

Number of processes occurring in nature that alter the polarisation state have
been observed and theoretically understood. They all involve internal asymme-
try of the optically active element with respect to radiation. In astrophysical
situations, these are typically scatterings (Thomson scattering, Compton scatter-
ing, Rayleigh scattering, resonant scattering, Raman scattering, or Mie scattering
on dust grains), which cause linear polarisation along a well-deĄned direction on
spherical particles or on collectively oriented grains with elongated shapes in opti-
cally thick media, e.g. dust clouds in interstellar medium (ISM) [ ,

 ,  ,  ,  ,  ,  ,  ,  ,  ].
Then the linear or circular dichroic media, such as environments with long-chain
molecules, helically shaped molecules or plasma in the presence of magnetic Ąeld,
may cause that one component of the wave in the transverse plane experiences
stronger attenuation while passing through [ ,  ,  ,  ,

 ,  ,  ,  ]. The synchrotron radiation emits elliptically
polarized light due to geometric projections of relativistically gyrating electric
charges around magnetic Ąeld lines [ ,  ,  

,  ]. The radio observations of ISM often reveal the Zeeman effect
on spectral lines in the presence of magnetic Ąeld (and the anomalous Zeeman
effect, and the Goldreich-KylaĄs effect for unresolved cases) that causes the re-
sulting split spectral lines to be either linearly or circularly polarized, depending
on the viewing angle towards the magnetic Ąeld lines [ ,  ,  ,

 ,  ,  ,  ,  ,  ,  ]. The Hanle effect
in Ćuorescent gases permeated by weak magnetic Ąeld results in linear polarisa-
tion genesis [ ,  ,  ,  ]. Linear polarisation emerges also due
to reĆections on refractive boundary between two homogeneous media and lin-
ear or circular polarisation arises in birefringence crystals and similarly in ISM
plasma with external static homogeneous magnetic Ąeld, i.e. the Faraday rota-
tion effect [  ,  ,  ,  ,  ,

 ,  ,  ,  ,  ,  ,  ,  ,  ,  

,  ]. In high-energy astrophysics and QFT, we also encounter possible
testing of axion-like particles through X-ray polarimetry and the quantum elec-
trodynamic effect of vacuum birefringence [ ,  ,  

,  ,  ,  ,  ,  ,  ,  ,
 ,  ,  ,  ]. And as it was already men-
tioned, GR effects alter polarisation of light in vacuum too [ ,
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 ,  ,  ].

We refer to  [ ] for a recent review on astrophysical polarisation
and further literature on the above. Here, we will elaborate slightly more on those
processes that are important in the X-rays near black holes. Because unpolarized
emission depolarizes (by dilution) any partially polarized beam of different origin,
we will also brieĆy describe those elementary processes that produce unpolarized
emission and are assumed to be important in the studied environments. Many
discussed numerical codes implement some forms of absorption, which is also
important for the net emerging polarisation state, if fraction of (un)polarized
radiation is taken away in particular direction.

Up to our knowledge at scales considered, no microscopic interactions are
directly coupled with gravity effects that alter the entire space and time back-
ground through curvature, i.e. the curvature Ąeld is separable and depends only
on the net energy and momentum tensor. Thus, we will describe the GR effects
on polarisation inside the follow-up section that provides the equations of radia-
tive transfer, the global GR setup of this work and our additional ŞlinearizedŤ
simpliĄcation (a given vacuum Kerr background, no self-gravitating elements typ-
ical for non-linear general-relativistic magneto-hydro-dynamical simulations) that
will allow us to embed all in a simple separable relativistic radiative transfer treat-
ment.

We will omit the discussion of Faraday rotation and vacuum birefringence, as
it will not be solved for magnetic Ąelds in this dissertation, but we refer to e.g.

 [ ],  [ ] for estimations of possible
effects in X-rays.

Thermal emission

All matter with non-zero temperature emits thermal radiation, because any move-
ments of particles in the material causes charge acceleration or dipole oscillation,
which produces electromagnetic radiation. If the object approximates a black
body (e.g. an optically thick accretion disc with sharp density drop in the photo-
sphere) and thermal equilibrium is reached, the emission intensity proĄle per unit
frequency is isotropic and according to Planck’s law [ ,  ,  

,  ]:

B =
2hPν3

c2

1

e
hpν

kBTBB − 1
, (1.11)

where TBB is the body’s temperature and kB = 1.381×10−16 erg·K−1 is the Boltz-
man’s constant.

In the treatment of disc photospheres, we will sometimes use the effective tem-
perature Teff = TBB that characterizes radiation Ąeld of a quasi-thermal medium,
i.e. it assigns the effective temperature value, as if it was a black body. For sim-
plicity, the radiative transfer codes often assume a local thermodynamic equilib-
rium (LTE), characterized by optically thick environment (photon’s mean free
path is shorter than characteristic length) and I = B, thus we also assume some
mean local temperature. For the black-body emission to peak in the X-ray band,
it requires extreme temperatures of TBB ⪆ 105 K (see Figure  ). Black-body
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radiation is always unpolarized, as there is no internal asymmetry in the thermal
pool.

Scattering on particles

Thermal emission can, however, gain some polarisation through scattering on elec-
trons [bound or free, although for X-rays above 1 keV the distinction does not
matter for gas mostly composed of hydrogen,  ,  ] or dust
grains. In the X-rays, we are mostly interested in Compton scattering of photons
on free electrons, which is called Thomson scattering in the inelastic limit Ű ap-
plicable when hPν of the incoming photon becomes comparable to the electron
rest energy mec

2.
Let us list the formulae for unpolarized incident photon, which can be found

in e.g.  [ ],  [ ],  [ ] more gener-
alized. The photon’s energy changes after the interaction as [ ,  ]

ε′ =
ε

1 +
ε

mec2
(1 − cos Θ)

, (1.12)

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

σKN =
3
4

σT

⎭1 + u

u3

⎦2u(1 + u)
1 + 2u

− log(1+2u)
⎢

+
log(1 + 2u)

2u
− 1 + 3u

(1 + 2u)2

}︃

, (1.13)

where u = hPν/mec
2 and σT = 8πe4

C/3m2
ec

4 is the classical Thomson cross section,
where eC is the elementary charge. The differential cross section for electrons
at rest is [e.g.  ,  ]

dσKN

dω
=

1
2

e2
C

mec2

(︄

ε′

ε

⎜2 ⎟(︄
ε′

ε

⎜

+
⎤

ε

ε′

⎣

− sin2 Θ

⟨︂

. (1.14)

Figure  illustrates how the passing photon can gain linear polarisation,
which is applicable also to other types of scatterings. The resulting polarisation
is perpendicular to the Şscattering planeŤ given by the incident and emission
directions.

The resulting degree of polarisation for Compton scattering is given more
pricesely for unpolarized incident photons by [ ,  ]

pC =
sin2 Θ

ε

ε′
+

ε′

ε
− sin2 Θ

. (1.15)

Thus it depends on energy and, for an initially unpolarized beam, the polari-
sation of p = 100% is never achieved. The degree of polarisation as a function
of the scattering angle Θ is shown in Figure  for different initial photon energies.
In simulations we then typically utilize these relations, combined with their gen-
eralization for polarized incident photons, and then for the fraction of polarized
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Synchrotron emission

Black-hole accreting systems often possess extreme magnetic Ąelds [≈ 104 G
for supermassive black holes, ≈ 108 G for stellar-mass black holes, measured as
accretion disc magnetic strength, see  ,  ]. Polarized synchrotron emission
is particularly known to be a magnetic Ąeld structure tracer near the black-hole
horizon in the radio band [ ,  ]. But
the resulting polarized synchrotron emission, sometimes referred to as Şmagneto-
bremsstrahlungŤ, of electrons gyrating around magnetic Ąeld lines can affect
the net output even in the X-rays [ ,  ,  

,  ]. The emergent polarisation is orthogonal to the magnetic Ąeld
and the details of polarisation computation, including absorption, can be found
in e.g.  [ ].

The disordering of magnetic Ąeld by turbulences and shocks, and multiple
scatterings can wash out the primary polarisation gain. For astrophysically real-
istic plasmas with a partially disordered magnetic Ąeld 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% [ ,
 ]. For circular polarisation the realistic estimates are pc ⪅ 1% [ ,  ].

In X-rays, we often encounter synchrotron self-Compton radiation, which are
photons that get inverse Compton scattered by the same electrons that caused
synchrotron emission due to acceleration in magnetic Ąeld [see e.g.  ,

 ]. Unpolarized synchrotron photons result in synchrotron self-Compton emis-
sion with small (< 5%) polarisation fraction for all but very low Lorentz factors
describing the mean particle speeds with respect to c [ ,  ,

 ,  ].

Bremsstrahlung

At soft X-rays, we typically encounter one other form of free-free radiation. This
is the free-free absorption or emission of photons when free electron accelerates
in the electric Ąeld of positively charged atomic nucleus [ ,

 ]. This effect is often called Şthermal bremsstrahlungŤ, although it is not
truly thermal, in comparison to black-body emission.

The cross-section exponentially decays towards high energies, and the ef-
fects are expected to be non-negligible in the X-ray band for hot gases with
electron temperatures Te ⪆ 106 K [  ,  ]. It may impact
the net polarisation emerging nearby accreting black holes by means of absorp-
tion, and perhaps more importantly by means of emission, because the cross-
section for bremsstrahlung is polarisation dependent [ ,  ].
For the mid (1Ű10 keV) and hard (> 10 keV) X-rays, for example  [ ],

 [ ],  [ ] provide calculations of polar-
ized bremsstrahlung emission for pressure anisotropy of electrons in solar Ćares,
galaxy clusters and black-hole accretion discs, respectively. In the last case it is
shown that in combination with Comptonization it may lead to surprisingly high
(tens of %) linear polarisation fraction.
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Photoelectric effect

An important class of processes in the X-rays is the photoionization of electrons
and recombination, i.e. the bound-free absorption and emission. The cross-
section for photoelectric absorption is affected by particular ionization edges, but
in the X-rays generally declines as ∼ E−3 [see e.g.  ,  ]. The condi-
tion of hydrostatic equilibrium for e.g. accretion disc’s plane-parallel atmosphere,
can be replaced by even simpler assumption of constant pressure or constant
density. In the latter case, a very useful quantity called ionization parameter ξ
[erg · cm · s−1] can be deĄned as [ ,  ]

ξ =
4π
∫︁∞

0 FEdE

nH

, (1.18)

where nH is the neutral hydrogen density in the medium, FE is the radiation
Ćux received at one location on the disc surface. It represents the competition
between the photoionization rate (∼ nH) and recombination rate (∼ n2

H) inside
the irradiated medium. Although recombination produces unpolarized photons,
the photoelectric cross-section is dependent on the incident polarisation state,
which is utilized in the gas-pixel detectors on board of IXPE (see Section  ).

Spectral lines

The surroundings of accreting supermassive and stellar-mass black holes produce
many emission and absoprtion lines in the X-rays caused by bound-bound elec-
tron transitions inside atoms. Absorption lines typically emerge from cold gas
irradiated by hotter thermalized medium behind from observer’s point of view.
Emission lines are typically a result of reĆection. Fluorescent lines are unpolar-
ized, but resonant line scattering may cause non-negligible polarisation [ ,  ,

 ,  ,  ,  ], depending on the competing Auger
effect. The polarisation of the scattered line emission depends on the quantum
numbers characterizing the electronic transition in each resonant line. It results
in a wide range in strength, but may become as relevant as for Thomson scatter-
ing.

Due to the Şiron peakŤ in nuclear binding energy curve of chemical ele-
ments, iron is quite omnipresent in the universe, including nearby supermassive
and stellar-mass black holes. Therefore, in the X-rays, we typically encounter
a photoelectric absorption by inner shells of partially ionized iron atoms, which
results into excited state and immediate decay. This is done through either Auger
de-excitation [e.g. with 66% probability for n = 1 shell of the iron atom,  

,  ] or characteristic Ćuorescent line X-ray emission, where the emitted
photon may escape to the observer or encounter further interactions. The details
of bound-bound processes require quantum treatment and are highly dependent
on local physical conditions, similarly to ionization.

All spectral lines originate at single energy values, but are broadened by vast
number of physical effects. It is out of the scope of this dissertation to provide
the theoretical background, but from non-relativistic effects we name the Doppler
broadening due to thermal velocities, turbulences and large-scale velocities, nat-
ural broadening and pressure broadening. The relativistic line broadening will
be discussed in the next section. We refer to e.g.  [ ] for more details
on the emergence and properties of spectral lines or ionization and recombination.
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1.1.3 Combined radiative transfer

We brieĆy provide below the theoretical framework for numerical solving of radia-
tive processes that is used in this work. In addition to these, we examine Monte
Carlo (MC) methods [see e.g.  ,  ] that rely on inject-
ing photons in the conĄguration space, ray tracing and calculating probabilities
for absorption and scattering.

Radiative transfer in astrophysical materials in local frame of reference

When numerically solving for a radiation solution in interaction with partially
ionized medium in plane-parallel static approximation, we typically discretize
the medium in vertical layers, provide boundary conditions and iterate for tem-
perature, pressure and fractional abundance of atomic species inside the medium
the one-dimensional equation of radiative transfer [ ,  ]:

µe
dI

dτ
= I − S̃ , (1.19)

where µe is cosine of the inclination angle from the slab’s normal and S̃ is
the frequency dependent source function that combines all absorption, emission
and scattering processes contributions in an inĄnitely wide slab parametrized
in the remaining dimension by optical depth τ , again frequency dependent and
proportional to geometrical depth l measured from the side of the slab (in all
cases for disc atmospheres, we will assume this side to be a Ąctitious disc sur-
face, below which the τ reaches inĄnity in optically thick regime). In non-LTE
conditions, we have to solve the equation of statistical equilibrium [ ,  ]

ni

∑︂

j ̸=i

Pij −
∑︂

j ̸=i

njPji = 0 , (1.20)

where Pij are all ionization and excitation rates for both radiative and collisional
processes, Pji are all recombination and de-excitation rates and nx are the corre-
sponding number densities for the species that we account for. Polarized radiative
calculus in materials is well developed [e.g.  ,  ,  ,  ,

 ,  ,  ,  ], but will not be used
in this work, therefore we omit the theoretical background.

General-relativistic radiative transfer in vacuum

We consider a single rotating black hole in this work and the rest of the universe
is simply non-gravitating. Although this is a notable simpliĄcation and many
times the axial and equatorial symmetry allows signiĄcant reductions in calcula-
tion of light trajectories and polarisation, analytical operations within the Kerr
metric typically require extensive acrobatics with trigonometric functions. This
is clear already from the derivation of the solution and e.g. Chandrasekhar writes
on perturbation studies of the Kerr metric [ ,  ]: Ş... the anal-
ysis has led us into a realm of the rococo: splendorous, joyful, and immensely
ornate.Ť

Despite challenging details, a Kerr black hole can be fully described only by
mass M and angular momentum J . We do not consider electric charge, because
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it is widely believed that in astrophysical black holes any excess of electric charge
would autoneutralize, although this is still a matter of debate with the latest
EHT results [ ,  ,  ,

 ].
One of the simplest representations of the Kerr metric components from

the length element ds is in Boyer-Lindquist coordinates (t,r,θ,ϕ) [ 

,  ], being a natural generalization of the Schwarzschild coordinates:
[e.g.  ,  ]

ds2 = gµνdxµdxν = −
⎤

1 − 2Mr

r2 + a2 cos2 θ

⎣

dt2 − 4Mra sin2 θ

r2 + a2 cos2 θ
dtdϕ

+

(︄

r2 + a2 cos2 θ

r2 − 2Mr + a2

⎜

dr2 + (r2 + a2 cos2 θ)dθ2

+

(︄

r2 + a2 +
2Mra2 sin2 θ

r2 + a2 cos2 θ

⎜

sin2 θdϕ2 ,

(1.21)

where we used the speciĄc angular momentum a = J/M , the Şblack-hole spinŤ,
which has a reduced range of −1 ≤ a ≤ 1 and is considered in this work only
in one, positive direction of rotation, given by angular 3-velocity Ω⃗. In fact,

 [ ] calculated a maximal theoretical rotation value to be a = 0.998
for a standard accretion disc (see below).

We assume the surrounding disc to be corotating with the black hole and re-
siding geometrically thin in the equatorial plane (θ = π/2), but we note that this
is another simpliĄcation that is in fact hard to justify. We note that there are
many works studying misaligned rotation, counter rotation, or self-gravitating
discs and other departures from the Kerr metric [e.g.  ,
 ,  ,  ,  ,  ,  ,  ,  

,  ,  ,  ,  ,  ,  ,  ,  ,  

,  ,  ,  ]. Our estimates should thus serve as Ąrst-order ap-
proach.

If a = 0, the solution ( ) becomes a Schwarzschild solution and the inner-
most circular orbit (ISCO) is located at 6 gravitational radii (6 rg = 6 GM/c2

in non-geometrical units). If a = 1, the ISCO is much closer to the black-hole:
at 1 rg. This is important for the allowed accretion disc’s inner extension (see
below). In this study, we will not consider any light escaping from the infalling
matter below ISCO, which is as well a debatable simpliĄcation [e.g.  ,

 ]. The region between the (outer) event horizon and between the Killing
horizon [where Killing vectors are null,  ,  ], is called the ŞergosphereŤ
and is important for explanation of the work necessary on observed ejected ma-
terial in polar directions through the Penrose process [ ,  ]. For a full
theoretical background we refer to e.g.  [ ].

The polarized radiative transfer calculations used in this dissertation are
departing from the fundamental works of  [ ],

 [ ],  [ ],  [ ], which we
summarize here below. Photon trajectories follow the geodesic equation

dpµ

dλ′
+ Γµ

στ pσpτ = 0 , (1.22)
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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. Brandon Carter (*1942)

derived constants of motion that fully describe any test particle motion out-
side of the Kerr black hole [ ,  ]. The lensing effects are captured 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 , (1.23)

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

These equations are to be numerically integrated over the journey of a pho-
ton, in order to obtain a distorted picture that the observer will obtain, since
the trajectories and energies of photons deviate from the classical Newtonian
framework. All SR and GR effects are then automatically included, namely the ki-
netic and gravitational frequency shifts, relativistic aberration, the emission direc-
tion changes, gravitational lensing and bending effects and relative time delays.
The relativistic effects on broadening of spectral lines are illustrated in Figure

 for ratios of observed and emitted radiation frequencies νobs and νem, respec-
tively. It serves as a tool for black-hole spin spectral Ątting from X-ray radiation
reĆected from accretion disc, typically performed on the strong iron line complex
at 6Ű7 keV, alongside spectral Ąts of the underlying continuum that also varies
with black-hole spin.

To obtain F Ω0

E at a distant detector that sees, as a point-source, an emitting
accretion disc at inclination angle θ (coinciding with the Boyer-Lindquist coordi-
nate θ), measured from the rotational axis of the disc, with local intensity I, we
integrate

F Ω0

E =
∫︂ rout

rin

∫︂ gmax

gmin

g3If dgdr (1.24)

over the area of the disc with radial coordinate r extending from rin in the outer
vicinity of the black-hole horizon to arbitrary rout. We only aim to cover one side
of the disc and possible photons arriving from the far side of the disc due to non-
zero curvature are neglected. And in most of the results, we also neglect reĆections
of photons that escape the disc and due to strong gravity arrive back to the disc
(the returning radiation), i.e. neither to the event horizon, neither to the spatial
inĄnity. Keplerian disc rotation is assumed, which is not needed for the local
emission itself, but the assumed velocities U (ϕ) ∼ r−3/2 affect the shifts upon
locally emitted radiation. In ( ), f is the transfer function that represents
the Jacobian of the transformation from the detector’s viewing position Ű typi-
cally calculated in impact coordinates [ ,  ] α and β
measured perpendicular to and parallel with the spin axis of the black hole pro-
jected onto the observer’s sky, respectively Ű towards the disc area in the integra-
tion coordinates, here g (see below) and r. The transfer function then includes all
of the effects above upon the photon’s journey and acts as an ampliĄer or damper
of different disc sections. We deĄne nem as the local emission angle measured from
the principal system axis and g = Eobs/Eem as the energy shift from the emit-
ted photon energy Eem to the observed one Eobs. The energy shift 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
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in the Newman-Penrose formalism of GR [ ,  ,  ], in-
voking complex calculus. A complex constant of motion κ = κ2 −iκ1, the Walker-
Penrose constant, can be expressed for the Kerr metric in Boyer-Lindquist coor-
dinates:

κ =
1

r + ia cos θ
¶(r2 + a2)(prft − ptfr) + a(prfφ − pφfr)

+
i

sin θ
[pθfφ − pφfθ − a sin2θ (ptfθ − pθft)]♢ ,

(1.27)

where fµ is the polarisation 4-vector parallelly transported along a null geodesic.
Hence, in order to Ąnd the polarisation angle change, i.e. to Ąnd three components
of the polarisation 4-vector fµ in the local reference frame, these three unknown
components can be expressed at the receiving point by means of the κ1 and κ2

quantities, while κ1 and κ2 can be expressed by means of the initial pµ and fµ
0

of each photon at the emission point due to the conservation of κ. As last step,
we construct the local polarisation angle Ψ according to its deĄnition at the re-
ceiving point and transform to this frame of reference. The GR effects on polar-
isation near black holes have been studied extensively since the pioneering 1970s
and 1980s research, and the dependency of this effect on inclination, black-hole
spin and other fundamental parameters enables independent Ątting method via
X-ray spectropolarimetry [e.g.  ,  ,  ,  ,  ,
 ,  ,  ,  ,  ,  ,  ].

1.2 Astronomical X-ray polarimetry

Before we introduce the astrophysical objects of study and estimate the efficiency
of X-ray polarisation diagnostics, let us devote a few words to the current status
of X-ray polarimetry in astronomy. The information provided in this section
is selected from  [ ],  [ ],  [ ],

 [ ],  [ ], to which we also refer for further details.

1.2.1 Detectors

In the literature, we Ąnd three classes of astronomical X-ray polarimeters: Bragg
diffraction-based polarimeters, scattering-based polarimeters, and polarimeters
on the basis of the photoelectric effect. The last category includes gas pixel de-
tectors (GPD) and time projection chambers (TPC) that are most frequently used
in contemporary research. The IXPE mission contains a GPD that traces a photo-
excited electron path in a gas chamber. The direction of emission of the photo-
electron is dependent on the differential cross-section of the interaction, which is
correlated to the absorbed photon’s electric vector direction. The projected path
of the electron in the sensitive volume is then analyzed using sophisticated meth-
ods to provide information on the initial linear polarisation state of each photon.
Here we will provide just the basics of such analysis without technological details.

Any linear polarimeter measures the azimuthal modulation of some physical
quantity R̄(ϕ̄), around some direction of polarisation ϕ̄0 in the polarisation plane.
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We deĄne:
ik = 1 ,

qk = cos(2ϕ̄k) ,

uk = sin(2ϕ̄k) ,

(1.31)

for each photon arrival (indexed by k) at the instrument-deĄned direction ϕ̄k.
The linearity of Stokes parameters allows to sum:

ĨN =
1

Tobs

N
∑︂

k=1

ik ,

Q̃N =
1

Tobs

N
∑︂

k=1

qk ,

ŨN =
1

Tobs

N
∑︂

k=1

uk ,

(1.32)

for a measurement in [counts·s−1] of N events per energy band over the exposition
time Tobs (here the Stokes parameters are not in the units per unit area, which
is the reason for the tilde notation). Then Equations ( ) and ( ) provide
expressions for measured polarisation degree p and polarisation angle Ψ

p =
2
µ

√︂

Q̃2
N + Ũ2

N

ĨN

,

Ψ =
1
2

arctan2

(︄

ŨN

Q̃N

⎜

.

(1.33)

One can equivalently deĄne µ-normalized Stokes parameters Q and U to account
for the instrumental quality.

Even for unpolarized photons, real polarimeters detect non-zero modula-
tion amplitude due to Poisson-distributed statistical Ćuctuations. To quantify
the maximum polarisation, which can be produced by stochastic noise only
(in the absence of true source polarisation), at a certain X% conĄdence level,
we use the minimum detectable polarisation function MDPX%. It can be derived
that for 99% conĄdence level and in case of non-negligible background [ 

,  ]:

MDP99% =
4.29

µ

√
NS + NB

NS

, (1.34)

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. Thus,
the criterion of observed polarisation with 3σ statistical uncertainty above zero is
not enough for an objectively credible polarisation detection. In addition, the ob-
served polarisation degree value is required to appear above MDP99% to claim
a statistically signiĄcant detection, according to the IXPE standards [ 

,  ]. Of course, both requirements are interdependent, as both depend
on the modulation factor and number of collected counts.

Multiple methods in obtaining statistical uncertainties for polarisation quan-
tities exist. Although it is often more convenient to plot the polarisation degree
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and angle, the independence is peculiar to the Stokes parameters, which are typ-
ically assumed to be normally distributed (true when µp ≪ 1). See  [ ]
for derivation of the ŞcombinedŤ uncertainties for p and Ψ, which is in many cases
more appropriate than the classical 1-dimensional uncertainty. The systematic
errors include the modulation factor µ. A notable systematic in GPDs is spurious
modulation.

A standard forward folding of models with instrumental response matrices is
necessary for e.g. the χ2 analysis in spectral Ątting software. The multiplica-
tion consists of matrix representing the effective mirror area, the redistribution
matrix and for the Stokes parameters Q and U additionally the modulation fac-
tor. For example, IXPE has its own simulation and analysis software developed:
IXPEOBSSIM [ ,  ]. The code serves for estimation of observa-
tional times, anticipation of measurement uncertainties, and trial of Ątting pro-
cedures for sources yet to be observed with up-to-date response matrices, as well
as for processing of collected observations. Real data are often in addition an-
alyzed with the XSPEC software [ ,  ], a Ątting tool commonly used
in X-ray spectroscopy, which recently expanded to polarisation analysis (version
12.13.0 and onwards). Even an upper limit on polarisation may signiĄcantly
reduce the theoretical parameter space and be of valuable insight on the source.

1.2.2 Space observatories

Due to absorption in the Earth’s atmosphere, X-rays require space-based tele-
scopes. But since the Ąrst measurement of cosmic X-rays in 1962 [ ,

 ], X-ray astronomy has become one of the leading astronomy Ąelds. The sen-
sitivity of X-ray instruments increased dramatically in the 1990s, for example
with the launch of

• ROSAT satellite [0.1Ű2 keV, Germany, UK, USA, operating from 1990
to 1999,  ,  ].

Today, there are high-quality X-ray images and spectra from e.g.

• Chandra [0.07Ű10 keV, SAO, NASA, launched 1999,  ,  ],

• XMM-Newton [0.1Ű15 keV, ESA, launched 1999,  ,  ],

• NICER [0.2Ű12 keV, NASA, launched 2017,  ,  ],

• NuSTAR [3Ű79 keV, NASA, launched 2012,  ,  ],

among others. The X-ray community also beneĄts from all-sky monitoring cam-
paigns by

• MAXI [0.5Ű30 keV, JAXA, launched 2009,  ,  ],

• Swift/BAT [15Ű50 keV, NASA, launched 2004,  ,  ].

3 Available at  on the day of submission,
including user documentation.

4 Available at  on the day of submission,
including user documentation.

34

https://ixpeobssim.readthedocs.io/en/latest
https://heasarc.gsfc.nasa.gov/xanadu/xspec/


Ambitious projects are being launched and developed, such as

• XRISM [0.3Ű12 keV, JAXA, NASA, launched 2023,  ,
 ],

• new ATHENA [0.1Ű12 keV, ESA,  ,  ].

All of these are critical for simultaneous analysis of X-ray polarimetric observa-
tions.

Although polarimetry from radio to optical bands has a long history, high-
energy polarimetry faced number of technical difficulties alongside faint nature
of the sources of interest. The pioneering instruments on board of

• OSO-8 [2.4Ű2.8 keV and 4.8Ű5.6 keV, NASA, operating from 1975 to 1978
 ,  ,  ,  ]

in 1976 and 1977 conĄrmed X-ray polarisation from the Crab nebula [ 

,  ]. And despite some success in the γ-rays and very hard X-rays
on board of

• INTEGRAL/SPI [130Ű8000 keV, ESA, launched 2002,  ,  ,
 ,  ],

it took about four decades to launch the Ąrst X-ray polarimeters, when the GPDs
or TPCs were developed, which improved the sensitivity from previous polarime-
ters by at least two orders of magnitude in µ [ ,  ]. We
name

• X-Calibur [15Ű60 keV, NASA,  ,  ,  ,  ,
 ,  ,  ,  ,  ,  ],

a balloon experiment already launched in 2014, 2016, 2018Ű2019 along with its
successor the

• XL-Calibur [15Ű80 keV, USA, Japan, Sweden,  ,  ],

launched in May 2022 and planned to be relaunched. Then the forthcoming
projects

• REDSoX [0.2Ű0.8 keV, USA,  ,  ],

• XPP [0.2Ű60 keV, NASA, Europe,  ,  ],

• eXTP [2Ű12 keV, China, Europe,  ,  ].

And most importantly the IXPE mission, which lead to a signiĄcant breakthrough
in the 2Ű8 keV band and operates successfully since its launch in December 2021.
The XL-Calibur ’s launch faced technical difficulties and the X-Calibur Ćights did
not obtain a positive polarisation detection [private communication with the team
and  ,  ]. Thus, noting also the INTEGRAL/SPI observation
of Cygnus X-1 [76% ± 15% at 230Ű850 keV,  ,  ] with debat-
able instrumental cross-validation with well-understood Crab nebula [ ,
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2Ű8 keV,  ,  ], where to obtain MDP99% = 4.7% took 482 ks. If
compared with the X-ray bright accreting stellar-mass black hole in Cygnus X-1
[(40 ± 20) counts · s−1 in 2Ű8 keV,  ,  ], then, if similar obser-
vational time was given for Cygnus X-1, the same conĄdence limit for linear po-
larisation detection would be reduced to MDP99% ≈ 0.5% for Cygnus X-1. These
are extraordinary numbers, because polarimetry is in general photon-demanding
when compared to spectroscopy or photometry. If the emission is e.g. 1% polar-
ized, we then require about 100 times more photons to process some information
from the signal than a spectrograph counting each photon per the same band
width would need, in order to be, generally speaking, as informative.

1.2.3 Science cases

X-rays are produced by vast number of sources in the Universe, such as plan-
ets, stars, ISM, stellar remnants, galaxies, galaxy clusters and gamma ray bursts
(GRB) [ ,  ]. Out of these, X-ray polarimeters typically
target objects with powerful acceleration mechanism, strong magnetic Ąelds, pos-
sible presence of vacuum birefringence, strong gravity, and scatterings in aspher-
ical geometries. During the Ąrst year and a half of operation, IXPE produced
a number of interesting results when observing supernova remnants [ ,

 ,  ,  ,  ,  ], pulsar wind nebulae [ ,
 ,  ,  ,  ,  ], the Sagittarius A* complex
[ ,  ], GRBs [  ,  ], magnetars [ ,  ,

 ,  ,  ,  ], accreting pulsars [ ,  ,
 ,  ,  ,  ,  ,  ,  

,  ,  ,  ,  ,  ,  ,
 ,  ,  ] and weakly magnetized accreting neutron stars
[ ,  ,  ,  ,  ,  ,  ,

 ,  ,  ,  ,  ]. The Ąrst IXPE observational
results of accreting black holes will be summarized in Chapter  .

1.3 Active galactic nuclei

From cosmological perspective, only a fraction of all galactic nuclei are active
[⪅ 40%, but the selection criteria are key, see e.g.  ,  ], which
means that there is a long-term, ongoing mass transfer from the surroundings onto
the central supermassive black hole. Our Galaxy, for example, shows a very low
activity at this epoch, but perhaps was strongly accreting in the past [ 

,  ,  ,  ,  ,  ,  ,  ].
The extreme power density, luminosity at all wavelengths, and rapid time vari-
ability of the active cores of galaxies caused a confusion in the 1950s on their
origin, being Ąrst classiĄed as Şquasi-stellar astronomical radio-sourcesŤ, short-
ened as ŞquasarsŤ [ ,  ], by which we mean today a point-like UV or optical
emitting object associated with a radio-source. With the development of radio
astronomy, spectroscopy and interferometry in the 1960s, their true nature was
revealed. Since 1970s and the development of gravitational lensing and high-
resolution spectroscopy people are breaking records in Ąnding active galactic
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nuclei (AGN) at higher and higher cosmological redshifts. At the time of writ-
ing of this dissertation, the furthest and oldest quasar is at redshift z = 7.642,
i.e. ≈ 670 million years after the Big Bang, which challenges the structure forma-
tion theories within Big Bang cosmologies [ ,  ]. Today we know
that AGNs have diverse nature and dozens of classiĄcations based on appearance
at all wavelengths exist [see e.g.  ,  ,  ,

 ,  ,  ,  ,  ].

If the host galaxy is identiĄed, such galaxies with active nuclei are called
ŞSeyfert galaxiesŤ. They are named after Carl Seyfert (1911Ű1960), who Ąrst
described this class already in 1943 [ ,  ]. Probably the most useful
distinction comes from the presence or absence of broad optical emission spectral
lines in the cores of Seyfert galaxies, deĄned as Ştype-1Ť or Ştype-2Ť AGNs,
respectively [  ,  ,  ,  ,  ,  ]. A major
breakthrough in understanding that these are actually one and the same axially
symmetric objects, viewed under different inclination with respect to the axis
of symmetry, came (not surprisingly) from polarimetry mostly in the 1980s
[ ,  ,  ,  ,  ,  ,  ,  ,

 ,  ,  ]. The so-called uniĄcation model [ ,
 ,  ,  ] assumes a nucleus with high orbital speeds
of the infalling matter in equatorial disc structures, causing Doppler broaden-
ing of the spectral lines, that can be viewed bare from polar directions, but
obscured from the sides. The cause of obscuration is accounted to a parsec-scale
cold dusty torus residing in the equatorial plane. Infrared and X-ray observa-
tions suggest clumpy structure [ ,  ,  ,  ,  

,  ,  ,  ] and elaborate spectral Ątting shows large-scale
geometries of the obscurer sometimes far from an actual geometrical torus [ 

,  ,  ,  ,  ,  ,  ,
 ,  ,  ,  ,  ]. Although the size, shape,
clumpiness and location of the obscuring material varies and is difficult to the-
oretically predict from the Ąrst principles, we know that its presence is related
to the active state of inner black-hole accretion [ ,  ,  

,  ].

Strongly magnetized accretion disc and the ergosphere in close vicinity
of the black hole, arising from full GR description, may cause that some infalling
material is ejected with relativistic speeds in polar directions through the so-called
Blandford-Znajek or Blandford-Payne processes [  ,  ,

 ,  ,  ,  ,  ,  ]. The rich
structures that can form around the poles reĆect the central emission, which
can thus gain polarisation through Ąrst-order scattering. The presence of broad
lines in polarisation for type-2 AGNs uniĄes the picture [see e.g.  ,

 ,  ,  ,  ,  ]. One can imag-
ine the entire structure like the candle in Figures  and  viewed from
the generic type-1 and type-2 directions, respectively. We also more speciĄcally
distinguish the clumpy equatorial broad line region (BLR) from the accretion disc
located closer to the black hole and the torus itself, located further out. And if
the clumpy regions extend at parsec scales vertically (in polar directions), we call
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them narrow line regions (NLR). It is also worth noting that perfect axial sym-
metry is often not the evolutionary case and some misalignment of the central
black hole rotation axis from the accretion disc axis, misalignment of the disc
plane from the distant equatorial obscurers, or misalignment of the dusty torus
plane from the host galaxy plane, is considered [ ,  ,

 ,  ,  ,  ,  ,  ,
 ,  ,  ,  ].

Figure 1.12: Photograph of a candle illustrat-
ing a type-1 view of an AGN. The wick is
the central accretion engine, while the Ćame
represents the polar jet that is often present.

Figure 1.13: The same as in Figure  , but
for a type-2 view. The central parts are ob-
scured. Only for AGNs that are radio bright
we identify polar ejecta of relativistic speeds.

Polar ejecta are often highly colimated (spanning only a few angular degrees
from the black-hole poles) and represent perhaps the most energetic locations
in the observable universe, hence called ŞjetsŤ, often surrounded by more angu-
larly extended ionization cones [see e.g.  ,  ,  ,

 ,  ,  ,  ,  ]. Due to synchrotron
emission, the jets are particularly bright in radio, leading to another very use-
ful classiĄcation. If jets are present, which is in 10Ű20% of AGNs [ 

,  ,  ,  ], we speak of Şradio-loudŤ AGNs and Şradio-quietŤ
AGNs are those with low jet activity. These relativistic streams of particles are
remarkably stable and can outreach the entire host galaxy despite originating
in the orders-of-magnitude smaller nucleus. Yet another theoretical challenge
to high-energy astrophysicists. If the observer is looking straight into the narrow
jet, we speak of a ŞblazarŤ, obviously showing very distinct observational traits
from the rest of AGNs. In this dissertation, we will not cover blazars and we
will focus on radio-quiet objects, not to complicate the already intricate story
of X-ray polarisation origin due to synchrotron emission on top of scattering and
absorption effects. In addition, AGNs possess more inclined winds originating
from the accretion disc at more than a few gravitational radii [for recent reviews,
see e.g.  ,  ,  ,  ,  ,  ]. These winds, signiĄ-
cantly contributing to the total outĆow rates and altering the central emission,
are attributed to radiation, thermal or magneto-hydro-dynamical (MHD) driving
mechanisms. Studying both jets and winds is also important for galaxy evo-
lution theories that investigate the feedback of matter and radiation of AGNs
with the host galaxies. One of the contemporary and ambitious uniĄcation dia-
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[ ,  ], the thick discs or Polish donuts [ ,  ],
the puffy discs [ ,  ,  ,  ], or combined descriptions,
such as the Şjet emitting disc standard accretion discŤ (JED-SAD) model [ 

,  ]. The results of sophisticated MHD simulations that include GR ef-
fects and simpliĄed radiative transfer are providing reasonably similar predictions
with different codes [  ,  ], but in the current state of development
they are difficult to be directly observationally validated. The intricate effects
of thermal instabilities, convection and turbulences with respect to the vertical
structure of the disc were studied, for example, by  [ ],  

[ ],  [ ].
For the sake of simplicity, we will be using the Novikov-Thorne model (i.e.

the standard ᾱ-disc with relativistic corrections) for radial disc proĄles, assuming
Keplerian velocities, no torque on the inner boundary, and inner-disc radius ex-
tended to the inner-most circular orbit, if not stated otherwise. But we note that
this might be one of the most critical model assumptions for the global emission
predictions in Chapters  ,  and  , difficult to assess unless a completely new
model based on different assumptions is built.

In proper radiative transfer treatment of the accretion disc, we encounter
another critical assumption for the result of mostly bound-bound and bound-free
processes: the chemical composition and metallicity AFe, which sets the relative
abundance of all ions with respect to some referential composition, typically that
of our Sun [ ,  ]. Various determinations of solar abundances relative
to neutral hydrogen exist and are debated [ ,  ,  

,  ,  ,  ,  ].

We deĄne the Eddington luminosity LEdd as [e.g.  ,  ]

LEdd = 1.3 × 1046 M

108 M⊙

· erg · s−1 (1.35)

and the Eddington mass accretion rate ṀEdd as [e.g.  ,  ]

ṀEdd = 1.39 × 1018 M

M⊙

· g · s−1 . (1.36)

They effectively describe the accretion state when radial radiative force balances
the gravitational pull by the central body, which is referred to as Eddington limit.
In these black-hole mass dependent units, we can then more conveniently discuss
the true bolometric (or X-ray) luminosity Lbol (or LX) and mass accretion rate
Ṁ , which are proportional and which can be also observationally determined [see
e.g.  ,  ]. The geometrically thin and optically thick disc can
be assumed to be locally thermally radiating as a black body, with a decreasing
temperature proĄle with radius [ ,  ]

T 4
eff ∼ Ṁ

ṀEdd

(︄

r

rg

⎜−3 1
M

, (1.37)

hence forming a multicolor black-body spectrum, i.e. the Şbig blue bumpŤ
[ ,  ,  ,  ]. Although state-of-the-art radiative trans-
fer equation solvers are able to treat the disc’s photosphere in great detail (see
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below), it appears difficult to capture the effects of Comptonization, which are
to be assessed with next generation of codes [ ,  ,

 ,  ,  ,  ,  ,  ,  ,
 ]. Therefore, the empirical color correction factor fc [ ,  ]
is often used:

I = f−4
c B(fcTeff) , (1.38)

where B is from the Planck’s law ( ). Typically AGN discs ex-
hibit nH = 1013Ű1018 cm−3 and Teff = 103.5Ű106 K, if the Novikov-Thorne
model is assumed with observationally and theoretically motivated estimates
of 1.5 ⪅ fc ⪅ 1.8, 0.1 ⪅ ᾱ ⪅ 0.2, 105 ⪅ M/M⊙ ⪅ 109 and 0.01 ⪅ Ṁ/ṀEdd ⪅ 1.
The spectrum then peaks at the UV band for AGNs, which is well conĄrmed by
observations [see e.g.  ,  ].

Lastly, let us focus more on the X-ray spectral properties of AGNs, for which
they are undoubtedly famous. Examples of a broadband unfolded spectral energy
distribution (SED) are shown in Figure  . In the X-rays, we predominantly
observe a decreasing power-law with energy N ∼ E−Γ, described by a power-
law index Γ. This is a natural consequence of thermal disc emission Compton
up-scattered in hot (Te ⪆ 107 K) gas of electrons, the corona, located nearby
[ ,  ,  ,  ,  ,

 ,  ,  ,  ,  ]. The mea-
sured spectral slope is thus also related to the accretion rate and luminosity [e.g.

 ,  ,  ,  ,  ,  ,  ,  ,
 ,  ,  ,  ,  ,  ,  ,
 ]. The power-law is cut at hard energies (hundreds of keV) due to insuffi-
cient energy of the Comptonizing electrons. At the very hard (Xγ) energy tail,
electron-positron pair production and annihilation effects also play important role
[ ,  ,  ,  ,  ,  ]. But we decided
to omit the relevant theoretical background in Section  , because the models
developed in this dissertation neglect these effects and operate at lower energy
ranges. At soft energies (tenths of keV), the low-energy cut-off naturally ap-
pears due to the seed thermal photons energy, i.e. there are only a few scattered
photons below some characteristic energy. Such coronae, which are inseparable
part of the inner-most accreting regions, can be constrained up to some limit
in terms of optical depth, electron temperature and geometry from spectroscopic
and timing techniques [e.g.  ,  ,  ,  ,  

,  ,  ,  ,  ,  ,  ,  ,
 ,  ,  ,  ,  ,  ,  ,
 ,  ,  ,  ,  ,  ,  ,  ,
 ]. However, especially with geometry, which is a critical unknown, X-ray po-
larimetry has high potential in lifting the known degeneracies [ ,

 ,  ,  ,  ,  ,  ,  ,
 ,  ,  ,  ,  ,  ].

In the literature, one Ąnds many realizations for the coronal geometry and bulk
motion. Although non-stationarity of the primary source is sometimes considered
[ ,  ,  ,  ,  ,  ,  ,

 ,  ], we will assume a stationary situation in this dissertation,
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idence and direct knowledge about X-ray emitting coronae is coming primarily
from X-ray observations, some deeper theoretical support is provided from plasma
simulations for the emergence of coronae and its heating, using the kinetic ap-
proach (and less from plasma Ćuid simulations), but determining the geometry
anyhow would be a signiĄcant step forward for this Ąeld [e.g.  ,

 ,  ,  ,  ,  ,  ,  ,
 ,  ,  ,  ,  ,  ,  

,  ,  ,  ].

X-ray spectra of radio-quiet AGNs may contain also a strong reĆection compo-
nent of the X-ray power-law originating in the hot corona [e.g.  ,

 ,  ,  ,  ,  ,  ,  ,  

,  ,  ,  ,  ,  ]. In continuum,
we typically see a Compton shoulder at about 20 keV that is caused by interplay
of Compton down-scattered photons with nearly constant mid-X-ray cross-section
with energy and photoelectric absorption with comparable, but decreasing cross-
section as ∼ E−3. Many emission lines appear on top of the continuum, especially
below 2 keV and in the iron line complex near 6Ű7 keV. If these lines are narrow, we
ascribe this reĆection to the torus, distant disc or other components far-away from
the central accretion engine. If broad, then these are assumed to be relativistically
smeared and originating in reĆection off inner accretion disc close to the black hole
or in the winds [see  ,  , for the discussion of degeneracy between
the two]. The relativistic reĆection component in both line and continuum fea-
tures enables independent spectroscopic and timing determinations of the black-
hole spin, coronal geometry, source orientation and the accretion disc’s properties
[see  ,  , and references therein]. The anticipation is that X-ray po-
larimetry can independently constrain such properties [ ,  ,  

,  ,  ,  ,  ,  ,  ,  ,
 ,  ,  ,  ,  ,  ,  ,  ,
 ,  ,  ,  ,  ,  ,  ,  ,  ,
 ,  ,  ,  ]. A theoretical
X-ray reĆection spectrum from a constant-density plane-parallel disc in the local
comoving frame is shown in Figure  for different values of the ionization pa-
rameter, which is, regarding the presence of main spectral features, supported by
larger number of AGN observations [e.g.  ,  ,  ,  ,

 ,  ].  [ ] discusses four distinct regimes of the spectral
dependence on ξ. For a given density, the higher the impinging bolometric Ćux
is, the less continuum absorption and emission lines we see, and the disc acts
as a highly reĆective Compton mirror to the original power-law. The reĆected
power-law can also return to the disc due to strong gravity and reĆect again, mul-
tiple times, which affects both spectra and polarisation, depending for example
on the spin of the black hole and coronal parameters [ ,

 ,  ,  ,  ,  ,  ].

Disentangling the AGN X-ray spectra is a difficult task due to large multiplic-
ity in the observed power-law spectra [ ,  ,  

,  ]. The soft X-rays of AGNs are further complicated by the presence
of the Şsoft X-ray excessŤ, for which competing explanatory theories exist until

44





mass of the donor) or additionally through stellar winds of the donor (with high-
mass donor star). Sketch of the entire stellar binary system is shown in Figure

 . Due to radiation effects combined with the formed gravitational potential
well, the accretion disc is formed with overall higher mean effective temperatures
(Teff = 105Ű107.5 K) and neutral hydrogen densities (nH = 1019Ű1025 cm−3) com-
pared to AGNs. This again theoretically follows from the Novikov-Thorne disc
solution, assuming orders-of-magnitude lighter central black hole [M = 6Ű20 M⊙,

 ,  ]. This is important for our modeling, because the peak
of the multicolor black-body radiation is well within the soft X-rays, which is
observationally conĄrmed [see e.g.  ,  ]. The growing obser-
vational evidence of high-density accretion discs in XRBs is a recent success
of modern X-ray spectral Ątting models of reĆected disc emission [ ,

 ,  ,  ,  ,  , ,  ,  ,  ,  

,  ]. Because of the additional signiĄcant presence of the thermal com-
ponent in the X-rays and because of the expected high disc densities, we will Ąrst
develop models suitable for AGNs, which seems in principle a less ambitious task,
and then try to adapt them to XRBs.

However, it may be easier to deduce observationally relevant information
on accretion physics with XRBs, not only due to their X-ray brightness compared
to AGNs, which is critical for photon-demanding polarimetry (see Section  ).
At human time scales, the nature was perhaps more favorable to us with XRBs
than AGNs, because stellar-mass black holes can change their accretion state
in periods of months or years, thus we can arguably infer more on their accret-
ing nature [ ,  ]. Some transient sources show unstable outbursts
with eight to nine orders of magnitude difference in luminosity across day periods
with most signiĄcant distinction in the X-rays [see e.g.  ,  ].
The change of state is best characterized in the so-called Q-diagram of X-ray
Ćux ratios, which is depicted in Figure  . XRBs show hysteresis evolution
in hardness-intensity diagram, often evolving from the prototypical Şlow/hard
stateŤ to the Şhigh/soft stateŤ and back [see  ,  ,

 ,  , and references therein]. The former is char-
acterized by bright coronal emission compared to thermal emission from the disc,
signiĄcant disc truncation and strong presence of jets. The latter is characterized
by dominant thermal component, accretion disc reaching to the ISCO and jets
being switched off. An extensive nomenclature for intermediate or irregular states
exists. A broadband spectral energy distribution Ąt of different X-ray spectral
states of high-mass XRB Cyg X-1 is shown in Figure  . An example of mod-
elled decomposition of the soft state of Cyg X-1 is shown in Figure  .

The XRB spectral, timing and polarisation characteristics of the corona
and outĆows related to accretion are similar to those of AGNs and we re-
fer to the literature in Section  , which is in many cases applied to XRBs.
The characteristics of stellar winds and circumbinary obscuring material depend
on the evolutionary phase of the binary system, which in turn is largely given
by the initial mass of both components, eccentricity, separation or orbital pe-
riod [ ,  ]. The dusty torus as in AGNs is not
forming, because the accreting matter is streamed directly from the nearby or-
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ders of decades of intensive modeling by various research groups. We will now
introduce the literature on the X-ray spectropolarimetric modeling of the studied
(static) systems. We will Ąrst summarize the main Ąndings of the past, and then
give technical background of this work, making use of the elementary processes
outlined in Section  and having in mind the practical motivations illustrated
in Section  .

1.5.1 Modeling of environments near black holes

Typically, MHD or kinetic plasma simulations that are able to grasp a large region
near black hole self-consistently [see e.g.  ,  ,  

,  ,  ,  ,  ,  ] do not treat radiative transfer
in sufficient depth or are too computationally expensive to provide trustworthy
observational interpretation via direct data Ątting and case-to-case interpolation.
For this reason, we rather use for speciĄc problems radiative transfer equation
solvers, MC simulations, or fully analytical models that tend to be the most com-
putationally efficient. We note that recently, machine learning techniques were
used in X-ray studies of AGNs or XRBs not only for faster classiĄcation of col-
lected data [ ,  ] or reducing spectral Ątting time [ 

,  ], but also for increasing modeling resolution by means of interpolat-
ing computationally expensive models computed in a few grid points at majority
of the parameter space and in high density at a smaller region of the parameter
space that was used as a training set [ ,  ].

Analytical approximations provided perhaps the most classical results
in the second half of 20th century. Chandrasekhar provided estimates on po-
larisation due to Rayleigh single-scattering in reĆection from plane-parallel slab
[ ,  ], which we will often use. For unpolarized primary radia-
tion [in transcription from  ,  ]

I =
Il + Ir

⟨Il + Ir⟩
IN ,

Q =
Il − Ir

⟨Il + Ir⟩
IN ,

U =
Û

⟨Il + Ir⟩
IN ,

V = 0 ,

(1.39)

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)] ,

where

Φi = −Ri
sgn arccos

∏︁

∐︂

−1
√︂

1 − µ2
i

piαeα
(ϕ)

piµUµ

⎞

ˆ︁+
π

2
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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.

The rest of the angles describe the reĆection event with respect to the disc’s
normal and photon’s incident and emergent direction: µi is the cosine of in-
cident inclination angle δi measured from the disc’s normal, µe is the cosine
of emergent inclination angle δe (in Section  considered as nem, in Chap-
ter  will be sometimes considered as the global θ) measured from the disc’s
normal, Φe is the relative azimuthal angle measured counter-clockwise at the disc
plane between the emission and the incident ray directions projected to the disc’s
surface. For unpolarized primary, if the results are integrated in µi and Φe,
the resulting polarisation fraction monotonically increases with inclination from
0% up to about 20% and the polarisation angle is parallel with the slab. We
refer the reader to  [ ] for prescriptions for polarized primary
and for the result for diffuse pure-scattering reĆection with the assumption of in-
Ąnite scatterings.

The semi-inĄnite plane-parallel atmosphere was also approached by Chan-
drasekhar and Sobolev in transmission problem [ ,  ,

 ,  ,  ,  ,  ,  ], where the pure-scattering re-
sult is displayed in Figure  . The Loskutov-Sobolev approximation [ 

,  ] is also displayed for comparison, which takes into account
additional effect of absorption, which increases polarisation due to effectively
reduced symmetry: the photon paths are most likely vertical towards the slab
surface, providing a preferred scattering angle for an observer at given inclination
[ ,  ,  ,  ]. In addition, it ac-
counts for internal sources within the atmosphere, which typically depolarize due
to smaller mean free path through the atmosphere compared to the classical Milne
problem, where the sources are located only at the bottom of the atmosphere
[ ,  ,  ,  ]. The details depend on the source
function distribution with optical depth and the ratio of scattering to absorption
opacities. In some cases, the vertical gradient of thermal source function can ad-
ditionally polarize [ ,  ,  ,  ,  

,  ,  ,  ]. And already  [ ] pointed out
that the emergent polarisation angle may not always be parallel to the slab, if
internal sources of radiation are considered and the result resembles an optically
thin limb brightened atmosphere [ ,  ,  ,  ,

 ,  ].
For the pure-scattering semi-inĄnite atmosphere in transmission, numeri-

cal solution to the guiding integro-differential equations is tabulated in e.g.
 [ ], but a useful empirical law can be used [ 

,  ]:

p = − 1 − µe

1 + 3.852µe

11.71% , (1.40)

describing the monotonic increase with energy up to about 12%. The emergent
polarisation angle is parallel to the disc in this case, as usual for scattering-
dominated limb darkened atmospheres. The semi-inĄnite atmosphere with large
absorption can be approximated by ( ) or ( ) with polarisation angle par-
allel to the slab for photons emerging at large atmospheric depths and scattering
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The works of  [ ],  [ ] intro-
duced a spectral Ątting COMPPS model, which has also a polarisation extension,
but the extension is currently not available in interface with XSPEC [private com-
munication with the authors].

The optically thick atmosphere for X-ray reĆection or transmission with in-
ternal source distribution was numerically treated by many authors (either via
radiative transfer equation solving or via MC methods) for the X-ray photospheres
of black-hole accretion discs. For plain spectral output for example by  

[ ] (the DISKBB model for Ątting of simple multicolor thermal disc emis-
sion), or  [ ],  [ ,  ],  

[ ],  [ ] (relativistically integrated thermal discs in hy-
drostatic equilibrium and the BHSPEC model), or  [ ],  

[ ,  ] (similarly), or  [ ,  , ] (simi-
larly), or  [ ] (the KERRBB model for relativistic thermal disc emis-
sion), or  [ ],  [ ],  [ ],  

[ ,  ] (the REFLIONX models for power-law reĆection from constant
density discs), or  [ ],  [ ],  

[ ] (the PEXRAV and PEXRIV models for power-law reĆection from neu-
tral and fully ionized constant-density disc, respectively, and the NTHCOMP model
for Comptonized power-law), or  [ ],  

[ ],  [ ],  [ ],  [ ,  ]
(the XSTAR code and XILLVER models for local power-law constant-density reĆec-
tion), or  [ ],  [ ],  

[ ],  [ ],  [ ],  

[ ],  [ ],  [ ],  [ ],
 [ ],  [ ] (the NOAR, TITAN and ATM24 codes
and comparisons of both constant-density and hydrostatic equilibrium power-
law reĆection), or  [ ],  [ ],  

[ ],  [ ] (the radiative transfer treatment of warm coronal
emission in AGNs), among others.

Analytical or numerical treatment of locally radiating geometrically thin disc
atmosphere is typically implemented into a GR ray tracing code, such as  

[ , ,  ,  ],  [ ],  [ ],  

[ ],  [ ] (the KY codes applied to various different
computations of emission in local comoving frame with the disc for various geome-
tries, see below), or  [ ],  [ ,  ] (the RELXILL

code for relativistic lamp-post extension to XILLVER tables, currently being de-
veloped also to treat various coronal geometries), or  [ ],

 [ ],  [ ] (spectral relativistic
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lamp-post models), all building on the older works of e.g.  [ ],
 [ ],  [ ],  [ ,  ,  ],  [ ],
 [ ],  [ ]. Figure  illustrates such
relativistic embedding for thermally radiating geometrically thin discs, but sim-
ilar sketch is applicable to the local disc reĆection integration for geometrically
thin discs. Slim disc models with relativistic extensions, suitable for observational
Ątting of e.g. ultra luminous X-ray sources (ULX) Ű compact objects accreting
in super-Eddington regime Ű, were constructed by  [ ],  

[ ],  [ ],  [ ], among others.

We will compare our spectral results to some of the above studies to val-
idate our more unique polarisation results, because numerical radiative trans-
fer computations of X-ray polarisation near accreting black holes are scarce due
to the complexity of the problem. We name the early works of  [ ],

 [ ],  [ ],  [ ],
 [ ],  [ ,  ],  [ ,  ],
 [ ],  [ ],  [ ],  [ ],
 [ ],  [ ],  [ ],  [ ],
 [ ] and then more recently  [ ],  

[ ],  [ ],  [ ],  [ ],  

[ ],  [ ],  [ ],  

[ ],  [ , ],  [ ],  [ ]
for the geometrically thin disc in transmission or reĆection with various simpli-
Ąed assumptions, or combined with coronal contribution in selected geometries
by  [ ], or for geometrically thick discs in the attempt
by  [ ] and warped discs by  [ ],  

[ ]. Particularly relevant to this dissertation (to be discussed
in depth later) is the lamp-post relativistic reĆection of polarisation computed
in  [ ] in simpliĄed approach and the non-relativistic total po-
larisation gained by scattering and absorption of thermal disc emission computed
by combined approach of radiative transfer solver CLOUDY [ ,  ,

 ] with MC simulator STOKES [ ,  ,  ,
 ,  ,  ,  ], described in  [ ]. In the neighboring
Ąeld of accreting neutron stars, where often the role of magnetic Ąelds is more
critical, much theoretical progress motivated by the IXPE observations is also
seen [e.g.  ,  ,  ,  ,  

,  ]. Lastly, there are two exceptional X-ray polarisation codes that
focus on the Comptonization treatement in coronae with MC method, includ-
ing GR effects in Kerr spacetime. The MONK code [ ,  ,  ,

 ] is predicting the X-ray polarisation outcome for coronae of various geome-
tries with seed photons from the disc and MC treatment of inverse Compton
scattering in the corona. Perhaps of even more complexity, also including GR ef-
fects, is the KerrC code [ ,  ], which calculates
also reĆection from the accretion disc. Recently, another MC spectropolarimet-
ric attempt for computation of coronal emission was obtained by  [ ].
Although some of these MC computations involve peculiar effects of partial ion-
ization, or radiation returning to the disc, there are always some admittable
simpliĄcations to the detriment of detailed radiative transfer. A notable rela-
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tivistic MHD simulation providing X-ray polarisation predictions was done by
 [ ] and in  [ ], linked to a MC code.

A speciĄc category is the modeling of cold distant components of AGNs, where
large libraries of torus X-ray spectral models exist [see e.g.  ,  ,

 ,  ,  ,  ,  ,  , and references
therein]. These are typically separated from the inner disc-corona system compu-
tations and assume such external (central) source of emission. From polarisation
perspective, these are easier to be treated by MC codes than radiative transfer
equation solvers. We name the works of  [ ],  [ ],

 [ ] and  [ ],  [ ],  

[ ,  , ],  [ ] for dusty tori and polar outĆows of uni-
form density, and pioneering attempts for X-ray polarisation signatures of clumpy
obscurers by  [ ,  ,  ]. These could be perhaps accompa-
nied in the future by results with the MC code SKIRT [ ,  ,  

,  ,  ,  ,  ,  ,  ] that
is currently developing polarisation effects in the X-rays, similarly to STOKES

[private communication with the authors]. However, some ambitious radiative
transfer equation solvers that include X-ray polarisation estimate have been per-
formed to evaluate the warm absorbers in AGNs [ ,

 ,  ]. Many of these models can be also applied to the obscuring funnels
of XRBs, ULXs, or accreting neutron stars or white dwarfs, which can be formed
by vertically extended outĆows or the accretion disc itself [e.g.  ,

 ,  ,  ,  ,  ,  ,  ,
 ,  ,  ,  ,  ,  ,  ,
 ]. Recently, analytical treatment of this problem also emerged in  

[ ] and  [ ] attempted for X-ray polarisation MC mod-
eling of polarisation of incident black-body emission of soft-state XRBs gained
by scattering in optically thin thermal-radiative winds, implementing polarisation
into the MONACO code [ ,  ]. The latter was followed by  

[ ], which modelled the X-ray polarisation speciĄcally in the obscured
Circinus Galaxy, using the MC MONACO code linked to radiative hydrodynamic
simulations.

1.5.2 Codes explored in this dissertation

We will now elaborate a bit more on the numerical codes and models adopted
for new results produced within this dissertation.

TITAN

TITAN [ ,  ] is a non-LTE radiative transfer code suitable
for studying X-rays in hot photoionized media, such as atmospheres of accretion
discs. It solves the energy balance, the ionization equilibria and the statistical
equilibria ( ) and the transfer equation in a plane-parallel geometry ( ), all
for the lines and continuum up to about 26 keV. The iterative method is the accel-
erated lambda iteration (ALI) [ ,  ,  ,  ,  ,  ,

6 Public version not available at the time of writing this dissertation.
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 ,  ], ideal for fast convergence in spectral lines. In the latest version
105v03f that we use, TITAN was updated for many atomic transitions [ 

,  ,  ,  ]. In total ≈ 4000 X-ray spectral lines are
considered. We will use the code for studying the radiative problem of a plane-
parallel disc atmosphere in order to obtain the ionization structure, i.e. fractional
abundance of each ion. Although TITAN allows other enclosing relations, we will
use it for a constant density atmosphere only. TITAN does not have polarisation
computations implemented. Unlike e.g. CLOUDY, TITAN also neglects collisions
between particles, which can be an important effect in high-density media.

STOKES

STOKES is a 3D MC simulator suitable for media where scattering and absorption
are the dominant sources of opacity. The code is ideal for studying polarisation,
because many critical line and continuum processes are implemented. Although
various usage exists [ ,  ,  ,  ], it was
primarily developed to study AGNs in the optical and UV, and more recently
the code expanded to X-rays (version 2.07 onwards). It includes the effects
of Compton down-scattering, using the Klein-Nishina cross section ( ) and
proper energy redistribution ( ), but the angular redistribution is treated ac-
cording to Thomson phase functions (see Section  ). Then it includes scatter-
ing on bound electrons and dust (including dust absorption), the bremsstrahlung
absorption and emission (in spectral lines only, i.e. resonant bremsstrahlung),
photoelectric absorption, and it solves for several thousands of spectral lines.
Polarisation due to resonant line scattering is treated according to  [ ],

 [ ],  [ ]. The competing Auger effect is also
implemented. On the other hand, as an MC code it cannot consistently solve
for the ionization structure, temperature and magnetic Ąelds. The densities and
temperatures of the scattering and absorbing regions have to be predeĄned and
are used for various processes. But for example the thermal emission or syn-
chrotron radiation have to be included as external input emitters, in case of need.
In the latest version (from v2.34 onwards), which was developed simultaneously
with this dissertation and hence will not be used, STOKES also includes the in-
verse Compton scattering according to  [ ] with prede-
Ąned temperature information. Although we will not use it, STOKES also allows
for the treatment of circular polarisation, time variability and velocity of scatter-
ing regions.

The code allows for arbitrary polarisation of the emission originating in prede-
Ąned emission regions (directional or undirectional). We will use the notation p0,
Ψ0 for the incident polarisation degree and angle of a photon that is to be repro-
cessed. The energy distribution of the primary radiation input can be self-deĄned
or based on templates. A weighting algorithm is implemented to prevent cumu-
lation of numerical noise in one part of the resulting spectrum. The scattering
regions, which can coincide with emission regions, allow for non-trivial geome-
tries (planar layers, cones, wedges etc.) and practical symmetry reductions, as

7 Public versions in optical and UV energy bands available at  

on the day of submission.
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MC simulations are known for large computational costs. Inside the scattering
region, each photon can be either scattered (including true absorption and im-
mediate reemission) or absorbed (and thermalized, although thermal reemission
is neglected) with some probability PX. This is computed according to expo-
nential probability law at distance d travelled inside the scattering region with
cross-section σX for each process with particle species of uniform density nX:

PX = e−nXσXd . (1.42)

The polarisation modiĄcation upon each reprocessing event is treated using
the Müller formalism. Although the photon cannot be emitted out of noth-
ing outside of the emission region (e.g. through thermal radiation), the emission
region can overlap with the scattering region. If the photon escapes the scatter-
ing medium and reaches a detector in particular predeĄned angular and energy
binning, the polarisation information is transformed into the global reference
frame and registered, including renormalized Ćux information. Additional rou-
tine ANALYZE developed by the same authors is used to convert the raw output
to conveniently readable Ąles with the Stokes parameters per energy and angular
bins of the detectors.

We will use STOKES for computations of reĆection and transmission in plane-
parallel atmospheres, where we will combine the MC approach with TITAN to pre-
compute ionization structure of vertically stratiĄed layers properly. This will be
in depth described in Chapter  . Apart from that, we will also use STOKES

alone for computation of distant reĆection in partially ionized equatorial and po-
lar obscurers in Chapter  . There we will assume homogeneous media in various
simpliĄed geometries and shrink the entire disc-corona emitting system to a point
in the center of coordinates.

KY

Lastly, let us focus again on the modeling of the inner-accreting regions
and the necessary inclusion of relativistic effects. To solve the polarized radia-
tive transfer in vacuum according to the layout sketched in Section  , we
will use and adapt the well-tested KY codes . There are numerous KY routines
available for solving of polarized radiative transfer in Kerr space-time: from solv-
ing of relativistically smeared spectral lines [ ,  , ,  ,

 ] (including convolution models), to thermal radiation emitted from the disc
[ ,  ,  ,  ,  ,  ,  

,  ], to coronal emission added with simpliĄed reĆection from the disc
[ ,  ] and broadband spectra of lamp-post coronae with simpli-
Ąed reĆection and thermalized continuum [ ,  ]. All of these
codes depart from the principles sketched in Section  and all relativis-
tic effects are taken into account, apart from returning radiation. Returning
radiation is not implemented yet to the codes apart from the KYNBBRR rou-
tine [  ,  ,  ,  ], computing total disc ther-
mal emission for a distant observer, which allows for simpliĄed returning radiation

8 Public versions available at  and
 on the day of submission.
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( ) and Figure  for a sketch]. For the combined signal with the primary
emission we also have to specify the scaling of primary to reĆected Ćux Np/Nr,
which in the model is unity for self-consistent treatment of corona with a given
isotropic luminosity L/LEdd and reĆection fraction according to the local reĆec-
tion tables. The extended corona is not parametrized by height, as we assume it is
geometrically thin and glued at the top of geometrically thin disc, i.e. still within
the black-hole equatorial plane. However, we have to deĄne a radial proĄle of ion-
ization, given by a power-law index q and the ionization parameter normalization
ξ0:

ξ = ξ0r
−q . (1.43)

The KY codes allow integration of smaller sections of the disc given by rin, rout

and ϕmin, ∆ϕ = ϕmax −ϕmin boundaries, in order to compute the effects of partial
obscuration and Ćares. We will only work with radial disc truncation in this
dissertation, due to the aforementioned insensitivity of current X-ray polarimeters
to short-term variability in the accretion Ćow. The codes also allow for global
redshift z and time dependent treatment of emission, which we will not use in this
work. The same holds for non-constant radial proĄle of the disc’s density.
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2. Emission from a partially

ionized accretion disc in a local

comoving frame

This chapter describes modeling of local accretion disc emission in plane-parallel
approximation, either through reĆection or transmission. No SR or GR effects
are assumed. We assume a passive plane-parallel atmosphere comoving with
the source of illuminating radiation.

2.1 Power-law reflection off a disc’s atmosphere

We begin with the results of reĆection of a coronal power law from a constant-
density slab of high optical thickness held in photoionization equilibrium. We
use the combination of TITAN and STOKES (v2.32 ) codes, which allows for ac-
curate treatment of partial ionization effects. Because TITAN is not equipped
with polarisation computations, we couple it to STOKES, which is built for ac-
curate polarisation treatment. Conversely, the STOKES MC simulation cannot
solve self-consistently for the ionization structure, thus an iterative solver like
TITAN is required for detailed studies of hot X-ray photoionized media. The core
of the presented model was already achieved as part of  [ ], includ-
ing normalization and production of the Ąnal model tables in Flexible Image
Transport System (FITS) format [ ,  ] and a brief discussion.
We examined and cross-validated the resulting spectropolarimetric tables as part
of this dissertation in greater detail, which is summarized in  

[ ,  ]. In addition to these publications and the older tables used there,
a new version was recently created. This version contains only two changes:
(i) a uniĄed grid in ξ, which was in all previous publications not available (we
worked with different ξ values per each Γ) due to a technicality, and (ii) 100%
vertically polarized illumination for those tables that were previously computed
for 100% horizontally polarized illumination. The tabular model is now ready-to-
use for manipulation in XSPEC, as the FITS Ąles with uniĄed ξ conform to Office
of Guest Investigator Programs (OGIP) standard [ ,  ] of XSPEC.

Table  describes the current parameter values, for which also the results
below are drawn and which are physically motivated. Each model table contains
one Stokes parameter and is computed for 100% vertically polarized (p0 = 1,
Ψ0 = 0◦), 100% diagonally polarized (p0 = 1, Ψ0 = 45◦), and unpolarized (p0 = 0)
incident radiation. Three incident polarisation states allow immediate interpola-
tion for arbitrary polarisation state that will be used in Section  . The source
of primary radiation is located directly above the slab. Each table was computed
for Ntot = 7 × 108 simulated photons, which is sufficient for investigating the ele-
mentary spectral and polarisation properties with negligible presence of inevitable
MC numerical noise.

1 Available as v2 to the original tables at  

on the day of submission, including documentation.

60

https://doi.org/10.6084/m9.figshare.16726207
https://doi.org/10.6084/m9.figshare.16726207


Table 2.1: Description of the FITS tables representing the local reĆection tables computed,
which were recently updated for ionization parameter grid that does not depend on Γ.

Number of tables 9 (vertical, diagonal, and no incident polarisation
versus the I, Q, U output)

Stokes parameters units [counts · cm−2 · s−1]
Energy range 0.1 keV to 100 keV
Energy binning 300 bins, ∆ log E = 0.01
Γ {1.4, 1.6, 1.8, 2.0, 2.2, 2.4, 2.6, 2.8, 3.0}
ξ [erg · cm · s−1] {5, 10, 20, 50, 100, 200, 500, 1000, 2000, 5000, 10000,

20000}
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 Ű description of the tables
ŚPARAMETERS’ Ű parameter values
ŚENERGIES’ Ű low and high energy bin edges
ŚSPECTRA’ Ű values of the Stokes parameters and
corresponding model parametric values

The results were obtained for neutral hydrogen density nH = 1015 cm−3;
hence, the main application are accretion discs of AGNs. This is different from
the follow-up section on X-ray thermal radiation passing through a disc’s atmo-
sphere, which is clearly applicable to XRBs and which was studied for a range
of slab densities. The reĆection is computed up to Thomson optical depth
of τT = σTnHH = σT × 1025 cm−2 ≈ 7, where H is the total geometrical thick-
ness of the slab studied. No radiation source is considered on the opposite side.
The solar abundance is from  [ ] with AFe = 1, neglecting
the presence of dust. The high and low-energy cut-offs of the primary power-
law were considered exponential in TITAN (for the computation of the ionization
structure) and sharp in STOKES (for the computation of spectropolarimetric prop-
erties), cut at Emin = 10−1.1 keV ≈ 0.079 keV and Emax = 102.4 keV ≈ 251.189
keV. We used angle-averaged illumination in TITAN for technical reasons, but we
note that the vertical ionization structure should be incident angle dependent
if pencil-like beams were studied, which leaves some deĄciency on the results
in terms of accuracy at high optical depths.

A much larger simpliĄcation with respect to real atmospheric conditions is
the assumption of constant density. When studying the reĆection in full hydro-
static equilibrium, well-known thermal ionization instability occurs along with
narrow two-phase zones in the medium between the disc and the corona [see e.g.

 ,  ,  ,  ], even though the detailed
geometry and boundary conditions of the illuminated atmosphere are unknown
[ ,  ,  ,  ,  ]. ReĆection from slabs in hy-
drostatic equilibrium were previously studied from spectroscopic point of view,
but comparisons to constant-density models are scarce, as there is no ionization
parameter deĄned for the former case and it is difficult to deĄne an average at-
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mospheric density [ ,  ]. It is however clear that the two classes
of models vary in both continuum shapes and spectral line proĄles [ 

,  ,  ,  ,  ,  ,  

,  ,  ,  ,  ,  ,  ,  ,
 ,  ,  ,  ,  ,  ]. It is un-
clear how refraining from the constant-density assumption would quantitatively
affect the polarisation properties of the emergent spectra, which are of our prime
interest, as they have not been numerically computed with detailed treatment
of partial ionization before neither in hydrostatic equilibrium, nor assuming con-
stant density. Qualitatively, however, we know that if the upper atmospheric
layers are heated, they expand and due to lower density their ionization level in-
creases; and on the contrary the ionization level signiĄcantly drops below the in-
stability point [ ,  ,  ,  ,  ,  ].
For a full hydrostatic equilibrium, we would thus expect a shift of polarisation
towards the highly ionized computations shown below for a constant density case.

2.1.1 Spectropolarimetric properties

Figure  shows the reprocessed spectra, polarisation degree versus energy
and polarized Ćux for various ξ values, three emission inclination angles δe

and for unpolarized primary with Γ = 2. The results are integrated in inci-
dent inclination angles δi and emergent azimuthal angles Φe, in order to gain
higher energy resolution in polarisation and in order to approximate the situa-
tion of an emitting disc observed under inclination δe with no GR or SR effects.
In the spectra, we obtained the characteristic photon redistribution by disc re-
processing. We see the Compton hump at around 20 keV, the most prominent
iron line complex at 6Ű7 keV and a forest of lines below 2 keV. The spectral shape
changes with ionization according to the literature [compare with e.g. Figure  ,
adopted from  ,  ].

In polarisation, we obtained depolarisation in spectral lines and the continuum
changes according to the (multiple-)scattering and absorption opacity contribu-
tions. The higher the absorption, the higher the single-scattering contribution
is and the geometry is effectively reduced to dominant single-scattering angles.
We see almost energy-independent polarisation for the cases with highest ioniza-
tion with lack of emission lines. The polarisation is generally order-of-magnitude
lower from the tabular FITS values, which are not integrated in δi and Φe. This
is because in particular incident and emission angle combinations with Θ ≈ 90◦

as the dominant single-scattering angle, the polarisation can easily reach values
close to unity, while the angle-averaged results mean vectorial addition of many
individual polarisation directions, hence depolarisation. Multiple scatterings also
generally depolarize, because any leading directionality is washed out. We observe
a reverse imprint of the spectral Compton hump in polarisation due to depolarisa-
tion by multiple scatterings. At the hard energy tail, we see increase in polarisa-
tion, because the Compton down-scattering energy redistribution results in more
scatterings per emerging photon towards the lower energies. And in general,
the photons penetrate deeper in the slab for smaller δi. In deeper layers the mat-
ter is less ionized and more absorbing, so the vertical stratiĄcation diminishes
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Figure 2.1: The locally reprocessed emission of the unpolarized incident power-law
in the constant-density atmosphere, as computed by TITAN and STOKES and angle-averaged
in δi and Φe. The color code corresponds to different values of the ionization parame-
ter ξ [erg · cm · s−1]. We show the values of µe = 0.875, 0.475, 0.175 (left to right panels,
δe = 28.96◦, 61.65◦, 79.92◦). Top row: the spectra corrected for the slope of primary irradiation
Γ = 2 and divided by ξ to account for amplitude differences. Middle row: the corresponding
polarisation degree versus energy. Bottom row: the corresponding polarized Ćux, i.e. the values
in the top row multiplied by the values in the middle row.

the depolarisation (and photon energy change) by multiple scatterings for those
photons that reached deep inside and emerged unabsorbed. We would, however,
require a combined simulation of the photosphere for thermally radiating inner
disc (in the X-rays more relevant for XRBs than AGNs) and power-law reĆection
from the other side of the atmosphere [see e.g.  ,  ] to properly
account for ionization, temperature and density structure closer to the disc mid
plane. This is left for future studies and the produced reĆection tables should be
thus used rather for AGN accretion discs.

Despite the accurate treatment of polarisation in resonantly scattered lines
in STOKES [ ,  ,  ,  ,  ,  ], we do not see
any gain of polarisation in spectral lines, as is observed e.g. in  

[ ,  ] for the problem of AGN warm absorbers. However, more
detailed investigation of polarisation in individual spectral lines would require
higher spatial and energy resolution.

The Ćux and polarisation in hard X-rays would obtain a slightly differ-
ent shape, if Comptonization was included. Qualitatively, we expect an effect
of smoothing out the hard-energy spectral tail and slight decrease of polarisation
due to additional photon energy shifts [ ,  ,  

,  ,  ,  ]. We estimate that for the studied slab tempera-

2 The spatial resolution was 500 vertically stratiĄed layers in TITAN, which was subsequently
averaged up to 50 vertical layers in STOKES for computational reasons.
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tures (T ≈ 107 K) this would begin to play a role at ⪆ 10 keV [ ,  ] (i.e.
above the IXPE range), but a comparison with results using the latest version
of STOKES v2.34 is still awaited. Polarisation through inverse Compton scattering
is also related to the synchrotron emission, which emerges in optically thin media
and is expected to be low for optically thick accretion discs.

The angle-averaged polarisation angle is in all cases Ψ ≈ 90◦ and constant
in energy (apart from the unpolarized Ćuorescent spectral lines, for which the de-
fault polarisation angle is undeĄned). The constancy with energy holds even
for individual local reĆection tables, although, depending on the local disc nor-
mal, the energy-independent value may differ with respect to individual rays
studied (see below).

The dependency on inclination of the spectra follows from reĆection limb dark-
ening, as more photons are absorbed in the disc surface direction. The polarisa-
tion is known to increase with inclination on the contrary, because if the observer
is looking at the reĆecting surface pole-on, the individually polarized beams cancel
out in polarisation from directions symmetric around the disc normal. The most
prominent rise in polarisation degree occurs up to θ ≈ 60◦. An observer that
would be further inclined sees similar polarisation in the Newtonian picture, while
the average Ćux keeps decreasing towards the edge-on viewing angles. Hence,
the polarized Ćux reaches maximum at θ ≈ 60◦, which suggest the most favorable
inclination for detection of X-ray polarisation generated by plain disc reĆection.
The polarized Ćux panels not only support the antagonistic behavior of the Ćux
and polarisation degree with energy, but symbolize the original Stokes param-
eters Q = Ip cos 2Ψ and U = Ip sin 2Ψ without any sign oscillations (because
the continuum of Ψ is constant in energy), again abstracted away from the slope
and amplitude changes.

From spectroscopic point of view, an interesting quantity is the disc’s reĆec-
tivity, which is considered in thermal reverberation disc-corona studies, where it
is assumed that a fraction of X-ray coronal radiation is absorbed and thermalized
[ ,  ,  ,  ]. We will plot it here as the num-
ber of photons Nr, which are unabsorbed and reprocessed into all directions (i.e.
integrated in δe and Φe) divided by the total number of inserted photons Ntot

in the Ąnal STOKES MC simulation. Apart from changing the slope of the re-
Ćected radiation, higher values of Γ increase the presence of spectral lines in our
reprocessed emission tables, similarly to the effects described in  

[ ] for XILLVER computations. If integrated in energy and in incident incli-
nation angle δi, which only slightly increases reĆectivity due to higher fraction
of photons unabsorbed in the deeper atmospheric layers, the total reĆectivity
then rises with both Γ and ξ, forming a characteristic ŞSŤ shape with ξ for low Γ.
This is displayed in Figure  as another perspective of the well-known reĆection
spectral change with ξ.

The dependency of the reĆected spectra on incident polarisation is negligible.
The dependency of the reĆection-induced polarisation on the incident polarisation
is substantial for individual combinations of {δi, δe, Φe♢, but if angle-averaged, it
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from  [ ], i.e. more outdated to our model [see the dis-
cussion in  ,  ], but in  [ ] it is argued that
the choice of atomic data does not noticeably affect the result. There are, how-
ever, at least two times more X-ray spectral lines considered in XSTAR, forming
the basis of the XILLVER tables, than in TITAN. Also, the XILLVER tables were
computed up to τT = 10, which may result in higher accuracy. We note that
the resolution of current X-ray polarimeters is far beyond resolving individual
spectral lines and our model is motivated by numerical simulation of polarisa-
tion, it should not be used for accurate spectral data Ątting.

At hard X-rays, the spectra are nearly identical. We stress that our MC re-
sults were obtained by a completely different numerical method than XILLVER

with XSTAR, which simultaneously solves the equations of radiative transfer,
energy balance, and ionization equilibrium in a Compton-thick, plane-parallel
medium, using the Feautrier method [ ,  ], or REFLIONX, which utilizes
the Fokker-Planck diffusion equation, including a modiĄed Kompaneets operator
[ ,  ,  ,  ]. The fact that in mid and hard X-rays we reach
a good agreement is favorable for the current and forthcoming X-rays polarime-
ters operating at these energy ranges, but less favorable for bringing more clarity
in unveiling the nature of the spectral soft excess in AGNs. The inclusion of all
three δi, δe and Φe angles in our model should be an advantage over the other
for a subsequent detailed disc integration in curved space-time. This is even more
important for polarisation, which is more sensitive to geometry than pure spectra.

An attempt was made to cross-validate the latest model by using the code
CLOUDY for ionization structure precomputations instead of TITAN, and then to use
STOKES in the same manner. It was concluded that the CLOUDY code, originally
designed for much lower density environments and temperatures, is on its limits
for the X-ray power-law reĆection problem and the mechanisms inside the code are
poorly understood to produce a trustworthy reference. The intermediate results
of this experiment were forwarded to the group of Roberto Taverna who were more
successful in constructing models of thermally radiating XRB disc atmospheres
with CLOUDY and STOKES [ ,  ], which we will discuss in the next
section.

To cross-validate the emergent polarisation from TITAN and STOKES, we used
the Chandrasekhar’s single-scattering analytical approximation ( ), which was
used e.g. in  [ ] to estimate the net polarisation from disc re-
Ćection for a distant observer. We discovered however a sign error in these local
reĆection formulae when transcripted for  [ ], which was de-
scribed and corrected in the appendix B of  [ ]. To provide
a direct comparison of the Chandrasekhar’s approximation with our model at
10Ű100 keV (with no lines and polarisation gained almost entirely by Compton
recoil), we plot in Figure  the polarisation degree and angle for unpolarized
primary versus various angular combinations of {δi, δe, Φe♢. Compton multiple
down-scatterings that are treated by STOKES depolarize the output in some cases
by almost 50% with respect to the value given by single Rayleigh scattering events.
If only single-scattered photons are registered in STOKES, the results differ by just
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disc, which would have the Ćux normalization (and thus ξ) reduced by a factor
of squared distance to the source. Standard discs should be thermally radiating
in the X-rays, if very hot, i.e. requiring a stellar-mass black hole and high mean
densities (see Section  ). So the main application will be the thermal emission
from accretion discs of XRBs. We again neglect Compton up-scattering, which
should be effective near the IXPE band at higher slab temperatures than those
considered [ ,  ], but a quantitative estimate on this assumption could
be done with the latest version of STOKES v2.34. On the other hand Compton
down-scatterings are important, as the main source of polarisation for individual
photons, alongside absorption that effectively reduces the geometry of scattering
and adds polarisation. The solar abundance is from  [ ] with
AFe = 1.

Essentials of this method were published in  [ ] with the code
CLOUDY instead of TITAN for disc structure precomputations: locally and then with
relativistic integration across the disc. However, the recent advances in X-ray po-
larimetric observations of XRBs in the thermal state (see Section  ) required
a more detailed theoretical exploration of the parametric space than in  

[ ], especially in the local frame of reference. In  [ ],
the slab was treated in collisional ionization equilibrium (CIE), assuming colli-
sions are the most important process of ionization in dense discs, but a photon ion-
ization equilibrium (PIE) is an equally (un)justiĄable assumption for Ąrst-order
investigations. Although TITAN cannot cover CIE, it is an ideal photoionization
code to cross-validate the results of CLOUDY in PIE and, unlike CLOUDY, it offers
a) a possibility of double illumination of the slab, which we would use in the fu-
ture for a combined problem (power-law reĆection and black-body transmission
self-consistently), and b) a more realistic boundary condition option for optically
thick regimes (see below), which we would use in the future for semi-inĄnite
atmospheres with internal source distribution (i.e. towards a more physical at-
mosphere). Therefore, having the procedures tested in reĆection problem already,
we explored the local transmission also with TITAN and STOKES in PIE, which is
presented here.

Additional local computations in both CIE and PIE, as a follow-up to  

[ ], were done simultaneously with CLOUDY and STOKES by Lorenzo
Marra. The main principle difference is the inclusion of collisional ionization (even
within PIE) in CLOUDY as opposed to TITAN, and then obviously the codes’ archi-
tecture and individual atomic data inclusion. Although a deeper investigation is
necessary, from the Ąrst results of switching collsions on and off in CLOUDY it seems
that they are not important when treating the slab in PIE (even in constant-
density slabs of nH ≈ 1018 cm−3). And although a thorough comparison between
TITAN and CLOUDY of the temperature and ionization proĄles and spectra, de-
pending on the slab density, irradiation properties and boundary conditions, still
needs to be done, we obtained similar results in similar conditions. Thus, not
surprisingly, almost identical spectropolarimetric results with STOKES.

This last step, however, conĄrms correct implementation of the ionization
structure input to STOKES from both CLOUDY and TITAN, which was done in-
dependently and which is technically not easy, as both photoionization codes
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provide diverse output information in intricate formats. The new computations
with CLOUDY and STOKES in CIE and PIE will not be shown, as they were done
and privately communicated by Lorenzo Marra and because a detailed peer-
reviewed comparative study is still awaited. More work is also needed to be
able to present our results with TITAN and STOKES as a complete parametric grid
explored and fully transformed to tabular format for relativistic integration and
Ątting of any X-ray source, similarly to the reĆection tables discussed in the previ-
ous section. Hence, we will only show the intermediate discoveries, which lead to
tabular summary of only a small (highly ionized) part of the irregular parameter
space explored that was immediately used for relativistic integration and direct
interpretation of the IXPE observations of 4U1630-47 and LMC X-3 (see Section

 ). All of this, including the local atmospheric modeling presented here, was
summarized and published in  [ ] and  [ ].

2.2.1 Effects of absorption

First, let us deĄne the problem in terms of optical thickness. An atmosphere
of the Novikov-Thorne disc solution is considered optically thick. One can imag-
ine a nearly thermal equilibrium reached by viscous dissipation in deep layers
of the disc, which then radiates as a black body and is transformed through
colder layers up to some imaginary surface boundary (a density decrease below
some negligible value), similarly to radiative transfer inside outer layers of stars.

TITAN offers two types of boundary conditions for PIE with external black-
body illumination and a slab with constant density nH and geometrical thick-
ness H. One option (irent = 4) keeps the same effective temperature as
the temperature TBB of the single-color black body, i.e. no matter the slab
thickness, the temperature proĄle is roughly the same with monotonically in-
creasing temperature T with Thomson optical depth τT = nHHσT, where
T (τT = 1) = Teff ≈ TBB. The other option (irent = 1) keeps the same temper-
ature at the bottom (illuminated) surface of the slab as the prescribed TBB,
meaning T (τT = τT,max = nHHσT = NHσT) ≈ TBB. The two available boundary
conditions produce equal results for τT,max ≈ 1. It is the latter case, which is
less physical, but used below, because it is identical to CLOUDY treatment of PIE
and still valid in optically thin approximation of the upper atmospheric layers
playing the largest role in altering the polarisation state of escaping radiation.

In any more sophisticated approach in the future, we would use the Ąrst
option to assess the entire semi-inĄnite atmosphere, but that would require also
inclusion of internal sources in STOKES (to keep the consistency between ionization
structure precomputation and MC spectropolarimetric simulation), which we do
not have in the presented approach. Inside the slab scattering region, the external
black-body photons are only scattered, absorbed and immediately reemitted or
absorbed, but not thermalized with radiation and kinetic consequences, which
the MC method cannot process. Also, in case of a more realistic semi-inĄnite
atmosphere a hydrostatic equilibrium would have to be used.

The ignored phenomena were essentially included and altogether studied si-
multanously to our efforts by Valery Suleimanov using spectropolarimetric ra-
diative transfer solver, adapted from  [ ,  ]. This model,
including relativistic disc integration, was part of the data interpretation of IXPE
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observation of 4U1630-47 and it is also summarized in  [ ] (see
in particular Ągure A1 for local emission at two different rings and Ągure A2
for the net result with and without the relativistic effects). Even more physical
computation, taking into account density inhomogeneities [ ,

 ] and magnetic force support was done by  [ ], using MHD
approach combined with 3D MC simulation for emergent polarisation.

Self-consistent models of a semi-inĄnite local disc atmosphere serve as a good
cross-validation to our simpliĄed approach, but inevitably contain many internal
parameters and are computationally costly, which makes them less Ćexible for
data Ątting. Our Milne approach with a passive slab sitting on external black-
body source is less robust, but if proven to provide reasonably similar spectropo-
larimetric results with inclination, density and effective temperature, it introduces
only the problem of height scaling and ionization structure, which shall be Ąne-
tuned to represent the effects of a real photospheric transition medium between
the matter in thermal equilibrium at high temperatures in the midplane and
nearly vacuum on the other side. If the free parameter of our Ąnite-slab model,
the optical depth τT,max, is too large, we depart from a more physical situation by
neglecting internal sources of thermal radiation inside the slab. If it is too low,
we may underestimate the absorption and scattering effects. As we will show be-
low, in comparison with X-ray spectroscopic and energy-dependent polarisation
data, we will validate and use our model for Ątting in only part of the thinkable
parameter space. The rest of the computations, perhaps too artiĄcial, only help
to understand the role of elementary processes in the emergent polarisation.

Apart from range of optical depths, we also tested several orders of magni-
tude in nH, because a physical atmosphere would have a dominantly decreasing
density proĄle with vertical height [e.g. a gaussian proĄle, or more general ones
are derived,  ,  ,  ,  ,  ,

 ]. This was done also in order to test possible application of the model,
assuming radial disc integration and various radial disc density proĄles, nH(r),
alongside various effective temperature proĄles, Teff(r), that can appear according
to the Novikov-Thorne estimates. After several simulation trials we proved that
in the PIE conditions studied (nH = 1012Ű1020.5 cm−3, kBTBB = 0.16Ű1.4 keV,
τT,max ≥ 0.4, ξ = ξBB) a) the resulting polarisation angle is always constant with
energy and parallel with the slab (as expected for a passive atmosphere with scat-
tering and absorption and moderate or high optical thickness) and b) the shape
of the resulting polarisation degree with energy is heavily dependent on ioniza-
tion structure (in turn dependent on nH, TBB and τT,max) Ű no matter how the
ionization state of the slab is prepared Ű and then scaled at all energies uniformly
with µe and τT,max.

We will explain the results in depth in terms of absorption and scattering
effects below, but in order to separate the effect of varying ionization with τT,max

from the effects of pure τT,max on the emergent polarisation in the resulting Ąg-
ures, we made an additional modeling choice based on the preliminary paramet-
ric behavior. We decided to Ąx the ionization proĄle precomputed with TITAN

at τT,max,structure = 1 and then rescale this ionization structure when computing
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with STOKES by extending or shrinking the height of the entire slab H, reach-
ing different τT,max for the same ionization proĄle. This goes certainly against
the original idea of keeping the two computational phases and their setups as equal
as possible, but it is a reasonable trade-off for understanding of what causes what
inside the slab. Nonetheless, for any thicker slabs we would not be able to keep
the STOKES setup identical to the ionization structure precomputations due to lack
of internal thermal sources and the constant-temperature boundary condition be-
comes invalid for a realistic ionization structure estimate. For data Ątting later
on, we will use only the highly ionized results where caveats with respect to partial
ionization do not apply. In the partially ionized cases, if shrinking or extending
vertically stratiĄed ionization proĄle obtained with TITAN for τT,max,structure = 1,
we overestimate or underestimate the real consistent ionization gradient for Ąnal
thickness τT,max, respectively.

We Ąrst assumed a stratiĄcation of 500 layers in TITAN and then again averag-
ing to up to 50 layers in STOKES during the conversion of the ionization structure
information. After comparing the results for τT,max,structure = 1 with just av-
eraging to 1 layer in STOKES as the entire slab, there was negligible difference
in the spectropolarimetric results and the temperature and ionization stratiĄ-
cation obtained in TITAN was low. Therefore, we continued with single-layer
approximation for computational efficiency in the MC simulation for all results
presented below.

Having laid down the procedure and giving away the main features, let us
study the effects of partial ionization in detail. Figures  and  show the ef-
fects of changing density for particular single-temperature black-body illumina-
tion with ξ = ξBB and kBTBB = 0.16 keV. We show the fractional abundances
of iron and oxygen ions from TITAN (taken at intermediate layer with tempera-
ture closest to the averaged layer in STOKES) to show that the lower the density,
the higher the ionization. For the highly ionized cases, the atomic nuclei are nearly
stripped off all electrons. Next, we show the effective optical depth [ 

,  ]

τeff =
√︂

3τabs(τabs + τes) , (2.2)

where τabs is the total (sum of bound-free and free-free) absorption optical depth
and τes is the electron scattering optical depth, which is the best information we
can obtain on continuum opacities from TITAN, including the provided line opti-
cal depths, which are plotted on top of the continuum. We divide by the total
column density NH to compare to energy-independent Thomson cross section σT

for pure scattering in elastic limit. Although this comparison is not very clarifying
due to mixture of competing effects forming the effective optical depth, within
the peculiarities of TITAN outputs it gives the only available estimate on absorp-
tion importance (including ionization edges) and scattering. We then provide
the corresponding density examples of the STOKES output spectra for τT,max = 1
and a series of corresponding polarisation fractions with energy from STOKES

for the same densities and for τT,max = ¶0.67, 1, 3♢.
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At energies where the spectra are heavily absorbed, the polarisation degree
rises steeply. If the photo-electric opacity is higher at a particular energy band,
it induces polarisation through absorption combined with the underlying black-
body distribution. An inclined observer sees photons that are arriving in vertical
directions to the escaping surface region with more probability than photons that
would travel diagonally through the slab without being absorbed. Hence, the ge-
ometry is effectively reduced and the observer sees polarized photons roughly
according to ( ). For this reason, absorption raises polarisation with increas-
ing slab thickness τT,max and for a given thickness with θ at all energies. It is just
that at particular energies, the absorbtion effects may be more signiĄcant relative
to elsewhere and the general presence of absorption effects is linked to the ion-
ization state. The cases with high or moderate absorption reproduce the results
in  [ ] (see e.g. Ągure 3 or 8), the spectra are highly absorbed
mostly around 3 keV and polarisation rather decreases with energy at 2Ű8 keV, be-
cause of the high gain of polarisation around 3 keV. If the density is low enough,
so that the slab is almost fully ionized, the polarisation is steady or increases
with energy at 2Ű8 keV, as at about 3 keV there is small absorption left and only
the peak at about 10 keV remains in the broadband view. This peak is caused
by absorption on top of scattering due to remaining ionization edges, particularly
an iron edge at 9 keV, and due to Compton down-scattering effects. The latter
causes higher polarisation of emergent photons at higher energies that scattered
fewer times with respect to those emergent at lower energies, similarly to the ef-
fects in reĆection described in Section  . The state of complete ionization
that would result in pure-scattering results and energy-independent polarisation
degree for elastic scattering at E ⪅ 2 keV and with even lower 2Ű8 keV average
value, could not be reached in the studied conditions with the radiative transfer
codes, if not ad hoc forced to neglect the absorption effects.

Although absorption in this model scenario can in principle raise polarisation
to ever increasing polarisation, as the inclination dependent single-scattering limit
( ) allows, scattering-induced polarisation has a Ąnite polarisation limit given
by the Chandrasekhar-Sobolev result for semi-inĄnite atmosphere in Thomson
regime, approximated by ( ). This limit is also inclination dependent and
drawn in dashed lines in Figure  . In  [ ], it was proved
that in pure-scattering regime the CLOUDY and STOKES simulations reach Chan-
drasekhar’s limit for τT,max ⪆ 3 for low enough energies (to ignore the down-
scattering effects at higher energies). In our results that include absorption and
Compton down-scattering, we typically observe a plateau in polarisation in be-
tween 0.2Ű1 keV that for τT,max ⪆ 3 also precisely reaches the Chandrasekhar’s
value. Therefore, at these energies we are at the pure-scattering Thomson regime
with negligible absorption contribution. Elsewhere polarisation at high τT,max

can exceed this limit, as absorption is added on top of the scattering results,
because additional anisotropy in photon directions inside the medium is enforced
and down-scattering energy redistribution effects on polarisation are scaled too.
The τT,max parameter does not have any theoretical constraint, because it serves
as a free parameter of our model, which can approximate a more complex model or
real observation with any value between zero and inĄnity. The effects of incident
changing black-body temperature on the emergent polarisation will be discussed
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in the next section.

If density is monotonically increased, the spectra are Ąrst heavily absorbed
at around 3 keV, which causes the additional increase of polarisation, form-
ing a large polarisation peak at 2Ű6 keV. The same patterns in spectra and
polarisation with high absorption added by density occurs for higher TBB,
but generally higher densities are needed to absorb X-ray illumination with
higher TBB [see (  )]. As soon as a particular high ionization threshold is
reached by decreasing density (right side of the Ągures), the results of the sim-
ulation look identical for ever decreasing density and a state of full ioniza-
tion cannot be reached in the numerical simulations. This could also justify
the constant-density assumption in such highly ionized limit, apart from com-
parisons to hydrostatic-equilibrium models. It is important to note that high
ionization (ξBB ⪆ 105 erg · cm · s−1) is actually the most natural state of such
slabs in PIE under these conditions. For illumination with temperature as low as
kBTBB = 0.5 keV [for e.g. 4U1630-47 the mean was kBTBB ≈ 1.15 keV,  

,  ], we already require nH ⪆ 1020.5 cm−3 to see the strong absorption
features near 3 keV. Such extreme astrophysical densities are already beyond
the convergence limits and trustworthy computations with TITAN (that ignores
for example collisions) and the atomic data used, as well as they are difficult
to be believed to exist in upper layers of the XRB disc atmospheres, although
sometimes considered in literature [see e.g.  ,  ]. Moreover, XRB
sources like 4U1630-47 or LMC X-3 that we will focus on in Section  do not
show signiĄcant (orders-of-magnitude) Ćux absorption in the soft state, they are
rather highly ionized with thermal peak well representing a multi-temperature
black-body curve with a few ionization edges and spectral lines.

We also tested that similar absorption behavior occurs by keeping the slab
density Ąxed and decreasing the ionization parameter by decreasing Ćux nor-
malization, i.e. as if the slab was a wind layer placed further and further
from a diffuse thermally radiating body. The results are shown in Figures  

and  in Appendix  . Again, even for a few orders of magnitude lower ξ than
ξBB ≈ 2.3 × 107 erg · cm · s−1 for this case, we are in the highly ionized limit where
all spectropolarimetric results are identical up to some numerical noise. The fact
that polarisation is ionization dependent, but it does not matter in what con-
ditions the gas achieved such ionization state, makes it difficult to disentangle
the origin(s) of emission and geometry of the studied medium within the inner-
accreting system, if spectroscopy of both continuum and lines also shows degen-
eracies in this manner. A reduction of complete photon isotropy of the source
of radiation would affect polarisation for lower optical depths.

The same dependency on absorption with identical spectropolarimetric fea-
tures was found by Lorenzo Marra in various regimes of PIE with CLOUDY, as
well as in CIE with CLOUDY, if orders of magnitude higher slab temperatures
(Tslab ⪆ 108 K) were assumed than in the CIE examined in  [ ].
Therefore, with these recent advances altogether, we enlarged the still narrow
view of the problem that was provided in  [ ] not only in energy
range, but in the ionization level. We showed how (with energy and amplitude)
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the absorption effects disappear and that there is some sort of saturation for high
enough ionization, but not full ionization, as we still see some absorption effects
mostly due to a remaining iron edge. The temperatures required to reach such
high ionization limit in CIE would lead to strongly inverted temperature proĄles
with the top of the atmosphere being hotter than the emitting layer of the disc,
which is not expected for realistic atmospheres [ ,  ,  

,  ]. Thus, if high ionization is required, CIE is perhaps a less viable
model than PIE, which produces a monotonically decreasing temperature proĄle
counted from the side of external illumination.

2.2.2 The limit of high ionization

Because the absorbed cases produce polarisation proĄles with energy that are
highly degenerate with other parameters in play and because we argued that we do
not model properly thick and absorbing slabs, we will now focus only on the highly
ionized results. Not only that high ionization is expected, especially in inner
parts of the disc, which tend to have higher contribution to the total Ćux after
relativistic integration [see e.g.  ,  ], they are more supported
by the Ąrst IXPE results for XRBs in the soft state that tend to show increasing
polarisation degree with energy in 2Ű8 keV (see Section  ). We will argue later
that relativistic effects for a standard disc integration in summed polarisation
tend to rather depolarize at higher energies and we have argued already that any
increase of absorption due to nH change or ξ change starts raising the polarisation
Ąrst near 3 keV, causing at parts or in the whole 2Ű8 keV range locally a steady or
decreasing polarisation with energy. Hence, an efficient mechanism for production
of polarisation rising with energy is required, which the highly ionized slab may
offer. 

In the high ionization limit, black-body temperature forms the underlying
photon distribution, but the ionization structure is temperature and density in-
dependent, which is ideal for constructing radial proĄles of emission that strongly
depend on effective temperature and density in the Novikov-Thorne model. This
would not be the case for absorbed polarisation proĄles, as in Figure  , where
the ξ(TBB, nH) Ąne-tuning of ionization in the local comoving frame with the disc
would have to match in the net result for a particular disc temperature and
density radial proĄle, including polarisation modiĄcation due to GR effects.

Figures  and  show again for a few selected temperatures and high
densities (within the high ionization saturation of polarisation proĄles): the ion-
ization levels, continuum and line optical depths, spectra from STOKES (only
for τT,max = 1), and the resulting polarisation degree with energy. We refer
to the detailed study of  [ , see their Ągures 1 and 4] for esti-
mates on energy-dependent contributions of various processes to the total opac-
ity of XRB local disc emission. Photoelectric absorption cross-section generally
declines as ∼ E−3 and is already less important compared to scattering above
≈ 0.2 keV (compare the τeff/NH values with σT with polarisation shape with

3 It is worth to mention that the solution presented here provides only one viable scenario
for locally increasing 2Ű8 keV polarisation with energy to explain some of the data. Others will
be mentioned in Sections  and  .

76



energy around 0.1 keV). The scattering cross-section is constant up to ≈ 0.5
MeV, below which σKN ≈ σT. However, in the IXPE energy range, this trend
of scattering importance relatively to absorption is reversed due to the presence
of a strong iron ionization edge at 9 keV, even for the highly ionized slabs. It
causes the aforementioned stronger polarisation than the pure-scattering limit
at about 10 keV, which is also convolved with the underlying black-body photon
distribution, as down-scattering effect on polarisation is in play. This remaining
peak in polarisation is then shifted in energy, as the underlying black-body peak
is shifted. The polarisation peak is Ćattened towards higher energies, but we
observe the black-body distribution effects combined with the remaining sharp
ionization edge at 9 keV.

We can conclude in the following way. High absorption and Compton down-
scattering effects (as opposed to the Thomson elastic limit) along with high in-
clination generally results in high average polarisation degree, increasing with
energy in 2Ű8 keV. The slope of polarisation with energy in 2Ű8 keV is given by
τT,max and µe and to a lesser extent by TBB. For highly ionized sources with high
enough mean temperatures, the pure-scattering Thomson plateau at soft X-rays
reaches 2 keV. At 2 keV, we are thus closer to pure Thomson scattering than
at the upper part of the IXPE range. If Compton up-scattering effects were con-
sidered in the simulation, they would presumably act against the down-scattering
energy redistribution of photons, thus lifting this energy threshold where polari-
sation matches the Thomson scattering results to higher energies. This remains
to be quantitatively tested with the latest version of STOKES v2.34.

Hence, the value of polarisation fraction at 2 keV in some spectral states can
constrain the lower limit on inclination according to ( ) in optically thick
regime (any higher inclination value can be achieved with Ąnite τ , which is
an ad hoc parameter of our model) with some assumption on observed geom-
etry. The IXPE observed slope of polarisation degree with energy at 2Ű8 keV
can in addition serve as a Ąrst-order estimation tool for inclination, knowing
the neglect of local up-scattering and relativistic integration effects.

Typically, if considering a photosphere located on top of equatorial inner disc,
a subsequent relativistic integration would result in depolarisation; hence, requir-
ing even higher local slab inclinations with respect to the observed polarisation
at 2 keV when compared with non-relativistic models. Near black hole, the local
emission angle with respect to normal is rather decreased due to strong-gravity ef-
fects, plus more trajectories with various polarisation angles are combined in GR
[ ,  ].

77







We constructed tables in the high ionization limit that allow for disc integra-
tion and more valuable Ątting than directly in the local comoving frame, using
the relativistic KY codes. The density independence of the highly ionized slab
results allowed us to select one density nH = 1018 cm−3 and compute a grid
of polarisation fractions with energy in the 1Ű20 keV range that is dependent
only on µe = ¶0.025, 0.075, ..., 0.925, 0.975♢, kBTBB = ¶0.5, 0.8, 1.15, 1.4♢ keV
and the critical free parameter τT,max = ¶0.2, 0.4, 0.67, 1, 1.3, 1.5, 2, 3, 5, 7, 10♢
that controls the level of absorption and down-scattering effects on polarisation
by scaling the slab height, but not to the detriment of ionization level, which
is Ąxed. We manually checked that no strong absorption features near 3 keV
emerged for the selected choice of values, i.e. that we stay in the desired highly
ionized limit (for ξ = ξBB) and that all has converged (an MC effect of arti-
Ącially high polarisation for low photon statistics was found). Because some
stochastic numerical noise is unavoidable (but not artiĄcially high polarisation
due to very low computational times) and because any disc integrator would ap-
preciate to interpolate smooth functions, we opted for smoothing the results by
performing linear regression of the model curves for two polynomials of third or-
der (y = A′x3+B′x2+C ′x+D′), one applied below the 9 keV edge at 1Ű9 keV, and
the other at 9Ű20 keV. Hence eight coefficients were provided for the parameter
space here above, which are meant to be implemented to relativistic integrators
for fast data Ątting of highly ionized sources. The 1Ű20 keV total energy range
was chosen, because of anticipated relativistic energy shifts of photons further
out from the 2Ű8 keV IXPE band.

Last but not least, we ought to check in which conditions this Ątting model is
not valid anymore. One should worry any time when the Ąts are ending in corners
of the parameter space. Here particularly low TBB and high τT,max could mean
a departure from the highly ionized state. Because repeatedly high τT,max were
needed to explain the IXPE data (see Section  ), an interesting theoretical ques-
tion emerged whether for ever increasing τT,max by changing height of the layer
(and keeping the high ionization level) we would get some saturation in the in-
creasing polarisation, or how to extrapolate the MC results for higher τT,max.
Although numerous nights were spent on this problem with blurry conclusions
and a numerical experiment would require years on available institutional com-
putational clusters, it was eventually abandoned even as a toy-model explanation
of extreme polarisation increasing with energy, because of the necessity of loosing
the required ionization levels on the further (not illuminated) side of the slab
for thick slabs that would lead to additional absorption features near 3 keV (see
Figures  and  ). Also because of the neglect of internal sources in such model
that would on the contrary depolarize the net output, providing sources of radi-
ation with lower distance to the surface than the external source. We checked
with additional vertically stratiĄed calculations that given the lowest tempera-
tures and highest densities, the further side of the slab looses the required level
of ionization at τT,max ⪆ 10 and the models should generally not be used beyond
this value. Higher τT,max may be in some cases explored, but the limits of validity
are density and temperature dependent.

4 Available at  on the day of sub-
mission, as part of the results of this dissertation.
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The sensitivity of the results to the assumption of no internal sources can be
evaluated by comparison with the model of Valery Suleimanov in  

[ ], which shows great similarities with the provided results for local emission
of highly ionized disc rings [Ągure A1, bottom left panel,  ,  ],
despite using a completely different radiative transfer method. The same energy-
independent plateau in polarisation that we obtained below 2 keV is formed.
And equally to our model, the polarisation dependence on inclination in this
range follows exactly the pure-scattering law ( ). The dependency of polarisa-
tion on ionization edge is more pronounced compared to our case and the energy-
independent plateau is extended up to 9 keV, where a sharp increase in po-
larisation occurs due to the remaining iron edge. The result is then substan-
tially different compared to ours for the outer disc rings [Ągure A1, bottom right
panel,  ,  ], where the highly ionized limit is not valid any-
more. The non-relativistic integration of this model [Ągure A2, dotted lines,

 ,  ] preserves the pure-scattering result at soft (0.1Ű1 keV)
and mid (1Ű10 keV) X-rays, suggesting higher weighting of the highly ionized
disc rings.

Note that the relativistic integration [Ągure A2, solid lines,  ,
 ], apart from depolarisation with slight energy dependence, alters the energy
dependence of the resulting polarisation angle. In Section  we will show re-
sults where our local model was relativistically integrated, taking this effect into
account too for data Ątting of the observed polarisation angle with energy.

One may also compare our results to the sophisticated MHD simulations done
by  [ , Ągures 7Ű9, 12, 15], which include the effects of mag-
netic Ąelds with carefully computed effects of Faraday rotation and inhomo-
geneities on the net X-ray polarisation. The predicted polarisation is parallel
to the disc and constant according to the Chandrasekhar-Sobolev proĄle in be-
tween 0.2Ű4 keV without the affects of Faraday rotation. The Faraday rotation
in addition depolarizes the signal and causes increasing polarisation with energy
at soft X-rays and non-trivial polarisation orientation, in accordance with earlier
study of  [ ]. These works are departing from earlier estimates by

 [ ],  [ ],  [ ],  

[ ],  [ ],  [ ],  [ ].

2.2.3 Summary

Let us provide a quick summary of the above. Using a combined radiative trans-
fer and MC method, we constructed simulations of a passive plane-parallel slab
of constant density that alters the polarisation state of the unpolarized illumi-
nating isotropic single-temperature black-body source of radiation, located from
the opposite side of the slab with respect to a generally inclined observer. The slab
was held in PIE (a few comparisons with CIE approach showed similar results,
but for higher temperatures needed inside the simulated top atmospheric layers)
and the obtained vertical stratiĄcation was in general negligible for moderate
optical depths. If the illuminating Ćux is low, or the density or optical depth
is high, the polarisation may be on average high (even tens of %) in 2Ű8 keV,
decreasing with energy due to a strong peak at 3 keV. This peak gradually disap-
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pears by e.g. lowering the slab density and a certain polarisation degree proĄle
with energy establishes for high enough ionization (a state of full ionization could
not be reached in the studied PIE conditions) with lower polarisation in 2Ű8
keV and with a steady or increasing polarisation degree with energy. As long
as the slab optical thickness is higher than τT,max ⪆ 0.4, the resulting polarisa-
tion angle is constant with energy and parallel with the slab. The polarisation
degree in the highly ionized regime reaches Thomson scattering values at 2 keV
given by the Chandrasekhar-Sobolev analytical results, if τT,max ⪆ 3. The model
should not be used above τT,max ⪆ 10, as beyond we depart from the high level
of ionization in the PIE conditions studied. In general, the simulation is a toy
model (introducing a free parameter of τT,max of the passive slab) of a real at-
mosphere on top of hot dissipative layers closer to the disc mid-plane. A more
realistic models for comparison include internal sources of radiation, compute
the entire semi-inĄnite problem (assuming e.g. a hydrostatic equilibrium) and
include the effects of magnetic Ąelds. However, due to simplicity, our model is
suitable for Ąrst-order estimates on e.g. inclination, if compared with IXPE ob-
servations of XRBs with highly ionized thermally dominated spectra, especially if
relativistically integrated across a disc with assumed geometry and temperature
proĄle. This was facilitated by tabulating a smoothed function of the polarisation
state with energy in 1Ű20 keV for a relevant part of the explored parameter space,
dependent only on inclination, optical depth and local effective temperature.
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3. Total emission from an

inner-accreting region

In this chapter, we characterize emission from the entire inner disc-corona sys-
tem in the lamp-post geometry and compare it to a toy model simulating
a sandwich geometry. We present the local reĆection tables that were described
in Section  , integrated across the disc for a distant observer. All relativis-
tic effects are included, apart from returning radiation after the Ąrst reĆection
from the disc. The Ąrst reĆection is accounted for and it will be of our prime
interest. For these computations, a new KY routine, called KYNSTOKES, was de-
veloped, based on the radiative transfer kernels of the previously published KY

codes. Thermal disc radiation is not included; hence, the results (also with respect
to the assumed densities) are rather applicable as toy models of inner-accreting
regions of AGNs than XRBs.

Essentials of the KYNSTOKES lamp-post model with implementation
of the TITAN and STOKES local reĆection tables were developed and described
in  [ ], which we will only brieĆy summarize. Over the scope of this
dissertation, KYNSTOKES in the lamp-post regime was tested and the results were
discussed in more depth and context, as published in  [ ], but
with the previous version of reĆection tables from  [ ]. Here
we will list the Ąndings from  [ ] and plot the correspond-
ing and additional Ągures with an updated KYNSTOKES routine , interpolating
in the local reĆection tables uniĄed in ξ that were described in Section  . 

In addition, the slab coronal model was implemented to KYNSTOKES based
on earlier work of Michal Dovčiak and the results were discussed with respect
to the lamp-post model in KYNSTOKES over the scope of this dissertation. We
provide the related key points at the end of this chapter, but we note that this
part is still awaiting a peer review. The same holds for dependency of the emis-
sion on the inner disc radius, which was not covered in  [ ]
even for the lamp-post model (although the public version of the code allows
to truncate the disc) and which we also add here for both studied geometrical
archetypes of the corona.

The KYNBBRR routine, suitable for Ątting thermal radiation of XRBs, was
recently updated thanks to Michal Dovčiak to its KYNEBBRR variant, which imple-
ments the local thermal emission from highly ionized disc atmosphere computed
with TITAN and STOKES, i.e. the one described at the end of the previous chapter.
The relativistically integrated results obtained with this routine will be presented
only brieĆy as part of the observational results in Chapter  and not here, be-
cause the implementation, testing and discussion was done by colleagues that

1 Available at  on the day of submis-
sion, including documentation and tabular dependencies.

2 We also note a small plotting error in the black curves (the lowest energy bin) of top-right
panels in Ągures 6, 7, 9, 10, 15 and 16 of  [ ], which is corrected here.

3 Available inside the same version at  

on the day of submission, including documentation and tabular dependencies.
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were involved in  [ ],  [ ],  [ ],
 [ ] and that developed the KYNBBRR model.

Aside to the main results obtained with KYNSTOKES, we also propose in Ap-
pendix  an alternative way of integrating the disc emission inside the KY codes
in general. It would, however, require rewriting large portions of the main scripts
to provide thorough testing, or perhaps developing a new code. Because the out-
comes in gained efficiency did not seem outstanding on the Ąrst sight, we decided
not to continue further in this direction. Another reason is that the proposed
alternative scenario for disc integration was intended to improve precision in de-
tailed relativistic smearing of e.g. spectral lines, which is beyond the resolution
of any current or forthcoming X-ray polarimeter, hence slightly out of the main
focus of this dissertation.

3.1 The lamp-post coronal model

A motivation for this study was possible improvement of the model in  

[ ], which considered the single-scattering Chandrasekhar’s formulae
( ) for reĆection-induced polarisation and the NOAR spectral computations
of reĆecting neutral accretion disc. The ionization structure of the disc was
not considered, nor any spectral lines. Only the unpolarized primary emission
was studied in  [ ] and although the code was updated for po-
larisation of the primary radiation for the AGN modeling described in  

[ , ], an error was found by Michal Dovčiak in the GR computa-
tions of polarisation angle change used therein. Then, as part of this disser-
tation, the computations of the change of polarisation angle due to GR effects
between the lamp and the disc and between the lamp and the observer, origi-
nally performed by Michal Dovčiak, were revisited and veriĄed. This is shown
in Appendix  . Independently, we also discovered an error in  

[ ] in the local reĆection prescriptions for polarisation [Ąxed and described
in appendix B of  ,  ], which propagated into the global com-
putations of both polarisation angle and degree, i.e. Ągs 6 and 8Ű14 in  

[ ]. Thus, it is worth to revisit the entire discussion of the lamp-post
results for a distant observer that appeared in  [ ], instead of do-
ing a one-to-one comparative study that would show only the effects of modeling
improvements.

We refer to Figure  a for a sketch of the parametrization and to Sections
 and  for the main physical setup of the model. In the plots below,
we will assume three cases of disc ionization, given by the luminosity of the pri-
mary (increases the local ξ) and black-hole mass (scales the distance in physical
units between the source and the disc): Şlow ionizationŤ (M = 1 × 108 M⊙

and the observed 2Ű10 keV Ćux LX/LEdd = 0.001), Şmoderate ionizationŤ
(M = 3 × 106 M⊙ and the observed 2Ű10 keV Ćux LX/LEdd = 0.01), and Şhigh
ionizationŤ (M = 1 × 105 M⊙ and the observed 2Ű10 keV Ćux LX/LEdd = 0.1).
The disc is assumed to have a constant radial density proĄle, given by the local
reĆection tables with nH = 1015 cm−3, but in principle the code can scale density
radially by means of local ionization parameter change. The disc inner radius rin
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is Ąxed at the ISCO and rout = 400 rg, if not stated otherwise. We will study
the case of reĆected-only radiation with Np/Nr = 0 and the case of added primary
source with Np/Nr = 1, i.e. a consistent one-to-one normalization of the primary
and reĆection contribution, according to the local reĆection tables. The primary
source is point-like and isotropic, which is one of the most critical simpliĄcations
of this work, as neither the Ćux nor the polarisation is expected to be isotropic
in the lamp-post regime due to Comptonization of disc seed photons [e.g.  

,  ,  ,  ,  ,  ,  ].
The local reĆection tables are interpolated per each geodesic in the local reĆec-
tion angles as well as in the three precomputed polarisation states of primary
irradiation. The arbitrary state of primary radiation for the locally emergent
Stokes parameters I, Q and U , commonly denoted as S, is obtained through

S(p0, Ψ0 + ∆Ψ) = S(0, −) + p0

⎭⎦

S(1, 0) − S(0, −)
⎢

cos 2(Ψ0 + ∆Ψ)

+
⎦

S
⎤

1,
π

4

⎣

− S(0, −)
⎢

sin 2(Ψ0 + ∆Ψ)
}︃

.
(3.1)

thanks to the linearity of Stokes parameters.

3.1.1 Spectropolarimetric properties

We will Ąrst show the results for Γ = 2 and unpolarized primary radiation.
The obtained reĆected-only and total spectra are shown in Figures  and  

for two extreme black-hole spins, three inclinations, two lamp-post heights
and three cases of disc ionization. The spectra are corrected for slope change
and renormalized to value at 50 keV to see the distinct line and continuum fea-
tures clearly. In all cases, the relativistic smearing occurs, compared to the local
reprocessing proĄle. The relativistic effects are the strongest when most radia-
tion reaches the inner disc (i.e. for low lamp-post heights and high black-hole
spin) and for high inclinations. The added primary radiation suppresses the re-
Ćection features, and the differences from a plain power-law are minor (the y-axis
in Figure  is stretched compared to Figure  ). The relativistic routines are

4 Any equation of this kind is only a representation of the Stokes vector in a particular basis
in 3-dimensional vector space (omitting the Stokes V , as we do not solve for circular polarisa-
tion). Departing from the Müller formalism described e.g. in  [ ], we can de-
Ąne Stokes parameters through Il, Ir, U in any basis, having I = Il+Ir, Q = Il − Ir = Ip cos 2Ψ,
U = U = Ip sin 2Ψ. One can use SL = (I, 0, 0), SR = (0, I, 0), SU = (0, 0, I) for a basis rep-
resentation, as the base vectors need not to be physical, i.e. representing a polarisation state
of a photon with non-zero intensity. Then

S = (Il, Ir, U)

=

⎤

I

2
[1 + p cos 2Ψ] ,

I

2
[1 − p sin 2Ψ] , Ip sin 2Ψ

⎣

=
1

2
(SL + SR) + p

⎦

1

2

(︁

SL − SR
)︁

cos 2Ψ − SU sin 2Ψ

⎢

.

(3.2)

Since the reĆection from the disc and follow-up transfer to inĄnity is a linear process,
we can compose the Ąnal result for arbitrary initial corona polarisation degree and angle,
S(p0, Ψ0 + ∆Ψ), from the result for unpolarized corona, S(0, −), corona fully polarized par-
allelly with the system axis, S(1, 0), and corona fully polarized 45◦with respect to the axis,
S(1, π

4
). In this way we obtain ( ).
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higher polarisation fraction is, however, the reĆection fraction, which obviously
decreases with truncation for lamp-post coronae. For highly ionized discs, the in-
crease of reĆected-only polarisation degree with rin saturates and at low lamp-
post heights, we observe again a decrease of polarisation degree for rin ⪆ 30 rg.
The lower the Rf is, the more the total polarisation result for a distant observer
reaches the polarisation prescription at the lamp-post. The polarisation change
between the lamp-post and the observer is not signiĄcant (see Appendix  ). All
of the disc truncation effects are inclination dependent.

3.1.2 Comparison to other models

Let us compare the lamp-post results within the same KY relativistic integra-
tion, but using different local reĆection computations. We will now assume
again the full disc without any truncation. For this we will use the KYNLPCR

routine (courtesy of Michal Dovčiak) that assumes reĆection for a purely neu-
tral disc, computed with NOAR [ ,  ], and the KYNXILLVER

routine (courtesy of Michal Dovčiak) that assumes the XILLVER spectral reĆec-
tion tables [ ,  ], which we juxtaposed locally to the TITAN and
STOKES tables in Section  . Figure  shows the relativistically integrated
spectra from KYNSTOKES, KYNLPCR and KYNXILLVER routines for unpolarized pri-
mary with Γ = 2, h = 3 rg, two cases of disc ionization, two black-hole spins
and three inclinations. The largest differences occur, as anticipated from the lo-
cal reĆection tables, in the soft X-rays. KYNLPCR underpredicts Ćux contribution
for the more realistic nearly neutral disc below 1 keV for a = 0 and below 10 keV
for a = 1. The KYNSTOKES spectral results are systematically higher normalized
than the KYNXILLVER results for the low ionization cases, and lower normalized
than the KYNXILLVER results for the high ionization cases. The difference may
be also due to angular treatment of the local reĆections. Three angles are con-
sidered in the TITAN and STOKES tables, compared to the isotropically irradiated
and azimuthally averaged reĆection in XILLVER.

The KYNLPCR routine, with which the results in  [ ] were com-
puted, contains also local reĆection polarisation calculations through the single-
scattering Chandrasekhar’s formulae  . Figures  and  provide compar-
isons with KYNSTOKES of the reĆected-only and total polarisation degree versus
energy, respectively, for changing incident polarisation, two black-hole spins, three
inclinations, neutral accretion disc (M = 1 × 108 M⊙ and observed 2Ű10 keV Ćux
LX/LEdd = 0.001 for KYNSTOKES), unpolarized primary with Γ = 2 and h = 3 rg.
The same for reĆected-only and total polarisation angle is shown in Figures  

and  , respectively. The relativistic effects are the same for both codes. But as
shown in Figure  , at X-ray energies ⪆ 10 keV the locally induced polarisation
by single-scattering signiĄcantly overpredicts the resulting polarisation. We now
see the full energy dependence, including relativistic effects. The small differences
in local reĆection polarisation angle result in nearly identical polarisation orien-
tation predictions for the distant observer. The only exception being the initially
horizontally polarized primary radiation, which in the case of KYNLPCR is always
dominating over the reĆection in soft X-rays, as there the reĆection component
is practically absent.
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Although azimuthally dependent, the net polarisation fraction given by the self-
irradiation in  [ ,  ] (without and with an extended
corona considered) was ≈ 10% with polarisation angle parallel to the axis of sym-
metry. Both were constant in energy. In KYNSTOKES, the resulting polarisation
tends to be aligned with the principal axis and of the order of a few %. Despite
the different source of irradiation in  [ ,  ] than we
would have for once reprocessed radiation returning to the disc, we could thus
expect in our cases an additional polarisation effect, rather than depolarisation.
Nonetheless, a detailed calculation would have to prove such predictions, because
the local Ćux angular distribution could play a role, as well as the relative Ćux
contributions onto and from different disc regions, as well as the spectral shape
of a reprocessed power-law, compared to the thermally radiating discs. More-
over, in Section  we proved the non-negligible impact of incident polarisation
on the integrated reprocessed result.

3.2 The sandwich coronal model

Here we consider the extended corona with negligible height, sitting on top
of the reĆecting accretion disc, as described in Section  . As there is no
photon travelling considered between the source of X-rays and the disc, the total
emission is given by the same geodesics from the equatorial plane, either from
the primary source, or from the reprocessed radiation given by the TITAN and
STOKES local reĆection tables, described in Section  and considered in the model
at the same equatorial location, corotating with the source of emission in the equa-
torial plane. Locally, we uniformly integrate the reĆection tables in the incident
angles µi and azimuthal emission angles Φe, to account for the diffuse character
of the source. The disc is also here assumed to have a constant radial density
proĄle with nH = 1015 cm−3, according to the local reĆection tables again. Equiv-
alently to the previous section, the disc inner radius rin is Ąxed at the ISCO and
rout = 400 rg, if not stated otherwise. We will again study the case of reĆected-
only radiation with Np/Nr = 0 and the case of added primary source with
Np/Nr = 1, normalized according to the local reĆection tables and the radial emis-
sivity proĄle. We stress that the model in this setup is not realistic mainly because
the coronal photons re-processed inside the disc would inevitably be re-processed
again in the corona before reaching the observer. Hence, the results of this model
should be viewed as an extreme case of an extended corona, to which a moderately
extended lamp-post model would be converging for ever larger (and already unre-
alistic) sizes. In other words, as a direction of results (assuming some monotony)
discussed in Section  , if we increased the size of the lamp-post corona, which
is in practice difficult, as our computational approach relies on symmetry simpli-
Ącations. We refer to the X-ray polarisation studies of  

[ ],  [ ],  [ ] that
deal with the subsequent re-processing in the corona in sandwich geometries.

The radial emissivity proĄle of the primary source is given by the power-
law index q. In order to not further complicate the discussion with changing
the physical scale units with M , we Ąx the black-hole mass at M = 2 × 106M⊙.
The user-deĄned observed 2Ű10 keV Ćux LX/LEdd in KYNSTOKES is considered as
global, meaning this value irradiates each ring surface area of 2πrdr given by
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the chosen binning, multiplied by r−q. The local reĆection ionization parameter
is scaled accordingly from ξ0 deĄned at r = 6 rg, which is available above ISCO
for any black-hole spin. In order to reasonably compare our results to the lamp-
post scenario where the radial irradiation proĄle is given, we chose the q = 3,
a = 0 and θ = 30◦ values as default and searched for such values of LX/LEdd that
produce similar levels of low, moderate and high disc ionizations, as obtained
in Section  for the KYNSTOKES lamp-post variant. This turns out to be
LX/LEdd♣q=3,θ=30◦ = 10−5, LX/LEdd♣q=3,θ=30◦ = 10−2 and LX/LEdd♣q=3,θ=30◦ = 102

for the low, moderate and high ionization cases, respectively. Due to the chosen
Ąxation of ξ0 at r = 6 rg we then used LX/LEdd for different q and θ renormalized
according to

LX/LEdd♣q,θ =
LX/LEdd♣q′,θ′ rq−q′

(2 − q′) cos (θ)(r2−q
out − r2−q

in )

(2 − q) cos (θ′)(r2−q′

out − r2−q′

in )
, (3.3)

where r = 6 rg, rin = 1 rg, rout = 400 rg, q′ = 3 and θ′ = 30◦. It accounts
for the difference in radial emissivity, hence similar ionization features are pro-
duced.

Figures  and  show the reĆected-only and total spectra, respectively,
for the three cases of disc ionization, two values of q, two spins and three inclina-
tions, all for unpolarized primary with Γ = 2. We again compensate for the pri-
mary power-law slope and renormalize to the value at 50 keV to see the spectral
features clearly. Comparing to Figures  and  for the lamp-post model, we
see similar effects of relativistic integration across the disc. The radial emissivity
index q plays similar role for the sandwich corona as the height h for lamp-post.
The lower the height, the steeper irradiation proĄle we obtain for the lamp-post.
At r ⪆ 50 rg, the irradiation proĄle for lamp-post models approaches q = 3
for any h [ ,  ]. Only for high black-hole spin and high inclina-
tions the relativistic effects on the primary radiation are signiĄcant enough that
the two geometries produce qualitatively different spectral proĄles in our model.

Polarisation signatures, on the contrary, vary signiĄcantly. Figures  

and  provide the corresponding reĆected-only and total polarisation pro-
Ąle with energy, respectively. We obtain almost full depolarisation in the soft
X-rays. In the 1Ű100 keV range, the reĆected-only results follow the depen-
dency of poalrization with energy of the local reĆection tables (cf. Figure  ),
preserving the dip of reduced polarisation in the iron line complex at 6Ű7 keV.
The absorption-induced peak in reĆection that forms in 1Ű20 keV range is skewed
towards higher energies when the primary radiation is added, because this coronal
emission is unpolarized and with decreasing Ćux contribution with energy dilutes
polarisation more at lower energies. If different Γ is assumed, the reĆected po-
larisation degree is diluted by the energy dependence of the unpolarized primary
accordingly.

The maximum amplitude of reĆected-only polarisation in the X-rays is only
≈ 8% in the most favorable conĄgurations, while the majority of the parameter
space ends up below ≈ 2%. We note that the studied sandwich model is extremely
simplistic and we would expect yet another reĆected-only and total polarisation
result, if a different coronal model was assumed. More sophisticated coronal stud-
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We brieĆy examined also the dependency on disc truncation by extending
the outer disc radius to rout = 1000 rg and plotting the polarisation quantities
and Rf with respect to rin similarly to the lamp-post results in Section  .
Figure  shows a representative case of a = 1, q = 3 and highly ionized disc
reĆection for three different inclinations. For the extended corona, the results
depend strongly on the chosen primary emission model. For our choice, we do
not obtain almost any change of Rf with rin. The polarisation fraction only
slightly increases with rin. The resulting polarisation angle is slightly rotated,
depending on the inner disc extension below 10 rg due to the impact of gravity
on the polarisation angle along the photon’s trajectory.
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taken into account and no radiative transfer code is linked to the MC simula-
tion to solve for true ionization structure. Hence the reĆected continuum spectra
show a typical ∼ −E−3 decay towards the soft X-rays, owing to photoelectric
absorption in cold media mixed with electrons of diverse origin (owing to e.g.
streams following magnetic Ąelds). With respect to a proper treatment of ioniza-
tion we preserve in reĆection the total Ćux ampliĄcation by means of scattering
on free and bound electrons, but regarding energy dependence of the reĆected
spectra, we introduce artiĄcially more absorption at soft X-rays. The same holds
for transmission through a patch of matter: scattering effects follow the density
of free electrons, but the energy dependence of absorption is biased towards the
soft X-rays. In any case, this leads to artiĄcially enhanced polarisation towards
the soft X-rays. Comptonization, synchrotron and thermal radiation effects are
neglected too, which is more justiĄable for the distant regions than for the studies
of the inner disc-corona system. We show MC results obtained only with STOKES

and no other code is used, in order to discuss the main principles and diversity
of possible results.

We assume a simple isotropic static source of arbitrarily polarized power-law
radiation in the center of coordinates, representing the disc-corona region shrunk
to negligible size. In order to examine the effects of changing primary irradiation,
we simulated unpolarized and 2% polarized primary parallelly or perpendicu-
larly to the axis of symmetry for a range of photon indices: 1.2 ≤ Γ ≤ 2.8. We
preserve axial symmetry, mirror symmetry with respect to the equatorial plane,
and homogeneous density along the scattering region, as it is already nearly
impossible to cover such reduced parameter space in full scope within one discus-
sion section. The scattering regions neither possess any bulk motion with respect
to the source of radiation. No polar scattering regions are included for results
presented in this section. The photons can change direction, or be truly absorbed
anywhere in the equatorial scattering region. They can also escape the repro-
cessing material and encounter it again at a different surface location. Thus,
the model takes into account the effects of self-irradiation.

At Ąrst, we plan to examine the interaction of light and matter in the cir-
cumnuclear components theoretically. Thus, we forbid the registration of direct
radiation for the following plots, in order to understand the main driving mech-
anisms inside the system for reĆection-induced polarisation. This is important
to mention especially with respect to the type-1 viewing angles, where we aim
to examine the effects of only the reprocessed light. We will add direct radiation
to these simulations in Chapter  where we will apply the equatorial reprocessing
MC model to the interpretation of IXPE observations of Cygnus X-3, an XRB
caught in hard and intermediate spectral states. This will allow us to evaluate
the impact of direct radiation more clearly with respect to this section. It will
also allow us to discuss the results from a different perspective and to assess
the model sensitivity to a few other assumptions. 

Distinct geometrical variants of the equatorial scattering region are consid-
ered, as is shown in Figure  . We study

1 Such as the impact of changing chemical composition by means of removal of neutral hydro-
gen. The winds in Cygnus X-3 are severely hydrogen-depleted due to the presence of a Wolf-
Rayet companion star in a late stellar evolution phase [ ,  ,  ,
 ].
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• Case A: a wedge-shaped torus deĄned by rtorus
in , rtorus

out and its half-opening
angle H ′;

• Case B: a true geometrical torus with an elliptical proĄle given by the pa-
rameters R′, a′ and b′;

• Case C: a subcase of Case B representing a torus with circular proĄle,
i.e. when a′ = b′.

When there is a comparison between the wedge-shaped and circular or elliptical
tori, we link rtorus

in of the wedge to the rtorus
in = R′ − b′ inner-most equatorial circle

of the circular or elliptical tori, to examine the changing convexity or concavity
effects of the inner toroidal wall located in the same place in equatorial plane.
For Case B, we set b′ relative to R′ and study various eccentricities from prolate
to oblate tori: b′ = R′/8, b′ = R′/4, b′ = R′/2, b′ = 3R′/4, where R′ = b′ + rtorus

in

for a Ąxed rtorus
in . Therefore, by changing the eccentricity, we also trace the effects

of changing curvature of the inner reĆecting surface. For a given H ′ measured
from the pole, we then deĄne for Case B the parameter a′ self-consistently via

a′ = tan
⎤

π

2
− H ′

⎣√
R′2 − b′2 . (4.1)

Case C is denoted as a special case of the elliptical torus, because it will be used
frequently in the follow-up section as a referential MC case study for compar-
isons with a different model. In addition, for Case C we also compute a′ = b′

in a different way than for the Case B. For Case C

a′ = b′ = rtorus
in

cos H ′

1 − cos H ′
, (4.2)

where again rtorus
in is given. In this way, for a Ąxed H ′, when comparing Case C

to Cases B with any b′/R′ ratio, the torus radii R′ are different, but the inner
boundary remains the same between the two cases. Case B would equal Case
C, if b′/R′ = cos H ′. We always directly compare the geometrical shapes with
the same half-opening angle H ′ and observer’s inclination θ.

The default parameter values are physically and observationally motivated [see
 ,  ,  ,  , , and references therein]. We
choose rtorus

in = 0.05 in this section, representing a fraction of a parsec for an AGN
torus inner boundary, or an outer edge of an accretion disc around supermassive
black hole. Nevertheless, the units are arbitrary and the results can be used
for orders-of-magnitude lighter objects, as for polarisation genesis in this approach
only the relative sizes inside the system matter. For Case A we set rtorus

out = 10,
representing the outermost AGN torus boundary in parsecs. The relative dis-
tance of the outer edge of the reprocessing region to the center with respect
to characteristic sizes plays, however, little role compared to the inner-boundary
location and shape, where the photons exhibit their Ąrst scatterings, which are
determinative for the total geometry. This holds as long as the column densities
of the entire scattering and absorption region are kept constant and high enough.

We refer to a Ştype-1Ť observer when θ < H ′. We refer to a Ştype-2Ť observer
when θ > H ′. We will examine the output in 20 emission inclination bins linearly
spaced in 0 ≤ cos θ ≤ 1 and one averaged azimuthal bin. Due to high expected
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We obtain depolarisation in Ćuorescent spectral lines, although in the pre-
sented MC model we especially do not examine the spectral lines in detail com-
pared e.g. to  [ ,  ] that studied the AGN
warm absorbers, where surprisingly high X-ray polarisation in spectral lines was
obtained due to resonant line scatterings. Moreover, in advanced geometries
and with self-irradiation, compared to the previously studied slab-like problems,
the level of polarisation in emission lines is more dependent on subsequent repro-
cessings conditions of the line-emitted photons.

The obtained diversity in polarisation and the trends in polarisation an-
gle switch with energy and other parameters can be explained in the following
way. Although absorption in slab-like problems typically enhances polarisation,
for a three dimensional toroidal structure this may not always be the case. Rel-
ative Ćux contributions from different regions of the reĆecting object need to be
considered, including the dominant polarisation angle obtained from each part.
Depending on the ionization level, we see polarized reĆection from the inner side
of the funnel, the Ćux contribution from each section is inclination and geom-
etry dependent and the reprocessing occurs in various volumes, which depends
on the uniform density of the medium in our model. In scattering-dominated
steady-state media, the large-scale material elongation and orientation with re-
spect to the source and with respect to the observer determines the dominant
scattering plane, hence orientation of the resulting polarisation [e.g.  ,  ,

 ,  ,  ,  ,  ,
 ]. Here we obtain perpendicular net polarisation, if the reĆection from the in-
ner side, which is the furthest (or the closest) to the observer prevails. If we obtain
the highest polarized Ćux contribution from the left and right sides of the torus
from observer’s point of view, resulting polarisation parallel with the axis of sym-
metry occurs, such as in equatorially elongated coronae near accretion discs. Then
higher overall Ćux absorption may cause actually decrease of polarisation, typi-
cally in the hard X-rays, because essentially two orthogonally polarized compo-
nents compete with each other and together produce the total polarisation state.
Figure  shows rather perpendicularly polarized emission in the highly absorbed,
softer X-rays, and stronger parallelly polarized component rather in the Compton
reĆected hard X-rays. The details are, however, much geometry dependent.

In order to discuss the spectral continuum without any spectral line contami-
nation, we integrate the collected photons in 3.5Ű6 keV and 30Ű60 keV in the fol-
lowing. If partial ionization was properly precomputed, we expect it would affect
the 3.5Ű6 keV band only, causing less absorption towards the soft X-rays. This
means higher Ćux and reduced polarisation fraction (for any sign, as both cases
of net polarisation orientations are a result of competing scattering geometries
only). Figure  shows the relative Ćux drop with inclination for Case A versus
Case C for various half-opening angles, equatorial column densities and for the low
and high ionization examples. For the wedge-shaped torus, the line-of-sight col-
umn density with respect to the source is a step function of inclination, i.e. from
zero to the same value as the equatorial column density below the grazing incli-
nation angle. For elliptical tori, the torus becomes gradually opaque in the line
of sight when viewed more and more inclined. We see this change of received
Ćux with inclination below the grazing angle for the two geometrical cases, more
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,  , Steiner et al., in prep.]. We refer to the study of  

[ ] that obtained parallelly polarized results from scattering of thermal emis-
sion in optically thin winds.

4.2 Simple models of axially symmetric

reflecting structures

In this section, we Ąrst explore a simpliĄed model of reĆection off the inner
walls of a geometrical torus, using the same isotropically emitted power-law,
originating in the center of coordinates with a prescribed incident polarisation
state. We still do not account for any direct radiation. By ŞreĆectionŤ we mean
reprocessing, as usual, because we will use the spectropolarimetric local reĆection
tables, described in Section  [in the version published in  ,  ],
integrated over the torus surface. However, only a Şsingle-reprocessingŤ mode is
allowed, meaning that the photons can enter and escape the scattering region
only once. Because the local reĆection model was developed for accretion discs’s
atmospheres, we will use only the most neutral part of the tables, i.e. the lowest
ξ available, to represent the cold parsec-scale dusty tori of AGNs. The torus
has a circular proĄle (Case C in Section  ), is fully opaque, and we consider
only illumination of the upper half-space, as if there was an absorbing optically
thick material extending from the outer disc to the inner torus boundary. Figure

 shows the model parametrization. An observer can be inclined at any angle
0◦ < θ < 90◦ and the torus is assumed to have again some half-opening angle H ′.
The inner surface of the torus is illuminated from the equatorial plane up to its
shadow boundary, given by the half-opening angle. The observer’s inclination
then additionally constrains an area that is the intersection of the visible surface
and the illuminated surface that we account for. These are marked in Figure

 as orange-shaded and pink-shaded regions for a generic type-1 (θ < H ′)
and type-2 (θ > H ′) observer, respectively. In this setup, we may directly compare
the results to the MC modeling for Case C, described in Section  . We can then
assess to what extent the X-ray polarisation is given solely by the geometrical
parameters θ and H ′ and by single reprocessing, in contrast to self-irradiation
and partial transparency effects allowed in the MC modeling.

The numerical implementation is in detail described in Appendix  , as the cal-
culation was divided in three steps, each comprising of a newly developed routine
that can be of wider use. The Ąnal model, called xsstokes, is compatible with
XSPEC and efficiently interpolates for arbitrary state of primary polarisation, using
equation

S(p0, Ψ0) = S(0, −) + p0

⎭ ⎦

S(0, −) − S
⎤

1,
π

2

⎣⎢

cos 2(Ψ0)

+
⎦

S
⎤

1,
π

4

⎣

− S(0, −)
⎢

sin 2(Ψ0)
}︃

,
(4.3)

which is just a variant of ( ) that was used for the same problem in Chapter  ,

3 In order to get ( ) from ( ), one inserts S(1, π

2
) to the left side, to obtain

S
(︂

1,
π

2

⎡

= 2S(0, −) − S(1, 0) , (4.4)
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This effort resulted in another XSPEC compatible model, a subvariant
of xsstokes, called xsstokes_disc . It represents the same nearly neutral local
reĆection tables from  [ ] integrated uniformly, i.e. with no
weighting applied, in all azimuthal emission angles Φe and in a range of high
incident inclination angles: 0 ≤ µi ≤ M , where M = 0.3. Such model illustrates
a distant region of the accretion disc, illuminated by a central vertically extended
hot inner-accretion Ćow of Comptonized emission and/or a reĆecting outer accre-
tion disc with increasing geometrical thickness. We note, however, that the latter
geometrical imagination results in a range of surface emission inclination angles
for a particular distant observer, if the reĆecting medium deviates from the equa-
torial plane non-linearly, while we keep a particular emission angle θ (adopted
as δe from the original tables) as a free parameter, which drives the polarisation
results to a signiĄcant extent. We assume the disc to be truncated (or supported
in XSPEC by a different reĆection model in the inner hot parts ) and the inner-
accreting system to be unobscured even for large inclination angles. The results
of the xsstokes_disc model are presented here below, in comparison to the cor-
responding limiting case of a torus with high half-opening angle.

Table  summarizes the available parameters in the two presented vari-
ants of xsstokes. All results presented in this section and in Appendix  are
part of  [ ], which is, however, still under review process.
Therefore, we present these results as preliminary and note that the model will
still undergo many changes in the near future. For example, the parameter M
is being currently implemented as a model parameter, representing the coronal
physical size (large M is equivalent to the KYNSTOKES results in sandwich geom-
etry without kinetic and relativistic effects). Another pending issue is the fact
that for every half-opening angle there is an inclination above which the observer
does not see any illuminated surface area on the torus. This is important for
small half-opening angles and the θ parameter should be thus transformed to
θ∗ = θ/θmax(H ′) in order to not be able to Ąt in XSPEC at higher inclinations.

For all results presented in this section, we keep the notation of a positive and
negative polarisation degree for parallel or perpendicular polarisation orientation
of the incident or emergent radiation, respectively. No other polarisation angle
cases are considered on the input and no relativistic effects are considered inside
the simulations that would result in symmetry breaking.

4.2.1 Reflection from inner walls of a geometrical torus

Let us Ąrst discuss the results of the xsstokes_torus model. Figure  shows
the energy-dependent spectra and polarisation for a selection of θ and H ′, dis-
played in the same way as in Figure  . Compared to the MC simulations pre-
sented in Section  , we obtain much lower numerical noise and generally higher
predicted polarisation fraction in the perpendicular orientation, while qualitative

5 Available at  on the day of submission,
including documentation and tabular dependencies.

6 Such thick disc scenarios should be rather approximated by the reĆecting torus model
for high half-opening angles.

7 Direct coronal emission would also here have to be added in XSPEC to the presented reĆec-
tion model, when Ątting real data.
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Table 4.1: The XSPEC parameters currently available in the two developed xsstokes model
versions.

model name Parameter (unit) Description Initial Min Bottom Max Top Step Interpolation Free
xsstokes_torus Γ primary power-law photon index 2.0 1.2 1.2 3.0 3.0 0.1 linear yes

cos θ cosine of observer’s inclination 0.775 0.125 0.125 0.975 0.975 0.1 linear yes
H ′ (◦) half-opening angle 65 50 50 85 85 1 linear yes
p0 primary polarisation degree 0. 0. 0. 1. 1. 0.01 linear yes
Ψ0 (◦) primary polarisation angle 0. -90. -90. 90. 90. 5 linear yes
∆Ψ (◦) system orientation 0. -90. -90. 90. 90. 5 linear no
z overall Doppler shift 0 -0.999 -0.999 10 10 0.1 linear no
Stokes output deĄnition (see documentation) 1 -1 -1 10 10 1 linear no

xsstokes_disc Γ primary power-law photon index 2.0 1.2 1.2 3 3 0.1 linear yes
cos θ cosine of observer’s inclination 0.775 0.025 0.025 0.975 0.975 0.1 linear yes
p0 primary polarisation degree 0. 0. 0. 1. 1. 0.01 linear yes
Ψ0 (◦) primary polarisation angle 0. -90. -90. 90. 90. 5 linear yes
∆Ψ (◦) system orientation 0. -90. -90. 90. 90. 5 linear no
z overall Doppler shift 0 -0.999 -0.999 10 10 0.1 linear no
Stokes output deĄnition (see documentation) 1 -1 -1 10 10 1 linear no

behavior of the polarisation degree and angle with θ and H ′ is similar. The de-
polarisation in spectral lines is preserved. From the spectra it is clear that even
the most neutral part of the local reĆection tables does not allow strong absorp-
tion towards the soft X-rays and the associated continuum polarisation fraction
is rather constant in energy in 1Ű4 keV. We obtain closer results to the elliptical
tori class (Cases B and C) presented in Section  than to the wedge-shaped
tori (Case A) from Section  . The highest deviations occur for the dark blue
curve, representing the high inclination and small half-opening angle scenario.
This is logical, because in xsstokes_torus we have the zero-transparency con-
dition and only a narrow stripe of the reĆected and highly polarized emission
in restricted geometry is observed.

Figure  and  show the polarisation results versus inclination and half-
opening angle, respectively, integrated in the 3.5Ű6 keV and 30Ű60 keV bands that
are not contaminated by spectral lines. On these Ągures, we compare directly
the X-ray polarisation from xsstokes_torus with the MC modeling results from
Section  for various ionization levels and equatorial column densities. Albeit
they both show the same data from a different perspective, these two Ągures are
additionally illustrative, because we did not compare different ionization levels
of the MC model in Section  in the same panels. We cut the xsstokes_torus

parameter space for low half-opening angles and high inclinations, where the illu-
minated area is fully obscured. It is clear from these Ągures that the highest po-
larisation contribution from the perpendicularly polarized component arises from
the torus with highest free electron density contribution alongside high neutral
hydrogen density (low transparency conditions). This is also the case that resem-
bles most the xsstokes_torus model, which takes into account only the highly
reĆective and perpendicularly polarized component originating on the further-
most side of the inner walls of the torus from the observer. The xsstokes_torus

model results in about twice higher polarisation fraction for low and moderate
half-opening angles. It also predicts parallelly oriented net polarisation for high
half-opening angles, but then the resulting polarisation fraction is on the contrary
about twice lower than for the pure MC model due to the lack of strong parallelly
polarized component.
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of the emergent polarisation degree to the incident polarisation angle. The result-
ing orientation means that elementary right-angle principles are in play and that
the same explanations are behind the dominant polarisation orientation emerging
from the relativistic lamp-post and sandwich coronal reĆection models discussed
in Chapter  . While the lamp-post, at least for low heights h, is rather causing
the projected photon paths to be equatorial and results in disc-reĆected polarisa-
tion angles nearly parallel with the principal axis, the extended slab coronal model
presented imposes higher relative contribution of photons emitted vertically to-
wards the disc (the local reĆection tables in KYNSTOKES are indeed integrated
in the entire range of 0 ≤ µi ≤ 1), which in most cases results in prevailing
disc-reĆected polarisation angles parallel to the disc.

4.3 Polarized X-ray emission from an entire

active galactic nucleus

Last but not least, we attempted for a toy model of an entire AGN that is
schematically shown and parametrized in Figure  . The modeling is described
in  [ ] and summarized here below. We return to the MC
simulations of the reprocessings in parsec-scale components of AGNs performed
entirely with STOKES v2.07, as in Section  . We now account also for direct emis-
sion. We assume a 3-component model consisting of (i) a point source of emission
located in the center of coordinates, representing the inner disc-corona system,
(ii) a homogeneous wedge-shaped equatorial torus (Case A) discussed in Sec-
tion  , which is glued at Ąxed half-opening angle H ′ = 60◦ to (iii) two axi-
ally symmetric homogeneous polar scattering regions of the same wedge-shaped
meridional proĄle, representing polar winds in form of NLRs. The same model
was adopted for type-1 (θ = 20◦) and type-2 (θ = 70◦) AGN studies in  

[ , ]. Here we replace the central emission lamp-post model used
in  [ , ] with the KYNSTOKES model from  [ ]
in the lamp-post regime. The difference from  [ , ] in the cen-
tral illumination is the newly computed local disc reĆection tables that allow
to study partially ionized disc effects and a correction in the polarized GR radia-
tive transfer between the lamp and the disc. We will argue that even a simple
3-component model with circumnuclear components of uniform density and one
geometry can produce diverse X-ray polarisation outcome, similarly to the discus-
sion in Section  . General observational prospects for this model with respect
to the IXPE and eXTP missions, i.e. without a focus on a particular source, will
be given in Chapter  .

As in  [ , ], regarding the central emission region we tested
the limiting examples of black-hole spins a = 0 and a = 1, while examining
a nearly neutral disc [LX/LEdd = 0.001 and M/M⊙ = 108 in KYNSTOKES, com-
parable to the neutral disc computations in  ,  , ] and highly
ionized disc reĆection (LX/LEdd = 0.1 and M/M⊙ = 105 in KYNSTOKES). We eval-
uated the cases of unpolarized and 2% parallelly and perpendicularly polarized
primary, prescribed at the lamp-post, which are denoted by p0 = 0%, p0 = 2%
and p0 = −2%. We stress that the lamp-post coronal geometry is a) simplistic

8 For the plots with resulting polarisation state with energy we will, however, show the po-
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and b) not supported by the recent IXPE discoveries (see Chapter  ). How-
ever, it is in line with one-to-one comparisons to  [ , ] and by
assessing different polarisation angles, we may also mimic different coronal ge-
ometries. Investigation of the impact of coronae with non-negligible size with
respect to the distant components or of any sort of thermal radiation in the X-rays
is exceeding the extent of this work.

In the same way as in  [ , ], we consider semi-isotropic il-
lumination of the parsec-scale scattering regions, i.e. the polar winds are illu-
minated by the KYNSTOKES output for θ = 20◦ and the equatorial regions by
the KYNSTOKES output for θ = 70◦. Relativistic effects are neglected in the subse-
quent MC simulation that models only the reprocessing in the distant equatorial
and polar components, which happens simultaneously (one photon can escape
and reach any scattering region at any time during its journey). The faraway
scatterers are considered cold, as they do not thermally radiate, but we again
treat the partial ionization of these regions simplistically by means of free uni-
form density of electrons ne. We consider different values neutral hydrogen col-
umn densities of the torus and polar winds, denoted by N eq

H = nH(rtorus
out − rtorus

in )
and Nwind

H = nH(rwind
out − rwind

in ), respectively. We use again the solar abundance
from  [ ] with AFe = 1.0. For type-2 viewing angles of AGNs,
in addition to the absorbing polar winds, the cases of ionized polar winds and no
polar winds are considered, as in  [ ]. Direct comparisons with
previous studies are the main reason for the conĄgurations adopted. The neutral
polar winds are less physical, but could be an illustrative example in the spirit
of aspiring to understand what inside the system causes what on the output and
which processes are negligible compared to others. We refer to Tables  and  

that summarize the model grid for type-1 and type-2 AGNs, respectively, and
introduce the 2Ű8 keV average polarisation results (in positive and negative po-
larisation convention), as well as observational prospects that will be elaborated
on in Chapter  . We refer to  [ , ] for details on the parameter
space explored that is physically and observationally motivated and that we fully
adopt here, because the principal aim is to track to what extent the change in in-
ner emission region plays a role. We will show, however, that other (unexpected)
discrepancies from  [ , ] were also identiĄed with the latest sim-
ulations.

Although the entire grid from  [ , ] was reproduced, we show
here only the most representative spectral and polarisation results versus energy
in the full 1Ű100 keV studied range. We will compare our latest synthetic spectra
and polarisation directly in the same panels to the older simulations from  

[ , ], which are differentiated by the color code. Figures  and  

larisation angle next to a positively deĄned polarisation degree, as GR effects might result
in different than parallelly or perpendicularly oriented polarisation.

9 For the primary emission in lamp-post geometries, we expect rather orthogonal polarisation
to the principal axis. The opposite parallel orientation is typically the theoretical prediction
for slab coronal geometries, elongated in the equatorial plane [ ,  ,  

,  ,  ,  ].
10 For ionized winds we opted for τe = σT(rwind

out − rwind
in )ne = 0.03, as further increase of free

electron density introduces overly ionized component that dominates the X-ray polarisation
output.
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Table 4.2: The main conĄguration space for type-1 AGNs. In addition to those parame-
ters studied in  [ , ], the effect of partial disc ionization was tested with
KYNSTOKES. The column densities N eq

H and Nwind
H are provided in cm−2. Top value in each

slot (black bold) is the model unfolded 2Ű8 keV average polarisation degree, p, for a given
conĄguration. The rest of the table will be discussed in Chapter  . The three val-
ues in the left column in each slot (blue) are the estimated observational times, Tobs [Ms],
that are required for the model ♣p♣ to exceed the simulated MDP99% for IXPE (evaluates
whether the polarisation is to be detected at a 99% conĄdence level, although here we com-
pare only the unfolded model), using the unweighted approach in IXPEOBSSIM, if the ob-
served X-ray Ćux is FX,2−10 = 1 × 10−10, 5 × 10−11, 1 × 10−11 erg cm−2 s−1 from top to bot-
tom, respectively, and that were linearly interpolated in the computed ¶Tobs, FX,2-10♢ space.
The three values in the right column in each slot (red) are the estimated observed X-ray
Ćuxes, FX,2−10 [10−10 erg cm−2 s−1], that are required for the model ♣p♣ to exceed the simu-
lated MDP99%, using the unweighted approach in IXPEOBSSIM, if the observational time is
Tobs = 0.5, 1, 1.5 Ms from top to bottom, respectively, and that were linearly interpolated
in the computed ¶Tobs, FX,2-10♢ space. The results are serving as Ąrst-order estimates only, see
Chapter  for details. For a particular source, more speciĄc information on its composition
may be obtained, which enables detectability predictions with higher accuracy. The MDP99%

values can be also slightly reduced by means of weighted approach in IXPEOBSSIM, which is
available for real data analysis with IXPE [ ,  ]. The observational times
needed for IXPE may be reduced by about a factor of 4 for eXTP due to its larger effective
mirror area and other instrumental differences.

type-1 AGNs (absorbing winds only)
Nwind

H = 1021 Nwind
H = 1022 Nwind

H = 1023

N eq
H = 1023 N eq

H = 1024 N eq
H = 1025 N eq

H = 1024 N eq
H = 1024

p = 0.3 %

>9.9 >5.30
>9.9 >5.30

a = 0

>9.9 >5.30
p = 0.4 %

>9.9 >5.30
>9.9 >5.30

p0 = 0%

a = 1

>9.9 >5.30
p = 2.0 % p = 2.0 % p = 2.0 % p = 2.0 % p = 2.1 %

>9.9 >5.30 >9.9 >5.30 >9.9 >5.30 >9.9 >5.30 >9.9 >5.30
>9.9 5.01 >9.9 5.06 >9.9 4.95 >9.9 4.93 >9.9 >5.30

a = 0

>9.9 4.05 >9.9 4.11 >9.9 3.99 >9.9 3.96 >9.9 4.93
p = 1.9 % p = 2.0 % p = 2.0 % p = 2.0 % p = 2.0 %

>9.9 >5.30 >9.9 >5.30 >9.9 >5.30 >9.9 >5.30 >9.9 >5.30
>9.9 >5.30 >9.9 >5.30 >9.9 5.29 >9.9 5.29 >9.9 >5.30

p0 = 2%

a = 1

>9.9 4.41 >9.9 4.49 >9.9 4.39 >9.9 4.38 >9.9 >5.30
p = -1.4 %

>9.9 >5.30
>9.9 >5.30

a = 0

>9.9 >5.30
p = -1.2 %

>9.9 >5.30
>9.9 >5.30

neutral disc

p0 = −2%

a = 1

>9.9 >5.30
p = 0.5 %

>9.9 >5.30
>9.9 >5.30

a = 0

>9.9 >5.30
p = 0.7 %

>9.9 >5.30
>9.9 >5.30

p0 = 0%

a = 1

>9.9 >5.30
p = 2.0 % p = 2.0 % p = 2.0 % p = 2.0 % p = 2.1 %

>9.9 >5.30 >9.9 >5.30 >9.9 >5.30 >9.9 >5.30 >9.9 >5.30
>9.9 4.99 >9.9 5.11 >9.9 5.05 >9.9 4.93 >9.9 >5.30

a = 0

>9.9 4.03 >9.9 4.16 >9.9 4.10 >9.9 3.96 >9.9 4.81
p = 1.8 % p = 1.7 % p = 1.6 % p = 1.7 % p = 1.7 %

>9.9 >5.30 >9.9 >5.30 >9.9 >5.30 >9.9 >5.30 >9.9 >5.30
>9.9 >5.30 >9.9 >5.30 >9.9 >5.30 >9.9 >5.30 >9.9 >5.30

p0 = 2%

a = 1

>9.9 4.68 >9.9 5.05 >9.9 5.11 >9.9 4.84 >9.9 >5.30
p = -1.1 %

>9.9 >5.30
>9.9 >5.30

a = 0

>9.9 >5.30
p = -0.3 %

>9.9 >5.30
>9.9 >5.30

ionized disc

p0 = −2%

a = 1

>9.9 >5.30
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Table 4.3: The same as in Table  , but for the studied type-2 AGNs cases. The tested Ćux
values for interpolation of observational times (in blue from top to bottom in each conĄguration)
are FX,2−10 = 1 × 10−11, 9 × 10−12, 8 × 10−12 erg cm−2 s−1.

type-2 AGNs
absorbing winds with Nwind

H = 1021 ionized winds no winds
N eq

H = 1023 N eq
H = 1024 N eq

H = 1025 N eq
H = 1023 N eq

H = 1024 N eq
H = 1025 N eq

H = 1023 N eq
H = 1024 N eq

H = 1025

p = 6.9 % p = 1.5 % p = -19.1 % p = -0.5 % p = -18.6 % p = -26.4 % p = 7.2 % p = 3.3 % p = -0.6 %

>9.9 1.30 >9.9 >5.30 2.9 0.30 >9.9 >5.30 3.5 0.33 0.8 0.14 >9.9 1.26 >9.9 >5.30 >9.9 >5.30
>9.9 0.88 >9.9 >5.30 3.2 0.19 >9.9 >5.30 3.8 0.23 0.9 <0.08 >9.9 0.84 >9.9 4.84 >9.9 >5.30

a = 0

>9.9 0.64 >9.9 >5.30 3.4 0.15 >9.9 >5.30 3.9 0.16 1.0 <0.08 >9.9 0.62 >9.9 3.85 >9.9 >5.30
p = 7.2 % p = 2.0 % p = -18.3 % p = -0.3 % p = -18.1 % p = -26.2 % p = 7.4 % p = 3.7 % p = -0.4 %

>9.9 1.31 >9.9 >5.30 3.4 0.33 >9.9 >5.30 4.0 0.40 1.1 0.16 >9.9 1.28 >9.9 >5.30 >9.9 >5.30
>9.9 0.89 >9.9 >5.30 3.6 0.23 >9.9 >5.30 4.4 0.25 1.3 0.11 >9.9 0.85 >9.9 4.21 >9.9 >5.30

p0 = 0%

a = 1

>9.9 0.64 >9.9 >5.30 3.7 0.16 >9.9 >5.30 4.8 0.19 1.3 <0.08 >9.9 0.62 >9.9 3.11 >9.9 >5.30
p = 7.6 % p = 2.3 % p = -18.6 % p = 0.2 % p = -17.8 % p = -25.6 % p = 7.9 % p = 4.2 % p = 0.4 %

>9.9 1.17 >9.9 >5.30 3.0 0.31 >9.9 >5.30 3.7 0.35 0.9 0.15 >9.9 1.13 >9.9 5.05 >9.9 >5.30
>9.9 0.71 >9.9 >5.30 3.3 0.20 >9.9 >5.30 4.0 0.25 1.0 0.09 >9.9 0.67 >9.9 3.37 >9.9 >5.30

a = 0

>9.9 0.57 >9.9 >5.30 3.5 0.15 >9.9 >5.30 4.1 0.17 1.1 <0.08 >9.9 0.56 >9.9 2.48 >9.9 >5.30
p = 7.5 % p = 2.5 % p = -18.0 % p = 0.2 % p = -17.7 % p = -25.7 % p = 7.8 % p = 4.2 % p = -0.4 %

>9.9 1.25 >9.9 >5.30 3.6 0.34 >9.9 >5.30 4.1 0.41 1.1 0.16 >9.9 1.21 >9.9 5.18 >9.9 >5.30
>9.9 0.83 >9.9 >5.30 3.9 0.23 >9.9 >5.30 4.8 0.27 1.2 0.10 >9.9 0.75 >9.9 3.54 >9.9 >5.30

p0 = 2%

a = 1

>9.9 0.62 >9.9 >5.30 4.0 0.16 >9.9 >5.30 5.2 0.19 1.3 <0.08 >9.9 0.59 >9.9 2.55 >9.9 >5.30
p = 6.3 % p = 0.7 % p = -19.8 % p = -1.2 % p = -19.5 % p = -27.3 % p = 6.5 % p = 2.5 % p = -0.9 %

>9.9 1.61 >9.9 >5.30 2.6 0.29 >9.9 >5.30 3.2 0.31 0.7 0.14 >9.9 1.49 >9.9 >5.30 >9.9 >5.30
>9.9 1.05 >9.9 >5.30 2.9 0.17 >9.9 >5.30 3.5 0.21 0.7 <0.08 >9.9 1.01 >9.9 >5.30 >9.9 >5.30

a = 0

>9.9 0.77 >9.9 >5.30 3.0 0.14 >9.9 >5.30 3.6 0.16 0.8 <0.08 >9.9 0.72 >9.9 >5.30 >9.9 >5.30
p = 6.9 % p = 1.6 % p = -18.7 % p = -0.7 % p = -18.6 % p = -26.7 % p = 7.1 % p = 3.4 % p = -0.2 %

>9.9 1.42 >9.9 >5.30 3.3 0.32 >9.9 >5.30 3.7 0.36 1.0 0.15 >9.9 1.33 >9.9 >5.30 >9.9 >5.30
>9.9 0.98 >9.9 >5.30 3.6 0.22 >9.9 >5.30 3.9 0.24 1.1 0.10 >9.9 0.93 >9.9 4.81 >9.9 >5.30

neutral disc

p0 = −2%

a = 1

>9.9 0.68 >9.9 >5.30 3.7 0.16 >9.9 >5.30 4.0 0.17 1.2 <0.08 >9.9 0.66 >9.9 3.81 >9.9 >5.30
p = 7.6 % p = 2.3 % p = -18.9 % p = 0.2 % p = -18.2 % p = -25.8 % p = 7.8 % p = 4.2 % p = -0.4 %

>9.9 1.18 >9.9 >5.30 2.9 0.30 >9.9 >5.30 3.6 0.33 0.9 0.15 >9.9 1.14 >9.9 4.95 >9.9 >5.30
>9.9 0.72 >9.9 >5.30 3.2 0.20 >9.9 >5.30 3.9 0.24 1.1 0.09 >9.9 0.67 >9.9 3.23 >9.9 >5.30

a = 0

>9.9 0.57 >9.9 >5.30 3.4 0.15 >9.9 >5.30 4.0 0.16 1.1 <0.08 >9.9 0.55 >9.9 2.42 >9.9 >5.30
p = 8.0 % p = 2.6 % p = -19.4 % p = 0.5 % p = -17.9 % p = -25.4 % p = 8.3 % p = 4.6 % p = -0.6 %

>9.9 1.03 >9.9 >5.30 2.7 0.29 >9.9 >5.30 3.4 0.33 0.8 0.15 >9.9 0.99 >9.9 4.23 >9.9 >5.30
>9.9 0.62 >9.9 >5.30 3.0 0.17 >9.9 >5.30 3.6 0.22 1.0 0.09 >9.9 0.61 >9.9 2.53 >9.9 >5.30

p0 = 0%

a = 1

>9.9 0.50 >9.9 4.90 3.2 0.14 >9.9 >5.30 3.8 0.16 1.0 <0.08 >9.9 0.48 >9.9 2.06 >9.9 >5.30
p = 8.2 % p = 3.1 % p = -18.4 % p = 0.7 % p = -17.5 % p = -25.1 % p = 8.4 % p = 5.0 % p = -0.2 %

>9.9 1.06 >9.9 >5.30 3.1 0.31 >9.9 >5.30 3.8 0.36 1.0 0.16 >9.9 1.02 >9.9 4.01 >9.9 >5.30
>9.9 0.64 >9.9 5.04 3.3 0.20 >9.9 >5.30 4.0 0.24 1.1 0.10 >9.9 0.62 >9.9 2.44 >9.9 >5.30

a = 0

>9.9 0.51 >9.9 4.08 3.5 0.15 >9.9 >5.30 4.1 0.17 1.2 <0.08 >9.9 0.49 >9.9 1.95 >9.9 >5.30
p = 8.2 % p = 2.7 % p = -19.3 % p = 0.7 % p = -17.7 % p = -25.1 % p = 8.4 % p = 4.7 % p = -0.4 %

>9.9 1.01 >9.9 >5.30 2.6 0.29 >9.9 >5.30 3.5 0.33 0.7 0.14 >9.9 0.97 >9.9 4.05 >9.9 >5.30
>9.9 0.61 >9.9 >5.30 2.9 0.18 >9.9 >5.30 3.8 0.23 0.9 <0.08 >9.9 0.60 >9.9 2.47 >9.9 >5.30

p0 = 2%

a = 1

>9.9 0.49 >9.9 4.50 3.0 0.14 >9.9 >5.30 3.9 0.16 1.0 <0.08 >9.9 0.47 >9.9 1.97 >9.9 >5.30
p = 7.0 % p = 1.6 % p = -19.6 % p = -0.6 % p = -18.9 % p = -26.5 % p = 7.2 % p = 3.6 % p = -0.4 %

>9.9 1.29 >9.9 >5.30 2.7 0.30 >9.9 >5.30 3.3 0.33 0.7 0.14 >9.9 1.23 >9.9 >5.30 >9.9 >5.30
>9.9 0.87 >9.9 >5.30 3.0 0.18 >9.9 >5.30 3.6 0.22 0.8 <0.08 >9.9 0.81 >9.9 4.33 >9.9 >5.30

a = 0

>9.9 0.63 >9.9 >5.30 3.2 0.14 >9.9 >5.30 3.8 0.16 0.9 <0.08 >9.9 0.61 >9.9 3.25 >9.9 >5.30
p = 7.9 % p = 2.3 % p = -19.6 % p = 0.4 % p = -18.1 % p = -25.6 % p = 8.1 % p = 4.3 % p = -0.6 %

>9.9 1.06 >9.9 >5.30 2.5 0.28 >9.9 >5.30 3.3 0.32 0.8 0.14 >9.9 1.01 >9.9 4.55 >9.9 >5.30
>9.9 0.63 >9.9 >5.30 2.8 0.17 >9.9 >5.30 3.6 0.22 1.0 0.09 >9.9 0.62 >9.9 2.70 >9.9 >5.30

ionized disc

p0 = −2%

a = 1

>9.9 0.52 >9.9 >5.30 2.9 0.14 >9.9 >5.30 3.7 0.16 1.0 <0.08 >9.9 0.49 >9.9 2.22 >9.9 >5.30
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and type-2 AGNs, we obtained most dissimilarities from the older publications
rather in the hard X-rays (10Ű100 keV) than in the 2Ű8 keV band important
for IXPE.

Let us Ąrst discuss in more depth the studied type-1 AGNs. We showed
in Section  that even for the type-1 observers the composition and geometry
of the equatorial scattering region greatly affects the X-ray polarisation proper-
ties of the reprocessed radiation. With the total emission results presented in this
section we, however, estimate that the properties of the parsec-scale components
may alter the X-ray polarisation degree output only up to a few % for type-1
AGNs with respect to the polarisation fraction of the bare nuclear component.
Typically the parallelly polarized primary cases result in unaltered polarisation
degree. The unpolarized primary cases result in ≈ 1% additional polarisation
with either parallel or perpendicular orientation (for meridional symmetry rea-
sons), depending on the properties of the parsec-scale reprocessing components
and observer’s inclination (see Section  for details). The perpendicularly po-
larized incident emission tends to be gradually depolarized on the output with
energy: at soft X-rays preserving its original polarisation state and then reaching
the unpolarized state at around 10 keV, continuing at even higher energies in par-
allel polarisation direction with increasing polarisation degree with energy. Simi-
larly to the arguments for equatorial reprocessings that we used in Section  , we
see a competition between a dominantly perpendicularly polarized primary emis-
sion and dominantly parallelly polarized reprocessed radiation in the last case
mentioned. As we showed in Section  with the KYNSTOKES code in lamp-post
regime, especially for the neutral disc with low black-hole spin values, the reĆec-
tion component is negligible compared to the primary in the soft X-rays. Hence,
the primary radiation properties are rather preserved, at least towards the poles.
In the equatorial directions, the nuclear emission may be parallelly polarized at all
studied energies (see Figure  ). The reprocessing in distant components then
adds a parallelly polarized contribution to the total signal especially in the hard
X-rays, where the photons are less absorbed. The energy transition for the cases
with perpendicularly polarized corona appears sharper and at slightly lower en-
ergies than in  [ ] due to the model differences and due to choice
of a particular inclination bin (see below).

In  [ ], a comparison for different torus and wind densities was
provided for type-1 AGNs, which we also compare to our latest results in Figure

 (right). Performing the same analysis, we reached a reasonable agreement
for comparison of different wind densities, but we note again some differences
of unknown origin for the torus comparisons. Part of the dissimilarities can be
attributed to the choice of a particular inclination bin (see below). In general, we
also observe a slight swing in the polarisation angle around the iron line at 6.4 keV
with respect to the nearly energy-independent polarisation angle seen in  

[ ]. This may be due to the lower predicted polarisation in the line
itself (after the reprocessing, which generally adds polarisation to an unpolarized
Ćuorescent emission at the photon creation location), as the polarisation angle is
undeĄned for unpolarized light.

As in  [ ], for type-2 AGNs we obtain the same prediction
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for ⪆ 25% perpendicularly polarized emission in the soft X-rays that arises from
high absorption in the dusty torus and high contribution to polarisation from the
polar winds, which reĆect dominantly in the right scattering angles in the merid-
ional plane. The trade-off for detectability by polarimeters at these energies is
obviously the low X-ray Ćux caused by Compton thickness. As advertised be-
fore, we conclude that the GR effects do not play any role for the type-2 X-ray
polarimetric observers. More generally speaking, the spectropolarimetric proper-
ties of the primary radiation and the inner-accreting region characteristics, now
also probed for partial ionization of the disc atmospheres thanks to the latest
KYNSTOKES code, are expected to be to a large extent washed out for Compton-
thick AGNs. In the hard X-rays, the resulting emission is parallelly polarized
with a slight increase with energy up to ≈ 10% near 100 keV.

We discovered that in general the results are highly dependent on the inclina-
tion bin chosen when proceeding with 20 inclination bins linearly spaced in cosine
of θ, as we did. We opted for cos θ = 0.375 and cos θ = 0.975 in the simulations
for type-2 and type-1 AGNs, respectively, being close to the stated θ = 70◦

and θ = 20◦ viewing angles stated in  [ , ]. But if, for exam-
ple, the neighboring simulation bins µe = 0.325 and µe = 0.925 are selected, Ψ
may change in the order of a few degrees and p in the order of 1%. The energy
transition in p and Ψ that served as a diagnostic tool in  [ , ]
is shifted more by the inclination bin chosen than by any claimed effects therein.
Results from Section  indicate the the choice of the half-opening angle (Ąxed
to H ′ = 60◦ here) will also affect the X-ray polarisation properties at least for
the type-2 AGNs. The θ and H ′ parameters, alongside composition, shape and
possible misalignment of the parsec-scale components thus appear to be deter-
minative for the result, especially for the type-2 AGNs, and should be estimated
before any more detailed interpretation from the X-ray polarimetric data is drawn.
Constraints on such parameters can be obtained by additional modeling and from
X-ray spectroscopic observations or polarimetry in other wavelengths for a par-
ticular AGN [e.g.  ,  ,  ,  ,  

,  ,  ,  ,  ,  ,  ,  ,
 ,  ,  ,  ].

We envision that the simulation results presented here would be also more
diverse, if non-isotropic coronal emission was implemented to KYNSTOKES, but
the true sensitivity to this assumption cannot be tested in the present scope.
We also note that we used the semi-isotropic illumination of the parsec-scale
components in the subsequent MC simulation, which is another simpliĄcation
that could be tested for model sensitivity perhaps more easily, just by binning in
higher angular resolution in the STOKES input and by relaunching the simulations.
It would require, however, some additional technical effort due to the STOKES

v2.07 code’s architecture. Any more sophisticated inner-accreting model is also
possible to test within STOKES (more easily if assumed to be of negligible size, as in
the results above), if the expected central source emission is provided in a tabular
format. We expect here an effect on the studied cases of type-1 AGNs, because
even with a handful of Ąrst IXPE results, coronal properties of some AGNs were
indeed already constrained through these observations [ ,  ,

 ,  ,  ,  ,  ,  , see Chapter
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 for detailed discussion].
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5. X-ray polarimetric

observations of accreting black

holes

In this chapter, we provide the observational analysis and perspective with the lat-
est operating or planned X-ray polarimeters. Since X-ray polarimetry is currently
experiencing a boom thanks to the IXPE, the results presented in this chapter
and their context are highly dynamic and may be in some cases outdated shortly
after the submission of the manuscript.

During the Ąrst year and a half of operations, IXPE observed a number of ac-
creting black holes, complementarily to the observations of other interesting X-ray
sources that were outlined in Section  . A speciĄc category contains blazars,
which show very distinct properties due to their orientation towards us [ 

,  ,  ,  ,  ,  ,  ,  ,  

,  ,  ,  ,  ,  ,  ,  ,  

,  ]. In terms of observational traits, inclined accreting black holes exhibit
properties rather closer to the previously mentioned weakly magnetized accreting
neutron stars, which in addition to the disc, corona and more distant components
possess a boundary layer of the compact object.

Radio-quiet accreting black holes that we primarily study in this disserta-
tion are expected to be X-ray polarized mostly due to scattering and absorption
mechanisms, because ordered magnetic Ąelds are not strongly present. The Ąrst
IXPE results conĄrm the long-standing theoretical expectations [e.g.  ,

 ,  ,  ] that sources possessing strong and ordered magnetic
Ąelds will be generally higher X-ray polarized than those that do not. Thus, it
was rather a pleasant surprise that many accreting black holes still revealed a few
percent polarized X-rays in 2Ű8 keV. We will now introduce these IXPE results
in more detail.

According to the expectations, the observed bright Galactic XRBs provided
so far more positive polarisation detections with IXPE than the generally fainter
extragalactic AGNs. However, we have argued enough with all the numerical
models presented that even an observed polarisation upper limit can still be
theoretically highly informative.

We will thus begin with presenting the recent X-ray polarimetric discoveries
in accreting stellar-mass black holes and then continue with the more mysteri-
ous (and arguably more complex) AGN analogs. As part of this dissertation, we
contributed to the discussions in the IXPE science analysis and simulations work-
ing group Ű in the topical working groups of accreting stellar-mass black holes
and radio-quiet AGNs. We participated in the observation analyses of the IXPE
team campaigns listed below and loosely affected the large collaboration efforts
by the ongoing theoretical work presented in this dissertation. If more detailed
investigations were performed for a particular source as part of this dissertation,
we devote to it a speciĄc section below. Simultaneously, we carried simulations
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that should assist with future observational planning for accreting black holes
with IXPE or other X-ray polarimeters mentioned in Section  . These are
also provided below.

5.1 Accreting stellar-mass black holes

The Ąrst observed XRB by IXPE was Cygnus X-1 [ ,  ],
caught in its hard spectral state in May 2022 (4.01%±0.20% in 2Ű8 keV at a 68%
conĄdence level) and June 2022 (3.84% ± 0.31% in 2Ű8 keV at a 68% conĄdence
level). The obtained polarisation is perfectly aligned with the observed pro-
jected direction of the radio jet in the source [ ,  ] in both
observations. Most importantly, this conĄrms that a) the regions many orders
of magnitude smaller in physical size that IXPE covered are inherently linked
to the large scale jet emission and b) that the corona is more likely equatorially
elongated [but note the results of  ,  ,  ,

 , which are in contradiction to that]. Number of explanations occurred for
the surprisingly high polarisation degree, the most promising being higher in-
clination of the accretion disc or coronal medium than the orbital inclination
[θ = 27.5◦ ± 0.8◦,  ,  ] [ ,  ,  

,  ], or an outĆowing Comptonization component at relativistic speeds
[ ,  ,  ,  ]. In May 2023, Cygnus X-1
was observed again by IXPE, but in its soft state [1.99% ± 0.17% in 2Ű8 keV at
a 68% conĄdence level,  ,  ,  ,  , Steiner et
al., in prep.]. Although the polarisation degree decreased, the polarisation angle
remained very similar, parallel with the jet, despite strong presence of the ther-
mal component in 2Ű8 keV. This raises questions on the origin of polarisation
in the soft state, as usually the thermal disc emission models predict emergent
polarisation parallelly to the accretion disc (see Section  ). But it could still
be the case that the polarisation of thermal component was just diluting the still
dominant polarisation from Comptonization component, orthogonally oriented.

Another example of a hard-state XRB with observed high X-ray polarisation
by IXPE was Swift J1727.8-1613 [ ,  , ,  ,  ,

 ,  ], a Galactic black-hole candidate discovered in August 2023
through a strong X-ray outburst [ ,  ,  ,

 ]. Although not much information about the object is known yet, it was
caught Ąrst in the hard state and subsequently in transition to the soft state.
The IXPE detection of 4.71% ± 0.27% 2Ű8 keV polarisation (at a 68% conĄdence
level) in the hard state, aligned with the observed submillimeter polarisation
[which is about twice lower,  ,  ], promises similar polarisation
emergence conditions to the hard state of Cygnus X-1. During the transition to
the soft state, the polarisation properties seem again not to be changed signif-
icantly [ ,  ], similarly to the Cygnus X-1 data [Steiner et al.,
in prep.], which is much surprising, as the spectral energy distribution changes
signiĄcantly. QPOs were already detected in the IXPE Ćux data of Swift J1727.8-

1 The leading Ągure 2 in  [ ] compares radio jet emission from  

[ ], which is billion-km spatially extended against ≈ 2000-km diameter of the in-
ner accreting region, which is X-ray dominated, surrounding a 60-km wide black-hole event
horizon [ ,  ].
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1613 [ ,  ,  ,  ], so additional detailed analysis
may reveal the expected corresponding swing in X-ray polarisation angle. Thus
altogether, this newly discovered source promises gold mines for our understand-
ing of accreting black holes, not only through the eyes of X-ray polarimetry, as
many multiwavelength campaigns are ongoing.

IXPE observed a number of XRB sources in the soft spectral state, which
may be classiĄed as more typical high/soft states (cf. Section  ) than
the state-transited two sources mentioned above. The Ąrst one being 4U1630-
47 (8.3% ± 0.3% in 2Ű8 keV at a 68% conĄdence level), observed in September
2022 and providing surprisingly high polarisation degree, increasing with energy
[ ,  ,  ,  ,  ,  ]. The polarisa-
tion angle was nearly constant with energy, however, the orientation of the source
on the sky from other data is unknown. We will return to the intricate possibili-
ties of interpretation of such polarisation state in the soft state below, but what
is perhaps equally puzzling is little change in polarisation when transitioning
into a different state, similarly to the cases of Cygnus X-1 and Swift J1727.8-
1613. The source was observed again in March of 2023 in the steep power-law
state [ ,  ] and although the polarisation has decreased
(6.8% ± 0.2% in 2Ű8 keV at a 68% conĄdence level), the polarisation angle re-
mained almost unchanged. Albeit neither here, nor in the cases of Cygnus X-1
and Swift J1727.8-1613, the second set of observations does not represent an XRB
in a ŞclearŤ spectral state, we note that the state transitions occurred in two dif-
ferent directions (departing from the high/soft state in 4U1630-47 and departing
from the low/hard state in Cygnus X-1 and Swift J1727.8-1613). If the thermal
radiation was polarized perpendicularly to the disc, it would mean signiĄcant
theoretical reconsiderations.

So far, no XRB was caught by IXPE in a clear high/soft state that would
have both, statistically signiĄcant polarisation detection and known orientation
on the sky. IXPE observed the prototypical soft-state XRB, LMC X-1, in October
2022 [ ,  ]. It meant only a hint of 1.0% ± 0.4% polarisation
(in 2Ű8 keV at a 68% conĄdence level, but more securely stating that the ob-
served polarisation is below the MDP99% = 1.1% in 2Ű8 keV, hence statistically
insigniĄcant at a 99% conĄdence level) in the projected ionization cone direction
observed in optical band [ ,  ], i.e. most likely perpendicularly
to the projected accretion disc plane. Low orbital inclination, if linked to the in-
ner X-ray source inclination, is in line with the low observed polarisation. We also
note that we observed a slight dilution of the thermal radiation by hard X-ray
power-law, which may be another reason for low polarisation due to mixture
of two perpendicularly polarized components. Thus, the LMC X-1 observation
does not exclude the Chandrasekhar-Sobolev predictions for thermally radiating
discs, if the power-law component was polarized perpendicularly to the thermal
one and was driving the resulting polarisation (i.e. if it was diluted by the ther-
mal emission in polarisation, not vice versa). As this source is remarkably stable,
additional IXPE observations of LMC X-1 may, however, reveal the true orienta-
tion of polarisation of thermal radiation as well as prove a variability with orbital
phase, which was detected with low signiĄcance during the Ąrst IXPE observa-
tion [ ,  ]. The latest X-ray spectroscopic analysis suggests
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a presence of a warm and optically thick surface skin of the disc [ ,
 ], which is in accordance with the inverse disc temperature-luminosity rela-
tion for LMC X-1 [ ,  ] and which could affect the resulting
polarisation. Due to low statistics, it was not possible to constrain the black-hole
spin, nor disc inclination from X-ray polarimetry in this source, using the KYNBBRR

code. Especially the determination of spin in (not only) LMC X-1 is of paramount
importance for gravitational-wave, stellar-evolution and cosmological studies [e.g.

 ,  ,  ,  ,  ,  ,  ,
 ,  ,  ].

The last two XRBs caught in true soft state were 4U1957+115 (1.88% ± 0.37%
in 2Ű8 keV at a 68% conĄdence level) and LMC X-3 (3.2% ± 0.6% in 2Ű8 keV
at a 68% conĄdence level), observed in May 2023 and July 2023, respectively
[ ,  ,  ,  ,  ,  ,  ,

 ,  ,  ]. They both show increasing polarisation with energy
and constant polarisation angle with unknown relation to the system projected
orientation. 4U1957+115 is possible to Ąt with conventional models of relativis-
tic thermally radiating standard discs, conĄrming a rather highly spinning black
hole [ ,  ]. However, the case of LMC X-3 is already slightly better
Ątted with thick disc atmospheres alongside lower spin values [ ,

 ], similarly to the 4U1630-47 case, where even relativistic outĆowing veloci-
ties are needed to explain the high polarisation degree to emerge in such scenarios
[ ,  ]. Thus, it suggests itself that the low spin of 4U1957+115
Ątted with conventional models may not be of high conĄdence, if the same po-
larisation models will fail at other sources with similar spectral properties.

Last but not least, two XRBs were observed in highly obscured conditions.
The ULX object SS433 was observed in its eastern lobe [17.3% ± 4.3% in 2Ű5
keV at a 68% conĄdence level,  ,  ]. The extremely high polar-
isation may be attributed to the magnetic Ąelds accompanying the jet, being
oriented parallel to the observed projected jet direction [ ,  ] and
producing synchrotron emission polarized in the perpendicular direction [ 

,  ]. Some reĆection of the X-rays from inner side of the obscuring
funnel may play a role too, because the polarisation is in the direction perpen-
dicular to the projected jets. The latter polarisation generation mechanism is
certainly applicable to the case of Cygnus X-3, which shows only a reĆected X-
ray power-law in spectra and was caught in the hard and intermediate (minor
Ćaring) states in October and November 2022 (20.6%±0.3% in 2Ű8 keV at a 68%
conĄdence level) and December 2022 (10.4% ± 0.3% in 2Ű8 keV at a 68% con-
Ądence level), respectively [  ,  ]. The polarisation angle is
orthogonal to the observed direction of polar ejecta [ ,  ] within
the measurement uncertainties. We will elaborate more below on this source, as
models developed in this dissertation were used for the data interpretation. As
described in Section  , it is no surprise that highly obscured accreting black
holes may also provide large polarisation by means of scattering and absorption
only, because the isotropy of emission inside the system is signiĄcantly reduced.
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5.1.1 Analysis of the Cygnus X-1 IXPE observations

Only a small fraction of IXPE observations of compact accreting objects showed
signiĄcant disc reĆection, where the KYNSTOKES model developed in this disser-
tation would be directly applicable. Apart from the weakly magnetized neutron
star Cygnus X-2 [ ,  ], where the analysis with KYNSTOKES is
ongoing, we used it for the Ąrst IXPE observation of Cygnus X-1 [ 

,  ]. In particular we were curious if the results in the lamp-post regime
could explain the observations. Mostly the observed polarisation angle disfa-
vored the lamp-post coronal types, as the estimates from KerrC, COMPPS and MONK

codes (that are focused on the Comptonization component) suggested, although
a possibility for the observed polarisation produced by relativistically outĆow-
ing lamp-post corona was recently reexamined by  [ ],

 [ ]. In any such lamp-post assumptions, a Ąrst-order estimate
on the reĆection fraction versus polarisation degree gained by reĆection can be
made with the KYNSTOKES model in lamp-post regime, which was described in Sec-
tion  and which provides almost exclusively polarisation orientation parallel
with the rotation axis and polarisation degree increasing with energy, supporting
the observed trends in Cygnus X-1 [ ,  ]. The polarisation
by reĆection is treated through Chandrasekhar’s diffuse formulae in KerrC and
is neglected in MONK. Therefore we still tested possibilities that KYNSTOKES offers,
especially regarding the truncated accretion disc and extreme incident polarisa-
tion, because if the ≈ 10% of reĆection fraction in 2Ű8 keV [ ,
 ] could be in any scenario 40% polarized, it could explain the 4% total polar-
isation fully for an unpolarized corona. Figures similar to Figure  were drawn
for a large parametric space. It was concluded that with the observed 2Ű8 keV
disc reĆection fraction of ≈ 10%, for any disc truncation the polarisation gained
by reĆection in the equatorial plane cannot be signiĄcant enough for lamp-posts
to lead the observed total polarisation values.

Another numerical experiment, in collaboration with Wenda Zhang
and Michal Dovčiak and later on also with Sudeb Ranjan Datta, was made to trace
the disc illumination with MONK and to obtain the radius and energy-dependent
spectropolarimetric values in the equatorial plane with MONK. All available param-
eter constraints on Cygnus X-1 in the literature were considered. The inner disc
inclination was assumed as the orbital one [ ,  ]. The black-
hole spin was assumed as a = 0.998. For simplicity we also assumed the inner
disc radius to extend to the ISCO in this experiment. The lamp-post corona
in MONK was static, spherical, had a radius of 10 rg and Thomson optical depth
τT = 0.6 and was located at height 12 rg. Then we used KYNSTOKES in the lamp-
post regime with the same polarisation state and primary power-law (Γ = 2)
prescribed at the corona and studied the reĆected-only output. This was done
at each energy band and per each disc ring, subsequently superposed.

Although the superposed KYNSTOKES results were similar to the already pre-
sented results with initial conditions independent of energy and disc radius (see
Section  ), we concluded that a more realistic estimate for direct interpretation
of X-ray polarisation of XRBs in the hard state would be possible only after either
a) implementing non-isotropic coronal emission into KYNSTOKES or b) linking only
the disc reprocessing and relativistic radiative transfer from the disc to the distant
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of high ionization, which we use according to the X-ray spectral characteristics
of 4U1630-47 and LMC X-3, based on simultaneous spectral observational cam-
paigns to the IXPE exposures [  ,  ,  ,  ].

Because the Ąrst IXPE observation of 4U1630-47 in the soft state meant a par-
ticularly demanding data interpretation due to the measured extreme mean po-
larisation degree, we Ąrst made some preliminary estimates with the local ab-
sorbing atmosphere model in high ionization limit (see Section  ), whether
it can roughly explain such polarisation without any disc integration and rela-
tivistic effects. Figure  showed already the most probable 2Ű8 keV polari-
sation degree value and the most probable polarisation degree value in the low-
est energy bin from  [ ], plotted over the inclination depen-
dence of classical analytical X-ray polarisation estimates. As we argued in Sec-
tion  , the polarisation value at 2 keV should already be close to the pure-
scattering energy-independent plateau expected at soft X-rays, which is sup-
ported by both our model and the model of Valery Suleimanov [ ,
 ], and which could be also altered by Faraday rotation towards lower energies
[ ,  ]. Hence, at 2 keV the result can be roughly approximated by
the Chandrasekhar-Sobolev proĄle for semi-inĄnite atmosphere with scattering-
only induced polarisation properties. For the 2Ű8 keV average polarisation degree
value, we have to add the absorption effects that increase polarisation in such sce-
narios, which can be done through the Loskutov-Sobolev model [ 

,  ]. Both analytical approximations match with the data near 2 keV
and at 2Ű8 keV roughly at local inclinations δe ≈ 80◦ (see Figure  ), which
forms a Ąrst-order theoretical lower limit on inclination, as the relativistic disc
integration will require even higher values.

Using the XSPEC table model generator described in Appendix  , we cre-
ated a tabular FITS spectropolarimetric model suitable for XSPEC that con-
tained the smoothed polynomial approximation of polarisation degree with en-
ergy in 1Ű20 keV, which was described in Section  . Fitting this absorbing
atmosphere model directly to the 4U1630-47 data without any relativistic inte-
gration delivers another simple estimate on the required inclination, alongside
the model parameter τT,max. Figure  shows the resulting Ąt of polarisation
degree with energy in XSPEC. Despite the dependency on TBB value, we conclude
that, for the mean kTBB = 1.15 keV obtained from simultaneous campaigns that
were described in  [ ], the results match well with τT,max ≈ 5
and θ ≈ 84◦. This is already extreme compared to the usual θ ≈ 78◦ eclipsing
upper limits on inclination obtained for XRBs in e.g.  [ ].

As described in Section  and Chapter  , the smoothed local model was
then implemented to the KYNBBRR code, forming a new variant KYNEBBRR. The im-
plementation and Ątting with KYNEBBRR were performed by Michal Dovčiak
and Jiří Svoboda and were not part of this dissertation. A proper relativis-
tic integration using this model for the Ąrst IXPE 4U1630-47 dataset required
a relativistically outĆowing atmosphere (with v ≈ 0.5c), alongside high optical
thickness (τT,max ≈ 7) and high inclination (70◦ ⪅ θ ⪅ 75◦) [ ,

 ]. The aberration-induced polarisation was not necessary for the data Ąt
of the IXPE LMC X-3 observation with KYNEBBRR, but the optically thick ab-
sorbing and Compton-scattering atmosphere provided also here a lower reduced
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described in Section  , we performed 2Ű8 keV simulations that include direct
radiation and remove neutral hydrogen from the otherwise same list of absorbers,
as in Section  , to be closer to the assumed hydrogen-poor environment of out-
Ćows in Cygnus X-3 [ ,  ,  ,  ]. The results were
analyzed and plotted in  [ ] in the same way and in direct
relation to the analytical models studied therein. Soon after, we decided to elab-
orate in more depth on the MC analysis and we provided a full range of examples
and an extended discussion as part of  [ ]. The extended dis-
cussion, including visual presentation of the full atlas of results [exceeding those
that Ątted in  ,  ], is presented in this section and Appendix

 .
The models described in Section  are particularly useful for observational

analysis of Cygnus X-3, because unlike the analytical models, they allow to assess
the role of partial transparency and partial ionization, although the latter only
simplistically by means of adjusting free electron density (thus introducing more
polarisation at soft X-rays with respect to a proper treatment of ionization).
The partial transparency has been in fact proposed in  [ ]
to play a role in decrease of the observed polarisation degree from the main ob-
servation to the ToO observation. Apart from changing the chemical composition
and adding direct radiation in this section, we also Ąx the mid torus distance to
R′ = 0.5 (again the true units are unimportant for polarisation production in our
model design) and unfreeze rtorus

in . In this way, such additional models are an op-
portunity to test the sensitivity of results to previously adopted assumptions.
Otherwise the model setup is unchanged from Section  . We do not add any
polar scatters, we do not introduce misalignment, nor clumpiness or non-uniform
densities. We keep the convention of a positive and negative polarisation degree,
corresponding to the parallel and perpendicular polarisation angle with respect
to the axis of symmetry, respectively, because again no relativistic effects are
assumed and the result cannot be any other than orthogonal or parallel with
respect to the leading directions.

In fact, the orientation of Cygnus X-3 on the sky is known not only thanks
to observed radio-loud ejecta [ ,  ], but also to the corresponding
IR and submillimeter polarisation [ ,  ,  ,  ,

 ,  ]. The X-ray polarisation obtained with IXPE is perpendicu-
lar to the projected jet directions within the measurement uncertainty [ 

,  ]. This means that when comparing to the Cygnus X-3 data, we
will focus on those parts of the parameter space where negative polarisation is
expected and where type-2 viewing angles apply, as the spectra conĄrm a highly
obscured source. However, we keep below the presentation of the full parameter
space, as the presented models may be useful for interpretation of other IXPE
observations in the future and they are distinct from the models described in Sec-
tion  that served for more theoretical understanding of the reprocessing mecha-
nisms. Similar obscuration conditions have been discussed in the context of IXPE
analysis of the type-2 AGN Circinus Galaxy [ ,  ], the ULX object

2 Then the effects of changing distance of the inner radius of the torus to the center can be
studied for Case B. The parameter b′ is given by the ratios b′ = R′/8, b′ = R′/4, b′ = 3R′/4
and a′ is consistently computed from ( ). The wedge-shaped Case A has rtorus

in computed
from rtorus

in = R′ − b′, where b′ = a′ is from a circular torus with b′ = R′ cos H ′.
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SS433 [ ,  ] and the accreting Be-transient X-ray pulsar LS V +44
17/RX J0440.9+4431 [ ,  ]. More observations of equatori-
ally obscured accreting compact objects are likely to be performed by IXPE or
other forthcoming X-ray polarimeters. Reprocessing in distant equatorial cover-
ing regions was also considered in the IXPE analysis of the (unobscured) AGN
NGC 4151 [ ,  ].

Only the cases of Γ = 2, Γ = 3 and unpolarized and 4% parallelly polar-
ized emission [inspired by the observed value in the hard state of Cygnus X-1

 ,  ] were computed. We considered 40 bins in inclination
in the same linear spacing and range as with the 20 bins treated in Section

 . This is because we will plot the results in form of polarisation heatmaps
in the ¶θ, H ′♢ space, to be able to directly compare the MC model to the ana-
lytical results provided in  [ ], or to Ągure 6 of  

[ ] that used the  [ ] MC code for the interpretation of
the type-2 AGN in Circinus Galaxy. The new simulations were performed with
Ntot = 1010 simulated photons, which meant roughly 2 months to compute all
on the available institutional clusters. As it will be shown below, even though
the same energy binning as in Section  was adopted, the photon statistics are
barely enough for energy-dependent analysis in 3 bins across 2Ű8 keV. Because
neutral hydrogen was removed, we describe the results in terms of equatorial
density N eq

He of the remaining most abundant element, which is neutral helium.
We believe that such values are then more informative to an experienced reader
than if we had recalculated to the usual N eq

H . Both N eq
He and τ eq

e values are scaled
accordingly, to represent similar conditions to the two density cases and three
partial ionization cases that were studied in Section  .

We begin with analyzing the results in the integrated 2Ű8 keV band and only
turn in later stages to the advantages of energy-dependent analysis. Figure

 shows the heatmaps of polarisation degree in the ¶θ, H ′♢ space for selected
cases in N eq

He and τ eq
e that show the expected depolarisation by lowering density

and/or ionization. When testing for particular examples of even lower densi-
ties and lower ionization levels (not shown), we obtained the limit of complete
depolarisation. We obtained the general pattern of two distinct branches of so-
lutions for type-2 observers, consistently with the analytical models in  

[ ] and MC simulations in  [ ] (only the upper branch
is observable in the range of Ągure 6 therein). The dashed black lines mark
the grazing inclination angles. The main observation is marked in black rectan-
gles, considered as p = 21% ± 3% in 2Ű8 keV within simulation uncertainties.
The ToO observation is marked in green rectangles, considered as p = 10% ± 3%
in 2Ű8 keV within simulation uncertainties. The white regions represent empty
bins, where the results did not converge within reasonable computational times
to provide MC results with reasonable numerical noise. The panels are shown
for a general Case B obscurer with b′ = R′/4, unpolarized primary and Γ = 2.
Figures  Ű provide examples of other geometries and primary radiation
properties plotted in the exact same way. The lower branch of solutions is pre-
ferred for the interpretation of Cygnus X-3, as the steep increase in polarisation
between the grazing angle line and the upper contour of observed values sug-
gests high time variability of polarisation, which is not observed [ ,
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To be able to evaluate the impact of single-scattered photons, we repeated
all simulations with registering only the photons that scattered once before
reaching the detectors in the MC simulation. In Figure  , we plot the cor-
responding results in the same way for the cases considered in Figure  .
In the single-scattering regime, we obtain even closer solutions to the analyti-
cal single-scattering model adopted as leading in the 3.5Ű6 keV band in  

[ ]. Similar comparison conclusions apply for the single-scattering
regimes in other geometries and for other primary radiation cases tested by us.
There is still a principal difference between the analytical single-scattering model
in  [ ] from our Şsingle-scattering regimeŤ, because we still
consider the absorption of photons. The leading model in  [ ]
(Ągure 6) examines a truly neutral absorber, thus providing perhaps more dissim-
ilar results to ours in the full regime, although a detailed one-to-one comparison
would be required for further commentary on possible modeling discrepancies
of this model with respect to ours.

Despite the modeling differences of the STOKES simulations presented here
in the full regime, with respect to the results presented in Section  , and de-
spite the inclusion of spectral lines in the studied full 2Ű8 keV range, we obtained
very similar behavior of polarisation with geometrical parameters for the type-2
viewing angles to that already described in Section  . This means that for the
cases where reprocessing effects are critical for the emergent polarisation, the
addition of direct radiation and the chemical composition changes do not play
a major role, although the latter will have to be reassessed once a more proper
treatment of partial ionization is considered. Majority of the obscured parameter
space shows perpendicular polarisation, as the dominant source of polarisation
are photons scattered once on the inner walls of the reĆecting funnel. The polari-
sation is indeed diluted for lower densities by scattering in larger volumes and by
providing less collimated photon trajectories inside the system. The ionization
fraction also determines the reĆectivity and effectively the degree of asymmetry
with respect to the type-2 observer, by means of selective directional absorption
inside the system. For type-1 viewing angles, the simulated results are corre-
sponding to the incident radiation with up to ≈ 1% difference in polarisation
degree.

When comparing the results for different b′ by changing the value of rtorus
in , we

identify qualitatively similar effects of changing compactness to those discussed
around Ągure 7 in  [ ] that were studying similar con-
Ągurations in the optical and UV bands. The geometrically extended tori possess
enlarged surface area eligible for Ąrst-order scatterings. Also in the X-rays, it
translates into less reduced geometry of scatterings, hence larger dispersion in po-
larisation of individual rays, hence depolarisation. The two cases of the more
prolate elliptical tori show rather similar polarisation predictions (up to ≈ 10◦

difference in the model θ and H ′ in the full 2Ű8 keV band between the b′ = R′/8
and b′ = R′/4 cases). The most oblate Case B (b′ = 3R′/4) shows polarisation
properties closer to the wedge-shaped torus. This is because for the oblate ellipti-
cal structures the observer views the source of radiation through large line-of-sight
column densities shortly below the grazing inclination angle, which results into
very steeply increasing polarisation fraction with H ′ or θ just below the dashed
lines in Ągures, similarly to the Case A. The prolate elliptical or circular tori then
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and H ′ in the full 2Ű8 keV band). The primary power-law slope can be obtained
from simultaneous X-ray spectroscopy as well. Although detailed information
on the X-ray spectral lines is typically available too (not only for the case Cygnus
X-3), we do not have ambitions to model the effects of depolarisation in spectral
lines in detail to assess the X-ray polarisation sensitivity to line related processess
and possible parametrization, as here the situation is rather complex. Chemi-
cal composition intervenes combined with the physical conditions at the origin
and in the reprocessing matter that subsequently alter the polarisation state,
according to the inner geometry of the system. The predicted high degeneracy
of X-ray polarisation results can be also lifted by means of polarimetry in other
wavelengths that can constrain not only the orientation of the system [e.g.  

,  ,  ,  ,  ,  ,  ,  ,  

,  ,  ,  ,  ,  ,  ,  ],
but also the fundamental θ and H ′ parameters. This is frequently used within
the scope of AGN uniĄcation scenario in IR, optical and UV polarimetry that is
in addition able to provide hints on the geometry of the BLRs or polar scatterers
with respect to the inner subparsec accretion engine [e.g.  ,

 ,  ,  ,  ,  ,  ,  ,  ,
 ,  ,  ,  ,  ,  ,  ].

Within mid X-ray polarimetry, the last obvious way of reducing the available
parametric space is obtaining energy-resolved upper limit or polarisation detec-
tion (or combination of both with respect to energy). Cygnus X-3, towards which
we will now turn again our attention, showed energy dependence of polarisation
in 2Ű8 keV with remarkably small uncertainties thanks to its X-ray brightness, its
overall high polarisation and the sensitivity of IXPE. Our Case A (wedge-shaped)
MC model results in poor photon statistics for the obscured scenarios and only
a noticeable depolarisation in the iron line residing in 6Ű8 keV was identiĄed.
However, apart from the Case A, we were able to acquire rough information
on the energy dependence produced by our model, which is shown in Figures  

and  for both: the full regime when all photons are registered and the single-
scattering regime. We investigate the result in three energy bands: 2Ű3.5 keV,
3.5Ű6 keV and 6Ű8 keV, for the previously studied three shapes of the scattering
region and six combinations of densities and ionization levels. We plot the result-
ing polarisation versus the half-opening angle, assuming the system inclination
of θ = 30◦ [ ,  ,  ,  ]. The IXPE data for Cygnus
X-3 for the main and ToO observations are indicated by gray and green horizontal
lines, respectively, but the numerical noise is too high to provide acceptable ge-
ometry and composition constraints, as the two observations should match within
one branch of solutions.

We prove that the single-scattering regime well represents the full model
in 3.5Ű6 keV where no spectral lines are present, which supports the choice
of the leading model in  [ ]. Although the conditions to de-
termine the exact level of depolarisation in spectral lines with respect to the con-
tinuum can be complex, we obtain a noticeable depolarisation in the 2Ű3.5 keV
and 6Ű8 keV bands with respect to 3.5Ű6 keV. The stronger depolarisation by
Ćuorescent lines is more likely for lower ionization fraction.

Apart from the lines, also the energy-dependence of bound-free and free-free

146







similarly to the general investigations described in Chapter  . Apart from that,
we also attempted for a broad observational perspective of AGNs with IXPE
and eXTP, as of 2023, to which we devote two speciĄc sections here in the end.

The Ąrst observed AGN by IXPE was the type-1 MCG 05-23-16 [< 3.2%
in 2Ű8 keV at a 99% conĄdence level,  ,  ,  ,

 ], observed in two operational windows in May 2022 and November 2022.
X-ray stability of the source allowed to add the two sets of observations. The ob-
tained upper limit can still constrain a lot on the inner coronal geometries
and many cases of e.g. lamp-post or conical on-axis coronae were disfavored
in case of MCG 05-23-16. Similar unobscured and very bright AGN is IC 4329A
[3.3% ± 1.9% in 2Ű8 keV at a 90% conĄdence level,  ,  ,  ,

 ], observed in March 2023, which allowed to evaluate the polarisation angle
as aligned with the colimated large-scale radio ejecta [ ,  ]. It is
argued in  [ ] that the data favor more asymmetric coronae
(perhaps outĆowing) with elongated direction in the disc plane. Similar geomet-
rical conclusions for the corona were derived for the December 2022 observations
of NGC 4151 [4.9% ± 1.1% in 2Ű8 keV at a 68% conĄdence level,  ,

 ], where the reĆection from distant parsec-scale components, however, com-
plicated the spectropolarimetric disentangling. The detected X-ray polarisation
in NGC 4151 was aligned with the direction of extended radio emission [ 

,  ,  ,  ].

Last but not least, the brightest type-2 AGN, the Circinus Galaxy
[20.0% ± 3.8% in 2Ű6 keV at a 68% conĄdence level,  ,  ], was
observed in July 2022, showing remarkably high X-ray polarisation. As we al-
ready mentioned, similar polarisation interpretation to the Cygnus X-3 Galactic
black hole was put forward in  [ ] due to the pure reĆection
appearance of its spectra and polarisation orientation perpendicular to the pro-
jected radio jet [ ,  ,  ,  ]. We will elaborate
below on the limits of such conclusions.

Section  was devoted to a 3-component toy-model of a full AGN emission
that was developed based on the KYNSTOKES central emission model introduced
in Section  and based on previous modeling efforts of parsec-scale components
discussed in  [ , ] and Section  . Although the parameter space
covered by this model in Section  was certainly not complete, we will Ąnish this
chapter by providing general polarisation observational prospects in mid X-rays
(2Ű8 keV) for all of the simulation cases studied in Section  . Such analysis is
meant to provide rough ideas on how sensitive the contemporary instruments are
with respect to a typical sample of AGNs. Contrary to the handful of sources
that were already observed by IXPE and that were selected within the mission’s
targeting strategy, because they had the highest likelihood for X-ray polarisation
detection, according to the literature.

We will use the observation simulation software IXPEOBSSIM [version 30.2.1,
 ,  ] created for the IXPE mission, which allows to insert un-
folded models (such as those from Section  ) and provide simulated data
and the MDP99% in a user-selected energy binning, using the latest IXPE in-
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strumental response matrices (version 12). Given the similarity of instruments
on board of the planned eXTP mission, the results for approximately four times
lower observational times may be used for observational planning with eXTP,
given its larger planned effective mirror area and higher planned sensitivity com-
pared to IXPE [ ,  ]. But even for IXPE, the obtained num-
bers should serve as Ąrst-order predictions only, because we will only compare
the unfolded model averaged in 2Ű8 keV to the simulated MDP99%. And because
in the current state, IXPEOBSSIM does not allow to use the weighted analysis,
which could additionally lower the MDP99% by even 10% [ ,  ,  

,  ].
We will begin with the type-1 AGNs studied in Section  , alongside brieĆy

mentioning results for a bare AGN (with no equatorial and no polar scatterers),
which the plain KYNSTOKES model described in Chapter  can predict. We will
Ąnish with general predictions for the type-2 AGNs studied in Section  with
some remarks to the already performed IXPE observation of the Circinus Galaxy.
We will keep the positive and negative polarisation degree notation for the rest
of this chapter, as our full AGN modeling results (from Section  ) that we will
primarily work with produce either parallel or perpendicular net polarisation,
respectively.

5.2.1 General observational prospects for type-1 active

galactic nuclei

Figure  shows an example of simulated MDP99% values in 2Ű8 keV for one
case of type-1 AGN models as input and for a range of single-exposure ob-
servation times Tobs and X-ray source Ćuxes FX,2−10 between 2 and 10 keV.
Our simulated 2Ű8 keV MDP99% results are consistent with the values provided
in the aforementioned IXPE discovery papers, if the values from unweighted anal-
ysis were provided. We display an observational window for IXPE by marking
a) the brightest known stable type-1 AGN sources as an upper limit on the y-axis
[FX,2−10 ≈ 1.8 × 10−10 erg cm−2 s−1,  ,  ,  ,  ]
and b) the realistic maximum observational time focused on one source provided
by IXPE as an upper limit on the x-axis (Tobs ≈ 1.5 Ms ≈ 17.4 days). If the en-
ergy range is further reduced, MDP99% typically increases due to the lower number
of photons, but see Section  for details. IXPEOBSSIM allows to adjust the uni-
formly deĄned Galactic column density, Ngal

H , which we hold Ąxed at a generic
value of Ngal

H = 5 × 1020 cm−2.

We then plotted for all simulated type-1 AGNs in Section  the absolute
value of the model polarisation degree over the minimum detectable polarisation,
♣p♣/MDP99%, in the color code (below 1 as black, which means not detectable
at a 99% conĄdence level) versus the same values of FX,2−10 and Tobs, as in Fig-
ure  . Figure  shows one such example, which represents one of the most

3 Information is from private communication with the IXPE team. It is the maximum
observational time reserved in the mission’s observing history per one source per one observ-
ing window in multiple subsequent exposures according to IXPE telemetry limits. Note that
for stable sources IXPE enables additive observations in multiple observational epochs, such as
in  [ ].
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Table 5.1: The unfolded average total polarisation degree, p [%], between 2Ű8 keV (the IXPE

or eXTP mission range) and 15Ű80 keV (the XL-Calibur balloon experiment range) for unpolar-
ized primary radiation and Γ = 2, as obtained with the KYNSTOKES code described in Chapter  .
We show cases of neutral disc (M = 1 × 108 M⊙ and observed 2Ű10 keV Ćux LX/LEdd = 0.001,
left cells in black) and highly ionized disc (M = 1 × 105 M⊙ and observed 2Ű10 keV Ćux
LX/LEdd = 0.1, right cells in red) and various combinations of lamp-post heights h (in the lamp-
post regime) or radial emissivity power-law indices q (in the extended sandwich corona regime),
black-hole spins a and disc inclinations θ. We preserve the notation of the positive and nega-
tive polarisation degree, if the corresponding angle is parallel or perpendicular to the projected
rotation axis, respectively. We note, however, that due to GR effects the resulting polarisation
angle can be off the true main orthogonal directions by even ≈ 20◦ (see Chapter  ).

IXPE and eXTP (2Ű8 keV) XL-Calibur (15Ű80 keV)
θ = 30◦ θ = 60◦ θ = 80◦ θ = 30◦ θ = 60◦ θ = 80◦

a = 0 0.34 2.18 1.04 7.51 1.04 8.46 2.29 2.47 7.48 8.24 7.95 9.04
h = 3 rg a = 1 0.54 2.13 2.07 6.58 1.03 4.02 2.50 2.61 7.77 7.87 4.66 4.68

a = 0 0.24 1.77 0.62 4.97 0.44 3.51 2.03 2.22 5.45 6.07 4.00 4.58
lamp-post corona h = 15 rg a = 1 0.24 1.72 0.59 4.58 0.37 2.56 1.98 2.17 5.12 5.68 3.26 3.68

a = 0 -0.06 -0.01 -0.19 0.01 -0.25 0.04 -0.13 -0.08 -0.44 -0.20 -0.49 -0.11
q = 3.0 a = 1 -0.04 -0.00 -0.11 0.00 -0.14 0.02 -0.08 -0.05 -0.27 -0.12 -0.38 -0.08

a = 0 -0.07 -0.01 -0.24 0.02 -0.30 0.06 -0.21 -0.02 -0.55 -0.24 -0.42 -0.07
sandwich corona q = 1.5 a = 1 -0.07 -0.01 -0.24 0.02 -0.28 0.02 -0.21 -0.12 -0.53 -0.24 -0.42 -0.08

of no equatorial and no polar scatterers. Table  provides the average total po-
larisation in 2Ű8 keV (IXPE and eXTP) and 15Ű80 keV (XL-Calibur) obtained
with the KYNSTOKES model presented in Chapter  in the lamp-post and ex-
tended sandwich corona regimes for a range of parameter values. When running
the same IXPEOBSSIM analysis for the raw KYNSTOKES outputs in the lamp-post
regime, only an extremely limited part of the tested parameter region produced
detectable polarisation at the 99% conĄdence level in the same estimated window
for type-1 AGNs. The inclination of the accretion disc would have to be close
to θ = 60◦, i.e. near the grazing angles for AGN obscuration by dusty tori, and it
would have to hold either a highly ionized disc (i.e. with high coronal luminos-
ity and/or low black-hole mass) or a highly polarized primary (with p0 ⪆ 3%).
This holds for nearly any realistic central black-hole spins and lamp-post heights,
which are unlikely to be constrained through present-day X-ray polarimetry even
in the most favorable scenarios inside the lamp-post geometry concept. Given
the low total polarisation degree results for the extended corona with KYNSTOKES

presented in Section  and the 2Ű8 keV averaged results compared to the lamp-
post regime (note that the provided values in Table  are for unpolarized pri-
mary only), we have not even tried the IXPEOBSSIM simulations for the extended
coronal version. We note, however, that our central disc-corona model is ex-
tremely simplistic and more realistic slab coronal models provide high (a few %)
polarisation predictions, especially for high inclinations [ ,

 ,  ,  ,  ,  ,  

,  ]. It would be thus worth to test those coronal models in the same
manner, which was outside of scope of this work. Moreover, the Ąrst sample
of IXPE observations of accreting black holes already resulted in a preference for
a corona extending in the accretion disc plane, or left the question of coronal
geometry unanswered.
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5.2.2 General observational prospects for type-2 active

galactic nuclei and analysis of the Circinus Galaxy

IXPE observations

We performed the same IXPEOBSSIM simulations with the type-2 AGN syn-
thetic spectra and polarisation from Section  as inputs. Comparing to type-1
AGNs, here the situation is more favorable in high polarisation degree expected
in the IXPE band. But as usual, high polarisation through more speciĄc geom-
etry of scattering (a reduced symmetry) is to the detriment of average expected
photon count rate. The brightest type-2 AGNs are detected in X-ray Ćuxes
at least an order of magnitude lower [FX,2−10 ≈ 1.5×10−11 erg cm−2 s−1,  

,  ,  ,  ]. We mark this value along with the same
maximum Tobs in Figure  that shows the same heatmaps of ♣p♣/MDP99% versus
FX,2−10 and Tobs for the type-2 cases with absorbing winds, ionized winds and no
winds for three different torus column densities and one set of parameter val-
ues related to the nucleus. In the provided numbers on each heatmap, we keep
the sign of p, i.e. we note the values of p/MDP99%, because for type-2 AGNs
the resulting polarisation angle can be either parallel or orthogonal to the prin-
cipal axis. The underlying average 2Ű8 keV unfolded model polarisation values
were provided in Table  already, alongside the same linear interpolation results
for three values of FX,2−10 and Tobs where ♣p♣ ≈ MDP99%, as in Table  . The wide
conclusions are similar to the type-1 AGNs: although the Ąrst AGN observations
by IXPE proved that for the brightest and well-known sources the X-ray polari-
sation data can improve our knowledge signiĄcantly, the complexity and diversity
of AGNs (especially of the parsec-scale components with respect to type-2 AGNs)
is preventing us from providing a clear diagnostic tool or a qualitative guidance
for a general set of sources, given the contemporary sensitivity of X-ray polari-
metric instruments. Such goals are too ambitious for the near future. Regarding
the prospects for plain detectability by IXPE or eXTP with respect to faintness
of AGNs, the situation is perhaps more favorable towards type-2 sources rather
than towards unobscured AGNs.

In the case of absorbing winds, the higher the equatorial obscuration is,
the higher the contribution from the perpendicularly polarized component we
obtain in the 2Ű8 keV band over the parallel polarisation that is more likely aris-
ing from the equatorial scatterings. However, the Ćux has a reverse dependency
on the torus thickness due to absorption. The dependency of such trade-off in X-
ray polarisation detectability on the torus density is interesting with regards to
2Ű8 keV MDP99% for IXPE. We obtain higher probability of 2Ű8 keV detection
for tori with N eq

H = 1023 cm−2 than for tori with N eq
H = 1024 cm−2. However,

the cases with N eq
H = 1025 cm−2 show again better observational prospects than

for N eq
H = 1024 cm−2, in fact the most promising out of the three examples. In or-

der to explain this behavior, we will Ąrst analyze the other cases of polar winds,
because their compositions plays an important role.

In the case of ionized winds, we get low polarisation detection probabilities
for low torus column density of N eq

H = 1023 cm−2. The situation is signiĄ-
cantly more promising towards detections for N eq

H = 1024 cm−2 and even more
for N eq

H = 1025 cm−2. For the case with the lowest torus transparency, we ob-

153





which in addition to higher Ćux produces higher average 2Ű8 keV polarisation
with parallel orientation (see Table  ). Hence, the case of absorbing case pro-
duces an intermediate case, mixing these two effects. This is clear from the ex-
pected 2Ű8 keV polarisation angle that changes by 90◦ between N eq

H = 1023 cm−2

and N eq
H = 1025 cm−2. For the former case the delicate energy transition between

the two polarisation states seen in the simulations (discussed in Section  ) occurs
at energies rather lower from the IXPE band. Although in the analysis presented
here, the 2Ű8 keV detectability results are in addition related to the energy-
dependent Ćux.

Such discussion is worth applying to the so-far only observed type-2 AGN by
IXPE: the Circinus Galaxy [with Compton thickness NH > 1024 cm−2,  

,  ,  ,  ], described and interpreted in  [ ].
The study provides a detailed spectropolarimetric analysis that suggests that
the observed polarisation of 17.6% ± 3.2% in the 2Ű8 keV band (at 68% conĄ-
dence level) can be largely attributed to the equatorial scatterings, while the po-
larisation from the polar reĆection is claimed unconstrained. They assumed two
distinct power-law indices Γ = 1.6 and Γ = 3.0 for the cold (equatorial) and warm
(polar) reĆectors, respectively, that were kept Ąxed in the spectropolarimetric Ąt,
which resulted in low total Ćux contribution of the warm reĆector, thus low contri-
bution to the net polarisation. If different assumptions were taken more in favor
of the warm reĆector, it could affect the result of the polarisation component
analysis. 

Thus, given our models that in addition include the polar reĆector [compared
to  ,  , where only the equatorial scattering region is considered],
we humbly propose reconsideration of the contribution to the polarisation de-
tected in the Circinus Galaxy by IXPE that could be on the other hand almost
entirely attributed to the partly ionized polar scattering region. This is supported
furthermore by the fact that our simulations from Section  and those in  

[ ] clearly lead to two contributions to the net polarisation state that
are distinguished by a 90◦ switch in the polarisation angle. The observed polar-
isation in the Circinus Galaxy is orthogonal to the principal axis of the entire
accreting system [ ,  ]. Hence, this orientation is consistent with
our interpretation for polar scatterings, on average symmetric in the meridional
plane. When studying the equatorial parsec-scale scattering regions in detail
in Section  , we argued that the parallelly oriented summed polarisation vec-
tor is more likely to arise from equatorial reprocessings, if the half-opening and
the observer’s inclination are high enough, which is the case of Circinus Galaxy
[ ,  ]. In such cases, the equatorial component may rather serve as
a depolarizer and dilutes the orthogonally and highly polarized warm reĆection
from the poles.

When considering the expected and observed energy dependence of polari-
sation in Circinus Galaxy, the above conclusions are also supported. Although
it is beyond the scope of this work to examine combinations of different energy
binnings in 2Ű8 keV range in detail, we clearly see that the simulations result

4 In the appendix of  [ ], it is discussed that such attempts did not improve
the spectral Ąt that was executed before the spectropolarimetric Ąt and that the presented
results are consistent with the spectral analysis of  [ ].
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in high (tens of %) polarisation with perpendicular orientation at soft X-rays,
thanks to the polar scatterer. This component then prevails more inside (or even
above) the 2Ű8 keV band for higher column densities of the torus. In  

[ ], it is proposed that the non-detection of polarisation in 6Ű8 keV is
due to the presence of unpolarized iron line, which is certainly true. However,
it suggests itself that an additional effect of depolarisation in 6Ű8 keV can be
due to the competing polarisation contribution in parallel direction with respect
to the principal axis arising from the equatorial reprocessings. For high enough
Compton thickness of the dusty torus that the source is likely possessing [ 

,  ,  ,  ] this would not mean a switch of the polarisation
angle to parallel orientation at higher energies within the 2Ű8 keV band, which
is indeed not observed [ ,  ], but only a dilution of polarisation
with the same orientation. The switch would occur at even higher energies due
to the reduced Ćux contribution from light passing directly through the opaque
torus [see Section  and  ,  ].
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6. Conclusions and future

prospects

Let us conclude and provide directions of useful continuation of this work.
In the beginning, we promised that we will show how elementary geometrical
principles may be used to derive information on the outer space. We argued
that in the case of AGNs and XRBs, the (a)symmetry in the origin of X-ray
emission yields polarisation signatures in the observed electromagnetic radiation,
as the preferred orientation of the electric vector position angle is determined
by the emission and reprocessing mechanisms, as well as superposition effects.
In this way, any broken spatial symmetry in the interaction of light and matter
inside the system, from quantum Planck scales all the way to multiples of black-
hole radii where gravity matters, may lead to enhanced net polarisation in a beam
of photons on behalf of the naturally randomly polarized (unpolarized) light.
In the X-rays near accreting black holes, this is associated mostly with mag-
netic Ąelds, scattering and absorption mechanisms, as the main physical drivers
of X-ray polarisation modiĄcations. We restricted ourselves to conĄgurations
where magnetic Ąelds do not intervene signiĄcantly in the X-ray emission. We
assumed a given background gravity Ąeld and matter conĄguration according
to known information on AGNs and XRBs, which comes from the interplay of ob-
servations and logical deduction based on elementary conservation principles and
known fundamental interactions.

Devoting the Ąrst half of our results to theory, we developed a series of X-ray
spectropolarimetric numerical models from local radiative transfer computations
applied to photospheres of accretion discs, to estimators of strong-gravity effects
on the emergent light near the black-hole event horizon, to models of reprocessing
in distant circumnuclear components. By constructing toy models of reasonable
simpliĄcations and assumptions Ű to the detriment of computational expensive-
ness and hopefully not much to the detriment of accurate description of physical
reality Ű we provided predictions for X-ray polarimetric observations of AGNs
and XRBs. These may serve for analysis of the recent discoveries by the lead-
ing X-ray polarimetric mission IXPE, as well as for observational prospects with
the current and forthcoming X-ray polarimeters (such as IXPE, XL-Calibur Ű
already launched Ű, or eXTP Ű planned to be launched in 2027). Despite being
largely degenerated in the considered parameter space with respect to predicted
X-ray polarisation, the models may result in signiĄcantly more informative poten-
tial, if combined with X-ray spectroscopic and timing techniques, or polarimetry
of AGNs and XRBs at other wavelengths. The power of observational X-ray po-
larimetry in multi-wavelength and multi-instrument campaigns was demonstrated
in the last part of the results where many recent IXPE results were presented,
alongside direct applications of the numerical models developed in the Ąrst part
of this work.

In Chapter  we presented a calculation for arbitrarily polarized X-ray power-
laws reprocessed in constant-density disc atmospheres, comoving with the source
of irradiation. We used an iterative radiative transfer equation solver TITAN
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and a MC simulator STOKES, aiming at polarisation estimation with high accuracy
and developing models, primarily for AGNs. Both X-ray spectroscopy and X-ray
polarimetry are powerful independent methods to derive the spin of the central
accreting black hole (not only) by means of reĆected coronal radiation from inner
regions of the accretion discs. High-Ądelity reĆection modeling is, however, nec-
essary to infer information not only on the black-hole spin, but also on the system
inclination and orientation, as well as on the accretion disc’s properties and ioniza-
tion structure. We showed that careful treatment of partial ionization of the disc’s
upper layers is critical for the resulting X-ray polarisation proĄles with energy.

We may improve the presented model in several ways. In the future, it would
be beneĄcial to release the assumption of constant density, as this is expected
to have an impact on both the resulting spectra and polarisation [e.g.  

,  ,  ,  ,  ,  ,  ,
 ]. This would, however, require designing a completely new setup. Mi-
nor improvements and checks for model dependencies of the results are achiev-
able with less effort. Apart from addressing different cut-off selections or cosmic
matter abundances, adding more spectral lines, or attempting for pencil-like il-
lumination in TITAN, perhaps the easiest Ąrst step towards generalization would
be attempting for the same computations, just for different slab densities. High-
density reĆection tables, suitable for accretion discs of XRBs, can be compared
in their spectral part much in the same way to the high-density XILLVER [ 

,  ] and REFLIONX [the REFHIDEN version of the standard tables  

,  ,  ] tables. Cross-validation at a deeper level in Ćux is necessary
for assessing polarisation properties of this Ćux in reĆecting high-density disc
models.

We argued that with contemporary numerical facilities it is difficult to derive
information on the inner-accreting structures in the vicinity of black holes from
X-ray polarimetry of thermally emitting disc atmospheres. Due to the expected
accretion disc X-ray properties, here the main applications are for XRBs, rather
than AGNs. With the same codes and major assumptions as for the reĆection
studies, we constructed models of passive scattering and absorbing layers in trans-
mission, illuminated from the opposite side by isotropic single-temperature black-
body radiation, representing the radiative power input from a signiĄcantly heated
optically thick accretion disc below. The absorbing medium may cause substan-
tial Ćux depletion in the transmitted radiation at about 3 keV, which results in
rather high and decreasing polarisation degree with energy between 2Ű8 keV where
IXPE operates. However, if the plane-parallel slab is ionized enough, which is
a natural state of the tested plane-parallel slabs in photo-ionization equilibrium,
the X-ray spectropolarimetric properties of the emergent radiation do not change
signiĄcantly with further ionization by decrease of medium density or increase
in irradiating intensity. Alongside typical X-ray signatures of high ionization
in XRBs in the thermal state, the obtained model polarisation degree with en-
ergy, which is constant or increasing in 2Ű8 keV, may be used to explain some
puzzling IXPE observations of XRBs in the high/soft state [namely 4U1630-47
and LMC X-3,  ,  ,  ,  ], by means of enhanced
absorption and down-scattering effects and possibly by adding outĆowing veloc-
ities to the absorbing and scattering medium that cause additional polarisation
increase due to aberration. In such high ionization limit, however, the disc struc-
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ture and the absorption and scattering geometry is largely unconstrained by our
model.

It would be useful to put more effort in constructing full semi-inĄnite atmo-
sphere models in X-ray polarisation gained by transmission of thermal radiation,
which so far consist of only few examples in the literature. A few more in-
dividual and brave attempts in detailed radiative transfer modeling Ű without
the ambitions for constructing a data-Ątting tool Ű can tell a lot in favoring or
disfavoring of an entire class of less sophisticated theoretical works, which are typ-
ically more useful for direct data Ątting. Although the model that was presented
in this dissertation fails at high slab thickness, there are possibilities of adapta-
tion. The TITAN code allows for boundary conditions that could be used for thick
atmospheres and using the information from TITAN on radiation passing through
intermediate layers in the non-LTE conditions (after convergence of the iterative
ALI computations), we could compensate for the Ćux loss, which is inevitable
in the MC STOKES results for thick atmospheres. In a broader view, different
illuminating spectra or combined illumination (most importantly the same slab
seen in transmission for a black body and in reĆection for a power-law: with
the vertical ionization structure consistently precomputed) are also accessible,
since we have well tested the two detached illumination examples already, using
the same method with TITAN and STOKES. Another critical update of this part
of work on local spectropolarimetric radiative transfer would be to use the lat-
est STOKES v2.34 version that includes Comptonization effects, which should be
tested Ąrst with the already performed models to track changes in the results, as
we neglected inverse Compton scattering in this work.

Apart from the ongoing IXPE campaigns, much progress in our understanding
of XRBs in the soft state is also expected from future (non-)detections of polar-
isation in other X-ray energy bands. Such as in the 15Ű80 keV window that is
covered by the XL-Calibur experiment and that can reveal more on the continua-
tion of the rise of polarisation with energy in 2Ű8 keV, which is currently detected
in many XRBs. Observing new sources with IXPE with known projected ori-
entation on the sky would also help to validate the above presented modeling
directions, because our model of thermal emission passing through an absorbing
atmosphere is valid only if the resulting polarisation angle is parallel to the pre-
vailing slab plane, similarly to most of the decades old analytical results. If
the polarisation directions orthogonal to the disc plane become observationally
preferred for thermal emission in the near future, either a delicate combination
of optically thin covering medium with particular distribution of internal sources,
or geometries, or bulk motions would have to be assumed, or perhaps this would
be exactly a small example in the history of science where a new gate opens and
we might be missing something fundamental. Observing the same sources again
and observing new sources with IXPE would both help in this sense.

In Chapter  , we provided two relativistic models of the entire disc-corona sys-
tem: assuming the lamp-post geometry and the sandwich slab geometry. They
incorporate the local reĆection tables for partially ionized AGN accretion discs
discussed in Chapter  and provide Ąrst-order estimates of major quantities de-
scribing the inner-accreting regions via spectropolarimetric Ątting in XSPEC or
by means of unfolded model comparison. Focusing on X-ray polarisation arising

160



from reĆection, we discussed the major spectropolarimetric properties of these
regions. The predicted X-ray polarisation fraction gained by reĆection from geo-
metrically thin accretion discs extending to the ISCO in the lamp-post models is
typically increasing with energy, of the order of a few %, and with a polarisation
angle oriented parallel to the principal axis. In most of the tested scenarios, the
X-ray polarisation obtained from reĆection in accretion discs in the sandwich slab
coronal models is less than 1%, peaking in the IXPE band and with polarisation
angle typically parallel to the equatorial plane. In addition, KYNSTOKES allows
to assess the inner disc radius location through X-ray polarisation by reĆection.
In the lamp-post geometries, the polarisation gain by geometrical reduction is
to the detriment of Ćux in the reĆected component. Such diagnostics may be
useful again towards the upcoming bright times of observational X-ray polarime-
try and towards our understandings of the accretion mechanisms.

Regarding future development of the relativistic codes presented here, it is
highly desirable to reimplement any newer version of the local reĆection tables,
especially towards any models more suitable for XRBs. Then, we need to re-
lease the isotropic emission assumption of the lamp-post corona or function with
more realistic coronal emission by implementing the standard disc reĆection from
KYNSTOKES for arbitrary input into MONK or KerrC. Studying different coronal
properties in this way provides much room for new discoveries.

Departures from the Kerr metric are not possible to test with our models, but
could be critical. Returning radiation effects in Kerr spacetime for X-ray polari-
sation by disc reĆection need to be thoroughly investigated already in the scope
current models, as the recent spectral analysis of returning radiation in  

[ ] suggests that they could play a role.
Apart from KYNSTOKES that studies reĆection from a geometrically thin disc,

we may also try to implement the new local reĆection tables to the SLIMBH model,
built for slim discs, as these are in many theoretical and observational arguments
preferred over the standard Novikov-Thorne accretion. The work of  

[ ] is currently also taking lead in assessing the critical assump-
tion of the disc thickness, including full GR treatment.

In Chapter  , we provided a set of computations assessing X-ray polarisa-
tion properties of distant circumnuclear components. These are far enough from
the core, to be separated from GR effects that affect the source radiation near
its origin and complicate the modeling. However, the reprocessed polarisation
is still highly dependent on the composition, shape and size of the scattering
regions. In case of both AGNs and XRBs, this is more important for X-ray po-
larimetry of obscured sources, viewed rather edge-on. Rather than attempting
for providing clear guidelines for observational analysis, which is too ambitous
in the current state of knowledge, we argued that even with static and homoge-
neous toroidal equatorial obscurers, the diversity in possible X-ray polarisation
production of the reprocessed signal is striking, reaching tens of % in parallel or
perpendicular orientation with respect to the axis of symmetry.

By means of comparing the detailed MC simulations with STOKES to a sim-
pliĄed model of reĆection from the inner toroidal surface, we showed that large
part of the diversity in X-ray polarisation is due to geometry of the reprocessing
medium only. The newly built simple model and its associated routines open
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up place for easy-to-implement modiĄcations and for a new class of XSPEC spec-
tropolarimetric models suitable for studying reĆection from axially symmetric sur-
faces without any relativistic effects. However, the remaining differences between
the simple approach and a full MC simulation (that accounted for e.g. partial
transparency and self-irradiation effects) still proved to be important for the po-
larisation predictions, modifying the results by at least few % in the testing
3.5Ű6 keV and 30Ű60 keV bands towards higher perpendicular polarisation frac-
tion with respect to the axis of symmetry.

We envision that the additional modeling of non-homogeneous distant scat-
tering regions, which we did not do here, is necessary to assess the sensitivity
to this assumption. At least the AGN tori are largely believed to be clumpy
[ ,  ,  ,  ,  ,  ,  ,  ]
and a detailed X-ray polarisation model could be conversely used for examination
of the clumpiness characteristics [  ,  ,  ,  ]. We also com-
pletely ignored possible misalignment of the scattering regions, which would be
of scope of another study of the same length, as releasing this assumption opens
at least one new dimension in the parameter region [ ,  ].
Another useful way of continuation of this work would be the study of different
irradiating spectral distributions, or non-isotropic or spatially extended sources.

Since the presented modeling represents one of the Ąrst broad-parametric
attempts for X-ray polarisation estimates from geometrically thick equatorial
obscurers, it would be highly beneĄcial to carry out a detailed comparative study
with respect to the simultaneously emerging analytical models [ ,

 ] and MC codes [ ,  ,  ,  ,  ,
 ,  ,  ,  ,  ,  ,  ]
in the near future.

In Chapter  , we provided a few examples of usage of the new numerical
models for the interpretation of the Ąrst IXPE observations. In addition, we pro-
vided general observational prospects for accreting black holes. Not only IXPE,
operating in the mid X-rays, and XL-Calibur, operating in the hard X-rays are
believed to bring interesting X-ray polarimetric discoveries in the near future.
We also mentioned the eXTP mission, which should be a successor of IXPE,
operating in the same energy band with about four times larger effective mirror
area. The soft X-ray sounding rocket experiment REDSoX, planned to operate
in 0.2Ű0.8 keV, could also reveal a lot of X-ray polarisation mysteries around ac-
creting black holes, given our models. Although in AGNs, the soft X-rays are
usually a matter of debates already from the spectroscopic point of view due
to the presence of the soft excess in Ćux, which we have not modelled thoroughly.

Staying humble with the scientiĄc progress that this individual work allowed,
we stress the general utility of X-ray polarimetry in the context of high-energy
astrophysics that was theoretically envisioned already in the 1970s and now is
observationally becoming conĄrmed. For the case of accreting black holes either
by strongly favoring locations of the hot emitting plasma, which are critically un-
known inside the accretion Ćow, much like a microscope providing physical clues
to unresolved structures. Or by showing surprises in high X-ray polarisation
of unknown origin in the reprocessings of thermal emission, arising from the core.
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Independent clues to black-hole spin values, which are typically extremely high
from X-ray spectroscopy (a surprising outcome for a dynamical evolution), or
to the accretion disc’s inclination, size and structure, which are for many sources
completely unknown, are only a matter of time when larger samples of X-ray
polarimetric observations will be collected. The same holds for characteristics
of equatorial and polar outĆows and tests of the uniĄcation scenario for AGNs,
which is dependent on the positioning and composition of parsec-scale compo-
nents of various kinds that X-ray polarimetry can unravel.

If more observational surprises are yet to come and theoretical efforts lack
behind, in such examples, it suggests itself to learn from other branches of astro-
physics, such as the solar physics, where observational data as well as numerical
simulations are typically more developed than for black-hole environments [e.g.

 ,  ,  ,  ,  ,  ]. One
can also learn from laboratory X-ray polarimetry [e.g.  ,  ,  ,

 ,  ,  ,  ,  ,  ,  ,  

,  ,  ,  ] that solves many quantum phenomena in greater detail
than the astrophysical sources allow, despite being unique in the extreme physical
conditions that are occurring elsewhere in our Universe.
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B. Singularities in

general-relativistic surface

integrals

The disc emission in equatorial plane can be two-dimensionally integrated in mul-
tiple ways: using the α and β impact parameters, the related Carter’s constants
of motion (see Appendix  ), the Boyer-Lindquist coordinates r and ϕ, or using
the g factor instead of azimuthal ϕ, and in forward or reversed integration order.
Exact treatment of integrals of the kind ( ) typically involves elliptical inte-
grals of the Ąrst kind [ ,  ] and some simpliĄcations, e.g. in radial
emissivity proĄle, in directionality of the local emission, or in axial symmetry.
On the contrary, numerical integration and tabular precomputation of geodesics,
the transfer function, or other intermediate results, using discretization tech-
niques, may lead to lack of precision and may not always be the most efficient
option. In the latter approach, detailed computations of relativistic smearing
of e.g. spectral lines tend to be in particular computationally expensive due to
singularities in the integrand of various, but known kinds. Realizing quickly that
an exploration and comparison of all possibilities would be of scope of another
PhD thesis, we at least made an attempt of substituting the singularities in g
and r coordinates with Gaussian quadratures [ ,  ,  ,  ], as this
is quickly possible, provided the expressions in  [ ] with singular-
ity prescriptions. If the polynomial substitution proves to be signiĄcantly faster
on a few examples, it may be worth of full implementation in the KY codes, where
the current ide integrating subroutine works in the r and ϕ coordinates and does
not treat efficiently the singularities in ϕ.

We will depart from  [ ], equation (7), which is basically ( )
written with

g∗ =
g − gmin(r)

gmax(r) − gmin(r)
, (B.1)

which keeps 0 ≤ g∗ ≤ 1. We will solve a few examples for undirectional Stokes
parameter I with the following emissivity proĄle

I

(︄

Eobs

g
, nem, r

⎜

= r−q Ī

(︄

Eobs

g

⎜

, (B.2)

where q = 3 is typically considered [ ,  ,  ,  ,
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 ,  ]. Then

NE =
π

r2
0

∫︂ rout

rin

r1−q
∫︂ 1

0
Ī

(︄

Eobs

g∗[gmax − gmin] + gmin

⎜

f(g∗, r, θ)

· g∗[gmax − gmin] + gmin√
g∗

√
1 − g∗

dg∗dr

=
π

r2
0

∫︂ rout

rin

r1−q
∫︂ 1

−1
Ī

(︄

Eobs
1
2
[g̃∗ + 1][gmax − gmin] + gmin

⎜

· f
⎤1

2
[g̃∗ + 1], r, θ

⎣⎭1
2

[g̃∗ + 1][gmax − gmin] + gmin

}︃

· 1√
1 − g̃∗2

dg̃∗dr

=
π

r2
0

∫︂ rout

rin

r1−q
∫︂ 1

−1
F̄ (g̃∗, r, θ)S̄(g̃∗)dg̃∗dr ,

(B.3)

where S̄(g̃∗) = [1 − g̃∗2]−
1
2 is the diverging factor and F̄ (g̃∗, r, θ) is an analytical

function on g∗ ∈ [−1; 1]. This allows the usage of Chebyshev-Gauss quadrature
formula [ ,  ]

∫︂ 1

−1

1√
1 − x2

F̄ (x)dx ≈
n
∑︂

j=1

HjF̄ (aj) , Hj =
π

n
, aj = cos

[2j − 1]π
2n

. (B.4)

We obtain

NE =
π2

nr2
0

∫︂ rout

rin

r1−q
n
∑︂

j=1

Ī

(︄

Eobs
1
2
[g̃∗

j + 1][gmax − gmin] + gmin

⎜

· f
⎤1

2
[g̃∗

j + 1], r, θ
⎣⎭1

2
[g̃∗

j + 1][gmax − gmin] + gmin

}︃

dr ,

g̃j = cos
[2j − 1]π

n
,

(B.5)

which can be compared to the more classical result in g coordinate:

NE =
π

r2
0

∫︂ rout

rin

r1−q
∫︂ gmax

gmin

Ī

(︄

Eobs

g

⎜

f

(︄

g − gmin

gmax − gmin

, r, θ

⎜

· g√
g − gmin

√
gmax − g

dgdr .
(B.6)

Figure  provides examples of spectral line broadening for a distant observer
for both, polynomial and classical integration in g in the left and middle pan-
els, respectively. Computational processing unit (CPU) time for a simple script

1 Another option perhaps worth trying is splitting the inner integral of the Ąrst expression

in ( ) into
∫︁ 1

2

0
· · · dg∗ +

∫︁ 1
1

2

· · · dg∗ = Â + B̂. Then rescaling Â with g∗ = 1
2
g̃∗ substitution

to g̃∗ ∈ [0; 1] range and using Legendre polynomials P2n(
√

g̃∗) of the order 2n to solve for sin-
gularity of type 1√

g̃∗
. The other integral B̂ is to be rescaled with g∗ = 1

4
(g̃∗ + 3) substitution

to g̃∗ ∈ [−1; 1] range and then using Jacobi polynomials Jn(g̃∗, α′, β′) of the order n for α′ = − 1
2
,

β′ = 0 to solve for singularity of type 1√
1−g̃∗

. See the discussion around table 4.4 in  

[ ] for general procedures and simpliĄcations, also for two-dimensional integrals as a whole.
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on a laptop is provided, but only relative difference between the results of the two
methods is important. A Gaussian line proĄle at El = 6.4 keV was used

Ī

(︄

Eobs

g

⎜

=
1

ω
√

2π
e−

[︂

Eobs
g −El

]︂2

2ω2 , (B.7)

where g = 1
2
[g̃∗

j + 1][gmax − gmin] + gmin for the case of ( ). We used ω = 0.005
for the line width and 500 linearly spaced bins in energy between Emin = 1 keV
and Emax = 15 keV. In the right panels, we provide referential results for intensity
given by δ function, which automatically solves for the inner integral and is hence
the fastest solution:

NE =
π

Eobsr2
0

∫︂ rout

rin

r1−q
∫︂ 1

gmax

1
gmin
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⎜
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√
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dx′dr

=

∏︂

⋁︂

⋁︂
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⋁︂

⋁︂

⋁︂
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0

∫︁ rout

rin
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Eobs
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⎜

· 1
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1−gmin
El

Eobs

√︂

gmax
El

Eobs
−1

dr ,

El

E0
∈
[︂

1
gmax

; 1
gmin

]︂

,

0 , else ,

(B.8)

where we used x′ = 1/g. The results are provided for two linear binnings in r,
given by Nr, and various binnings in g, given by Ng (logarithmically compressed
bins towards both integration edges starting from a mid-point), and various orders
of n. For small n, we Ąrst observe n nodes in the numerical defocusing, which gets
smoothed to the exact result when n approaches inĄnity. The unnatural features
from realistic line proĄles are given by the fact that we in addition imposed
an approximation of the transfer function f̄T [see  ,  ] given by
empirical law representing the curve f̄T(r) from Ągure 3a of  [ ]
and the same for gmin(r) and gmax(r) from Ągure 1a of  [ ], all
for a = 0 and cos θ = 0.75, as if these were constants in θ. The remaining
parameters were q = 3, rin = 2 rg, rout = 100 rg. The integrations in r and g were
performed using the Simpson rule [see e.g.  ,  ].

Although some gain in efficiency is apparent, the polynomial approach did not
seem to win dramatically over the integration in classical g and r coordinates,
when also more detailed examples were tested than the above shown. We tried
for interpolation of tabular emissivity proĄles in discrete energy bins and precom-
puted transfer functions from  [ ]. We tried the usage of quadratures
in g-integration compared to splitting the classical inner integral in ( ) in three
parts: the edges with singularities to be analytically integrated for quadratic in-
terpolation of the non-diverging part of the integrand, and the mid part to be
numerically integrated, using the Simpson rule. Various binning types, resolu-
tions and line proĄles were also tested. The intermediate results are disfavoring
continuation of this work, but perhaps a negative result of an experiment also
deserves to be recorded.
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C. General-relativistic change of

the polarisation angle

We will summarize the derivations of the change of the polarisation angle due
to GR effects in Kerr spacetime in between the lamp-post and the observer
and in between the lamp-post and the disc. The original calculations were carried
by Michal Dovčiak and in the scope of this dissertation only revisited and veriĄed.
These are now implemented in the KYNSTOKES code [  ,  ].

It is practical to use two Carter’s constants of motion that are re-
lated to the impact parameters α and β. These will have a reduced form
λ̄ = α sin θ = 0, q̄ =

√︂

β2 + (α2 − a2) cos2θ =
√

β2 − a2 cos2θ, because we track
only the photons from the rotation axis. The expressions for pµ components
are taken from  [ ],  [ ]: ♣pθ♣ =

√
q̄2 + a2 cos2θ,

♣pr♣ =
√︂

(r2 + a2)2 − ∆(q̄2 + a2)/∆ with ∆ = r2 −2r+a2; pϕ = 0 is trivial and we
normalize the conserved energy as pt = −1. We deĄne the unit polarisation
3-vector f⃗ in the polarisation plane (perpendicular to the photon’s momentum)
and a disc normal (or rotation axis) projected to that plane, which altogether
set the polarisation angle Ψ in any local frame of reference. We will Ąrst draft
the general procedure and then solve for particular expressions of ∆Ψ between
the lamp and the observer, denoted as χp, and between the lamp and the disc,
denoted as χd.

We assume the initial polarisation angle Ψ0 = 0 at the lamp location. For in-
cident polarisation at the lamp in the local reference frame of the primary source
(deĄned by the height, h, and constant of motion, q̄) we write f⃗0. This lo-
cal frame is given by an orthonormal tetrade eµ

(a), which sets four components

of a polarisation 4-vector f
(a)
0 = (0, f⃗0), the corresponding polarisation 4-vector

being fµ
0 = eµ

(a)f
(a)
0 . This 4-vector can be parallelly transported in Kerr space-

time, using ( ), between the lamp and a distant observer at spatial inĄnity
(deĄned by the observer inclination, θ), or between the lamp and the disc (de-
Ąned by the radius, r). At each receiving point, the polarisation 4-vector fµ

will, generally, have a non-zero time component in the local reference frame. We
will thus subtract a multiple of a null vector after the parallel transport, so that
the properties of a polarisation vector are kept, i.e. the time component is set
to zero and the space part is not rotated. This means transforming

f ′(a) = f (a) − f (t)

p(t)
p(a) . (C.1)

Using the Walker-Penrose theorem and ( ), we will express κ1 and κ2 by means
of the initial pµ and fµ

0 of each photon and the same for the three unknown com-
ponents of the polarisation 4-vector fµ in a given local reference frame at the re-
ceiving point, where we will construct the Ψ with respect to the projected disc
normal (or rotation axis).
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Let us Ąrst solve the case of transfer from the lamp to a distant observer.
At the lamp it holds that

κ1 = h

√︄

q̄2 + a2

h2 + a2
, (C.2)

κ2 = −a

√︄

q̄2 + a2

h2 + a2
, (C.3)

where we set f0 t = f0 ϕ = 0 and the other two components, f0 r and f0 θ are
obtained from general conditions of (i) polarisation vector being perpendicu-
lar to the momentum, fµpµ = 0, and (ii) polarisation vector being normalized
to unity, fµfµ = 1. Using the conditions fµpµ = pµpµ = 0, we perform the trans-
formation ( ) at spatial inĄnity

f ′(t) = 0 , (C.4)

f ′(r) = r2pθ(pθf r − prf θ) , (C.5)

f ′(θ) = rpr(pθf r − prf θ) , (C.6)

f ′(ϕ) = r sin θfϕ , (C.7)

where fµ and pµ were transformed into the local reference frame deĄned by the or-
thonormal tetrade e(t)

µ = (−1, 0, 0, 0), e(r)
µ = (0, 1, 0, 0), e(θ)

µ = −r (0, 0, 1, 0),
e(ϕ)

µ = r sin θ (0, 0, 0, 1). Combining ( )Ű( ) with ( ) gives κ1 and κ2

for each geodesic at spatial inĄnity

κ1 = βf ′(θ) + a sin θf ′(ϕ) , (C.8)

κ2 = −a sin θf ′(θ) + βf ′(ϕ) . (C.9)

In the end we put (  ) equal to ( ) and ( ) equal to ( ), which brings
the expression for the change of the polarisation angle χp at the local reference
frame of the observer

tan χp = −f ′(ϕ)

f ′(θ)
= a

β − h sin θ

a2 sin θ + hβ
. (C.10)

The dependence of χp(h) on height is shown in Figure  for maximally rotating
black hole and three observer inclinations.

Now we will solve for the change of polarisation angle between the lamp
and the disc. In the equatorial plane, ( ) yields

κ1 =
r2 + a2

r
prft +

r2 + a2

r
fr +

apr

r
fϕ , (C.11)

κ2 =
apθ

r
ft +

a

r
fθ +

pθ

r
fϕ . (C.12)

A notable simpliĄcation of the computations comes from expressing ft, fθ, fϕ

as functions of κ1, κ2, pθ, pr and the metric coefficients, using the conditions
pµpµ = 0, fµpµ = 0 and fµfµ = 1. Instead of performing transformation
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server versus lamp-post height h for black-hole
spin a = 1 and three different observer’s incli-
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of Michal Dovčiak.
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angle, χd, between the lamp-post and the disc
as a function of radius r in the equatorial plane
for black-hole spin a = 1 and several lamp-post
heights. Image courtesy of Michal Dovčiak.

in the form of ( ), we will subtract the r-component of fµ in the equatorial
plane

f ′
µ = fµ − fr

pr

pµ , (C.13)

because this also largely simpliĄes expressions. Since the polarisation vector
is orthogonal to the photon momentum and deĄnition of the polarisation an-
gle is in the plane orthogonal to the photon momentum, any transformation
f ′

µ = fµ + Apµ does not change its value (the tetrade vectors eµ
(y) and eµ

(z), deĄned
below, into which we project the polarisation vector f ′µ in the polarisation angle
deĄnition at the disc, are perpendicular to the photon momentum). Hence, we
obtain the reduced components of f ′

µ in the form of

f ′
t = − ∆pθ

ar(pr)2
κ2 +

⎟

(r2 + a2)
a

∆(pθ)2

(pr)2
+ gtϕ

⟨︂

fϕ

gϕϕ

, (C.14)

f ′
r = 0 , (C.15)

f ′
θ =

gϕϕ

ar(pr)2
κ2 − (r2 + a2)pθ

a(pr)2
fϕ , (C.16)

f ′
ϕ = fϕ =

arprκ1 + r(r2 + a2)pθκ2

q2 + a2
, (C.17)

where gtϕ = −2a/r, gϕϕ = [(r2 + a2)2 − ∆a2]/r2 are taken from the Kerr
metric in the equatorial plane. The components of the 4-velocity are
U t = (r2 + a

√
r)/r/

√︂

r2 − 3r + 2a
√

r, U r = U θ = 0 and Uϕ = ΩKU t with rel-
ativistic Keplerian rotational velocity ΩK = (r3/2 + a)−1 [ ,

 ]. We construct an orthonormal tetrade in the local comoving frame with
the disc, in order to deĄne the polarisation angle χd. We choose the time-like
tetrade vector to be given by the 4-velocity of the orbiting material, the Ąrst spa-
tial tetrade vector to be directed in the direction of momentum of the incoming
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photon, the second spatial tetrade vector to be deĄned by the projection of the lo-
cal disc normal into the plane orthogonal to the photon momentum, and the last
spatial tetrade vector is constructed as the vector product of the others, so that
the full orthonormal tetrade is formed. Thus, we set

eµ
(t) = Uµ , (C.18)

eµ
(x) =

pµ + pνUνUµ

−pσUσ
, (C.19)

eµ
(y) =

nµ − nνpν

−pσUσ eµ
(x)

√︃

1 −
(︂

nρpρ

pιU ι

⎡2
, (C.20)

eµ
(z) =

εαβγµUαpβnγ

−pσUσ

√︃

1 −
(︂

nρpρ

pιU ι

⎡2
, (C.21)

where εαβγµ = −δαβγµ/
√

−ĝ is the permutation tensor deĄned by the per-
mutation symbol, δαβγµ, and the metric tensor determinant,

√
−ĝ = r2,

and nµ = (0, 0, −1/r, 0) is the local disc’s normal. Using the relations fµpµ = 0,
Uθ = 0, pϕ = 0, ( ), ( )Ű( ) we obtain the expression for the change
of polarisation angle χd at the local reference frame of the observer comoving
with the disc

tan χd =
eµ

(z)f
′
µ

eµ
(y)f

′
µ

=
Utprf

′
ϕ + Urf

′
ϕ − Uϕprf

′
t

pνU νf ′
θ − qUµf ′

µ

, (C.22)

where Uµf ′
µ = U tf ′

t +Uϕf ′
ϕ, pνU ν = −U t, f ′

t , f ′
θ and f ′

ϕ follow from ( ), ( )
and ( ), respectively, where the constants κ1 and κ2 have to be taken from
( ) and ( ), respectively. The dependence of χd(r) is shown in Figure  

for maximally rotating black hole and several lamp-post heights.

261



D. Axially symmetric reflection

models for XSPEC

Both variants of the xsstokes C routine that are presented in Section  operate
on the same basis. We produce the Stokes parameters I, Q and U in particu-
lar reĆection geometry for three independent primary polarisation states with
unpolarized and 100% horizontally (Ψ0 = π

2
) and 100% diagonally (Ψ0 = π

4
) po-

larized irradiation, in order to use equation ( ). These tables were Ąrst produced
in the American Standard Code for Information Interchange (ASCII) text Ąle for-
mat and then converted to FITS tables in the OGIP format, using XSPEC Table

Model Generator . This simple conversion script in Python 3 was developed by
Michal Bursa, but also veriĄed with a similar routine independently developed
in the scope of this dissertation. We stress the usefulness of the XSPEC Table

Model Generator for obtaining any tabular models for XSPEC version 12.13.0
(and onwards) suitable for polarisation. A reduction of the code to a pure spectral
FITS Ąle generation (necessary for previous XSPEC versions) is straight forward
within. The xsstokes code can be adapted to any precomputed non-relativistic
static model of axially symmetric reĆector, where the formula ( ) would apply
and where the three tabular dependencies could be converted to the right format
using the XSPEC Table Model Generator.

In Section  , we already explained how we obtained the tabular dependen-
cies for xsstokes_disc. For xsstokes_torus the precomputations were only
a bit more demanding, requiring development of a Python 3 routine, called
torus_integrator . We provide here the details of the numerical implemen-
tation not only for the sake of reproducibility of the results presented in Section

 , but because we also believe that the routine may be useful for other pur-
poses. The mechanisms of integration of precomputed spectropolarimetric reĆec-
tion tables over the two-dimensional surface are wavelength independent and can
be easily adapted to elliptical tori, for example. Different local reĆection tables
for different irradiation can be used, aiming at higher accuracy for the description
of AGN tori, or reĆecting media of completely different astrophysical origin.

Inside the torus_integrator routine, the user can deĄne an isotropically
emitting power-law point source located at the center of the coordinates (see
Figure  ) with 1.2 ≤ Γ ≤ 3.0 and a state of incident polarisation, given by
the primary polarisation degree p0 and primary polarisation angle Ψ0. These
parameters should preserve the values given by the local reĆection tables, as
the interpolation is not performed for these parameters for efficiency reasons.
Then the user selects any torus half-opening angle 0◦ < H ′ < 90◦ and any
observer’s inclination 0◦ < θ < 90◦, both measured from the pole. In the current
setup, the results are independent of the distance of the torus from the center

1 Available at  on the day of submis-
sion, including documentation.

2 Available at  on the day of submis-
sion, including documentation.
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rtorus
in (see below). The user also selects integration resolution in the coordinates

u ∈ (0, 2π] and v ∈ [π − H ′, π], where the grid is linearly divided in Nv and 2Nu

bins in the corresponding ranges (the number of bins in u covers only the [π
2
, 3π

2
]

interval, because the other half is symmetrically added). The energy binning
of the output is preserved from the local reĆection tables and the output is stored
in ASCII Ąle format with lower and upper energy bin edges and the corresponding
renormalized Stokes parameters I, Q and U . If a list of model parameter values
is given, multiple Ąles will be stored in the output directory under names of all
parameters and their values.

We utilize standard relations between the cartesian coordinate sys-
tem {x, y, z} given by the base vectors e⃗x = (1, 0, 0), e⃗y = (0, 1, 0),
e⃗z = (0, 0, 1) and the torus surface coordinates {u, v} given by the base vectors
∂

∂u
= (− sin u, cos u, 0), ∂

∂v
= (− sin v cos u, − sin v sin u, cos v) (see Figure  ):

x = (R′ + r′ cos v) cos u ,

y = (R′ + r′ cos v) sin u ,

z = r′ sin v ,

(D.1)

where R′ = r′ + rtorus
in is the distance between (0,0,0) and the center of the merid-

ional section of the torus, and

r′ = rtorus
in

cos H ′

1 − cos H ′
(D.2)

is the radius of the toroidal section circles in the meridional plane, following
equation ( ). The surface is given by another well-known implicit formula

Φ = (x2 + y2 + z2 + R′2 − r′2)2 − 4R′2(x2 + y2) = 0 . (D.3)

The local reĆection tables from  [ ] are linearly interpolated
at each at each point in the {u, v} grid in µi = cos δi, µe = cos δe, and Φe,
which are schematically shown in Figure  (left). We Ąrst precompute all three
angles at each grid point in the local frame, given by the local surface normal
n⃗ = ∇Φ

♣∇Φ♣
, the incident vector I⃗ = (x, y, z), the emission vector K⃗ = (0, sin θ, cos θ),

and their respective projections I⃗p and K⃗p to the local tangent plane through
scalar products.

The code secures that the grid points with δi /∈ [0, π
2
] and δe /∈ [0, π

2
] are not

accounted for. We limit π − H ′ ≤ v ≤ π, i.e. we do not account for those
regions that lie below the equatorial plane and for any v smaller than the shadow
boundary constrained by H ′. The region of reĆection has to be also directly
visible by the observer, which is for each u and θ given by the boundary curve
of the zero-transparency condition 0 = n⃗ · K⃗. Therefore, after a few simple steps
we arrive at a prescription for this curve

vlimit(u, θ) = − arctan(2 sin u tan θ) + π . (D.4)

Next, we have to account for self-obscuration of the reĆected rays by the op-
posite side of the torus, closer to the observer. This is the scenario for highly
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denoted as S(µi, µe, Φe; E, Γ, p0, Ψ0). The interpolated result, which we denote as
S̄u,v(µi(u, v), µe(u, v), Φe(u, v); E, Γ, p0, Ψ0), is further transformed.

The polarisation vector of the interpolated reĆected rays needs to be rotated
from the local frame to conform to the photon momentum direction in the global
system. In global coordinates, the Stokes parameters are deĄned with respect
to the system axis of symmetry. The incident electric vector orientation does
not have to be rotated to conform to the polarisation deĄnition in the local
frame due to the axial symmetry of the reĆecting surface and due to the place-
ment of the point-source in the central point. The polarisation fraction af-
ter the rotation p1 is equal to the p0 in the local reĆection frame. Similarly
for the intensity, I1 = I0. Hence, for the remaining Stokes parameters we have
Q1 =

√︂

Q2
0 + U2

0 cos (2Ψ1) and U1 =
√︂

Q2
0 + U2

0 sin (2Ψ1). In order to obtain
the Ψ1(Ψ0) function, we will go back to the adopted deĄnitions ( ), which
are illustrated in Figure  (right) in the polarisation plane. We assume Ψ0

with respect to the projected normal n⃗p = n⃗ − (n⃗ · K⃗)K⃗ and Ψ1 with respect
to the projected global axis of symmetry z⃗p = e⃗z − (e⃗z · K⃗)K⃗. Then ⃗̃ey = K⃗ × n⃗p

♣n⃗p♣
,

⃗̃ex = n⃗p

♣n⃗p♣
and ⃗̃ez = K⃗ are the base vectors in the polarisation plane and the polar-

isation vector is locally w⃗loc = (cos Ψ0, sin Ψ0, 0). The conditions cos Ψ0 = ⃗̃ex · w⃗,
cos Ψ̃0 = sin Ψ0 = ⃗̃ey · w⃗ and w⃗ · K⃗ = 0 provide

w⃗loc =
(︂

⃗̃ex, ⃗̃ey, ⃗̃ez

⎡

· w⃗ = B · w⃗ . (D.8)

Therefore, we solve for this matrix equation to get w⃗ = B−1 · w⃗loc, in order
to obtain w⃗k = −K⃗ × w⃗. In the end,

Ψ1 =

∏︂

⋁︂

⋁︂

⋁︂

⋁︂

⨄︂

⋁︂

⋁︂

⋁︂

⋁︂

⋃︂

arccos

(︄

z⃗p · w⃗

♣z⃗p♣♣w⃗♣

⎜

, if arccos

(︄

z⃗p · w⃗k

♣z⃗p♣♣w⃗k♣

⎜

≤ π

2
,

− arccos

(︄

z⃗p · w⃗

♣z⃗p♣♣w⃗♣

⎜

, if arccos

(︄

z⃗p · w⃗k

♣z⃗p♣♣w⃗k♣

⎜

>
π

2
.

(D.9)

The code results are then produced by numerically integrating the rotated
Stokes parameters from locally tangent planes projected to the line of sight across
all {u, v} that fulĄll the aforementioned shadow and self-obscuration conditions:

Stot(θ, H ′, p0, Ψ0, Γ, E) = K0

∑︂

u,v

Au,vµe(u, v)µi(u, v)
1

ϱ(u, v)2
S̄u,v , (D.10)

with weighting according to the locally illuminating Ćux that is dependent on dis-
tance from the center ϱ(u, v) as ∼ 1

ϱ(u,v)2 . Because of the weighting factor ϱ(u, v)
that scales linearly with rtorus

in , the results are independent of rtorus
in . Because

we take for all surface points the most neutral version of the local reĆection ta-
bles, the ionization parameter is not dependent on the local Ćux received in our
approximation. The output Stot is renormalized via K0 constant for storage con-
venience before being saved in a user-deĄned directory in the ASCII Ąle format.
Given the axial symmetry of our toroidal setup (the incident polarisation angle
does not change with respect to the local reĆection frame), neglect of the rela-
tivistic effects, and the linearity of Stokes parameters, we precompute only three
tables in Stot for three independent incident states of polarisation. Such Stot ta-
bles converted to FITS format are then ready to be used inside xsstokes_torus,
following the interpolation relation ( ).
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Préface

Cette thèse vise à élargir notre connaissance des trous noirs astrophysiques
et de leur environnement. En commençant par le concept de l’horizon des événe-
ments de John Michell en 1783, la Préface retrace le développement de la relativité
générale par Albert Einstein, en soulignant les solutions clés telles que les solu-
tions de Schwarzschild et de Kerr pour les trous noirs statiques et en rotation
[ ,  ,  ,  ]. Ces fondements théoriques ont ouvert la voie
au passage de la spéculation à la science observable, avec des projets à haute
résolution spatiale tels que le télescope Event Horizon [ 

,  ], jouant un rôle crucial.
Nous classons les trous noirs astrophysiques en deux catégories principales :

les trous noirs supermassifs, énormément plus lourds que notre Soleil et situés
au centre de la plupart des galaxies, et les trous noirs de masse stellaire, plus
petits et plus nombreux dans notre galaxie. Nous insistons sur l’importance de
la polarisation de la lumière à proximité des trous noirs, car elle fournit des
informations essentielles sur la géométrie de leur environnement, un aspect qui
fait partie intégrante de la compréhension des interactions complexes entre les
trous noirs et la matière qui les entoure.

Cette toile de fond théorique ouvre la voie à une discussion sur les progrès
récents de la polarimétrie observationnelle des rayons X, en particulier avec le
lancement de l’Imaging X-ray polarimetry explorer (IXPE) de la NASA et de
l’ASI [  ,  ], qui opère dans la bande énergétique 2Ű8 keV. Cette
mission marque une nouvelle ère dans les observations polarimétriques de haute
précision, offrant un aperçu sans précédent de la dynamique à haute énergie
autour des trous noirs.
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1. Introduction

Ce chapitre donne un aperçu de la littérature, des déĄnitions clés et des
conventions dans le contexte de l’astronomie des rayons X et des processus per-
tinents dans ce domaine.

La polarisation est un aspect clé de la lumière dans le domaine de l’astronomie
des rayons X. En termes d’ondes électromagnétiques, la polarisation s’explique
par le comportement du vecteur de champ électrique dans l’espace et le temps.
Les différents types de polarisation, tels que la polarisation elliptique, linéaire
et circulaire, sont caractérisés par la trajectoire suivie par le vecteur champ élec-
trique dans le plan de polarisation. Le degré de polarisation est déĄni par rapport
aux intensités spéciĄques des ondes polarisées et totales [ ,  ].

Les paramètres de Stokes (I, Q, U , V ) sont utilisés pour décrire complète-
ment tout état de polarisation du rayonnement [ ,  ]. Ces paramètres
sont formulés au moyen d’expressions impliquant les composantes vectorielles du
champ électrique, ce qui permet une compréhension globale de l’état de polarisa-
tion. Ils sont particulièrement utiles dans la superposition macroscopique d’ondes
individuelles [  ,  ].

La polarisation des rayons X implique des processus qui modiĄent l’état de
polarisation du rayonnement, souvent en raison de l’asymétrie interne des élé-
ments optiquement actifs. Les processus clés comprennent les diffusions (comme
la diffusion Thomson et Compton), les interactions avec les milieux dichroïques, le
rayonnement synchrotron, l’effet Zeeman, l’effet Hanle et la rotation de Faraday
[ ,  ,  ,  ,  ,  ]. La matière
dont la température n’est pas nulle produit un rayonnement électromagnétique,
conformément à la loi de Planck pour le rayonnement du corps noir [ ,  ,

 ,  ]. En astronomie des rayons X, la diffusion Compton,
en particulier dans les environnements à haute énergie près des trous noirs, est un
processus important [ ,  ,  ,  ]. Le degré de po-
larisation dû à la diffusion Compton dépend de l’angle de diffusion et de l’énergie
des photons impliqués [ ,  ,  ,  ]. L’émission synchrotron et le
bremsstrahlung peuvent être signiĄcatifs dans les rayons X [ 

,  ,  ,  ,  ,  ]. L’émission synchrotron
résulte d’électrons qui tournent autour des lignes de champ magnétique, avec une
polarisation orthogonale au champ [ ,  ,  ,  ]. Le Bremss-
trahlung, ou rayonnement libre, se produit en présence d’électrons libres accélérés
à proximité de noyaux atomiques, en particulier dans les gaz chauds, et peut éga-
lement être polarisé [ ,  ,  ,  ]. La
photoionisation et la recombinaison, en particulier l’effet photoélectrique, jouent
un rôle essentiel dans l’émission de rayons X et, par conséquent, dans la polari-
sation [ ,  ]. Le paramètre d’ionisation est utilisé pour décrire la
compétition entre les taux de photoionisation et de recombinaison dans les mi-
lieux irradiés [ ,  ]. Les raies d’émission et d’absorption dans les
rayons X, les plus célèbres provenant des transitions dans les atomes de fer, sont
typiquement non polarisées, voire résonantes [ ,  ,  ,  ].
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Les télescopes spatiaux sont essentiels pour l’astronomie des rayons X en rai-
son de l’absorption atmosphérique. Les principales missions dans le domaine des
rayons X comprennent Chandra, XMM-Newton, NICER et NuSTAR, avec des
campagnes de surveillance par MAXI et Swift/BAT [  ,  ,

 ,  ,  ,  ,  ,  ,  ,
 ,  ,  ,  ,  ]. Les futurs projets tels que
XRISM et ATHENA sont également cruciaux pour le domaine [ 

,  ,  ,  ]. L’exploration de l’astrophysique des hautes éner-
gies, en particulier la polarimétrie des rayons X, est essentielle pour comprendre
divers phénomènes cosmiques. Bien que la polarimétrie dans les bandes radio et
optiques ait une longue histoire, la polarimétrie des hautes énergies a rencontré de
nombreux déĄs techniques, avec des instruments pionniers comme ceux d’OSO-8
[ ,  ,  ,  ] qui ont permis de faire des percées dans
les années 1970. Ces instruments ont conĄrmé la polarisation des rayons X de la
nébuleuse du Crabe [  ,  ], marquant une avancée signiĄcative
dans le domaine.

Les progrès en polarimétrie des hautes énergies se sont poursuivis avec des
missions comme INTEGRAL/SPI [ ,  ,  ,  ],
améliorant la compréhension des rayons gamma et des rayons X très durs. La
polarimétrie des rayons X en astronomie a considérablement évolué au cours
des dernières décennies, la technologie actuelle se concentrant sur des détecteurs
tels que les détecteurs de pixels gazeux (GPD) et les chambres de projection
temporelle (TPC) [ ,  ,  ,  ,  ,

 ,  ,  ]. Ces détecteurs analysent la trajectoire des électrons photo-
excités pour déterminer l’état de polarisation des photons incidents [ ,

 ]. Les polarimètres à rayons X modernes mesurent la modulation azimutale
des quantités physiques, ce qui permet de déterminer le facteur de modulation et
la polarisation minimale détectable [ ,  ]. Le calcul des paramètres
de Stokes événement par événement est préférable pour les faibles nombres de
photons, et des outils logiciels comme IXPEOBSSIM et XSPEC sont utilisés pour
l’analyse des données et l’ajustement des modèles [  ,  ,  ,
 ].

Plusieurs missions ont joué un rôle essentiel dans l’avancement de la polarimé-
trie des rayons X. X-Calibur [ ,  ,  ,  ,  

,  ,  ,  ,  ,  ] et son successeur XL-Calibur
[ ,  ], ainsi que des projets à venir comme REDSoX [ ,

 ], XPP [ ,  ], et eXTP [ ,  ], ont immensément
contribué au domaine. Parmi ceux-ci, la mission IXPE [ ,  ], lancée
en décembre 2021, a été particulièrement inĆuente, fournissant des détections de
haute précision et faisant progresser notre compréhension de la polarisation des
rayons X. IXPE fonctionne dans un régime de visée de longue durée, avec sa
technologie avancée, en particulier dans les GPD, améliorant la sensibilité po-
larimétrique. Les trois télescopes alignés identiques de la mission se composent
chacun d’un module miroir (MMA) et d’une unité de détection (DU), ce qui
permet d’effectuer des observations complètes de diverses sources astronomiques.

Les cas scientiĄques abordés par la polarimétrie des rayons X sont variés. Les
rayons X, émis par diverses sources cosmiques, permettent de comprendre des
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phénomènes tels que les mécanismes d’accélération, les champs magnétiques et
les effets gravitationnels puissants. Les observations d’IXPE ont porté sur les
supernovas, les champs magnétiques et les effets gravitationnels puissants, les
nébuleuses de vent de pulsar et les trous noirs d’accrétion, entre autres, ce qui
a considérablement enrichi notre compréhension du cosmos [par example  

,  ,  ,  ,  ,  ,  ,  ,  

,  ,  ,  ,  ,  ].

Le texte se penche ensuite sur les Noyaux Actifs de Galaxie (AGN), en dis-
cutant de leur importance cosmologique et de leurs caractéristiques. Les AGN,
alimentés par un transfert de masse vers un trou noir supermassif central, pré-
sentent une densité de puissance et une luminosité extrêmes dans toutes les lon-
gueurs d’onde [ ,  ,  ,  ,  ,  ,

 ,  ,  ,  ,  ,  ]. Les classiĄcations des
AGN, telles que les galaxies de Seyfert [  ,  ,  ,  ,

 ,  ,  ,  ], et leurs caractéristiques spectrales sont explorées,
y compris les modèles d’uniĄcation qui tiennent compte des différences d’obser-
vation en termes d’angles de vue [ ,  ,  ,  ,

 ,  ,  ,  ,  ,  ,  ,  ,
 ,  ,  ,  ,  ,  ,  

,  ,  ,  ,  ,  ,  ,  ,
 ,  ].

Le document traite également des systèmes binaires à rayons X (XRB), dans
lesquels un trou noir de masse stellaire accrète la masse d’une étoile compagnon
[ ,  ,  ,  ,  ,  ,  ,  ]. Les
XRB, souvent appelés "microquasars", présentent des similitudes avec les AGN
en ce qui concerne leurs mécanismes d’accrétion et leurs propriétés d’émission.
Leurs états spectraux, caractérisés par des propriétés spectrales et temporelles
distinctes des rayons X, offrent un aperçu des processus d’accrétion [ 

,  ,  ,  ,  ,  ,
 ,  ].

Dans les dernières sections, les approches et les outils informatiques utilisés
dans la po larimétrie des rayons X et les environnements proches des trous noirs.
Des codes comme TITAN [ ,  ], STOKES [ ,

 ,  ,  ,  ,  ,  ] et KY [ ,  , ,  ,
 ] sont présentés, car ils sont essentiels pour les simulations et les résultats
de cette thèse. Ces outils permettent permettre une étude détaillée du trans-
fert radiatif polarisé près des trous noirs (jusqu’à quelques centaines de rayons
gravitationnels), y compris les effets relativistes.
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2. Emission d’un disque

d’accrétion partiellement ionisé

dans un cadre local en corotation

Ce chapitre traite de la modélisation de l’émission locale des disques d’ac-
crétion dans une approximation plan-parallèle, en se concentrant sur la réĆexion
ou la transmission. Nous analysons l’interaction avec la source de rayonnement
illuminant, en supposant une atmosphère passive plan-parallèle, et en excluant
les effets relativistes.

2.1 Réflexion en loi de puissance sur l’atmo-

sphère d’un disque

L’étude utilise les codes TITAN et STOKES pour modéliser la réĆexion sur une
dalle de densité constante en équilibre de photoionisation, en examinant les pro-
priétés spectropolarimétriques [ ,  ,  ]. Les résultats in-
tègrent les dernières mises à jour de cette approche : la grille d’ionisation uniĄée
et l’illumination polarisée. Il évalue des paramètres clés comme l’indice photo-
nique Γ, le paramètre d’ionisation ξ, et les angles d’inclinaison, ainsi que leurs
effets sur les paramètres de Stokes. La Ągure  résume les résultats.

L’analyse spectropolarimétrique révèle des caractéristiques telles que la bosse
de Compton, le complexe de raies du fer et les raies inférieures à 2 keV, avec des
variations en fonction de l’ionisation [ ,  ]. Les propriétés de
polarisation sont inĆuencées par les processus d’absorption, de réémission et de
diffusion, montrant des comportements distincts à travers le spectre d’énergie.
d’énergie. Les limites des hypothèses de densité constante sont notées, suggérant
des impacts potentiels de l’équilibre hydrostatique sur les propriétés de polarisa-
tion [ ,  ].

Les proĄls spectraux de cette étude sont comparés à des modèles comme
XILLVER [ ,  ] et REFLIONX [ ,  ,  ], s’ali-
gnant davantage avec ce dernier. Les différences, en particulier dans les rayons
X mous, sont attribuées aux variations des données atomiques et des caractéris-
tiques d’absorption, mais aussi aux seuils de coupure du rayonnement primaire
[ ,  ]. Les spectres de rayons X durs s’alignent bien entre les mo-
dèles, ce qui conĄrme l’applicabilité de ce modèle aux données des polarimètres
à rayons X.

2.2 Émission thermique à travers l’atmosphère

d’un disque

La transmission du rayonnement thermique à travers l’atmosphère d’un disque
est également examinée à l’aide de TITAN et de STOKES. L’étude explore l’illumi-
nation isotrope par un corps noir à température unique à travers un milieu de
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Figure 2.1 – L’émission localement retraitée de la loi de puissance incidente non polarisée
dans l’atmosphère à densité constante, telle que calculée par TITAN et STOKES et moyennée en
δi et Φe. Le code couleur correspond à différentes valeurs du paramètre d’ionisation ξ [erg ·
cm · s−1]. Nous montrons les valeurs de µe = 0.875, 0.475, 0.175 (panneaux de gauche à droite,
δe = 28.96◦, 61.65◦, 79.92◦). Ligne du haut : les spectres corrigés pour la pente de l’irradiation
primaire Γ = 2 et divisés par ξ pour tenir compte des différences d’amplitude. Ligne du milieu :
le degré de polarisation correspondant en fonction de l’énergie. Ligne du bas : le flux polarisé
correspondant, c’est-à-dire les valeurs de la ligne du haut multipliées par les valeurs de la ligne
du milieu.

densité constante, en se concentrant sur les résultats spectropolarimétriques dans
différents scénarios d’ionisation. Les comparaisons avec d’autres modèles et si-
mulations mettent en évidence les effets de la variation de la densité et de la
température sur la polarisation émergente [ ,  ].

Une analyse approfondie des effets de l’absorption sur les spectres transmis et
le degré de polarisation est présentée. Différentes densités de milieux et tempéra-
tures de corps noir sont explorées pour comprendre l’inĆuence de l’absorption sur
la polarisation à travers le spectre d’énergie. Les effets de l’absorption élevée et de
la diffusion Compton vers le bas contribuent à l’augmentation de la polarisation
en fonction de l’énergie dans des bandes de rayons X spéciĄques. Le chapitre se
concentre ensuite sur la limite d’ionisation élevée, en discutant des implications
de la température du corps noir sur la structure d’ionisation et la polarisation
émergente. Dans cette limite, la structure d’ionisation devient indépendante de la
densité, ce qui simpliĄe la modélisation du proĄl d’émission radial. La validité du
modèle dans diverses conditions est abordée, soulignant l’importance de prendre
en compte le degré d’ionisation dans l’interprétation des données de polarisation
des rayons X.

Le chapitre se termine par une synthèse des résultats, soulignant l’impor-
tance des modèles développés dans l’interprétation des données de polarisation
des rayons X, en particulier pour les sources fortement ionisées. Les limites des
modèles sont reconnues, suggérant de futurs domaines de recherche, y compris
l’intégration des données de polarisation interne et l’inclusion des effets de rela-
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tivité générale pour une compréhension plus complète de l’émission des disques
d’accrétion.
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3. Émission totale d’une région

d’accrétion interne

Dans ce chapitre, nous étudions les caractéristiques d’émission du système
disque-couronne interne dans le contexte des AGN, en nous concentrant sur les
modèles géométriques du lampadaire et du sandwich. Le chapitre développe la
routine KYNSTOKES [ ,  ], un nouvel ajout à la famille de codes
KY, spécialement conçu pour cette étude. Cette routine, largement basée sur les
tables de réĆexion TITAN et STOKES, omet le rayonnement thermique du disque,
ce qui rend les résultats plus pertinents pour les AGN que pour les XRBs.

3.1 Le modèle coronal du lampadaire

La première partie de ce chapitre fournit une analyse complète du modèle
coronal du lampadaire dans les AGN. Ce modèle suppose une source de rayons
X ponctuelle (lamp-post) située sur l’axe de symétrie au-dessus du disque d’ac-
crétion, inĆuençant de manière signiĄcative les caractéristiques d’émission et de
réĆexion. La section commence par une motivation pour affiner le modèle du lam-
padaire en incorporant des calculs avancés de polarisation induite par la réĆexion.
Cet effort a été stimulé par des travaux antérieurs [ ,  ,  

,  , ], qui présentaient des limites dans leur traitement des changements
d’angle de polarisation et de la structure d’ionisation du disque.

Un aspect crucial est la prise en compte de divers paramètres physiques, tels
que le spin du trou noir (a), la hauteur coronale (h) et l’inclinaison du disque
(θ), sur les données spectrales et polarimétriques. L’étude montre comment ces
paramètres affectent les spectres réĆéchis et totaux, ainsi que les caractéristiques
de polarisation de l’émission. Par exemple, l’impact d’un spin de trou noir élevé
et d’une faible hauteur de la source sur le spectre de réĆexion et le degré de
polarisation est mis en évidence, offrant un aperçu de la dynamique de la région
centrale de l’AGN [  ,  ,  ,  ]. Voir la Ągure  

pour un exemple.
La thèse examine également l’effet de l’état de polarisation du rayonnement

primaire sur l’émission. Différents états de polarisation primaire (p0 et Ψ0) sont
considérés, révélant leur inĆuence sur le degré et l’angle de polarisation résul-
tants. En outre, la thèse étudie le rôle de l’indice de photon (Γ) et du rayon du
disque interne (rin) dans la modulation des propriétés d’émission. L’exploration
de de ces paramètres éclaire les mécanismes d’accrétion et la géométrie du disque
d’accrétion interne dans les AGNs.

3.2 Le modèle coronal en sandwich

Nous examinons ensuite le modèle coronal en sandwich, en l’opposant au
modèle en lampadaire discuté précédemment. Ce modèle suppose une couronne
étendue au-dessus du disque d’accrétion, qui a un impact différent sur la source
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maire sur la résultante polarimétrique réĆéchie et totale dans le modèle sandwich.
Différents états de polarisation primaire sont considérés, révélant des interactions
complexes entre la couronne, le disque d’accrétion et le rayonnement émis. EnĄn,
cette section aborde brièvement l’effet de la troncature du disque sur la polarisa-
tion dans le modèle sandwich. La modiĄcation du rayon interne du disque (rin)
affecte le degré et l’angle de polarisation, ce qui permet de comprendre l’impact
de la géométrie du disque sur les propriétés observées des AGN.
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4. Contribution des composants

distants des systèmes d’accrétion

Dans ce chapitre, nous étudions les propriétés de polarisation des rayons X des
composants circumnucléaires distants dans les systèmes compacts en accrétion,
en abordant les formes cunéiformes et toroïdales pour le retraitement équatorial,
ainsi que les combinaisons avec des vents polaires coniques.

4.1 Retraitement dans les obscurcisseurs

équatoriaux à l’aide de simulations Monte

Carlo

L’étude utilise principalement le logiciel STOKES (version 2.07, tel qu’utilisé
dans  [ , ]) pour les simulations de Monte Carlo. Ces simulations
ciblent le retraitement dans les structures proches du plan équatorial, pertinentes
à la fois pour les tores poussiéreux à l’échelle du parsec dans les AGN et les
Ćux ionisés des disques d’accrétion externes des objets compacts de masse stel-
laire. Les simulations adoptent un traitement simpliĄé de l’ionisation partielle, en
supposant des distributions de densité uniformes d’électrons libres et d’espèces
atomiques avec des abondances solaires [ ,  ]. Au centre des si-
mulations se trouve une source statique et isotrope de rayonnement de loi de
puissance située au centre des coordonnées. Cette source émet un rayonnement
avec des indices de photons variables (1.2 ≤ Γ ≤ 2.8) et divers états de polarisa-
tion, allant de non polarisé à complètement polarisé. Cette conĄguration facilite
l’exploration de géométries circumnucléaires telles que les tores prolates, les tores
oblates et les tores circulaires. Chaque géométrie est déĄnie par des paramètres
spéciĄques tels que les rayons internes et externes et les angles de demi-ouverture,
offrant un aperçu de l’interaction entre la géométrie, l’ionisation et les propriétés
de la source de rayonnement primaire [ ,  ].

Les valeurs des paramètres par défaut pour les simulations sont motivées par
la physique et l’observation, et s’inspirent d’études antérieures sur les AGN et
d’autres systèmes d’accrétion. Des paramètres tels que le rayon équatorial in-
terne du tore et la limite extérieure sont choisis pour représenter des échelles
réalistes dans les AGN ou les disques d’accrétion autour des trous noirs super-
massifs. L’approche de l’étude garantit la pertinence des résultats pour une large
gamme d’objets astrophysiques, étant donné que dans la genèse de la polarisation
des rayons X, les tailles relatives au sein du système sont plus critiques que les
échelles absolues [  ,  ]. Dans les simulations réalisées, trois
variantes géométriques distinctes de la région de retraitement équatoriale sont
examinées : Cas A, un tore en forme de coin ; Cas B, un vrai tore géométrique
avec un proĄl elliptique ; et Cas C, un cas spécial du Cas B représentant un
tore avec un proĄl circulaire. La Ągure  donne un exemple de la polarisation
émergeante en fonction de l’énergie.

Les résultats de ces simulations permettent de comprendre les propriétés de
polarisation des rayons X dans différents environnements circumnucléaires. Les
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L’analyse comparative entre les simulations Monte Carlo pures et les mo-
dèles xsstokes, qui pré-calculent la structure d’ionisation en utilisant un itérateur
d’équation de transfert radiatif, révèle une interaction nuancée de divers facteurs.
Le modèle xsstokes_torus prédit généralement des fractions de polarisation
plus élevées que les simulations de Monte Carlo, particulièrement évidentes à
des angles de demi-ouverture plus faibles. Cela suggère un rôle signiĄcatif de la
géométrie du tore dans la déĄnition des caractéristiques de polarisation observées.

Le modèle xsstokes_disc révèle un schéma de polarisation dépendant de
l’énergie, de l’inclinaison de l’observateur et des indices primaires de loi de puis-
sance similaires à ceux des tores avec de grands angles de demi-ouverture. La
nature de la polarisation, principalement parallèle, est une conséquence directe
de la diffusion Compton dans une géométrie spatio-temporelle non déformée avec
une source d’illumination située au centre. Cette orientation s’aligne sur le plan
de diffusion et est également similaire à la réĆexion du disque observée dans la
géométrie du lampadaire du modèle de KYNSTOKES, comme nous l’avons vu au
chapitre  . La fraction de polarisation par réĆexion sur le disque dans le modèle
xsstokes_disc varie de 0 % à environ 30 %, fortement inĆuencée par l’inclinai-
son de l’observateur. Un examen approfondi de la dépendance de l’inclinaison, en
particulier dans les bandes 3.5Ű6 keV et 30Ű60 keV, révèle une relation monotone
et linéaire entre le degré de polarisation et l’inclinaison de l’observateur. Comme
dans le modèle xsstokes_torus, les lignes spectrales montrent une dépolarisa-
tion, comme le montrent les tables de réĆexion du disque local. Le modèle prédit
une polarisation accrue pour une polarisation incidente orientée parallèlement et
une dépolarisation pour une polarisation incidente orientée perpendiculairement.
Cet effet est pratiquement indépendant de l’énergie.

4.3 Émission polarisée de rayons X d’un noyau

actif de galaxie entier

EnĄn, la thèse se penche sur la modélisation de l’émission des AGN en uti-
lisant à nouveau la méthode Monte Carlo pure et le code STOKES version 2.07.
Nous discutons d’un modèle à 3 composantes pour les AGN, qui comprend une
source ponctuelle représentant le système disque-couronne interne, en utilisant le
dernier code KYNSTOKES, un tore équatorial homogène en forme de coin, et des
régions de diffusion polaire à symétrie axiale [ ,  ]. Le modèle
prend également en compte l’émission directe et les différents types d’AGN, y
compris les AGN de type 1 et de type 2, avec des spins de trous noirs et des
niveaux d’ionisation du disque variables. Il est expliqué comment la géométrie
coronale en forme de lampadaire, bien que simpliste et non entièrement étayée
par les découvertes récentes, est utile pour comprendre les différentes géométries
coronales. L’étude prend également en compte l’illumination semi-isotrope des
régions de diffusion à l’échelle du parsec et l’effet des différentes densités du tore
et du vent sur l’émission de l’AGN. Nous évaluons l’impact des différentes conĄ-
gurations sur le résultat de la polarisation des rayons X, de manière similaire aux
études de [ ,  , ].

Les résultats montrent que les propriétés de la région centrale d’émission et
les composants à l’échelle du parsec peuvent modiĄer le degré de polarisation
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des rayons X des AGN. Pour les AGN de type 1, les propriétés du rayonnement
primaire sont plutôt préservées, en particulier vers les pôles. L’étude trouve des
divergences surtout pour les AGN de type 2 par rapport aux publications plus
anciennes [  ,  , ]. Les auteurs soulignent l’importance de l’in-
clinaison choisie dans les simulations, qui peut affecter de manière signiĄcative
l’angle et le degré de polarisation. Dans l’ensemble, l’étude donne un aperçu des
propriétés spectropolarimétriques des AGN et offre des estimations de premier
ordre de la polarisation des rayons X pour les AGN radio-failbes. Pour les AGN
de type 2, la composition et la géométrie des régions de diffusion à l’échelle du
parsec sont critiques en termes de production de polarisation des rayons X.
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5. Observations polarimétriques

en rayons X des trous noirs

en accrétion

Dans ce chapitre, nous discutons de l’analyse observationnelle des trous noirs
accrétants à l’aide des derniers polarimètres à rayons X tels qu’IXPE. Etant donné
la nature dynamique de la polarimétrie des rayons X, les résultats et le contexte
présentés ici sont susceptibles d’être modiĄés. La polarisation observée dans les
XRBs et les AGNs fournit des informations cruciales sur la nature de ces sources.
Des études détaillées ont été menées pour des sources spéciĄques dans le cadre
de cette thèse.

IXPE a observé plusieurs trous noirs en accrétion, fournissant des informations
sur leurs propriétés. Ces observations sont complétées par des données sur d’autres
sources de rayons X comme les blazars, qui présentent des caractéristiques uniques
en raison de leur orientation vers la Terre [par example  ,  ,

 ,  ]. Les trous noirs accrétants radio-faibles, l’objet principal
de cette thèse, sont généralement polarisés en rayons X en raison de mécanismes
de diffusion et d’absorption [ ,  ,  ,  ]. Les XRB
galactiques brillants ont montré plus de détections de polarisation positive avec
IXPE dans les deux premières années de fonctionnement par rapport aux AGN
extragalactiques plus faibles.

5.1 Trous noirs de masse stellaire en accrétion

Parmi les observations signiĄcatives d’IXPE, on peut citer la détection d’une
polarisation élevée (quelques %) dans des XRB à l’état dur comme Cygnus X-1 et
Swift J1727.8-1613. Ces observations suggèrent des similitudes dans les conditions
d’émergence de la polarisation [ ,  ,  ,  ,

 ,  ]. La (non)-variabilité de la polarisation lors des transitions
d’état dans ces sources fournit des informations précieuses sur le processus d’ac-
crétion et la nature de ces systèmes. L’observation de XRBs comme 4U1630-47
et LMC X-3 dans des états spectraux doux a révélé des propriétés de polarisation
plutôt inattendues [ ,  ,  ,  ]. Ces résultats re-
mettent en question les modèles conventionnels d’émission thermique des disques
dans les XRBs et suggèrent la nécessité d’un réexamen théorique. Les sources
4U1957+115 et LMC X-1 semblent avoir des propriétés de polarisation plus at-
tendues, selon les premières observations par IXPE [ ,  ,  

,  ]. Les observations de XRBs très obscurcis tels que SS433 et Cygnus
X-3 ont permis de comprendre le rôle des champs magnétiques et des mécanismes
de réĆexion dans la polarisation. Ces cas démontrent la nature de la polarisation
dans les systèmes obscurcis [  ,  ,  ,  ]. Dans le
cas de Cygnus X-3, les contraintes géométriques d’une telle occultation ont été
mises en évidence.

Outre une vue d’ensemble des résultats d’IXPE, le chapitre présente une ana-
lyse des observations d’IXPE des sources Cygnus X-1 [ ,  ]
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et 4U1630-47 [ ,  ], qui a fait l’objet d’un focus de ma part.
Cela a impliqué des simulations et des modélisations avancées pour interpréter
les données polarimétriques complexes qui ont été décrites dans les chapitres  et

 , démontrant l’applicabilité des modèles développés. De même, les modèles dé-
crits au chapitre  ont été appliqués à l’analyse des observations IXPE de Cygnus
X-3.

5.2 Trous noirs supermassifs accrétants

Le premier AGN observé par IXPE était MCG 05-23-16 [ ,
 ,  ,  ]. La stabilité de la source de rayons X a permis
d’additionner les deux séries d’observations, conduisant à des contraintes sur les
géométries coronales internes, défavorisant en particulier certains modèles tels
que les couronnes en forme de lampadaire ou coniques sur l’axe de rotation du
trou noir. Des conclusions similaires ont été tirées des observations de l’AGN IC
4329A [ ,  ], qui ont révélé un angle de polarisation aligné avec
ses éjectas radio colimatés à grande échelle. Pour NGC 4151 [ ,  ],
la polarisation des rayons X était alignée avec la direction de son émission radio
étendue, ce qui défavorise également les géométries coronales en lampadaire, bien
que son analyse ait été compliquée par la réĆexion de composantes lointaines à
l’échelle du parsec. L’AGN de type 2 le plus brillant observé, la galaxie Circinus
[ ,  ], présentait une polarisation en rayons X remarquablement
élevée d’environ 20 %. Les caractéristiques de polarisation sont similaires à celles
du trou noir galactique Cygnus X-3, avec une orientation perpendiculaire au jet
radio projeté, ce qui permet de mieux comprendre les géométries des réĆecteurs,
la source étant obscurcie.

Outre le résumé des observations IXPE des AGN, une analyse plus poussée
s’est concentrée sur un modèle-jouet à trois composantes de l’émission des AGN,
intégrant le modèle d’émission central KYNSTOKES du chapitre  et la modélisation
précédente des composantes à l’échelle du parsec du chapitre  . Ce modèle vise à
fournir des perspectives d’observation de la polarisation générale dans les rayons
X moyens (2Ű8 keV) pour un large spectre d’AGNs. Contrairement aux quelques
sources observées par IXPE, choisies pour leur forte probabilité de détection de
polarisation dans les rayons X, cette analyse a utilisé le logiciel IXPEOBSSIM [ver-
sion 30.2.1,  ,  ] pour la simulation, en considérant les perspectives
de détection à la fois pour IXPE et la future mission eXTP en raison de leurs
similitudes instrumentales [  ,  ].

Pour les AGN de type 1, les simulations ont indiqué une gamme de scéna-
rios d’observation, y compris un modèle AGN nu sans diffuseurs équatoriaux ou
polaires. Les résultats pour les AGN de type 2 se sont concentrés sur une com-
paraison détaillée avec l’observation IXPE de la galaxie Circinus, suggérant une
interprétation différente des résultats que celle fournie dans  [ ].
Mais la complexité et la diversité des AGN, en particulier les AGN de type 2 avec
des composantes à l’échelle du parsec, limitent l’utilisation de la polarimétrie des
rayons X comme outil de diagnostic clair pour un ensemble général de sources
avec la sensibilité actuelle de l’instrument.
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6. Conclusions et perspectives

d’avenir

La première partie de la thèse est consacrée à la théorie, au développement
d’une série de modèles numériques spectropolarimétriques de rayons X à partir de
calculs locaux de transfert radiatif appliqués aux photosphères des disques d’ac-
crétion, à des estimateurs des effets de forte gravité sur la lumière émergente près
de l’horizon des événements du trou noir, à des modèles de retraitement dans des
composants circumnucléaires lointains. Nous avons fourni des prédictions pour les
observations polarimétriques de rayons X des AGN et des XRB, servant à l’ana-
lyse des découvertes récentes par IXPE, ainsi qu’aux perspectives d’observation
avec les polarimètres de rayons X actuels et à venir. Malgré la dégénérescence
de l’espace des paramètres en ce qui concerne la polarisation prédite des rayons
X, les modèles pourraient offrir un potentiel d’information plus important lors-
qu’ils sont combinés avec des techniques de spectroscopie et de chronométrage
des rayons X, ou avec la polarimétrie des AGN et des XRB à d’autres longueurs
d’onde. La puissance de la polarimétrie observationnelle des rayons X dans des
campagnes multi-longueurs d’onde et multi-instruments a été démontrée dans
la dernière partie des résultats, avec des applications des modèles numériques
développés précédemment.

Le chapitre  a présenté des calculs pour des lois de puissance de rayons
X arbitrairement polarisés retraités dans des atmosphères de disques à densité
constante, en utilisant un solveur itératif d’équations de transfert radiatif TITAN

et un code de dimulation Monte Carlo STOKES. L’objectif était d’obtenir une
grande précision dans l’estimation de la polarisation, en développant des modèles
principalement pour les AGN. La spectroscopie des rayons X et la polarimétrie
sont des méthodes puissantes pour dériver le spin des trous noirs centraux en
accrétion, ce qui nécessite une modélisation de la réĆexion de haute Ądélité. Nous
avons montré qu’il était indispensable de traiter avec soin l’ionisation partielle
des couches supérieures du disque pour obtenir des proĄls de polarisation des
rayons X précis. Les améliorations futures pourraient impliquer la levée de l’hy-
pothèse de densité constante, l’examen de différentes sélections de coupure, les
abondances de matière cosmique, l’ajout de plus de lignes spectrales, ou l’es-
sai d’une illumination de type crayon dans TITAN. Pour les XRB, nous avons
également construit des modèles de couches passives diffusantes et absorbantes
en transmission, éclairées du côté opposé par un rayonnement isotrope de corps
noir à température unique. L’ionisation des couches planes et parallèles testées
en équilibre de photo-ionisation n’a pas changé de manière signiĄcative avec une
ionisation supplémentaire par diminution de la densité du milieu ou par aug-
mentation de l’intensité de l’irradiation. Cette partie du travail sur le transfert
radiatif spectropolarimétrique local pourrait bénéĄcier de l’utilisation de la der-
nière version de STOKES qui inclut les effets de Comptonisation, en testant avec
des modèles déjà réalisés pour suivre les changements dans les résultats.

Le chapitre  a fourni deux modèles relativistes de l’ensemble du système
disque-couronne : en supposant une géométrie de lampadaire et une géométrie de
milieu type sandwich. Ces modèles intègrent des tables de réĆexion locales pour
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les disques d’accrétion d’AGN partiellement ionisés et fournissent des estima-
tions de premier ordre des principales quantités décrivant les régions d’accrétion
internes via l’ajustement spectropolarimétrique dans XSPEC ou la comparaison
de modèles dépliés. Le développement futur des codes relativistes présentés ici
pourrait réimplémenter toute nouvelle version des tables de réĆexion locales, en
particulier vers des modèles plus adaptés aux XRBs. Les écarts par rapport à la
métrique de Kerr pourraient être critiques, et les effets de rayonnement de retour
dans l’espace-temps de Kerr pour la polarisation des rayons X par la réĆexion du
disque doivent être étudiés en profondeur.

Le chapitre  a évalué les propriétés de polarisation des rayons X de compo-
sants circumnucléaires lointains. La polarisation retraitée dépend fortement de
la composition, de la forme et de la taille des régions de diffusion, en particulier
pour les sources obscurcies vues de face. Nous avons fourni un ensemble de calculs
évaluant les propriétés de polarisation des rayons X des composants circumnu-
cléaires distants, en nous concentrant sur les obscurcisseurs équatoriaux toroïdaux
statiques et homogènes. Les travaux futurs pourraient inclure la modélisation de
régions de diffusion lointaines non homogènes, l’examen des caractéristiques de
superpositions de milieux et l’étude de différentes distributions spectrales d’irra-
diation ou de sources non isotropes ou spatialement étendues.

Dans le chapitre  , nous avons utilisé les nouveaux modèles numériques pour
interpréter les premières observations d’IXPE, en fournissant des perspectives
d’observation générales pour les trous noirs accrétants. Nous avons également
mentionné les missions à venir telles que eXTP et REDSoX, qui devraient révéler
d’autres mystères de la polarisation des rayons X autour des trous noirs accré-
tants. Tout en restant humble sur les progrès scientiĄques de ce travail individuel,
nous avons souligné l’utilité générale de la polarimétrie des rayons X dans l’as-
trophysique des hautes énergies. Les révélations observationnelles apportées par
des instruments tels qu’IXPE sont essentielles pour valider et affiner nos modèles
théoriques, en particulier ceux qui concernent les processus d’émission et d’ab-
sorption dans ces environnements extrêmes. L’observation, par exemple, de nou-
velles sources avec IXPE, dont l’orientation projetée sur le ciel est connue, aiderait
à valider les directions de modélisation présentées, car notre modèle d’émission
thermique traversant une atmosphère absorbante n’est valable que si l’angle de
polarisation résultant est parallèle au plan de la couche dominant. Si d’autres
surprises observationnelles sont encore à venir et que les efforts théoriques sont
à la traîne, cela suggère d’apprendre d’autres branches de l’astrophysique ou de
la polarimétrie des rayons X en laboratoire qui résout de nombreux phénomènes
quantiques de manière plus détaillée que ne le permettent les sources astrophy-
siques.
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