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Abstract

X-ray polarimetry is becoming a key tool for investigating stellar-mass black hole bi-
naries, providing new insights into accretion physics and their relativistic effects in strong
gravitational fields. However, recent observations have revealed polarization degrees
higher than predicted by standard disk models. These discrepancies can be explained
if the disk emission interacts with an outflowing plasma in the form of a magnetically
driven wind. To explore this possibility, we combined a physically motivated MHD wind
model with photo-ionization and Monte Carlo radiative transfer simulations to study how
winds can modify the polarization of X-ray radiation emerging from accretion disks. Our
results show two clear signatures. First, the polarization degree Il increases systemati-
cally with photon energy, with characteristic differences between Schwarzschild and Kerr
black holes and a localized minimum near the iron K edge. Second, polarization is mini-
mized at intermediate viewing angles while the polarization angle remains nearly constant
across both energy and inclination angles. The first trend qualitatively reproduces the
observed increase of polarization with energy reported in recent IXPE observations of
4U 163047, although our predicted values are significantly lower, possibly reflecting the
simplifying assumptions of our setup. The main contribution of this work is the first mod-
eling of polarization from a realistic MHD wind including both scattering and absorption
processes. These findings indicate that winds imprint distinct polarization signatures,
which in future X-ray polarimetry campaigns could be used to place constraints on the

geometry and dynamics of accretion flows in black hole systems.
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Introduction

In recent years, polarization has emerged as a powerful diagnostic tool for probing the
geometry, emission mechanisms, and relativistic environments around black holes (BHS).
A key motivation for these studies is the determination of BH spin and disk inclination,
which can already be estimated through various spectral and timing techniques, but often
yields inconsistent results. Polarimetry provides an independent way to constrain these
parameters, as the polarization degree and angle are sensitive to the emission geometry
and relativistic e ects close to the BH. Early theoretical works, such as [Chandrasekhar,
1960], showed that radiation emerging from an optically-thick, electron-scattering atmo-
sphere can be intrinsically polarized. Subsequent works like [Connors and Stark, 1977,
Connors et al., 1980] studied how general relativity (GR) e ects near the BH rotate the
emission's polarization plane, inducing a characteristic pattern in the energy-dependent
behavior of the polarization degree and angle. However, until recently, the lack of high-
sensitivity X-ray polarimeters limited observational progress. This changed with the
launch of the Imaging X-ray Polarimetry Explorer (XPE) in 2021 ([Weisskopf et al.,
2022]), which has provided the rst high-quality X-ray polarization measurements of sev-
eral BH X-ray binaries (BHXBs). IXPE observations in the thermal-dominated soft state
have generally found low polarization degrees (5%) with polarization angles oriented
parallel to the disk plane (i.e. perpendicular to the BH spin axis), broadly consistent with
predictions of standard disk models. Similar low polarization levels have been reported
for other sources such as LMC X{3 ([Svoboda et al., 2024]), 4U 1957+115 ([Marra et al.,
2024]) and GX 339{4 ([Mastroserio et al., 2025]) in their soft states, further supporting
the expectation of weakly polarized thermal disk emission.

Nevertheless, not all results have aligned with theoretical expectations. In particular,
the IXPE observation of the soft state of the BHXB 4U 1630{47 showed an unexpectedly
high ( 8%) and increasing polarization degree with energy ([Rodriguez Cavero, 2024,
Ratheesh et al., 2024]). In the standard models, electron-scattering in the disk atmosphere
produces relatively low polarization ( 5%) with the polarization angle aligned parallel
to the disk plane. The much higher degree of polarization, increasing with energy in the
IXPE energy band observed in 4U 1630{47, has prompted the astrophysical community
to consider more complex models that include additional scattering regions, such as
disk atmospheres, coronae, or outows in the form of winds. While disk winds have
been studied spectroscopically for a long time, primarily through narrow blueshifted
absorption lines of highly ionized species (e.g. RXV , FeXXVI ) and other features
that reveal their velocity, ionization, and column density, their impact on polarization
has only recently begun to be explored [see e.g. Nitindala et al., 2025]. This thesis focuses
on studying how the polarimetric properties of radiation emitted from the accretion disks
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around stellar-mass BHs are in uenced by the presence of these winds. A key part of this
work involves modeling the wind's ionization structure, since the ionization state strongly

a ects the scattering and absorption processes and thus provides the necessary input for
making predictions that can be compared with observations. This was done by studying
the ionization structure of a magnetohydrodynamic (MHD) wind model and performing
Monte Carlo simulations to obtain the polarization properties of radiation propagating
within this wind region. Furthermore, while this work focuses primarily on stellar-mass
BHs in X-ray binaries (BHXBS), since accretion or out ows are scalable over a wide range
of BHs masses [see e.g. Katz, 2006, Fender and Gallo, 2014, for review], studying winds
for these sources could contribute to models for other BH classes, such as supermassive
black holes in active galactic nuclei (AGN).

The MHD wind model adopted in this work is based on the MHD disk-wind solution
developed by [Fukumura et al., 2010, 2014], in which the out ow is launched magneto-
centrifugally from the accretion disk, and its density and velocity pro les are set by self-
similar MHD equations. This physical model provided the geometry and density structure
of the wind that we use as input for our simulations. To compute the wind ionization,
we useCLOUD{{ve used version C23.01, last described by [Gunasekera et al., 2023]), a
spectral synthesis code designed to simulate and study the properties of interstellar matter
in astrophysical environments (such as plasma clouds or accretion disks), and those of the
radiation that passes through them. We then used the Monte Carlo co&TOKE@Marin,
2018]) to propagate photons through the modeled wind and solve the polarized radiative
transfer of photons traveling through the medium, computing the Stokes parameters and
polarization signatures that are the focus of this work. In summaryCLOUD}rovided
the ionization and opacity structure of the wind, whileSTOKESsed this information to
predict the resulting polarization properties of the transmitted and scattered radiation.
The total Stokes parameters of the radiation reaching an observer at a given location
were computed by integrating over the wind geometry, using an interpolation function
to ensure consistent treatment across inclination and azimuthal angles. These results
showed that winds can display inclination-dependent and energy-dependent polarization
signatures, and that these signatures di er systematically between Schwarzschild and
Kerr BHs.

Our results show that the polarization degree increases with photon energy in both
the Schwarzschild and Kerr cases. In the Schwarzschild case, a dip appears near the Fe
K edge ( 6{7 keV) followed by a sharp increase abov&8 keV, whereas the Kerr case
shows a slight decrease at low energies followed by a sharp rise starting frod keV.
Peak values are 1.4% (Schwarzschild) and 2% (Kerr) at high observer inclinations.
Additionally, as a function of observer inclination angle shows a pronounced minimum
at op,s 50 while the polarization angle stays nearly constant and close to Oacross



energies and inclinations.In our model, = 0 corresponds to the polarization vector
being oriented perpendicular to the disk axis (i.e., parallel to the disk plane), consistent
with an axisymmetric scattering geometry. When compared to recemkKPE observations

of 4U 1630{47, our model reproduces the qualitative trend of increasing with energy,
though absolute values remain lower than the 6 10% measured across 2{8 keV. We
consider simplifying assumptions (e.g., unpolarized seed emission, neglected GR propa-
gation) as the plausible cause for this o set. These approximations can be relaxed in
future works in order to more accurately model such a system.

The original contribution of this work lies in preparing the numerical framework to
model, for the rst time, the polarimetric signal from a physically motivated MHD wind
above the accretion disk of a stellar-mass BH, including both scattering and absorption
e ects. Previous studies either considered only local disk atmospheres (e.g. [Taverna
et al., 2021]) or simpli ed pure-scattering winds (e.g. [Nitindala et al., 2025]). Our
framework combines the use of the photo-ionization cod& OUD¥onte Carlo radiative
transfer with STOKE&nd full angular integration over the wind to show how winds can
alter the polarization of radiation emitted from the source. In particular, our results
predict (i) a mid-inclination angle minimum in , which could be tested statistically by
comparing populations of similar sources observed at di erent viewing angles, and (ii) a
localized suppression of near the iron K-edge (6{7 keV), attributable to photoelectric
absorption and unpolarized uorescence followed by a sharp rise at higher energies. These
features can provide testable diagnostics for detecting and characterizing disk winds with
current and upcoming X-ray polarimeters.



Chapter 1
Basics of BHs

1.1 BH spacetimes

BHs are astrophysical objects with such a high gravitational pull that nothing, not
even light, can escape them past their event horizon ([Wheeler, 1968]). They are generally
formed from the gravitational collapse of massive stars at the end of their life cycle.
According to the No-Hair theorem [see e.g. Israel, 1967, for an introduction], BHs are
characterized by only three physical quantities|mass, spin, and charge|with the rst
two having more relevance in astrophysical contexts, and no other characteristics (\hair")
describing them. A BH's mass and spin dictate how space-time is curved and distorted
around it, where this curvature is described by the Einstein eld equations (EFES), which
have the form

1 8G _
R SRg =-3T; (1.1)

whereR is the Ricci curvature tensor,R is the Ricci scalar,g is the metric tensor,

T is the stress-energy tensofG is the Newton gravitational constant andc is the speed
of light in vacuum [see e.g. Heinicke and Hehl, 2015, for an introduction]. As is common
in astrophysics, this expression reduces to

1

R éRg =8T ; (1.2)
with the use of natural units, whereG = ¢ = 1. These will be the units used for the
remainder of this section. A common solution to the EFEs is given in terms of the
Schwarzschild line elementls?, which describes the spacetime of a static, non-rotating

and spherically symmetric mass distribution, and has the form

1
ds® = 1 @ de?+ 1 @ dr2+ r3(d 2+sin? d ?); (1.3)

where ds? is expressed in spherical coordinates; (; ; ). Unlike at Minkowski space-
time, which is the spacetime where gravitational e ects are absent and free particles move
in straight lines, Schwarzschild spacetime is curved by mass, a ecting how matter and



light propagate. In this geometry, test particles no longer follow just inertial paths.

A generalization of the Schwarzschild metric is given by the Kerr line element, which
describes the spacetime outside a massive rotating body, and has the form

d@= 1 MU oge MATSIT L gy g2
+ r’+a’+ M Sil? d 2 (1.4)
with
r?+ a?cog ; (1.5)
oA (1.6)

wherea = J=M is the dimensionless speci ¢ angular momentum ([Heinicke and Hehl,
2015]). This speci ¢ form of the Kerr metric uses Boyer-Lindquist coordinatest;{; ; ).
One can see that it reduces to the Schwarzschild solution by settirg= 0. Both the
Schwarzschild and Kerr metrics allow for the analysis of particle motion via the study
of geodesics, which are the trajectories followed by both massive and massless particles
in curved spacetime. One notably important feature of these solutions is the existence
of the innermost stable circular orbit (ISCO), de ned as the smallest radius at which a
test particle can maintain a stable circular orbit around a BH [see e.g. Bardeen et al.,
1972, for details]. For both Schwarzschild and Kerr BHs, circular orbits exist down to a
certain radius, but only those outside the ISCO are stable against small perturbations.
Inside this boundary, the curvature of spacetime becomes so strong that all circular orbits
become dynamically unstable, and particles inevitably spiral inward toward the BH. The
radius of this orbit is de ned as

h i
p
Risco=M 3+ 2, B Zy)@B+ Z,+27y) ; (1.7)

where, assuming 6 0, the upper sign ( ) represents prograde orbits, where the particle
orbits in the same sense as the BH spin, and the lower sign (+) represents retrograde
orbits, where the particle orbits in the opposite sense from that of the BH spiR|sco is
dependent on this spin from howZ; and Z, are de ned:

Z,=1+(@1 a=M*)" 1+a=M)T+(1  a=M)" (1.8)



q —
Z,= 3a2=M2+ 72 (1.9)

For a Schwarzschild BH, wherea =0, Ri;sco = 6M . For an extreme prograde Kerr BH,
wherea = + M, Risco = M. For an extreme retrograde Kerr BH, wherea = M,
Risco =9M ([Bardeen et al., 1972]). This di erence iR sco is depicted in Figure 1.1.

Figure 1.1: Relation between the spin of a BH and the value of if8,sco. Figure from
[Rosa et al., 2019].

It is important to note that, for a Schwarzschild BH, there is a coordinate singularity
(a singularity that can be solved by a change in coordinates) present in the line element
at r = 2M. This coincides with the BH's Schwarzschild radiuRsc,, which is the radius
of a BH's event horizon, a boundary of no return where a particle's escape velocity is
equal toc, and has the form

2GM

Rsen = =5~ =2M: (1.10)

We can then generalize this once again to nd the event horizon radius for a Kerr BH
([Misner et al., 1973]), described by equation
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GM P p —
Rhorizon = ?(1 + 1 a=M?)=M(1+ 1 a’=M?), (1.12)

which reduces once again to the Schwarzschild case by takiag= 0. The event hori-

zon surrounds the BH's singularity, a central point where density and gravity become
theoretically in nite.

A feature that is present in Kerr spacetime but absent in Schwarzschild spacetime, due
to the rotation of the BH in the Kerr metric, is the presence of the ergosphere, a region
of space lying just beyond the BH's event horizon. This region is bounded from above
by the static limit, a surface where any observer cannot remain stationary at (constant
spatial position relative to in nity). This is because the spacetime between the event
horizon and the static limit is a ected by frame dragging, an e ect where the BH's spin
causes spacetime itself to be twisted and distorted, forcing all objects to co-rotate with
it. This e ect is displayed in Figure 1.2.

Figure 1.2: Trajectory of a particle as it approaches a Kerr BH. The particle's path is
bent due to frame dragging, which twists spacetime itself close to the BH. Figure from
[Hamaus, 2008].

11



1.2 BH classi cation

BHs are commonly classi ed into three main categories based primarily on their mass
and likely formation mechanisms [see e.g. Zblkowski, 2008, for review]:

~ Stellar-mass BHs with masses generally ranging from 3 to 180 . These BHs were

the rst to be theorized as forming after the gravitational collapse of massive stars
at the end of their life cycle, but other formation channels such as failed supernovae
(SNe), neutron star mergers, or even Population Il stars in the early universe have
been proposed ([Mapelli, 2021]). They are observed almost exclusively in X-ray
binaries (XRBs), where they are detected due to X-ray, optical and radio emissions.
In recent years, isolated stellar-mass BHs have also been detected, including the
rst unambiguous case using micro-lensing observations with the Hubble Space
Telescope ([Sahu et al., 2022]).

Supermassive black holes (SMBHSs) (with masses generally ranging from t010°

M ). SMBHs are typically located at the centers of galaxies. When such a galaxy
is actively accreting matter due to this SMBH, the galaxy's nucleus is classi ed as

an active galactic nucleus (AGN) ([Lynden-Bell, 1969]). However, SMBHs can also
reside in non-active (or quiescent) galactic centers, such as in the Milky Way. They

have also been inferred from observations of the orbits of stars around the center
of our galaxy, which indicated the presence of Sgr A* ([Eckart and Genzel, 1996]).
SMBHSs are thought to form from the gradual accretion of seed BHs or mergers
with other BHs.

Intermediate mass black holes (IMBHs), with masses generally ranging from 100
to 10° M ). They were initially theorized as an explanation for ultraluminous
compact X-ray sources (ULXs), and then con rmed through the detection of the
gravitational wave event GW190521 by LIGO and Virgo in 2019 ([Abbott et al.,
2020]). This event was a BH-BH merger, resulting in a nal BH with a mass of
approximately 142M . IMBHSs can also be found at the centers of some globular
clusters (GCs), and provide a potential evolutionary link between stellar-mass and
supermassive BHs ([Zblkowski, 2008]), as they are theorized to be the seeds from
which SMBHSs in the early Universe could have formed ([Mezcua, 2021]). They
could form either by direct collapse or through runaway collisions in dense star
clusters [see e.g. Mezcua, 2017, for review].

This work will focus on stellar-mass BHs in XRBs, as they o er a unique opportunity
to study accretion physics, wind launching mechanisms, and polarimetric signatures.
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Chapter 2
BH accretion

2.1 Accretion mechanisms

Black hole X-ray binaries (BHXBs) are systems where a BH is gravitationally bound
to a companion star and accretes matter from it [see e.g. Tetarenko et al., 2016, for re-
view]. During its evolution, the companion star can expand and lose matter, which is
captured by the BH's gravitational well. Because this in owing matter retains angular
momentum from its orbital motion, it begins to spiral inward, and settles into a rotating
structure known as an accretion disk. This disk is a source that radiates intensely with
a luminosity of the order of L = 103*  10% erg/s ([Shakura and Sunyaev, 1973]). As
matter spirals inward, it loses gravitational potential energy. This energy is partly con-
verted into kinetic energy as the material accelerates, and partly into heat due to internal
friction, turbulence, and viscosity caused by the disk's di erential rotation. These vis-
cous processes heat the plasma and allow angular momentum to be transported outward,
enabling matter to gradually move inward. The heating raises the disk's temperature,
especially in the inner regions, to values high enough to produce thermal emission that
peaks in the X-ray band [see e.g. Bu and Zhang, 2023, for review]. There are two main
processes through which this matter can be accreted onto the BH and form the disk.

In low-mass X-ray binaries (LMXBs), the BH is gravitationally bound to a low-mass
companion star (typically with M . 1M ). Over time, the companion star may expand
enough to Il a region known as the Roche lobe, which is a tear-shaped zone of gravi-
tational in uence around the star de ned by the binary's potential. This region arises
from the Roche potential (also called the e ective potential), which governs the motion of
matter in the binary system and results from the gravitational potentials of the BH and
its companion star, as well as the centrifugal potential of their mutual orbital motion.
For two bodies with massedM; and M,, separated by a distancea and orbiting each
other with angular velocity , the Roche potential at a point with coordinates (x,y,z),
using M as the origin, is expressed as

GM; GM;,
M ra

( X;y;2) = % 2R?; (2.1)

P . Y . .
wherer; = x2+ y2+ z2isthe distancetoM,r, = (x a)2+ y2+ z2is the distance
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q
to M,, R= (X ,\,Il"f'f’,\,lza)2 + y2 is the distance to the rotation axis. From this Roche

potential we can get ve equilibrium points known as the Lagrange points, by setting
the condition that r = 0, or %X = %y: %Z = 0. These points (L1, Lo, L3, La, Ls)
represent the maxima, minima or saddle points of this potential. Of particular interest
is the inner Lagrange pointL,, which lies along the line connecting the two masses and
marks an unstable saddle point between their gravitational wells. At this point, the

gravitational pull from the two bodies and the centrifugal force are equal to one another.

When the companion star lIs its Roche lobe, matter nearl.; can pass through this
saddle point and ow into the gravitational potential of the BH. This process is known as
Roche lobe over ow (RLOF), and is a highly e cient mechanism that often leads to the
formation of large, geometrically-thin and optically-thick accretion disks, making LMXBs
ideal laboratories for studying accretion dynamics and radiation ([Frank et al., 1992]).

In high-mass X-ray binaries (HMXBs), the BH orbits a massive companion star (typ-
ically with M & 10M ) that emits strong stellar winds, large out ows of gas driven
primarily by radiation pressure. If the BH is close enough, it can capture part of this
wind via Bondi-Hoyle-Lyttleton accretion ([Shapiro and Teukolsky, 1983]). Because this
wind-fed material often lacks substantial angular momentum relative to the BH, such sys-
tems generally do not form large stable disks. However, if the in owing wind has enough
angular momentum, a smaller or transient accretion structure may still form. These two
mass accretion processes are sketched in Figure 2.1.

BHXBs can be either transient or persistent sources ([Tetarenko et al., 2016]), accord-
ing to the variability observed in the emission from these systems. Transient BHXBs are
generally LMXBs where mass transfer to the BH occurs via RLOF. Transient BHXBs are
mostly faint sources, staying in a quiescent state for long periods of time during which
accretion is low, but they occasionally show large emission spikes, called outbursts. These
outbursts are due to instabilities in the accretion disk that lead to an increase in mass
transfer onto the BH. Conversely, persistent BHXBs are generally HMXBs where mass
transfer to the BH occurs via stellar winds. This type of BHXB spends most of its time in
an active state, emitting many X-ray outbursts which are described using disk-instability
models [see e.g. Wheeler, 1993, for review].

These two types of BHXBs re ect di erent evolutionary paths: HMXBs are typically
younger systems where the donor star is still massive and short-lived, while LMXBs
are often older systems formed after signi cant stellar evolution and mass exchange.
These mass transfer mechanisms and evolutionary histories in uence the system's orbital
parameters, disk structure, and long-term variability ([Tauris and van den Heuvel, 2006]).

Beyond their classi cation by variability, BHXBs can also be distinguished by the
nature of their donor star and location within the galaxy. HMXBs are typically found

14



Figure 2.1. Mass transfer in a binary system through two di erent physical processes.
Top: a stellar companion lls up the Roche lobe and over ows, with the excess material
falling into the BH or forming a disk around it. Bottom: a companion transfers mass to

the BH via stellar wind. Figure from [Shakura and Sunyaev, 1973].

in star-forming regions of the galactic plane and consist of a massive early-type star.
In contrast, LMXBs often reside in older stellar populations like the galactic bulge or
globular clusters, with a low-mass, evolved companion. These di erences a ect orbital
con gurations|HMXBs generally have wider and more eccentric orbits, while LMXBs
exhibit shorter and more circular ones.

2.2 Accretion disk models

The most commonly used model to describe accretion disks, and the one this work
assumes, is the standard disk model, also known as the Shakura-Sunyaev model ([Shakura
and Sunyaev, 1973]). This assumes a geometrically-thin but optically-thick disk, and
applies for compact objects with luminosity below the Eddington luminosity, which is
de ned as

4GMm c.

T

Leda = (2.2)

as this is the critical luminosity at which gravitational and radiation pressure forces reach
equilibrium (see e.g. [Rybicki and Lightman, 1979]). In this model, the disk emits thermal
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radiation that is best approximated by a superposition of blackbody spectra at di erent
temperatures, since they are emitted from di erent distances from the center of the disk.
Since the disk's temperature decreases with increasing distance from the BH, as shown
in equation 2.4 ([Bu and Zhang, 2023]), the net spectrum is not a single blackbody but a
multi-color blackbody. Calling Tets the e ective temperature|the temperature inferred

from the local radiative ux via the Stefan{Boltzmann law, F = T &, where is the
Stefan{Boltzmann constant|this results in a broad thermal spectrum with a temperature

pro le ranging from T = 10° K in the outer regions toTe; = 107 K in the inner regions

of the accretion disk ([Liu and Qiao, 2022]).

3GMM. Risco

F(R)= T2 = BRI 1 = ; (2.3)
.- B i
- 9bLMM 1ISCO
T (R)= Toos 1 % (2.4)

Figure 2.2: Accretion disk e ective temperature as a function of radius for a Schwarzschild
BH, from equation 2.4.

The disk's temperature thus increases with the mass accretion ratk. This expression of
the disk's temperature remains valid as long as the disk is optically thick, which ensures
local thermodynamic equilibrium between gas and radiation. In the standard disk model,
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this e ective temperature reaches a maximum at a location slightly outside the ISCO.
This peak temperature|the maximum value of the radial temperature pro le|scales as
Tmax | (M-=M?) ¥ which reduces toT. / M ¥ if the BH is accreting at constant
Eddington ratio (M. / M). This shows that the temperature of the disk decreases with
increasing BH mass, and so for BHXBs with typical masses of arounti 10M |, the
inner regions of the disk can reacli., 10" K, leading to thermal emission that peaks

in the soft X-ray band. Conversely, for SMBHs in AGN, with typical masses of around
M 1M |, the lower disk temperatures oo~ 1P K result in thermal emission that
primarily peaks in the optica{UV band ([Fukumura et al., 2010]). Additional emission in
the hard X-ray band can also be observed in both cases, but this arises from non-thermal
processes such as Compton up-scattering of disk photons in the corona above the disk,
rather than from the thermal disk itself [see e.g. Liu and Qiao, 2022, for review].

There are other models for accretion disk dynamics, such as the optically-thin two-
temperature disk ([Shapiro et al., 1976]), the slim disk (JAbramowicz et al., 1988]) and
the advection dominated accretion ow (ADAF) ([Abramowicz et al., 1996]). Like the
standard disk model, the two-temperature disk model applies for compact objects with
luminosity below the Eddington luminosity. The slim disk model is applied to compact
objects with higher luminosities, such as ultra-luminous X-ray sources (ULXs), narrow-
line Seyfert 1 galaxies (NLS1s), or tidal disruption events. The ADAF model is applied
to compact objects like quiescent and low state BHXBs, the Galactic center BH Sgr
A , and low-luminosity AGN, as it is more e ective at describing systems with lower
radiation levels and higher temperatures ([Liu and Qiao, 2022]). The choice of accretion
disk model depends on theoretical assumptions as well as observational properties of the
system, such as its luminosity, spectral state, or estimated accretion rate.

2.3 Accretion disk structure

While the standard disk model provides a framework for computing the temperature
pro le and radiative output, it also implies a well-de ned physical structure both radially
and vertically. The disk is assumed to be geometrically thin, meaning its height R
whereR is a radial coordinate in the disk's plane, and optically thick, which allows the
disk to radiate locally as a blackbody and remain approximately in thermal equilibrium
([Shakura and Sunyaev, 1973]).

The vertical structure of the disk is determined by hydrostatic equilibrium between
the BH's gravity and the pressure gradient in the disk. This pressure is composed of both
gas pressure and radiation pressure, with the latter dominating in the innermost regions
of high-luminosity systems ([Frank et al., 1992]). In the gas-pressure-dominated regime,
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the scale height is given approximately by

H kT ¢
R mp Vv

; (2.5)

whereT is the local temperaturek is the Boltzmann constant, is the mean molecular
weight, v is the Keplerian orbital velocity, and ¢ is the sound speed. For a typical
stellar-mass BH M 10M ) and an inner disk temperature ofT 10’ K, the sound

speed iscs 4 10' cm s 1, while the Keplerian velocity at a few gravitational radii is

v 3 10°cm st ThisgivesH=R c=v 10 3, which is much less than 1. Even
for higher T 1P K, H=R 3 10 3. As a result, the disk remains thin even at high
temperatures.

The density (R) in the standard model typically follows a power-law pro le ([Frank
et al., 1992]). In the gas-pressure-dominated regime, this density scales as

(R)/ R 8 (2.6)

The disk density reaches its maximum at the inner regions, where temperatures are
highest and radiative cooling is strongest.

While the equations used in the standard model are based on Newtonian mechanics,

a more complete treatment requires incorporating GR corrections. The Novikov-Thorne
model extends the Shakura-Sunyaev framework by including relativistic corrections for
energy dissipation, frame dragging, and photon trajectories near the BH ([Novikov and
Thorne, 1973]). These corrections become particularly important for rapidly spinning
Kerr BHs, where the ISCO lies signi cantly closer to the event horizon. This proximity
leads to higher disk temperatures, greater radiative e ciency, and stronger relativistic

e ects on emitted radiation, including light bending and gravitational redshift.

Although the accretion disk itself is not the primary focus of this work, it remains
a key factor in the radiation emitted from these sources. As such, they represent an
important indirect component of any model aiming to interpret polarimetric signatures
from BHs.

2.4 BHXB spectral states

The outbursts detected from BHXBs are variable, and this variability is explained by
the system passing through di erent spectral states. The system typically evolves through
these states in a characteristic pattern during outburst events, called a \g-shaped" or
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\turtlehead" pattern in a hardness{intensity diagram (HID) ([Fender et al., 2005]). The
source begins in quiescence, a phase of minimal accretion during which the system's
luminosity is very low and the X-ray emission is barely detectable. It then enters the
low-luminosity hard state, gradually brightens, transitions through intermediate states,
reaches peak luminosity in the soft state, and then loops back to the hard state as the
outburst fades [see e.g. Tetarenko et al., 2016, for review]. An illustration of this pattern
can be seen below in Figure 2.3.

Figure 2.3: Hardness-intensity Diagram (HID) depicting the variability of spectral states
for a BHXRB as a function of X-ray hardness. This plot speci cally shows the intensity
of the source X-ray emission on th&-axis versus the ratio of the uxes in two di erent
energy bands on they-axis. HCS = hard comptonized state, IMS = intermediate state,
SDS = soft disk-dominated state, and SPL = steep power-law. Figure from [Tetarenko
et al., 2016].

A

In the Hard Comptonized State (HCS), the X-ray spectrum is dominated by a
hard power-law component (with a photon index of 1.5, [Parra et al., 2024]),
produced by inverse Compton scattering of soft photons in the BH's corona, a hot
and optically thin plasma. The thermal disk is faint, which suggests that the inner
part of the disk is far from Rjsco. This state is associated with steady radio jets,
which could indicate the presence of a compact jet.

As the luminosity increases, the system enters the Hard Intermediate State (HIMS).
In this state, the disk emission becomes more intense and the power-law softens
slightly ( 1:8). The corona begins to cool, and the jet is still present but shows
signs of extinguishing. The system then transitions into the Soft Intermediate
State (SIMS), where the disk contributes more prominently to the spectrum, and
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the power-law component continues to increase. This highly variable phase is often
associated with jet ejections and transient radio ares.

In the Soft Disk-dominated State (SDS), the thermal disk emission dominates the
spectrum, with the inner disk extending downR,sco. The power-law component
weakens ( 2:5 or higher), and the corona is reduced. Jet activity is suppressed
in this state, and variability is generally low.

After the outburst peaks and the accretion rate begins to drop, the system follows a
reverse path, re-entering the intermediate states and nally returning to quiescence.

The variability and accretion behavior seen in both transient and persistent BHXBs is
closely tied to the structure and interaction of di erent accretion ows, which in turn de-
termine the system's spectral state. It is presently commonly accepted that BH accretion
ows are composed of hot ows and cold ows ([Liu and Qiao, 2022]), which represent the
standard thin disk and the ADAF or corona respectively. This cold thin disk can strongly
a ect the corona via heat conduction, radiation coupling and mass exchange. The sys-
tem's geometry and spectral states are greatly in uenced by the interactions between
these two ows, as well as the mode of accretion, which could be wind-fed or by RLOF.
In systems where mass transfer is dominated by RLOF, the accretion dynamics are further
governed by how much mass is being supplied. A low accretion rate leads to evaporation
of the disk into the corona, resulting in the accretion ow becoming dominated by the
corona and emitting hard X-rays. A high accretion rate enhances condensation of the
corona back onto the disk, resulting in the accretion ow becoming dominated by the
disk and emitting soft X-rays. Studying the transitions between these states provides
further insight into both the system's accretion dynamics and any potential forces that
could in uence them.
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Chapter 3
Polarization

3.1 Polarization observables

When radiation travels through a BH's accretion disk to escape, it interacts with
free electrons in the disk's atmosphere, undergoing Thomson scattering ([Dowiak et al.,
2008]). This scattering process polarizes the radiation perpendicular to the plane of scat-
tering, which is a plane de ned by the direction of the incoming and scattered radiation.
In any axisymmetric disk, the net result is a polarization vector that is either parallel or
perpendicular to the disk's axis, with the polarization degree depending on the observer's
inclination angle.

To describe the polarization state of the radiation, we consider a quasi-monochromatic
plane wave propagating in thez-direction, where thez-axis is aligned with the wave's
momentum direction and thex andy axes are mutually orthogonal directions in the plane
perpendicular toz. In this frame, the electric eld can be written as

E'= Eocoslt  kz); (3.1)

whereEg = (Ex; Ey; 0) is the amplitude of the electric eld in the plane perpendicular to
the propagation direction,! is the angular frequency, andk = !=c is the wave number.

The Stokes parameterd, Q, U, and V, introduced by George Stokes in 1852, fully
characterize the polarization state of this wave and are de ned as the particular com-
binations of the time averages of the electric eld strength along two orthogonal wave
directions:

| = FEZ+ EJi; (3.2)
Q=IE2 EX; (33)
U= ELE,cos i, (3.4)
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V = WRELEsin i; (3.5)

where Ex and E, are proportional to the instantaneous electric eld along thex-axis
and y-axis respectively, and is the wave phase lag oE, behind E,. | represents the
radiation's total intensity, Q and U describe linear polarization, andv describes circular
polarization ([Kislat et al., 2015]). The choice of thex andy axes is arbitrary and must be
speci ed when interpretingQ and U. For a monochromatic wave of radiation, meaning
radiation at a single wavelength or frequency, the following identity holds:

| = P Q2+ U?2+ V2 (3.6)

If the radiation is entirely linearly polarized, as in the case at hand, thewv =0 and

the equation reduces td = Q2+ UZ2. In this case,Q and U can be written as
Q=1cos2 (3.7)
U=1sin2; (3.8)

where is the polarization angle, which is the angle between the direction of the electric
eld oscillation and the referencex-axis in the plane perpendicular to the wave's propa-
gation, and can be visually seen in Figure 3.1. The de nitions d and U in this case
can be used to nd , as the following expression is implied:

1 U
= —arctan — 3.9
. 5 (3.9)

The Stokes parameters are additive, meaning that for a sum of independent radiation
waves, the total Stokes parameters are given by the sum of the individual contributions
([Kislat et al., 2015]). The total I, Q, and U can then be used to calculate the polarization
degree or fraction, :

s
— =

(3.10)
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Figure 3.1: Thex andy electric eld components of a wave, showing their rotation by the
polarization angle . In the general case of elliptical polarization, is measured from the
referencex-axis to the major semi-axis of the ellipse; in the case of linear polarization,
the ellipse is reduced to a straight line. Figure from [Rybicki and Lightman, 1979].

3.2 Polarization in BHXBs

Polarimetry is a powerful diagnostic tool for investigating the geometry and physical
conditions of a BH's accretion environment, including the disk and corona. In particular,
for sources in the soft-disk state (SDS)|where thermal emission from the disk domi-
nates|the observed X-ray polarization carries information about the disk's inclination
and structure. [Chandrasekhar, 1960] provides analytic solutions for the polarization of
radiation emerging from a semi-in nite, plane-parallel electron-scattering atmosphere. In
this simpli ed con guration, the polarization degree depends only on the observer's in-
clination angle .. Vvanishes for face-on observers (,q =0 ) and reaches a maximum
of 11:7% for edge-on observersif, =90 ), as shown in Figure 3.2, where = coS .
Although not speci c to accretion disks, these results are a useful reference for describing
electron-scattering-dominated atmospheres.

However, realistic accretion disks around BHs exhibit additional complexities. The lo-
cation of the ISCO depends on the BH spin, as mentioned in Chapter 1. Since the disk's
e ective temperature increases toward smaller radii (see equation 2.4), disks around Kerr
BHs reach higher temperatures near the ISCO. This implies a higher ionization frac-
tion in the inner regions, which a ects absorption processes. Unlike Thomson scattering,
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Figure 3.2: Polarization degree of radiation emerging from an electron-scattering atmo-
sphere as a function of an observer's inclination angle. Data obtained from Table XXIV
in [Chandrasekhar, 1960].

which redirects photons without energy loss, absorption processes remove photons from
the radiation eld. This e ect impacts mostly photons propagating at large inclination
angles within the atmosphere, and does not greatly a ect those that travel closer to the
surface normal. As a result, most photons that escape undergo only a small number of
scatterings. Owing to the disk atmosphere's symmetry, singly scattered photons are po-
larized perpendicularly to the disk surface, so absorption tends to increase for emerging
photons [Taverna et al., 2021]. Thus, one would expect the Schwarzschild case, with a
cooler and less ionized inner disk, to exhibit larger values than the Kerr case if only
direct thermal emission is considered.

Polarization can also be inuenced by GR, as described by several authors in the
literature such as [Connors et al., 1980, Schnittman and Krolik, 2009, Dowiak et al.,
2008, Taverna et al., 2020], speci cally by two e ects:

" Parallel transport of the radiation's polarization vectors. As photons travel
through curved spacetime, they follow null geodesics|paths that appear curved in
Euclidean space. Because the polarization vector of a plane wave of radiation must
remain perpendicular to the direction of propagation, and because this direction
itself changes along a geodesic in a curved spacetime, the polarization vector must
rotate to remain orthogonal to it. This alters the polarization plane, a process
governed by parallel transport along the geodesic [Connors and Stark, 1977, Connors
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et al., 1980]. This rotation of the polarization plane is a gravitationally analogous
to Faraday rotation, as explained in [Ishihara et al., 1988] and shown in Figure
3.3. In the presence of a rotating BH, this e ect can be further in uenced by
frame dragging. This e ect modi es by changing it and by decreasing it, since
individual polarization vectors can be partially misaligned, leading to a net decrease
in degree when integrating the total observed Stokes parameters. This behavior can
be seen in Figure 3.4, which shows and as a function of energy observed at
several inclination angles for the emission of the accretion disk in a stellar mass BH
for di erent spin values. This gure shows the behavior of direct radiation that is

in uenced by relativistic e ects, which is the reason for the decrease of and as

a function of energy.

Returning radiation.  The trajectories of photons emitted from the inner regions
of a BH's accretion disk are strongly curved by the intense gravitational eld. Some
photons are bent back toward the disk and undergo scattering before escaping and
reaching an observer at in nity. This returning component modi es the polarization
signal through additional scattering interactions with the disk material. As shown
in simulations by Schnittman and Krolik [2009], Taverna et al. [2020], returning
radiation originates from regions much closer to the BH and typically re ects o
a more ionized part of the disk compared to direct radiation. The polarization of
this re ected component is expected to be much more polarized than the direct
disk emission, which follows [Chandrasekhar, 1960]. As a result, when returning
radiation becomes dominant at higher photon energies, it can cause a signi cant
increase in and a ip of by 90, as shown in Figure 3.5, which shows and
observed at in nity for the emission of the accretion disk in a stellar mass BH
of massM = 10M for dierent spin values, assuming [Chandrasekhar, 1960]'s
prescription for the polarization of the accretion disk emission. This e ect can be
strong enough to result in a Kerr BH having larger values than a Schwarzschild
BH.

Both of these e ects are stronger for photons emitted closer to the BH that, in the
standard accretion disk model, have the largest energy due to being emitted in the hottest
region of the disk. Since the ISCO's location depends on the BH's spin, and the strength
of relativistic e ects is tied to R jsco , measuring how they a ect the observed polarization
provides a potential method for constraining the spin of a stellar-mass BH.

The polarimetric technique for estimating a BH's spin can be applied for the rst
time thanks to the IXPE mission launched in 2021 ([Weisskopf et al., 2022]), as it is the
rst instrument allowing the observation of polarization in the X-rays, and its energy
dependence, in the 2{8 keV band, which has naturally contributed to a resurgence of
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Figure 3.3: Rotation of the polarization plane as the path 1 of a particle emitted by a
source is de ected due to gravitational e ects. Figure from [Ishihara et al., 1988].

Figure 3.4: Polarization degree (eft) and polarization angle (right) as functions
of energy for a Schwarzschild BHdptted lines and Kerr BH (solid lines), for multiple
observer inclinations. Figure from [Dowiak et al., 2008].

X-ray polarimetric data. Since its launch,IXPE has observed several stellar-mass BHs
in di erent spectral states, providing new constraints on their geometry, emission mech-
anisms, and spin. However, there are challenges in modeling the polarization from this
emission. In spectral states where the disk emission dominates|such as the soft state
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Figure 3.5: Polarization degree and angle as a function of energy for di erent values
of BH spin. Data obtained from Table 1 in [Krawczynski, 2012].

in BHXBs]|traditional models of geometrically-thin, optically-thick accretion disks, like

the model used in this work, predict a low , due to the thermal origin of the emission
and the largely symmetric geometry of the disk ([Rodriguez Cavero, 2024]). Despite this,
while most observations returned results in agreement with expectations, some obser-
vations from IXPE have shown higher values than expected, such as for the BHXB
4U 1630{47, a transient source observed BXPE in August 2022. Speci cally for this
source, an increase of with energy has also been observed, to a degree which is not
explained by these standard disk models (rising from around 6% to 12%) ([Ratheesh
et al., 2024]). This seems to suggest the presence of additional scattering or re ection
regions that could a ect the radiation and modify the observed polarization, and that
present-day models should be updated in order to incorporate this. This could be the
work of a type of out ow that has yet to be extensively modeled: winds.
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Chapter 4

Winds

Winds are a class of gas out ows launched from the accretion disks of BHs, and are
a widespread and important phenomenon in both stellar-mass BHXBs and SMBHSs in
AGN. These winds carry away mass, energy, and angular momentum from the disk, and
they can signi cantly in uence the observed spectral and polarimetric properties of these
systems. Speci cally, winds have been interpreted as the origin of blue-shifted absorption
lines in the UV and X-ray spectra of accreting systems [see e.g. Parra et al., 2024, for
review).

4.1 Winds in stellar-mass BHXBs

In BHXBs, winds are typically detected during soft accretion states, when the spec-
trum is dominated by thermal emission from the accretion disk. High-resolution X-ray
spectroscopy has revealed absorption lines from highly ionized iron (Fe XXV and Fe
XXVI), oxygen, and other elements that are blue-shifted due to the outward motion of
the wind. These features are often transient, appearing in the soft state and disappearing
in the hard state, which suggests a strong link between wind launching and accretion-state
evolution [Ponti et al., 2016, Gatuzz et al., 2019, Parra et al., 2024]. This transience was
attributed to a strong ionization and acceleration of the wind as it transitioned between
states, caused by a hardening of the spectrum and an increase in luminosity. This iron
detection can be seen in Figure 4.1, which showcases a sample of galactic BHs (GBHS)
where winds have been observed.

However, not all BHXBs show clear spectroscopic wind features. Detection depends
on several factors, including the system's inclination, the ionization state of the wind,
and instrumental sensitivity. For example, because winds in BHXBs are believed to be
preferentially launched in the equatorial plane, their spectral signatures are more easily
observed in systems with high inclination angles. Otherwise, an observer's line of sight
may not intersect the wind, even if it is actually present. Additionally, some BHXBs may
host winds that are too highly ionized to imprint detectable absorption lines, potentially
leaving polarimetry as the only viable diagnostic tool to infer their presence.
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Figure 4.1: HID showing a sample of GBHs where winds have been detected using Fe
XXVI absorption lines. The multiple colors refer to di erent sources. Figure from [Ponti
et al., 2012].

4.2 UFOs & WAs

In AGN, out ows are commonly classi ed based on their ionization and velocity into
two main categories: warm absorbers (WAs) and ultra-fast out ows (UFOs) [see e.g.
Tombesi et al., 2010, Kallman and Dorodnitsyn, 2019, for review]. WAs are relatively
slow ( 100-1000 km/s), moderately ionized winds detected through soft X-ray absorption
lines, and likely originate at large radii from the BH, potentially from a torus or extended
disk wind. Meanwhile, UFOs are much more ionized and exhibit velocities& 10* km/s
( 0:33), detected via highly blue-shifted Fe absorption features, and are thought to
originate closer to the BH, near the accretion disk. While these classi cations are more
often established in AGN, there have been reports of similar features in stellar-mass
BHXBs, such as with sources GRO J1655{40 and H 1743{322, where Fe XXV/XXVI
absorption lines with high velocities have been detected ([Miller et al., 2006, 2012]).
However, these detections are often limited by the short-lived nature of XRB outbursts
and the lower signal-to-noise ratio in high-resolution X-ray spectra.
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4.3 Wind origins

There are three main mechanisms considered as the possible physical origin of these
winds ([Parra et al., 2024]):

" Line driving. A process where radiation is absorbed in spectral lines, transferring
momentum to the gas and accelerating it, which is then lifted up from the disk to
form a high-velocity wind. However, this model is generally disfavored for UFOs
since they are highly ionized out ows, and in such a highly ionized region the
abundance of bound electrons necessary for line driving is insu cient ([see e.g.
Mizumoto et al., 2021, for review]).

Thermal driving. A process that occurs when the BH accretion disk is heated to
high enough temperatures for its material to expand and overcome the gravitational
forces pushing it inwards by exceeding its escape velocity ([Parra et al., 2024]). This
heating of the disk can arise from Compton heating, where X-rays from the inner
parts of the disk transfer energy to the gas in the outer parts of the disk, and
from viscous heating, where turbulent viscosity within the disk transfers angular
momentum outward and dissipates kinetic energy as heat ([Begelman et al., 1983]).
This process is displayed in Figure 4.2. However, since thermal driving is more
e ective at larger radii, where the gravitational potential is weaker, the resulting
out ows tend to have low velocities ([Parra et al., 2024]). For this reason, thermal
winds are generally not expected to produce the relativistic speeds ( 0:1c¢)

or highly ionized absorption features observed in UFOs, and so this process is
also discouraged from spectroscopic observations for sources characterized by this
speci c class of out ows.

Magnetic driving. A process that occurs when magnetic eld lines penetrate the
accretion disk, lift, and launch material away from the disk's surface ([Parra et al.,
2024]). There are several possible origins for such a magnetic eld belonging to the
accretion disk ([You et al., 2023]), such as inheritance from a magnetized progenitor
star, the accretion of surrounding existing magnetic elds, or the ampli cation of
weak magnetic elds through dynamo mechanisms. If the magnetic eld proves to
be strong enough, it is labeled as a Magnetically Arrested Disk (MAD), with an
approximate eld strength of 10°G and will dominate the disk dynamics and
launch powerful winds ([Mandal et al., 2025]). Since magnetic driving does not
rely on the radiation pressure or temperature, unlike the previous two processes,
magnetic driving can successfully incorporate both UFOs at closer radii and WAs
at larger radii, as is proposed in [Fukumura et al., 2010]'s uni ed model which
presented that WAs and UFOs are simply two parts of the same global MHD
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wind. [Fukumura et al., 2014] expanded on this concept by con rming that MHD
winds can fully describe observed WA properties, which include their velocities and
ionization parameters.

Figure 4.2: Thermal wind emerging from the soft state accretion disk of a stellar-mass
BH. This wind is emitted far from the BH, and disappears once the disk is in the hard
state. Figure from [Ponti et al., 2012]

In this work, we focus on MHD-driven winds, speci cally those used by [Fukumura
et al., 2010, 2014]. While previous studies have applied this model to AGN winds, here
we apply it to the stellar-mass BH case and compute the expected polarimetric signal
from radiation interacting with such a wind. This is supported by the fact that, over
the last decade, numerous stellar-mass BHs have shown evidence of disk winds via spec-
troscopic observations. Some of these key sources include GRO J1655{40, H1743{322,
GRS 1915+105, and 4U 1630{47 [Gatuzz et al., 2019]. These observations have revealed
trends such as: winds appear preferentially in high-inclination systems, they are typically
only detected during soft spectral states, and their velocities range from a few hundred
to a few thousand km/s. Since the MHD and thermal models are di cult to distinguish
spectroscopically, we investigate whether polarization can o er a new way to discriminate
between them, which is something that has not been done before.
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4.4 MHD wind model

This MHD model, developed by [Fukumura et al., 2010, 2014], assumes a self-similar,
steady-state, axisymmetric MHD out ow from an accretion disk, which was itself based
on the computations presented by [Contopoulos and Lovelace, 1994]. The model uses ideal
and non-relativistic MHD equations under Newtonian gravity, including the equation of
state for a polytropic gas ([Fukumura et al., 2010, 2014]):

r (v)=0 (Mass conservation) (4.2)

(vr)v=rnp rog+ %(J B) (Momentum conservation) (4.2)
E+ % B=0 (Force-free MHD); (4.3)

r B=0 (No magnetic monopole) (4.4)

r E=0 (Faraday's law); (4.5)

r B=0 (Ampere's law); (4.6)

p=K (Equation of State): 4.7)

Here, B is the magnetic eld, E is the electric eld, J is the electric current density,v
is the plasma wind velocity,p is the gas pressure, is the mass density of the wind, 4 is
the BH's gravitational potential, and K and are the adiabatic constant and adiabatic
index, respectively.

Due to axial symmetry (where the system is symmetric about its rotation axis), the

magnetic and velocity elds can be separated into poloidal and toroidal components,

B=B,+B ; (4.8)
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V=Vp+V (4.9)

with
1 A
—r :
r sin

B, (4.10)

( r; ) is the magnetic ux function, which shapes the magnetic eld lines, de ned as

q
(r)= — 7)o (4.11)
(0]
where g is a free parameter governing the radial scaling of density and eld structure
of the wind, , is a normalization term, andr, is the launch radius of a characteristic
eld/ ow line at the base of the wind at =90 .

Due to the conditions of the system, there are ve conserved quantities that can be
obtained along a stream line of given (; ). These quantities are the particle ux
to magnetic ux ratio F(), the angular velocity of eld lines (), the total angular
momentum of the plasmaH (), the total energy (Bernoulli function) J(), and the
entropy S():

1 3=2q
F()= — FoBoV, ; (4.12)
(o]
3=2q
()= — oVol o 1; (4.13)
(0]
1 1=q
H()= — HoBolo; (4.14)
[0}
1=q
JO)= — JoVs; (4.15)
(0]

S()= ke( 1) (2 49 (2 3=d)ln = ,+In ] (4.16)
where = P( )=R( ) is a dimensionless adiabatic constant() and H() can also
be written as

I .
F 4nm ,——; 4.17
() S (4.17)
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H() F()r +1rB; (4.18)

wherem, is the proton mass, and is the number density.

By then assuming boundary conditions where = r, and o at =90 fora
given set ofF, and H,, which are the particle ux to magnetic ux ratio and total angular
momentum at this boundary, a trans-Alf\en solution can be obtained. This describes a
physical wind that passes through the Alfven point smoothly without discontinuities,
where this point represents the location where, is equal to the Alfven velocity ,:

0T A= P (4.19)

[Fukumura et al., 2014] additionally found that, for a given value of}, the wind structure is
mainly governed byF, and H,, which speci cally a ect the wind kinematics and poloidal
structure respectively.

From ( r; ), we can write the wind's number density as a function of and :

nr, )= me Vo Te r(); (4.20)
where
_ FoBp()
r()= 4—\;() (4.21)

The wind density pro le described by this equation is presented in Figure 4.3, which
shows that this discretized wind density can be plotted as a function of the radial coordi-
nate R=R;sco = r sin =R sco and vertical coordinateZ=R,sco = r cos =R |sco, where

Is de ned with respect to the symmetry axis.
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Figure 4.3: Density plot based on Fukumura's model and described by equation 4.20 as
a function of radial and vertical coordinates. Both axis values are normalized &sco .
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Chapter 5

Methods

5.1 The physical system

The main goal of the present study is to investigate how the interaction with a MHD
wind can in uence the spectro-polarimetric properties of the accretion disk emission in a
stellar-mass BH. As done in previous works [see e.g. Taverna et al., 2021, Nitindala et al.,
2025, for review], we consider a system with an accretion disk in the Shakura-Sunyaev
approximation, geometrically-thin and optically-thick, with matter orbiting the compact
object at Keplerian velocity. However, it is important to stress that, while works like
[Taverna et al., 2021] investigated the polarization emerging from the disk's atmosphere
in a local setting, and [Nitindala et al., 2025] considered a simpli ed wind model limited
to pure scattering, this present work investigates for the rst time the polarimetric signal
from a more realistic MHD wind, including both scattering and absorption processes.
This could allow for a more physically accurate treatment of how winds modify the
polarization of radiation in BH accretion systems.

The stellar-mass BH's parameters are its madd and dimensionless angular momen-
tum a. We explore two extreme cases for the central BH's dimensionless spin parameter: a
non-rotating Schwarzschild BH witha = 0 and a rapidly rotating Kerr BH with a = 0:998
([Bardeen et al., 1972]). In both cases, we assume a BH masdvo= 10 M , with the
accretion disk extending down to the ISCO radius, and adopt a no-torque condition at
the inner boundary. The illuminating radiation from the disk is approximated as black-
body emission peaking at a surface temperature @f = 10’ K for the Schwarzschild BH
and Ts = 107® K for the Kerr BH. These values are motivated by the Novikov{Thorne
temperature pro le shown in equation 2.4 and Figure 2.2, where a smaller ISCO leads
to higher temperatures in the innermost disk region. It is important to note that, al-
though realistic accretion disks radiate as a multi-color blackbodyli.e., a superposition
of blackbody spectra with di erent temperatures emitted at di erent radiijour simula-
tions simplify this structure by assuming a single blackbody temperature to approximate
the peak emission. This approximation is justi ed by the large geometrical extension of
the wind: the outer parts of the wind are located far from the central BH, and therefore
view the inner regions of the accretion disk, where most of the X-ray emission originates,
as a point-like source. Additionally, we x the luminosity of the system toL = 10%°
erg/s for both BH cases. In our simulations, we also assume that the disk emission is
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initially unpolarized, which is another approximation. These choices were made both for
the sake of simplicity and because our goal is to investigate whether the interaction of
the radiation with the wind can induce polarization in the accretion disk X-ray emission.

To model the wind, we adopted the framework proposed by [Fukumura et al., 2010,
2014], which describes an MHD wind originating from the disk. We constructed a spatial
grid in cylindrical coordinates R;Z), normalized to R;sco, and assigned to each point
a wind density logf=n;sco) and velocity componentsv,=¢ v =cand v,=¢ which corre-
spond to the radial, azimuthal and vertical velocities respectively. The wind density is
normalized tonjsco = 10" cm 3, which is given atr = Rjsco where =90 . Due to
limitations in the radiative transfer codes used, we assume a static wind by neglecting
the velocity components in our simulations, focusing instead on the spatial distribution
of the density as the primary variable in uencing scattering and absorption.

The physical system modeled in this work consists of an axially symmetric, biconical
wind structure located above and below the accretion disk surrounding the BH. This
geometry is illustrated in Figure 5.1. Because the wind envelops the central source, the
polarization and spectral properties observed by a distant observer must account for
radiation scattered across the full wind structure.

Figure 5.1: 2D diagram representing a BH (black circle), accretion disk (yellow) and
wind region (blue). The observer, located at the top right, is in the plane of the diagram,
where =0.
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5.2 CLOUDY

We simulated the wind structure by sampling seven di erent local propagation direc-
tions within the wind, de ned by inclination angles relative to the system's spin axis:
wind =[12 ;24 ;36 ;48 ;60 ;72 ;84 ]. These angles represent di erent paths that radia-
tion from the disk can take as it travels through the wind region. Note that, since we are
not considering GR e ects in this work due to the geometry of the system, e ects such as
ray bending are neglected and the radiation paths are assumed to be straight. By solving
the radiative transfer along these directionsji.e., through wind slabs at these inclination
angles|jwe computed how the wind modi es the radiation's spectral and polarimetric
properties. Since the disk emits radiation in all directions, simulating multiple g val-
ues is necessary to capture how emission entering the wind at di erent inclination angles
interacts with this medium. Moreover, because the wind properties vary with cylindrical
coordinates, photons entering at di erent angles interact with physically distinct regions
of the out ow, which encourages the consideration of several propagation directions. It
is important to note that in this work the radiative transfer is solved independently in
each slab, which implies an additional approximation to our analysis. We assume that
photons scattered within the wind do not migrate between adjacent lines of sight. In re-
ality, scattering could redirect photons toward neighboring slabs or even back toward the
accretion disk, and end up in higher-density regions compared to where they originally
entered the wind. Since the line of sight under which we observe di erent BH systems
generally forms di erent angles with the symmetry axis from source to source, simulating
a range of inclination angles allows us to explore how our results apply to various poten-
tial sources. This setup is shown in Figure 5.2. For simplicity, we also do not consider
any radiation that is re ected from the far side of the wind region that could reach a
distant observer and modify the observed polarization.

Each wind slab at these seven inclination angles is bounded by the lIm&sR,sco

1160 andR=Rsco 1122, which correspond to the maximum spatial extent of the
wind as de ned in the data given to us by Fukumura's model. Beyond this, the wind
density is assumed to decrease steeply, rendering any further scattering or absorption
negligible. We sampled the wind density along this inclination line using interpolation
from Fukumura's data for each distinct radial coordinate. This was repeated for all seven
angles, and all data were stored in text les using a Python script. We then used this wind
density pro le to obtain the ionization structure of the wind region, which is necessary
to study the possible interactions of radiation with the plasma composing this out ow.
This was done by using a spectral synthesis code called. OUD¥esigned to simulate
interstellar matter, study the properties of this matter and of the radiation that passes
through it. Speci cally, we used version C23.01 o€ELOUDYast described by [Gunasekera
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Figure 5.2: Density scatter plot based on the MHD wind model described in section 4.4 as
a function of radial and vertical coordinates, with lines overlaid representing the di erent
inclinations used for the sampling. Both axis values are normalized &;sco -

et al., 2023].

We constructed les containing all of the necessary input parameters, such as the
interpolated density pro le, the spatial extension of the slab as tabulated by [Fukumura
etal., 2010, 2014], and the properties of the illuminating radiation which we approximated
as blackbody emission with temperaturds and luminosity L. A solar chemical abundance
was assumed for the simulation runs. The output from each run provided the ionization
structure of the slab in (nput.par ) les. Speci cally, CLOUDMturned the temperature
pro le of the plasma and gas together with the fractional abundances of the elements
composing the wind as a function of distance from the base of the slab. Similarly to
[Taverna et al., 2021], we focused in particular on elements with atomic numbefs=1
(hydrogen), 2 (helium), 6 (carbon), 7 (nitrogen), 8 (oxygen), 10 (neon), 14 (silicon), 16
(sulfur), and 26 (iron), as these dominate the absorption and scattering properties of the
plasma that composes the wind region.

39



5.3 STOKES

Once the ionization structure of the wind was computed vi&CLOUDYhe resulting
physical proles were used as input for the radiative transfer codSTOKE$Marin,
2018]). STOKE® a Monte Carlo simulation tool designed to model the full interac-
tion of photons|scattering, absorption, and re-emission|within complex astrophysical
media. It propagates the Stokes parameters (Q, U), traces the trajectories of individ-
ual photons as they propagate, and accurately accounts for changes in the polarization
state due to both scattering o of free electrons and absorption by partially ionized gas.
In this work, STOKE®as used to simulate how radiation emitted from the accretion disk
is altered as it passes through the ionized gas in the wind region, ultimately computing
the total resulting Stokes parametersi(, Q, U) for a given observer as a function of the
energy. Each simulation is governed by parameters speci ed in theput.par les. In
particular, it is possible to specify the spectral energy range, the number of photons emit-
ted, the spatial and angular distribution of this emission, the binning resolution, and the
geometry of both the system and the observer. For our isotropic blackbody radiation at a
single temperature, the energy range for all simulations was set to 1{10 keV, as this range
corresponds to the range where wind spectra have typically been observed, and contains
the IXPE working energy band (2{8 keV). A key parameter in Monte Carlo simulations
is the number of photons launched: a larger number improves statistical convergence and
reduces noise in the computed polarization signals, but at the cost of increased compu-
tational time, which is a trade-o intrinsic to Monte Carlo techniques. As it is possible
with STOKE® sum together the results of di erent runs, we ended up repeating our
simulations 10 times with a photon number of 19 in order to reach a nal total of 10'°
photons, as this gave clearer results without taking excessively long to nish computing
(the nal simulations took 6.5 days to completely nish the run). For each simulation, we
computed the polarization signal for radiation propagating through the wind at di erent
directions, by varying the local emission angleSyca and |oca With respect to ying . We
sampled |ocq USING a uniform grid in cOS |oca1, Spanning from 0.05 to 0.95 with 10 points,
and |oca Uniformly from 30 to 330 with 6 points. We thus expected to obtain (, Q,

U) data as a function of energy and local angles, per eacl,¢ angle.

All output les were then passed through an analyzer routine to return four.res
les per angle, each one containing the data of the four Stokes parameters as a function
of the photon energy, ocai, and ocai. Once again, we only considered the, Q, and
U data, asV = 0 because the amount of circular polarization produced in the system
is expected to be negligible, and current X-ray polarimetric missions such B&PE are
not capable of measuring circular polarization. Thesges les were then extracted and
plotted to visualize how the Stokes parameters evolved as a function of energy. It is
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important to note that, for the sake of simplicity, we computed and plotted all of the
polarization properties (Stokes parameterd ( Q, U), , and ) at the surface of the wind
region rather than propagating the radiation to in nity. However, as mentioned earlier
in chapter 4, the wind region extends to 1122 Rsco from the BH, where spacetime is
e ectively at and the GR e ects mentioned in chapter 3 become negligible. As a result,
these polarization properties provide a valid approximation of those that would be seen
by an observer at in nity, and our results will not consider such relativistic e ects.

5.4 Radiation integration

To obtain the total observed radiation from the wind region, it is necessary to sum up
the contributions from all emission directions within the complete wind region. Each local
emission at di erent i,q and ing contributes to the net observed Stokes parameters.
By integrating the parametersi(; ), Q(; ), and U(; ) over the entire wind region,
we sum all possible polarized radiation components reaching an observer at any given
location. Owing to the axial symmetry of the system, we integrated the Stokes parameters
of the emerging radiation over the solid angle over which the isotropic disk emission
intercepts the wind region. This integration was performed using the following equations:

Z max Z max

ltotal = I(; )sindd; (5.1)
Z max Z max

Qtotal = Q(; )sindd; (5.2)
Z max Z max

Uotal = U(; )sindd; (5.3)

where min =12, max =84, min =0 and . = 360 . These values were chosen
because contributions from azimuthal angles,;ing ranging from 0 to 360 and the afore-
mentioned polar angles wing Were included to capture the full angular distribution of
the emerging radiation above the wind region, as only this is available to an observer.
To simplify calculations and computational time, we discretized this integral by selecting
100 angles around the BH. Further increasing the number of,,,q angles produced
negligible results on the integrated Stokes parameters values.

This integration was performed using a \reverse" process. Starting from the observer's
xed position ( ops; obs), this method converts the observer's direction into the local
emission frame of the wind, resulting in local coordinates {cai, 1ocai)- Iocal IS Calculated
as such:

41



COS Iocal = COS 0bsCOS wind + SN 0psSIN wind COS( obs  wind ) (5.4)

To calculate |4 ), the observer's direction and the globak-axis are projected onto
the plane perpendicular to the wind direction de ned by ng .

z (z ny)ny |

2, = ; 55
? 7 kz (z ny)nyk (5.5)
Nobs (n obs Nwind ) Nwind
g} = ; 5.6
obs? kn obs (nobs r]wind) Nwind k ( )
wherengps and nying are unit vectors in the system frame. |ocq) is then
local = arctan2 Mgps» (nwind 2, ); Nobs? 27 - (5-7)

Using these local angles, interpolation is performed between the discrete Stokes pa-
rameter data points to estimate the values of, Q and U at the observer's position. This
interpolation is performed in a 2D space, as the converted observer angles are within the

( 10cal» 10cat) frame. Equations 5.1, 5.2 and 5.3 are then used to obtain the radiation's
total integrated Stokes parameters.
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Chapter 6

Results

We present the results of our simulations of the spectro-polarimetric properties of the
radiation transmitted through the wind. The focus is on how scattering and absorption
within the ionized wind region modify the polarization of the disk emission. In this chap-
ter, we begin by examining the raw Stokes parameter outputs generated by the Monte
Carlo simulations (Section 6.1). We then present the results integrated over the entire
wind structure, analyzing separately the radiation intensityl (Section 6.2), polarization
degree (Section 6.3), and polarization angle (Section 6.4) as functions of photon en-
ergy and observer inclination, highlighting the systematic trends and di erences between
the Schwarzschild and Kerr BH cases. This progression from raw Stokes quantities to
integrated polarization observables allows us to connect the simulation outputs directly
to quantities measurable by X-ray polarimetry missions.

6.1 Single-slab

To investigate how the propagation in a partially ionized slab of wind in uences the
polarization properties of the disk's X-ray emission, we initially studied the properties of
this emission emerging from the wind region at di erent inclination angles, for multiple
observers. As an example of the raw output fronsTOKESefore any integration over
the wind geometry, Figure 6.1 shows the Stokes intensity as a function of photon
energy for several |ocy Values at g = 12 , 48 and 84, and ,jnq = 30, for both
Schwarzschild and Kerr BH cases. Note that the,., Vvalues in this case represent the
converted cos oca Values fromSTOKESSIince the disk emission was modeled as a single-
temperature blackbody, the overall shape of shows the expected blackbody-like rise
and fall with a peak near the energy corresponding to the input temperatureT. The
Schwarzschild case's intensity peaks at arourllpeax  2:5 keV, consistent with Wien's
displacement law, and the Kerr case's intensity peaks at arounl,e.ox 7 keV, each
consistent with the blackbody curve set at their respective temperatures af = 107 K
and T = 10" K (Epeak ' 2:8XT). The intensities shown in the Kerr case seem to be
almost an order of magnitude larger than those of the Schwarzschild case, for both low
and high inclination angles, which re ects the hotter disk temperature adopted for the
Kerr model, producing a harder input spectrum.
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As ing Increases from 12to 84 , | decreases, which is expected since photons travel-
ing through a longer path in the wind region experience more absorption and scattering,
reducing the total transmitted ux. It can be seen that, at high g, many sharp fea-
tures appear in the Schwarzschild case. At,nq = 48 , the only clearly visible feature
is the iron absorption edge at 7.1 keV; additional spectral features become more pro-
nounced at higher inclinations, where the wind medium is more ionized. In contrast, the
Kerr case shows a smoother spectrum at the same inclination angles. This is because the
wind region is closer to the BH in this case, and its temperature is higher to re ect this
proximity. This higher temperature increases the ionization fraction, resulting in fewer
bound-bound and bound-free transitions and thus a smoother transmitted spectrum.

Figure 6.2 shows the corresponding values. At low g, both the Schwarzschild
and Kerr cases show very low with nearly constant behavior, with variation appearing
to be Monte Carlo noise. At higher inq, increases substantially. In the Schwarzschild
case, additional structures in  mirror those seen inl . At inq =84 , a prominent dip
in appears around 6{7 keV, likely associated with the emission of the iron K- line at
6.4 keV, which is expected to be unpolarized ([Taverna et al., 2021]). In the Kerr case the
curve is smoother, once more re ecting the higher temperature of the wind region closer
to the BH. Additionally, in both cases, generally increases with energy, a trend that is
also apparent in the integrated results. Overall, these behaviors are physically consistent:
higher inclination enhances both absorption features and polarization, while di erences
between spin cases re ect the di erent thermodynamic conditions in the wind.

6.2 Intensity

We now consider the emission from the entire wind structure. Fixing an observer line
of sight characterized by (obs; obs), We Select the rays oriented along that direction and
integrate the radiation contributions from all i, and ing angles capable of reaching
this observer, expressing the result as a function of energy. To sample a representative
range of angles within the ,i,q bounds of the sampled wind region, we set,s=0 as an
arbitrary choice, since the disk is axially symmetric, and considered ve,,s values (15,

30, 45, 60, 75) to evaluate the emission as seen by observers at di erent inclination
angles. The integratedl, Q, and U values were then used to calculate and using
equations (3.9) and (3.10) respectively.

Figure 6.3 shows the integrated spectra for the ve consideredys values for both a
Schwarzschild and a Kerr BH. Once again, like in Figure 6.1, the Stokes parameter
decreases with increasing observer inclination angle in both cases. Similarly, the peak
of the integrated spectrum coincides with the peak energy of the blackbody emission for
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Figure 6.1: Simulated intensity as a function of energy of the radiation emitted from the
accretion disk of a BH and passed through a wind region, fof,g = 12 (top row),
wind = 48 (middle row) and jnq =84 (bottom row), for both the Schwarzschild (eft
column) and Kerr (right column) cases. oo =30 in all plots.

both BH cases, as expected. With the black-dashed curve indicating the blackbody curve,
it can be seen that radiation observed from the lowest inclination shown here, i.6s =

15, reproduces best the standard intensity from a blackbody source @t = 10’K and

T = 107°K for the Schwarzschild and Kerr cases respectively. Nevertheless, the emerging
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