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Abstract
X-ray polarimetry represents a new tool for studying astrophysical sources, which
became possible thanks to the new mission - the Imaging X-ray Polarimetry Explorer
(IXPE) launched on December 9, 2021. Observations of several X-ray binary systems
containing either a black hole or a neutron star have been a top priority during the
first year of IXPE operations. In this thesis, we focus on both types of X-ray binary
systems with the aim of studying different physical aspects.

In the first part, we focus on an XRB containing a black hole - GRS 1915+105. The
primarily occurrence of the source in thermal state makes it the perfect candidate for
black hole spin measurements. To credibly assess the source polarimetric properties,
we use a multicolor black body emission model accounting for thermal radiation
from the disk accretion complemented by self-irradiation of the accretion disk.
We simulate observations of GRS 1915+105 with IXPE and study the impact of
a constant albedo on the polarization properties of the source. We demonstrate
the capabilities of the mission and the precision of the black hole spin constraints.
Unfortunately, GRS 1915+105 has been in an obscured state since 2018, and is
therefore used as a test source in this study. The results obtained from our analysis
are applicable to any bright source in thermal state.

In the second part, we shift our focus on those XRB systems where the com-
pact object is a neutron star. The currently used model for weakly magnetized
Neutron Stars in Low-mass X-ray binaries (NS-LMXBs) considers their X-ray
spectrum to be composed of two principal constituents: a thermal component in the
soft part of the spectrum (below 1 keV) created by a cold and optically thick accretion
disk and a hard one originating in a hot environment of optically thin plasma in the
source corona. In the western-like model (White et al., 1988) the hot photons emitted
by the NS are observed directly and described using a black-body profile, while a
corona obscures the accretion disk and is responsible for Compton scattering of the
photons coming from the disk. On the other hand, the eastern-like model (Mitsuda
et al., 1984, 1989) considers a reversed scenario with the NS population being almost
fully Comptonized due to the presence of corona, and the accretion disk is observed
directly as a blackbody. In our study, we assess the differences between these two
models by analyzing the spectra of the three weakly magnetized NS-LMXB sources
to be observed by IXPE in the first year of operation: GS 1826-238, Cygnus X-2 and
GX 9+9 observed by the NuSTAR telescope in June 2014, January 2015 and April
2019, respectively. The aim of these studies was also to provide input parameters for
Monte Carlo simulations of the polarization characteristics of these sources, which
help interpreting the IXPE results.
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Prologue

Listen; there’s a hell of a good
universe next door: let’s go.

e. e. cummings

X-ray polarimetry has long been recognized as a valuable technique to investigate
the nature and emission properties of most classes of X-ray sources. Prominently
among them are X-ray binaries (XRB), where a compact object (either a black hole
or a neutron star) accretes matter from a companion star. After the pioneering
experiments in the ’70s, which led to the discovery of the X-ray polarization of
the Crab Nebula (Weisskopf et al., 1978), no polarimeters were put on board X-ray
satellites till the recent launch of the Imaging X-ray Polarimetry Explorer (IXPE),
which re-opened, after more than four decades, the X-ray polarimetry observing
window. IXPE is providing a wealth of new and interesting results on many classes
of X-ray sources, including XRB. A polarimeter is also foreseen to be on board
of the enhanced X-ray Timing and Polarimetry mission (eXTP) (Zhang et al.,
2016) - to be launched by the end of the decade. In this thesis, some aspects of the
physics of X-ray binaries which can be studied by X-ray polarimetry will be discussed.

Regarding accreting black holes in X-ray binaries, it should be recalled that Astro-
physical black holes are characterized by only two quantities: its mass and angular
momentum (spin), as its electric charge is supposed to be negligible. While the mass
is often reasonably well estimated by means of various techniques, measurements of
the spin are much more uncertain. Different methods are currently used in order to
determine the black hole spin in X-ray Binaries. Close to the horizon of the black
hole, strong gravity effects takes place and manifest themselves by a broadening
of the iron line emitted in the accretion disc (e.g. Fabian et al. (2000); Reynolds
(2013)). The closer to the source, the larger the broadening effect will be. Due to the
relation between the radius of the Innermost Stable Circular Orbit (ISCO) and the
spin, the latter can be estimated. Another widely used method resides is analysing
the thermal spectrum of a source. During the process of accreting matter onto a black
hole, a vast amount of radiation in the form of thermal energy is released. Similarly
to the previous case, the closer to the source, the higher energies are produced
(McClintock et al., 2006; Narayan et al., 2008; McClintock et al., 2011). These two
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techniques, however, sometimes provide inconsistent results. A third method is based
on relativistic precession in KHz QPOs, but so far it has been possible to apply only
in a small number of sources, and in the best studied case, GRO J1655-40, the results
are at odds with those of the other two methods (Motta et al., 2014). These issues
give rise to a desire for a new, completely independent black hole spin constraining
technique. X-ray polarimetry offers such a method for accreting stellar-mass black
holes in soft state. In fact, strong gravity effects modify the polarization properties of
radiation emitted by the disk, with, in particular, a rotation of the polarization plane.
The effect is larger at small radii, where the emitted radiation is also harder. As a
consequence, a variation of the polarization angle with energy is expected (Connors
et al., 1980; Dovčiak et al., 2008; Li et al., 2009). In addition, X-ray polarimetry can
help addressing the problem of the geometry (and hence its nature and origin) of the
coronal emission in sources in hard state (e.g. Zhang et al. 2022).

Weakly magnetized neutron stars in accreting low mass X-ray binaries represent
another highly interesting type of astrophysical object. The neutron stars in these
sources are believed to be accreting mass from their companion star through a
Roche lobe. Such objects are known for their high variability on a timescale of
a few milliseconds to years. The observed emission is composed of two main
components: a thermal emission, such as either a blackbody originating on the
surface of the NS or the boundary layer, or a multicolor emission produced by the
accretion disk; and the second one being the hard component originating as a result
of Compton-scattered soft photons on a corona consisting of a hot electron plasma.
Two models are currently used to describe the spectral shapes observed in such
sources. The Eastern-like scenario (Mitsuda et al., 1984, 1989) supposes the corona
to be surrounding the neutron star and Comptonizing the emitted photons, while
the disk is observed as a blackbody. The other model - Western-like - represents a
reverse scenario (White et al., 1988), in which the disk photons are Comptonized
by the corona surrounding the disk, and the neutron star is modeled as a blackbody.
Both of these models assume two different blackbody populations of photons and one
single Comptonizing region (corona). Although these two models were proposed
over 30 years ago, it is still not yet clear which of them is the correct one, realistically
modeling these systems. The main reason for this ambiguity is a strong spectroscopic
degeneracy. There is even a possibility, that both the soft components get scattered
by the corona (Cocchi et al., 2011). From the studies published so far, it seems
that the first of these models is favored (Done et al., 2007). It is thanks to X-ray
polarimetry, and especially the IXPE telescope, that we could be provide further
information on the neutron star low-mass X-ray binaries. In fact, polarimetry is very
sensitive to the geometry of the corona. Studying polarimetric properties of this
kind of sources will be of a great help in resolving the coronal geometry and its
properties.

The aim of my PhD research project is manyfold. As a large part of the work
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was done before IXPE observations were available, most of the activity concerned
preparatory work. In particular, the feasibility of IXPE measurements for estimating
the black hole spin was assessed. Regarding the NS XRB, the NuSTAR spectra of the
sources to be observed with IXPE were analysed, to provide inputs for Monte Carlo
simulations of the polarization properties of such systems. Fortunately, before the
completion of this thesis a number of IXPE observations were actually performed,
and the main results will be briefly presented.

This thesis is structured as follows: in the first chapter we outline the physics
of accreting X-ray binary systems, their classification, spectral components and
spectral states with specifications of transitions between them, and the contribution of
X-ray polarimetric studies in this field. Next, we present results of simulated observa-
tions of a black hole XRB system GRS 1915+105 with the aim to study the black hole
spin measurements with IXPE. Although the analysis was performed considering
GRS 1915+105, which is currently unobservable, the results are applicable for all
bright sources in thermal state. In the third chapter we present a spectral analysis of
NS-LMXB systems focused on assessing the spectral components of such systems,
underlining their importance in order to interpret polarimetric observations of such
sources. In the fourth chapter we briefly summarize the polarimetric properties of
the XRB sources that were observed by IXPE during its first year of operation. In
Conclusions, we summarize the main results and future prospects of this work. Last,
there is an Appendix describing the two missions - IXPE and NuSTAR - the data of
which we used in this work.
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1

Chapter 1

X-ray Binary Systems and basic
physics

We are all in the gutter, but some of
us are looking at the stars.

Lady Windermere’s Fan
Oscar Wilde

1.1 What are XRBs?
X-ray Binary systems consist of a compact object (a black hole, neutron star or a
white dwarf) and a companion star. These two objects orbit around the common
center of mass. In the case that they are close enough, mass from the companion
star is being accreted onto the compact object and in this process may create a
disk-shaped structure called the accretion disk. During the process of accretion,
the mass in the disk changes its kinetic energy to thermal, which is radiated away.
The material compounding the accretion disk reaches high temperatures, reaching
usually ≈ 107𝐾 and is caused by the friction in the disk. These systems are among
the brightest x-ray sources in our Galaxy.

Microquasars

In this thesis we focus on a specific type of XRB system, called microquasars. A
microquasar is a scaled-down quasar and these two sources share some common
characteristics. Among those are: a very powerful emission in the radio waveband,
that can be observed in a form of a radio jet, and the accretion disk surrounding
a compact object. In this case, such a compact object is either a black hole or a
neutron star. Unlike in the case of quasars, where the central compact object reaches
the mass of millions to billions Suns (therefore, referred to as supermassive), the
compact objects in microquasars can reach only a few times the solar masses. The
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mass in the accretion disk comes from a companion star (also referred to as a donor)
and the accretion disk tends to be reaching very high luminosities both in the optical
and the x-ray wavebands. Some fraction of the emission coming from these sources
originates in the relativistic jets, and for these reasons are often denoted as radio-jet
x-ray binary. The jet is not present in all of the microquasars.

1.1.1 Classification of X-ray Binaries

X-ray binary systems can be sorted into different categories depending on different
criteria:

The compact object

An X-ray binary can carry one of three kinds of compact objects: a white dwarf, a
neutron star or a black hole. Based on what kind of a compact object is present in
the system, the X-ray binary can be either a cataclysmic variable (e.g. V407 Cyg), a
neutron star X-ray Binary (e.g. Cygnus X-2), or a black hole X-ray binary (e.g. GRS
1915+105), respectively.

The companion star

X-ray binary systems can be divided into two different types based on the mass of
the companion star. Those are:

• High Mass X-ray Binary (HMXB): these systems are composed of a compact
object that can be either a magnetized neutron star with its magnetic field
of ∼ 1012 Gauss, or a black hole. The companion star is an early type star
(usually O or B type) with a mass ≥ 10𝑀⊙. The accretion disk in these type of
systems is usually formed by capturing matter ejected from the companion star
in a stellar wind. Among the discovered Galactic black hole HMXB sources
are for example Cyg X-1 and Cyg X-3.

• Low Mass X-ray Binary (LMXB): LMXB sources harbor a neutron star
or a black hole as a compact object, while the companion is a usually a K
or M type star or a white dwarf of mass ≤ 1𝑀⊙. Both the compact object
and the donor star are very close to each other. In such a composition, the
star will fill a Roche Lobe and the accretion onto the compact object occurs
through its overflow, during the process of which, an accretion disk is created.
In the LMXB systems, we have observed various kinds of variable behavior,
such as X-ray outbursts (these are believed to be activated by instabilities in
the accretion disk (Lasota, 2001). In such a case, the source can increase its
luminosity a thousandfold and jets might be produced (Tetarenko et al., 2017).
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Persistence

X-ray binary systems can be either persistent (such as Cygnus X-1), or transient (such
as 4U 1630-47). In the former case the luminosity, albeit usually highly variable, is
always high, while in the latter case the source spent most of the time in a very low
luminosity state (quiescence), going into outburst from time to time.

1.1.2 Spectral components

Now we briefly introduce the components we can observe in the spectra of X-ray
binary systems. We discuss the components of XRB systems, as well as the process of
mass accretion from the companion star onto a compact object, which is responsible
for the phenomenal luminosity of these sources. We can calculate the gravitational
potential energy Δ𝐸𝑎𝑐𝑐 for a source of mass 𝑀 and radius 𝑅:

Δ𝐸𝑎𝑐𝑐 =
𝐺𝑀𝑚

𝑅
=

(
𝐺𝑀

𝑅𝑐2

)
𝑚𝑐2 = 𝜂𝑚𝑐2 (1.1)

where 𝐺 is the gravitational constant, 𝑚 is the accreting mass releasing the energy
and 𝜂 =

(
𝐺𝑀

𝑅𝑐2

)
is the accretion efficiency in the case of spherical accretion. It is

obvious from its definition, that the accretion efficiency depends on the compactness
of the accreting object (𝑀/𝑅) and the larger this ratio, the higher the accretion
efficiency will be. In the case of the sources with a neutron star as the compact object
with a mass of ∼ 1.4𝑀⊙ and a radius of 10 km, the efficiency is 0.3. For a black hole,
for which there is no solid surface and spherical accretion is therefore inefficient, the
efficiency ranges from 0.06 (for a static black hole) to 0.42 (for a maximally rotating
black hole). It is important to note that the luminosity of an XRB source is strongly
correlated to its mass accretion rate. Considering the spectral characteristics of
XRBs, the radiation coming from these objects consists of emission processes of
both thermal and Comptonization nature. In the following, we explain some of the
most essential of those processes.

Emission by an optically thick accretion disk

Soft X-ray emission (≲ 2 keV) generally has a dominant component - thermal
emission - originating in the accretion disk. The origins of the accretion model were
founded by (Shakura, 1972; Shakura and Sunyaev, 1973) and later elaborated by
including relativistic effects by Novikov and Thorne (1973). In this scenario, gas
from the companion star falls onto the compact object and creates the accretion
disk, which is (according to the cited model) assumed to be optically thick and
geometrically thin, and rotating in Keplerian orbits. The properties of an optically
thick, geometrically thin accretion disk is further discussed in Chapter 2.
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Figure 1.2. The disk-corona model for an accreting X-ray binary system containing a black
hole as a compact object. The XRB contains an optically thick accretion disk described
by a multi-color blackbody spectrum (red arrows). The direct contribution from the
disk is thermal. However, some of the thermal photons scatter on the electrons in the
corona, where they get Compton scattered and produce a power-law (represented by
blue arrows), which irradiates the accretion disk and results in the reflection component
(green arrows). Figure credit: Nampalliwar and Bambi (2020).

Comptonization

Some sources contain a hot cloud of electrons, named the corona (Sunyaev and
Titarchuk, 1980; Syunyaev et al., 1991; Tanaka and Shibazaki, 1996). This component
presents itself in the spectrum of an XRB as a power-law emission with a high-energy
cut-off, which originates due to Comptonization of seed thermal photons from the
accretion disk on the corona (see Figure 1.2). While the geometry of the corona
still remains unknown, several models have been proposed, as shown in Figure 5.2.
Among the first considered models is a "lamp post" geometry, where the corona
has a shape of a single point above the center of the accretion disk (Różańska et al.,
2002). Some of the recent models tend to assume that corona might be the base of
the radio jet [Skipper 2013] or in an optically thin part of the accretion flow (referred
to as extended corona). Novel studies tend to prefer the latter geometry (Chauvin
et al., 2018).

X-ray reflection and relativistic effects

Reflection features represent another very important and remarkable attribute of the
XRB spectrum. The reflection features are composed of by two main components,
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Figure 1.4. Illustration of corona geometry models: lamppost model (a), sandwich model
(b), spherical model (c) and toroidal model (d). Figure credit: Nampalliwar and Bambi
(2020).

iron emission lines at ∼ 6.4-7 keV depending on the ionization state) and a broad
Compton hump at ∼ 30 keV.

• Iron emission line: A very typical component present in the reflection spec-
trum is the iron K𝛼 line present at energies ranging from ∼ 6.4 keV (neutral
iron) to 6.96 keV (H-like iron). The production of fluorescent emission lines
occurs during the process of radiative de-excitation of atoms that previously
absorbed X-ray photons. When hard X-rays illuminate atoms, most of the time
they get absorbed via ejection of an electron in the K-shell in iron (or other
element with a high Z, that has a high abundance in the matter in the accretion
disk). After this process takes place, the K-shell of the atom is filled by an
outer electron, while releasing energy equivalent to the K-shell fluorescent
line. The most noticeable feature of the reflection spectrum is the Fe K𝛼 line,
together with a much fainter K𝛽 line if the ionization state is such that the M
shell is not empty (Fabian et al., 1989; Matt et al., 1991; Fabian and Ross,
2010). For He- and H-like iron, for which there are no electrons in the L-shell,
the line emission is due to recombination- Of all the elements, iron is of the
highest abundance (compared to other heavy elements), therefore, the iron
line is very prominent. Most X-ray observatories work with energy intervals
that include 6.4 keV, therefore Fe K𝛼 lines are ever-present X-ray features
observed in the spectra of many XRB systems.

We use the equivalent width to measure the strength of the iron line. The
equivalent width depends on the following:

– geometry of the accretion disk

– the elemental abundance of iron
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– inclination angle of the source: the observed equivalent width decreases
with higher inclination, which is a result of additional absorption and
scattering of the photon producing the iron line when leaving the surface
of the accretion disk (Ghisellini et al., 1994)

– ionization parameter of the surface of the accretion disk: The ionization
parameter 𝜉 is defined as 𝜉 = 4𝜋𝐹𝑖𝑜𝑛/𝑛, where 𝐹𝑖𝑜𝑛 is the density of the
irradiating flux and 𝑛 is the density of the reflector [cite Done 1992].
For 𝜉 < 100 erg cm s−1 and 500 < 𝜉 < 5000 erg cm s−1 the line is
considered strong. Then for 100 < 𝜉 < 500 erg cm s−1 the line is weak
and finally, for 𝜉 > 5000 erg cm s−1 the line is almost absent in the
spectrum (Matt et al., 1993)

The broad iron line profile originates as a combination of Doppler and
transverse-Doppler shift, beaming and gravitational redshift. On the left panel
(a) of Figure 1.5 we see an accretion disk rotating clockwise (the blue part
of the disk is moving towards the observer, causing Doppler blueshift, while
the red part is moving away from the observer, resulting in Doppler redshift
of the radiation coming from the disk). We consider two annuli on the disk,
represented by the two dashed lines. Each of the disk annulus creates an
emission line. Those are represented on the right panel (b). In the first subpanel
we only see the effects of Newtonian physics for a non-relativistic disk. Both
the lines are symmetric and double peaked. The effects of transverse Doppler
shift together with relativistic beaming are seen on the second subpanel, then
the third subpanel shows the impact of gravitational redshift on the emission
lines. Lastly, we sum these effects together, which results in a broad and
skewed Fe line, which is shown in the last subpanel. In Figure 1.7 we show
the spectrum emitted by the NS-LMXB source GX 3+1. There is a clearly
visible Fe K emission line profile between 6 - 7 keV with a peak of the line at
∼ 6.4 keV. Clearly, iron flourescence lines provide a splendid opportunity to
study the behavior of matter affected by strong relativity effects. Studying the
iron line profile has been the leading method in measuring the spin of black
holes in XRBs and AGNs, as the red tail of the line is strongly dependent on
the inner edge of the accretion disk, which in turn may depend of the spin.

• Compton hump: Reflection due to downscattering processes of the Comp-
tonized power-law photons from the corona causes the origin of a hump in
the spectrum of the studied source. The hump is usually located in the range
20 - 100 keV with a peak at ∼ 30 keV (Fabian et al., 2000). The shape is
specifically dependent on the individual effects of the photoelectric absorption
of the incident photons and electron scattering.

Figure 1.9 shows the individual components contributing to the spectrum of accreting
black holes in the disk-corona scenario. Those are the thermal spectrum of
the accretion disk, the corona-induced power-law component and the reflection
component caused by the irradiation of the disk by the power-law.
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(a) (b)

Figure 1.5. The Fe emission line profile. The line profile depends on the contribution
from the Doppler and transverse-Doppler effects, relativistic beaming and gravitational
redshift. The left panel shows an accretion disk with its right hand side rotating
towards the observer and the left hand side away from the observer. Two annuli are
marked on the disk. The right panel shows the Fe line profile of these two annuli for a
non-relativistic accretion disk (upper subpanel), the transverse Doppler and relativistic
beaming considered (second subpanel from top), and redshift (third subpanel). All these
effects summed together in the bottom subpanel. Image credit: Fabian et al. (2000).

Figure 1.7. An energy spectrum of the NS-LMXB source GX 3+1, analyzed by S.Piraino
et al. (2012). Between 6 - 7 keV we see a pronounced iron line.
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Figure 1.9. Disk-corona model of an accreting black hole in an X-ray binary source. Shown
are spectral components: thermal component radiated by the accretion disk (red), power
law component originated by the corona (blue) and the reflection component due to the
irradiation of the accretion disk by the power law from the corona (green). Image credit:
Nampalliwar and Bambi (2020).
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Ionized wind

Ionized winds have been studied in the past two decades, as a result of identification
of multiple highly-ionized absorbers surrounding accretion disks. Evidence for these
absorbers come from the presence of absorption lines, especially Fe xxv and Fe xxvi
transitions (Ueda et al., 1998; Kotani et al., 2000). These lines are often blueshifted,
which implies that the hot gas is outflowing from the accretion disk, creating disk
winds. These winds have been observed XRB spectra, observed in both optical and
X-ray energy intervals [Miller 2008]. They are common during the soft state of
XRBs, but tend to be missing during the hard states (see below). This would imply
that there is a connection between the characteristics of the compact object, presence
(or absence) of ejected matter and the state of the inner accretion disk (Ponti et al.,
2016; Díaz Trigo and Boirin, 2016).

Relativistic jets

Relativistic jets are collimated outflows of highly energetic plasma relativistically
ejected by the X-ray binary systems (Fender, 2006). The inner accretion flow
accelerates these outflows and are launched from the accretion disk. Though there is
currently no full understanding of how the accretion and ejection phenomena relate,
these two are believed to be interlinked Markoff et al., 2003; Fender et al., 2004;
Pe’er and Markoff, 2012. The primary mechanism responsible for emission in the
radio jets is synchrotron. Currently, there are many open questions regarding the
exact origin and collimation of the jets, however, there are models supposing that
magnetic field of the accretion disk might be of extreme significance (Blandford and
Znajek, 1977; Blandford and Payne, 1982).

1.2 Black Hole XRBs

The black holes are the most compact objects to be found in the Universe. They are
remnants of stars with a core mass greater than 8 Solar masses. BHs can be either
non-rotating and rotating. The non-rotating ones are described by the Schwarzschild
metric, while the latter are described by the Kerr solution. Black holes do not emit
per se (apart from the Hawking radiation). However, since the BHs are compact
objects, and also among the most extreme sources in the Universe, during the process
of accretion the infalling gas from an the accretion disk, which can reach very high
temperatures. During this process, the accreting matter creates friction onto it-
self, which leads to thermal emission, which can be observed in the X-ray energy band.

So far, there have been 18 observed XRB sources which are believed to har-
bour a stellar-mass black hole. The source black hole typically has a mass in the
range of ≈ 7 − 10 M⊙.
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1.2.1 Spectral states and state transitions
Stellar-mass black holes in X-ray Binaries tend to undergo certain spectral states,
differentiated mainly by their luminosity and photon index. In the following part
of the section, we will be mentioning the typical luminosities of each spectral state
relative to the Eddington luminosity. The Eddington luminosity (𝐿𝐸𝑑𝑑) is defined as
the maximum isotropic luminosity of a radiating object in hydrostatic equilibrium.
In the case of accreting objects, 𝐿𝐸𝑑𝑑 represents the theoretical isotropic luminosity
at which the outward radiation pressure of the gas exactly balances the gravitational
pull towards the black hole, supposing spherical accretion, and is given by:

𝐿𝐸𝑑𝑑 =
4𝜋𝐺𝑀𝑚𝑝𝑐

𝜎𝑇ℎ
= 1.26 × 1038 𝑀

𝑀⊙
erg/s (1.2)

where 𝐺 is the gravitational constant, 𝑀 is the mass of the compact object, 𝑚𝑝 is the
proton mass, 𝑐 is the speed of light and 𝜎𝑇ℎ is Thomson cross-section of an electron.
This formula holds for a gas of protons and electron in Coulomb interaction. When
we are assuming accreting black holes, we can derive the Eddington mass accretion
rate ¤𝑀𝐸𝑑𝑑 from the Eddington luminosity:

𝐿𝐸𝑑𝑑 = 𝜂𝑟 ¤𝑀𝐸𝑑𝑑𝑐
2 (1.3)

where 𝜂𝑟 represents the radiative efficiency of the accretion process, which is 0.06
for a static black hole, and 0.42 for a maximally rotating black hole.

In most sources, the majority of the time is spent by such a source in the quiescent
state characterized by a low accretion luminosity, typically of orders 𝐿

𝐿𝐸𝑑𝑑
< 10−6.

The black hole will stay in the quiescent state usually for a few months, but also
several decades. After the quiescent state, the black hole will achieve a more active
state, which starts with a sudden increase in the mass accretion rate from the com-
panion star, accompanied by turning into a brighter state with a typical luminosity
𝐿

𝐿𝐸𝑑𝑑
∼ 10−3 − 1. This state is called outburst and lasts until the black hole manages

to finish the accretion of the material originated by the outburst and is on typical time
scales of a few days to months. The spectrum of the source will change during this
phase and this leads to several different emission states. These states (also referred to
as spectral) depend on the source luminosity and the extent each spectral component
contributes to the overall spectrum during the different phases of the outburst. The
two major actors in this scenario are the thermal disk blackbody emission and the
Comptonized power-law emission. Each of these components will be the dominant
component in different spectral state, which can contribute in recovering geometry
of a studied source. There have been some proposed theories correlating the spectral
states with the accretion flow. However, it is not well understood whether there is
any correlation, and since the spectral states classification is fully phenomenological,
we can stick to a better understood theory.

When describing the outburst of a black hole XRB, it comes handy to use the
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Hardness-intensity diagram (HID, Fender et al. (2004)). Such a diagram represents
a model for the correlation between the hardness of the source (on the x axis) and
its luminosity (y axis). The HID depends on the individual source, as well as
the telescope used for its observation. The HID is usually represented by a ’q’ -
shaped path during the evolution of the source throughout the outburst (Fender
et al., 2004). Every source follows the HID (also referred to as the ’q’ - diagram) in
the counter-clockwise direction and will follow its own specific path and outbursts.
Figure 1.11 shows a Hardness-intensity diagram. We start from the right bottom
panel, where we see two vertical lines (points A to B, and E to A). The first one (A -
B) identifies the "hard branch" corresponding to the low/hard (LHS) spectral state.
When the behavior of the source changes from quiescence to outburst or vice versa,
we observe the LHS. The branch on the very left (C - D) represents the high/soft
state (HSS). The two horizontal lines (B - C and D - E) are called the intermediate
state and describe the two transitions between the LHS and HSS. Source will be
characterized by different flux value at each of these two branches. Each source
shifts through the HID in the counter-clockwise direction. The transition from the
LHS to HSS happens at a higher flux value. On the other hand, the reverse transition
back to LHS happens at a distinctly lower flux level. Finishing the path through the
HID is referred to as a hysteresis cycle (Miyamoto et al., 1995). In the following, we
briefly describe the major features of each spectral state.

Figure 1.11. Portrayal of the typical q-shaped track that X-ray binary systems with a black
hole trace throughout their evolution through various spectral states in the hardness-
intensity diagram (HID). Figure credit: Kylafis et al. (2012).
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As a source evolves through the hardness-intensity diagram, we can distinguish two
primary spectral shapes (see Figure 1.13). We can directly observe from the figure
two main spectral components, which are the broad thermal emission in the soft
X-rays and the power-law with high-energy cut-off in the hard X-ray part of the
spectrum. In order to distinguish between these two types of spectrum, it is common
to use the power-law photon index Γ (in the part of the spectrum with no energy
cut-off) (Homan and Belloni, 2005; Remillard and McClintock, 2006).

Figure 1.13. Spectral shapes of an X-ray binary system containing a black hole Cyg X-1
in the low/hard state (red) and the high/soft state (black). Figure credit: Yamada et al.
(2013).

Low/Hard State

We begin by describing the characteristics of the Low/Hard State, which is the state
the BH in an XRB occurs in at the start and end stage of the outburst. We can observe
hard emission coming from the source, which are dominant in the higher energy of
the spectrum. The X-ray spectrum is predominantly a power-law emission with a
high-energy cut-off. Typical power-law photon index in this stage is Γ ∼ 1.4 − 2.1.
Another dominant spectral component is reflection characterized by the presence
of a broad iron line at ∼ 6.4 keV and Compton hump at ∼ 30 keV, while the disk
contribution is not as dominant. Presence of a radio jet is also characteristic for a
source in the LHS. Luminosity of sources in LHS tends to moderately increase until
its maximum, when the spectrum begins to become softer and the source forwards
to High/Soft State. Sources such as Cygnus X-1 are most commonly occurring in
this state.
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Intermediate State

The source passes through the intermediate state when it transits between the LHS
and the HSS. The hard power-law component will abruptly rise. Moreover, the
thermal accretion disk will increase it flux during the state. These two phenomena
will cause the spectra to be softer than in the LHS. We can distinguish two different
states within the intermediate state: the hard intermediate state (HIMS) and the
soft intermediate state (SIMS). The HIMS is responsible for the major portion of
the horizontal tracks between the LHS and HSS. It arises after the initial LHS and
then again just before the source transitions back to LHS at the end of the outburst.
Alternatively, soft intermediate state has softer spectrum, which means in the HID,
this state is located on the left from HIMS. HIMS will also present with a more
prominent high-energy cut-off than SIMS. However, the soft X-ray spectra of both
these states are very much alike.

What is of utmost interest, is the transition between the hard intermediate state and
soft intermediate state. This transition is accompanied by the ejection of relativistic
(ballistic) jets. The radio jet disappears and in exchange, a ballistic jet is observed. It
is common for many XRB sources to spend a substantial time during their outburst
in the HSS, which makes them appear as if they wandered back and forth in the
hardness-intensity diagram. This is accompanied by shimmering of their radio jet.

High/Soft State

On the very left side of the HID, there is a vertical line representing the high-soft
state. Source transitions to this state after passing through the hard and intermediate
states. The spectrum of a source in the HSS is dominated by emission from an
optically thick and geometrically thin accretion disk (Novikov and Thorne, 1973),
which results in a soft spectrum. Typically, the spectrum is characterized by a
thermal disk emission, together with a sporadic steep power-law with a photon index
of Γ > 2.1 − 2.4.

1.3 Neutron Stars XRBs
Accretion-powered neutron stars are an important class of X-ray sources. In this the-
sis, we specifically focus in accreting, weakly magnetized neutron stars in low-mass
X-ray binary systems (NS-LMXBs). They are some of the brightest observable X-ray
sources. Their luminosity reaches 1036 − 1038 erg/s. The stellar-companion forms
a Roche lobe, through which the outflow provides accretion on the NS. The donor
star in these systems is usually a Main Sequence star with a relatively low mass,
typically lower than the mass of the Sun. It is not uncommon for the companion star
to be a dwarf evolved object. The NS-LMXB are extremely variable sources, which
oftentimes vary even throughout one observation.
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NS-LMXB sources are classified on the basis of the properties they present in
their spectra and timing observations into two main groups the names of which
have an origin depending on the shape they trace in the color-color diagram (CCD)
(Hasinger and van der Klis 1989; van der Klis 1995). Figure 1.15 shows such a
color-color diagram for two types of sources, namely the Atoll and Z sources. The
distinction is such that atoll sources have low magnetic field and accrete at extremely
low mass accretion rates compared to the Z-type NS.

There are currently O ∼ 10 known Galactic NS-LMXBs classified as a Z-type.
All of them accrete near the Eddington limit and are NS-LMXB sources with the
highest luminosity in the Galaxy. In the right panel of the Fig. 1.15 we see a shape
of the letter "Z", which is the track that these sources trace in their CCD. This
track is derived into three branches, named the Horizontal (HB), Normal (NB) and
Flaring (FB) going from top left to the bottom right. Each branch mark a different
spectral state of the systems. Z-type sources are extremely variable and can pass
the entire CCD in timescales of hours to days. The reason behind such a rapid
variation is associated to the changes in the accretion, which causes the source to
move in the Z-track from the Horizontal Branch to the Flaring one (Hasinger and
van der Klis, 1989). Similar variability is observed also in the radio spectrum,
where it seems to be related to the X-ray behavior (Penninx et al., 1988). The
radio emission decreases with increasing accretion rate coming from HB (this repre-
sents the strongest radio emission from these sources) to FB (weakest radio emission).

On the other hand, Atoll-type neutron star low-mass X-ray binary systems share
numerous X-ray spectral and timing characteristics with the black hole X-ray binaries.
These type of sources present two X-ray states (hard and soft) based on their position
in the CCD (Figure 1.15, left panel). These two states are unequivocally related to
the hard and soft states of black holes in XRB sources. The hardest X-ray state (on
the left side in the figure) is also labeled as "island", while the softest one is labeled
as "banana". The Atoll sources comprise the largest group of the known XRBs, very
few have a detection in the radio band, due to their very low radio luminosity (which
comprises about 1/30 of that of radio-loud black hole and Z-type neutron star X-ray
binary systems (Fender and Kuulkers, 2001; Migliari et al., 2003; Muno et al., 2005;
Migliari and Fender, 2006).

Neutron star XRB systems in the hard state (as well as BH XRBs) present with 2 main
components in their spectra, those being a thermal component and a Comptonized
one (in some cases we also observe a reflection component; in the case on the NS
sources self-irradiation of the accretion disk is a negligible feature, because of the
larger inner disk radius). There are some models to explain the specific geometry
causing the presence of these components. We will introduce the two main models
considered in the case of the accreting weakly magnetized neutron star X-ray black
hole binary sources:
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Figure 1.15. Representation of the color-color diagram (CCD) for neutron star low-mass
X-ray binary systems. The sources are either Atoll or Z-sources based on the shape of
the track they trace in the diagram. Atoll sources are either found in an island state
(IS),lower banana (LB) or upper banana (UB). Z-sources trace horizontal branch (HB),
normal branch (NB) or the flaring branch (FB). Figure credit: van Straaten et al. (2003)
and Jonker et al. (2000).

• western-like model (WM): The NS star is observed directly and presents
in the spectrum as a blackbody, while the accretion disk is obscured by the
corona, which Compton-scatters the photons leaving the disk White et al. 1988.
The geometry of this kind of system is pictured in the Figure 1.17

• eastern-like model (EM): The Eastern Model represents a reversed scenario
from the WM. In this case, we observe the soft component originating in
the accretion disk directly as a blackbody spectrum ((Mitsuda et al., 1984),
(Mitsuda et al., 1989)). The accretion flow creates a boundary layer (BL) or a
spreading layer (SL) around the NS, which prevents the accretion flow from
forming a transition layer between the accretion disk and the surface of the
neutron star (more specifically, BL points to the gas-decelerating part of the
accretion disk, while SL is the layer of gas on the surface of the neutron star).
The seed photons radiated from the surface of the neutron star/BL/SL are
Comptonized by the corona. In the EM scenario, the corona can either have
the shape of a thin belt or a wedge (panel (a) of the Figure 1.18), but can also
extend to cover the entire surface of the neutron star (Inogamov and Sunyaev,
1999) (panel (b) of the same figure).

Although in this work we consider such theoretical models, where the photons from
only one part of the NS-LMXB system get Comptonized (photons originating either
in the disk or the neutron star), there is a possibility that the seed photons from both
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Figure 1.17. A representation of a slab coronal geometry considered in the Western-like
model, where the disk photons get scattered on the corona surrounding the disk, while
the neutron star is observed directly as a blackbody. Image credit: A. Gnarini

the accretion disk and the neutron star get scattered in the corona, as predicted by
Cocchi et al. (2011). The exact geometry and specific physical properties of the
corona remain unresolved to this day. However, Gilfanov et al. (2003) studied the
frequency-resolved spectra of the Atoll source 4U 1608 occurring at high luminosity
in the banana state. It follows from their analysis, that the lower kHz quasi-periodic
oscillation (QPO) occupies an identical spectral shape, as the boundary layer (i.e.
Comptonized) component. Such a swift variability is more likely due the boundary
layer, rather than the accretion disk. Therefore, these results highly favor the Eastern
Model Done et al. 2007.

1.4 Contribution of X-ray polarimetry to XRB
In this work we focus on two specific issues:

• constraining a black-hole spin and geometry in the soft state

• studying coronal properties in neutron star low-mass X-ray systems in the hard
state

In the following, we will describe how X-ray polarimetry can contribute in studying
and solving these issues.

Spin of black holes in XRB systems in the soft state

Currently, there are several methods used in order to constrain the spin of black
holes (Reynolds, 2019, 2021). In the section 1.1.2 we have described the origin of
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(a) (b)

Figure 1.18. Representation of a wedge (a) and spherical (b) coronal geometry in the
Eastern-like scenario, with a thermal component from the accretion disk (observed
directly) and the seed photons from the neutron star scattered in the corona. Image
credit: A. Gnarini.

the iron line. It is possible to constrain the black hole spin based on the broadening
of the red wing of this line in the source spectra, which arises as a result of large
gravitational redshift close to the black hole horizon (Fabian et al., 2000). Another
method - based on kHz Quasi-Periodic Oscillations - arises from the measurement of
the relativistic precession frequencies, which depends, among other parameters, on
the spin of the black hole (Stella and Vietri, 1999). To be fully applied, three distinct
QPOs has to be observed, which to date happened only in one source, J1655-40
(Motta et al., 2014). Last, there is a direct connection between the thermal spectrum
and the spin of a BH, which might help in constraining the spin. The inner edge
of the accretion disk is located at a specific distance from the BH. For a non- or
slowly-rotating black hole (the spin a = 0), the inner accretion disk edge is located
farther away from the BH, than in the case of the maximally rotating (a = 1) one.
Moreover, each disk radius radiates at a different energy, which behaves in a way,
that the closer to the black hole, the higher the energy will be. Using these two
effects together, we should be able to measure the spin of the black hole (Narayan
et al., 2008; McClintock et al., 2006; McClintock et al., 2011; McClintock et al., 2013).

However, the first (iron line) and the last (thermal spectrum) methods some time
provide us with contradictory results. In the only source for which all three methods
have been applied, J1655-40, the three results are inconsistent one another. In
the case of the source GRS 1915+105, later studied in the chapter 2, the source
presents with a broad iron line at the energy 𝐸 = 6.4 keV, as follows from an
analysis by Martocchia et al. (2004). In the study of Blum and Miller (2009), they
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used two different methods to study an observation of the source performed by
the Suzaku satellite: pexriv for the broadband spectral fitting, and reflionx in
order to account for the soft X-ray energy interval (< 10 keV). The first method
resulted in a spin of a = 0.98, while the latter gave them the value a = 0.56. The first
result is consistent with the value obtained by Narayan et al. (2008) (in an analysis
of thermal spectrum), however, the second is not. This gives rise to need for a
new method that could provide us with the possibility of black hole spin measurement.

In this work, we focus on an XRB system in soft state containing a black hole as a
compact object. The system is in the soft state, meaning there is no obscuring medium
causing Comptonization (i.e. corona), therefore we observe thermal radiation coming
from the source. If we want to measure the BH spin in this system configuration,
we need to be very precise in the measurements of the thermal radiation coming
from the accretion disk. In order to do that, it is necessary to know the mass of the
black hole, the disk inclination and the distance of the source. Unfortunately, these
parameters are not always precisely known (for example, it is quite difficult to mea-
sure the inclination of the system, as it is correlated with the symmetry of the system).

A method, that could help solve this situation and shed new light on the black
hole spin measurement and resolving its geometry, seems to be X-ray polarimetry.
Since polarization from a system is very sensitive to its symmetry, we believe to be
able to constrain the source inclination. Moreover, since we study thermal radiation
(the source is in the HSS), the spectral component dominating the 2 - 8 keV energy
band, is coming from the accretion disk. The source of polarization in our model is
the scattering of photons on the electrons in the disk. We assume that the scattered
photons leaving the accretion disk are impacted by the strong relativistic effects,
which will result in the change of the polarization properties in such a way. We
will observe rotation of the polarization angle due to the relativistic effects, as the
rotation is dependent on the emitting point on the accretion disk. The closer to the
black hole the emitting point is located, the higher the resulting rotation. Studying
this effect will therefore help us in constraining the black hole spin, in addition to
resolving the source geometry.

Geometry of the corona

X-ray binary systems with a neutron star or a black hole as their compact object have
been of an interest in astrophysics for decades. A great deal of attention has been
pointed towards studying the origin and the physical properties of the Comptonizing
region in these systems. Some of the unanswered questions remain whether the
corona is located above the accretion disk or between the disk and the compact
object; how does the nature of a compact object (event horizon of a BH or a surface
of a NS) impact the geometry of the emission region; and how does mass accretion
rate impact the properties of the corona.
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In the previous section we have presented the current models used to describe
the coronal geometry in the NS-LMXB sources, which stay of an outstanding interest
in astrophysics - the corona either Comptonizes the photons originating on the
surface of a NS/BL/SL, with the thermal component emitted by the disk (EM), or a
reversed scenario with the disk component being Comptonized by the corona and
the thermal component originating in the NS (WM). A recent study by Long et al.
(2022) favors the Eastern Model, as do some other studies by Gilfanov et al. (2003);
Revnivtsev and Gilfanov (2006). On the other hand, Revnivtsev et al. (2013) propose
a model of a diluted blackbody in order to model the hard spectral component.
However, Di Salvo and Stella (2002); Iaria et al. (2020) show that rather than a
diluted blackbody, the hard emission is better explained by a Comptonization effect
in the source spectra. Thus, the origin and characteristics of the hard component in
the spectra of NS-LMXB sources still remain an open discussion. In this context, the
method of X-ray polarimetry seems to provide with the solution to these issues and
an answer to the geometry and the nature of the coronal properties that spectroscopy
cannot solve.

As a matter of fact, polarimetry is sensitive to coronal geometry due to the fact that
coronae of different geometry and position will have different temperature, optical
depth, position with respect to the compact object and shape (shape impacts the way
photons enter and leave the corona). Figure 1.20 illustrates the modeled Zhang et al.
2022 dependence of polarimetric features on the height of the corona for a spherical
geometry (lamp-post) for a case of a maximally rotating (spin a = 0.998) black hole
as a compact object. We notice that using the polarimetric properties of the corona,
we can distinguish its height above the black hole in this geometry, since each high
presents itself with a different polarization degree and angle in the 2 - 8 keV (which
is the energy range of the IXPE detector).

Moreover, the distribution of the electrons in corona impacts the resulting polarization,
so polarimetry can help give us a picture on this distribution, and, therefore, the
shape of the corona in the XRB system. In Figure 1.22, we show the difference
in the PD and PA for the slab (corona surrounding the accretion disk) versus shell
(corona is covering the neutron star) geometry. Due to spherical symmetry, shell
corona will be depolarized on high energies, while on the low energy interval we will
get a contribution from the accretion disk. On the other hand, for the slab coronal
geometry, we notice that the scattered accretion disk photons dominate at the lower
energies, due to the fact that the disk is cold.

1.5 Stokes
Polarization is a property describing the propagation of electromagnetic waves with
respect to the geometrical orientation of their components’ oscillations. Electromag-
netic waves are, in general, propagation of electric and magnetic field. Polarization
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is specified by the behavior of electric field ®𝐸 , as defined by Tinbergen (2005). In
the case of un-polarized waves, the vector of electric field is random in its direction
and strength. However, for the polarized radiation, the electric field vector oscillates
in a specific preferred direction. For example, for linear polarization, ®𝐸 propagates
on the same plane at all times tracing out a sinusoidal curve. Its strength varies
according to the frequency of the wave. The angle of the propagation plane is
called polarization angle (PA). As another example, we might consider an elliptically
polarized radiation. In this case, curve traced by the electric field vector is the shape
of an ellipse. Circular polarization with a constant vector of electric field and linear
polarization are special cases of elliptical polarization.

Polarization depends on the geometry of the source and its magnetic field properties
and may originate in such a case where there is any kind of preferred direction in
the system. Asymmetric distribution of the scattering medium induces linear polar-
ization. Scattered emission that reaches the observer may be polarized orthogonal
to the scattering plane. The number of photons scattered in the direction given
by an azimuthal angle of scattering can be modulated as a square cosine of the
given angle and peaks in the direction orthogonal to the direction of poalarization.
Therefore, if photons are scattered perpendicularly to the incident plane (azimuthal
angle equals 90 deg), polarization degree will be 100%. It is possible to constrain
the origin of the emission and the matter distribution around the radiating source.
Magnetic field accelerates electrons along its field lines to ultra-relativistic velocities
and may induce linear polarization up to 70%. Polarization angle for this process is
orthogonal to the projection of the vector of magnetic induction on the sky of the
observer (Longair (2011)). It is feasible to inspect the nature of the emission process,
the direction and intensity of the magnetic field vector, energy of the photons and
possibly prove the existence of highly energetic particles.

Stokes parameters

Let us consider a monochromatic wave propagating in the direction ®𝑘 . Its vector of
electric intensity holds (Rybicki and Lightman, 1979)

®𝐸 = 𝐸0𝑒
𝑖( ®𝑘 ·®𝑟−𝜔𝑡) = ( ®𝑒𝑥 · 𝐸1 + ®𝑒𝑦 · 𝐸2)𝑒𝑖(

®𝑘 ·®𝑟−𝜔𝑡) (1.4)

where ®𝑒𝑥 and ®𝑒𝑦 are the base vectors in the direction x or y, respectively, i is a complex
unit, ®𝑘 is a wave vector, ®𝑟 denotes the position vector, 𝜔 stands for the frequency of
the propagating wave and t is denotes the time at which the wave is observed. 𝐸1
and 𝐸2 are generally complex numbers, which together give us amplitude and phase
of the propagating wave.

𝐸1 = 𝜀1𝑒
𝑖𝜑1 𝐸2 = 𝜀2𝑒

𝑖𝜑2 (1.5)

In the laboratory frame we have:

𝐸𝑥 = 𝑅𝑒( ®𝑒𝑥 · ®𝐸) = 𝑅𝑒(𝐸1)𝑒−𝑖𝜔𝑡 = 𝜀1𝑐𝑜𝑠(𝜔𝑡 − 𝜑1) (1.6)
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𝐸𝑦 = 𝑅𝑒( ®𝑒𝑦 · ®𝐸) = 𝑅𝑒(𝐸2)𝑒−𝑖𝜔𝑡 = 𝜀2𝑐𝑜𝑠(𝜔𝑡 − 𝜑2) (1.7)

The terms in equations describe an elliptical polarization. However, we cannot
determine the real properties of the ellipse based on the measurements in 2 directions
since we don’t know the orientation of the ellipse. We now consider the major axis
frame, as illustrated in the Figure 1.23

Figure 1.23. Polarization ellipse

and have a new set of equations:

𝐸𝑥′ = 𝜀0𝑐𝑜𝑠𝛽𝑐𝑜𝑠𝜔𝑡 (1.8)

𝐸𝑦′ = −𝜀0𝑠𝑖𝑛𝛽𝑠𝑖𝑛𝜔𝑡 (1.9)

where 𝛽, describing semi-axes 𝜀0𝑐𝑜𝑠𝛽 and 𝜀0𝑠𝑖𝑛𝛽, within the interval
〈
−𝜋

2
;
𝜋

2

〉
and

has the following meaning:

|𝛽 | < 𝜋

4
the main semi-axis is parallel with 𝑥′

|𝛽 | > 𝜋

4
the main semi-axis is parallel with 𝑦′

|𝛽 | = 𝜋

4
circular polarization
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|𝛽 | = 0 linear polarization 𝑥′

|𝛽 | = 𝜋

2
linear polarization 𝑦′

𝛽 > 0 clockwise rotation

𝛽 < 0 counterclockwise rotation

We can now write this rotation(
𝐸𝑥
𝐸𝑦

)
=

(
𝑐𝑜𝑠𝜒 −𝑠𝑖𝑛𝜒
𝑠𝑖𝑛𝜒 𝑐𝑜𝑠𝜒

) (
𝐸𝑥′

𝐸𝑦′

)
(1.10)

where 𝜒 describes the angle of rotation of the x and y axes. Using this term together
with the Equations 1.8 and 1.9 we get(

𝜀1𝑐𝑜𝑠𝜑1𝑐𝑜𝑠𝜔𝑡 + 𝜀1𝑠𝑖𝑛𝜑1𝑠𝑖𝑛𝜔𝑡
𝜀2𝑐𝑜𝑠𝜑2𝑐𝑜𝑠𝜔𝑡 + 𝜀2𝑠𝑖𝑛𝜑2𝑠𝑖𝑛𝜔𝑡

)
=

(
𝜀0𝑐𝑜𝑠𝛽𝑐𝑜𝑠𝜒𝑐𝑜𝑠𝜔𝑡 + 𝜀0𝑠𝑖𝑛𝛽𝑠𝑖𝑛𝜒𝑠𝑖𝑛𝜔𝑡
𝜀0𝑐𝑜𝑠𝛽𝑠𝑖𝑛𝜒𝑐𝑜𝑠𝜔𝑡 − 𝜀0𝑠𝑖𝑛𝛽𝑐𝑜𝑠𝜒𝑠𝑖𝑛𝜔𝑡

)
(1.11)

which has to be satisfied for any time 𝑡. We now get a set of four equations

𝜀1𝑐𝑜𝑠𝜑1 = 𝜀0𝑐𝑜𝑠𝛽𝑐𝑜𝑠𝜒 (1.12)

𝜀1𝑠𝑖𝑛𝜑1 = 𝜀0𝑠𝑖𝑛𝛽𝑠𝑖𝑛𝜒 (1.13)

𝜀2𝑐𝑜𝑠𝜑2 = 𝜀0𝑐𝑜𝑠𝛽𝑠𝑖𝑛𝜒 (1.14)

𝜀2𝑠𝑖𝑛𝜑2 = −𝜀0𝑠𝑖𝑛𝛽𝑐𝑜𝑠𝜒 (1.15)

Squaring Equations 1.12 - 1.15 and adding them together we get

𝐼 = 𝜀2
1 + 𝜀

2
2 = 𝜀2

0 the first Stokes parameter

Adding squares of the Equations 1.12 and 1.13 and subtracting squares of Equations
1.14 and 1.15 from them we obtain

𝑄 = 𝜀2
1 − 𝜀

2
2 = 𝜀2

0(𝑐𝑜𝑠
2𝛽 − 𝑠𝑖𝑛2𝛽) (𝑐𝑜𝑠2𝜒 − 𝑠𝑖𝑛2𝜒) = 𝜀2

0𝑐𝑜𝑠2𝜒𝑐𝑜𝑠2𝛽

the second Stokes parameter

Now we multiply the Equations 1.12 and 1.14, add product of Equations 1.13
and 1.15 and multiply by 2

𝑈 = 2[𝜀1𝜀2𝑐𝑜𝑠(𝜑1 − 𝜑2)] = 𝜀2
0𝑠𝑖𝑛2𝜒𝑠𝑖𝑛2𝛽

the third Stokes parameter

Finally, we multiply the Equations 1.12 and 1.14, subtract the product of Equations
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1.13 and 1.15 and multiply by 2 to obtain

𝑉 = 𝜀1𝜀2𝑐𝑜𝑠(𝜑1 − 𝜑2) = 𝜀2
0𝑠𝑖𝑛2𝛽 the fourth Stokes parameter

These four Stokes parameters satisfy the following

𝜀0 =
√
𝐼 (1.16)

𝑠𝑖𝑛2𝛽 =
𝑉

𝐼
(1.17)

𝑡𝑔2𝜒 =
𝑈

𝑄
(1.18)

𝐼2 = 𝑄2 +𝑈2 +𝑉2 (1.19)

Generally, I is proportional to the intensity of the radiation, U and Q describe the
orientation of the ellipse and are associated with the polarization angle (PA). Finally,
V relates to circular characteristics of the wave.

𝑉 = 0 linear polarization 𝑉 > 0 counterclockwise rotation
|𝑉 | = 𝐼 circular polarization 𝑉 < 0 clockwise rotation
So far, we have only considered coherent waves. However, for a quasi-monochromatic
wave, there is a small diversion in frequency. Amplitude and wave vector change
after a time period Δ𝑡 ≫ 2𝜋

𝜔
. For radiation in the frequency interval Δ𝜔 we observe

coherent waves for a short period of time after which the waves get dispersed.
This time interval is called the coherence time and is proportional to

1
Δ𝜔

. We get
the Stokes parameters as time-average of the terms we derived for the case of a
monochromatic wave

𝐼 = ⟨𝜀2
1 + 𝜀

2
2⟩𝑡 𝑄 = ⟨𝜀2

0𝑐𝑜𝑠2𝜒𝑐𝑜𝑠2𝛽⟩𝑡
𝑈 = ⟨𝜀2

0𝑠𝑖𝑛2𝜒𝑠𝑖𝑛2𝛽⟩𝑡 𝑉 = ⟨𝜀2
0𝑠𝑖𝑛2𝛽⟩𝑡

The Stokes parameters for the quasi-monochromatic wave satisfy a similar condition
to 1.19

𝐼2 ≥ 𝑄2 +𝑈2 +𝑉2 (1.20)

Unpolarized photons are described as follows: 𝐼 ≠ 0, 𝑄 = 𝑈 = 𝑉 = 0. For a
completely polarized state we would have 𝐼2 = 𝑄2 +𝑈2 +𝑉2. The Stokes parameters
are additive, so if we represent them as a vector, we can separate this vector to a
unpolarized state and polarized state

©­­­«
𝐼

𝑄

𝑈

𝑉

ª®®®¬ =
©­­­«
𝐼 −

√︁
𝑄2 +𝑈2 +𝑉2

0
0
0

ª®®®¬ +
©­­­«
√︁
𝑄2 +𝑈2 +𝑉2

𝑄

𝑈

𝑉

ª®®®¬ (1.21)
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where the first term on the RHS denotes a unpolarized state and the second term
stands for a polarized state.
We define polarization degree (PD)

Π =
𝐼𝑝𝑜𝑙

𝐼𝑡𝑜𝑡𝑎𝑙
=

√︁
𝑄2 +𝑈2 +𝑉2

𝐼
(1.22)

It is, however, challenging to measure polarization in the case of astrophysical
sources, as the net polarization is usually zero. In such case we would need to resolve
different regions of the studied objects and observe just these fractions, such as spots
or asymmetries in specific parts of the object.
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Figure 1.20. Energy dependence of the spectra (top), Polarization Degree (middle) and
Polarization Angle (bottom) radiated by a spherical corona. Different coronal height
results in different polarization characteristics. Image credit Zhang et al. (2022).
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Figure 1.22. Energy dependence of Polarization Degree (top) and Poalrization Angle
(bottom) for an accreting neutron star low-mass X-ray binary system in the high/soft
state. Represented are different polarization properties for the shell coronal geometry
(red) and for slab (blue). Image credit: Gnarini et al. (2022).
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Chapter 2

Polarimetry of GRS 1915+105 in soft
state with returning radiation

The universe is full of magical
things, patiently waiting for our wits
to grow sharper.

Eden Phillpotts

X-ray observations are crucial in the study of accreting systems around a compact
central object. They provide us with information on physical processes in the inner
regions of such objects and are used to constrain the spin of the black holes (BHs) in
Active Galactic Nuclei (AGN) and X-ray binaries (Reynolds, 2021).

BH X-ray binary systems are very variable and often transient sources, going
through different spectral states. Regarding their time variability, luminosity and
spectral properties, different accretion states are observed (Remillard and McClin-
tock, 2006). Two basic states are distinguished, namely the low/hard and high/soft
states. The low/hard state is characterized by a hard X-ray coronal emission with
the accretion disk usually truncated at a large radius. In the high/soft case, the disk
radius extend down to the Innermost Stable Circular Orbit (ISCO), and the thermal
disk component dominates the spectrum in the classical 2–10 keV band. There
are several methods used for determining the BH spin; in the case of BH binaries,
modeling the thermal emission is one of the most common (Narayan et al., 2008).
Assuming that the inner radius of the disk coincides with the ISCO as it occurs in
the soft state (see e.g. Reynolds and Fabian 2008, Shafee et al. 2008, Steiner et al.
2010), spectral measurements can in fact be used to probe the BH spin. In fact,
the radius of the ISCO depends on the BH spin, going from 6 gravitational radii
(𝑅g = 𝐺𝑀/𝑐2, where 𝑐 is the speed of light) for a static black hole to 1 𝑅g for a
maximally rotating black hole (see e.g. Novikov and Thorne 1973). This relation is
depicted in the Figure 2.2. On the left panel, we see a non-rotating (Schwarzschild
black hole), while on the right panel we see a maximally-rotating (Kerr) black hole.
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We see that in the case of the spin a = 0, the inner accretion disk edge is located
farther away from the BH, than in the case of the spin a = 1.

Figure 2.2. A representation of a connection between a black hole spin and the distance if the
inner radius of the accretion disk. For non-rotating (or low-spin) black holes, the inner
radius is at a greater distance from the black hole (left) than in the case of a maximally
rotating black hole (on the right). Image credit https://www.cfa.harvard.edu/
imagelist/2006-30

The temperature on the surface of the accretion disk depends on the radius according
to the following rule of proportion (Shakura and Sunyaev 1973):

𝑇eff ∝ 𝑅− 3
4 (2.1)

The emitted radiation at each disk radius is assumed to be a blackbody spectrum
defined as (Frank et al. 2002)

𝐼𝜈 =
2ℎ
𝑐2

𝜈3

𝑒ℎ𝜈/𝑘𝐵𝑇𝑒 𝑓 𝑓 − 1
= 𝐵𝜈 (𝑇eff) (2.2)

where ℎ is the Planck constant and 𝑘𝐵 is the Boltzmann constant. 𝐵𝜈 is the spectral
radiance density at frequency 𝜈. This description is, however, only satisfied for a
razor-thin accretion disk. In fact, an ionized layer of gas is formed above and below
the accretion disk. This feature manifests itself into the observed spectrum and
we also detect non-blackbody contributions. For this reason, we have to apply the
color correction factor to account for the deviations from the blackbody spectrum
(Shimura and Takahara 1995, Merloni et al. 2000, Davis et al. 2005)

𝑓col =
𝑇col
𝑇eff

(2.3)

https://www.cfa.harvard.edu/imagelist/2006-30
https://www.cfa.harvard.edu/imagelist/2006-30
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For the color-corrected blackbody spectrum, we then obtain:

𝐼𝜈 = 𝑓 −4
col 𝐵𝜈 ( 𝑓col 𝑇eff) (2.4)

Determining the ISCO from the thermal spectrum allows one to estimate the BH
spin (Zhang et al. 1997, Gierliński et al. 2001). However, in order to get a re-
liable BH spin constraint, we must know precisely the BH mass, inclination of
the accretion disk and the distance of the system from the observer (Zhang et al. 1997).

X-ray polarimetry provides an alternative method to measure the black hole spin of
X-ray binaries in soft state. In fact, strong gravity effects modify the polarization
properties of radiation emitted by the disk, with, in particular, a rotation of the
polarization plane. The effect is larger at small radii, where the emitted radiation is
also harder. As a consequence, a variation of the polarization angle with energy is
expected (Connors et al., 1980; Dovčiak et al., 2008; Li et al., 2009).

On January 2017, the Imaging X-ray Polarimetry Explorer (IXPE, Weisskopf
et al., 2022) was selected in the framework of the NASA Small Explorers pro-
gram. This mission, a collaboration between NASA and the Italian Space Agency
(ASI), was successfully launched on December 9, 2021. Furthermore, the Chinese
Academy of Sciences plans to launch the enhanced X-ray Timing and Polarimetry
(eXTP) mission (Zhang et al., 2016) in 2027. These instruments will observe X-ray
polarization in the 2-8 keV energy band, very well suited for observing thermal
radiation in accreting black holes in X-ray binary systems. In fact, measuring black
hole spin using the thermal radiation method via X-ray polarimetry is one of the
core scientific goals of both missions.

In this thesis, we investigate the polarization properties of an X-ray binary system,
GRS 1915+105, in the soft state and the robustness of measuring BH spin, incli-
nation and orientation of the source on the plane of the sky using simulated X-ray
polarimetric measurements with IXPE. Even if the source has been in an obscured
state after a transition in 2018 (Ratheesh et al., 2021, and references therein), we
use its former, well studied soft state as representative of an X-ray binary system
(possibly a new transient) in such state. In Section 2.1 we discuss the modeling of
multicolor blackbody and introduce the numerical codes we used to reproduce the
polarimetric properties of the observed radiation. In particular we simulate both
the simple case in which all photons arrive directly to the observer (using the code
kynbb) and a more complex one in which photons can return to the disk due to
strong gravity effects and then reach the observer after reflection (using the code
kynbbrr). In Section 2.2 we analyze the simulated data with the aim to reconstruct
spin and geometry of the source. Discussion and Conclusions follow in Section 2.3.
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2.1 Polarization features from black hole accretion
disk

In this section we first summarize the methodology used to perform our study
and then review the codes used (kynbb and kynbbrr) in order to have a detailed
understanding of the simulations presented later in this chapter.

2.1.1 kynbb code
For the sake of simplicity, we start considering only the contribution of radiation
which arrives directly to the observer without interacting with the disk after emission
(i.e. direct radiation). To this aim we used the code kynbb1 code (Dovčiak et al.,
2008), which is part of the relativistic model package kyn (Dovčiak et al., 2004;
Dovciak, 2004). The theoretical framework is based on a few assumptions, namely
the Kerr metric to describe the space-time around the central BH and an optically
thick, geometrically thin Keplerian accretion disk, characterized by the Novikov-
Thorne (Novikov and Thorne, 1973) surface temperature profile. The disk surface
is then assumed to be covered by a geometrically-thin, optically-thick atmosphere,
in which the main source of opacity is electron scattering (see e.g. Chandrasekhar
1960, Dovciak 2004, Dovčiak et al. 2008).

For the purpose of this work, we used the following model parameters: spin
𝑎, inclination 𝑖, BH mass 𝑀BH, accretion rate ¤𝑀 , Thomson optical depth of the disk
atmosphere 𝜏, orientation of the system on the plane of the sky 𝜒 (i.e. orientation of
the projected axis of the system, −90 < 𝜒 < 90) and normalization factor 𝑁 defined
as 1/𝐷2

10 (where 𝐷10 is the distance in units of 10 kpc). The model allows for the
possibility to use some additional parameters (e.g. to define an obscuring structure).
However, we did not operate with those in our analysis. The full list of the kynbb
model parameters can be found in Table 2.1.

The local polarization properties of the accretion disc emission were computed
assuming different optical depths of the scattering atmosphere. In particular, the
infinite optical depth approximation by Chandrasekhar (1960) is applied when values
of 𝜏 ≳ 10 are considered2 and pre-calculated tables, obtained with the Monte Carlo
code stokes (Goosmann and Gaskell 2007; Marin et al. 2012; Goosmann et al.
2014), are used for smaller 𝜏.

Thomson scattering is used to compute the polarization properties, while the
variation as a function of the photon energy is accounted for using the color cor-
rection factor 𝑓col. Due to symmetry reasons, the emerging polarization is either

1https://projects.asu.cas.cz/stronggravity/kyn/tree/master#kynbb
2It has indeed been found (see Dovčiak et al. 2008) that the result for an infinite slab is already

reached for 𝜏 = 10.

https://projects.asu.cas.cz/stronggravity/kyn/tree/master#kynbb
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Table 2.1. Model parameters of kynbb

Model Parameter Value Free/Frozen
Black Hole Spin (see Table 2.2) Free (see Section 2.2.1)
Inclination Angle 70 Free (see Section 2.2.1)
𝑟in 1 Frozen
Switch for 𝑟in 1 Frozen
𝑟out 1000 Frozen
𝜙 0 Frozen
𝑑𝜙 360 Frozen
𝑀BH 14 Frozen
¤𝑀 (see Table 2.2) Frozen
𝑓col 1.7 Frozen
𝛼 -6 Frozen
𝛽 0 Frozen
𝑟cloud 0 Frozen
Redshift 0 Frozen
ntable 80 Frozen
nrad 150 Frozen
Division 1 Frozen
𝑛𝜙 180 Frozen
Smooth 0 Frozen
Stokes 1 Frozen
𝜒 0 Free
𝜏 11 Frozen
nthreads 2 Frozen
Normalization 0.826 Frozen

parallel or perpendicular to the sky projection of the disk symmetry axis. We define
the polarization angle to be zero for polarization parallel to the system axis (i.e.
𝑈 = 0 and𝑄 > 0 in terms of Stokes parameters), and 90◦ for the orthogonal case (i.e.
𝑈 = 0 and 𝑄 < 0). The Stokes parameter 𝑉 , which denotes circular polarization, is
zero in all cases discussed in this study, since Thomson scattering does not generate
circular polarization (and the current X-ray polarimeters cannot even measure it).

2.1.2 kynbbrr code
A complete description of spectral and polarization properties of radiation coming
from X-ray binaries in the soft state cannot ignore the contribution of returning
radiation, i.e. photons which are bent by strong gravity effects and forced to return
to the disk surface, where they can be reflected and eventually reach the observer.
We can also use the term self-irradiation of the accretion disk which is an inter-
changeable term (Connors and Stark 1977; Stark and Connors 1977). We show a
brief general representation of the observation of the source with marked angles of
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inclination Θ, orientation of the system on the sky of the observer 𝜒 and the source
distance towards the IXPE telescope (alternatively, the observer) 𝑑 in the Figure
2.4. Modeling returning radiation features first requires to calculate the photon
trajectories in the vicinity of the central BH, where general relativistic effects are
more important. To this aim we used the ray-tracing based, sim5 code selfirr (Bursa
2017; Zhang et al. 2019). This code calculates all the null geodesics which end up
on a given point on the disk surface from different incidence directions, starting
from a different disk location. The disk surface is, then, divided into a number �̄�r
of incident points, each characterized by the distance 𝑟i from the central BH, while
the possible incidence directions are sampled through a discrete �̄�Θ × �̄�Φ angular
mesh, according to the polar angles Θ̄i and Φ̄i they form with the disk normal. For
each geodesics, selfirr returns the central distance 𝑟e and the emission direction
angles Θ̄e, Φ̄e, tracing back in this way all the possible returning photon trajectories.
Alongside the numbers �̄�i, �̄�Θ and �̄�Φ, which provide the grid dimensions, input
parameters for each run are the BH mass 𝑀 and spin 𝑎. The output of the code is a fits
file, containing all the geodesic parameters, which can be used inside the kyn package.

First simulations including returning radiation contributions assumed that returning
photons were all reflected to the observer, i.e. with a 100% disk albedo (Schnittman
and Krolik, 2009). However, as shown in subsequent works (Taverna et al., 2020), in
realistic conditions absorption may not be negligible and the albedo will be reduced
correspondingly. As noted by Schnittman and Krolik (2009), considering 100%
albedo would mean having a switch between PA values. At lower energies, direct
radiation is more important, but at higher energies returning radiation becomes
prevalent and has higher polarization degree. On the other hand, a constant albedo
of 50% would shift the switching energy to higher values. Following the work
by Taverna et al. (2020), where a self-consistent simulation for the albedo profile
as a function of the energy was obtained using the software CLOUDY (Ferland
et al., 2017), we fixed the albedo at the value of 50%, which closely resembles that
simulation (see their Figure 12).

While we observe a substantial change in PA across the 1–10 keV band for all
the inclinations for the highest spin values (bottom right panels of Figures 2.5 and
2.6), this is only true for lower inclinations in the case of 𝑎 = 0. Similarly, we
observe a change in the behavior of PD, which tends to decrease at low energies,
but then, starting at ≈ 2 keV starts getting constant or slightly increasing. For the
lowest inclination (10◦) we see a very pronounced minimum in PD, which is shifted
towards lower energies for higher spins.

2.1.3 Energy dependence of polarization features
The numerical code we used integrates the emission over the entire accretion disk,
allowing us to shift from local to global polarization properties. At large distances
from the black hole, the polarization degree is high (as represented by the length of
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Figure 2.4. A visual representation of an x-ray binary system as observed by IXPE with
marked angles for inclination Θ, orientation of the system 𝜒 and its distance 𝑑 towards
the observer. Figure credit: Anastasia Yilmaz.
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Figure 2.5. Polarization degree (left) and polarization angle (right) dependence on energy
for different inclination cases for GRS1915+105 with BH mass 𝑀 = 14 M⊙ and spin
a = 0 (orange, green and violet lines) and a = 0.998 (red, yellow and blue lines). The
accretion rate is considered in such a way, that it would correspond to the observed
luminosity 𝐿 = 0.45 LEdd. The plots were created using the kynbbrr model.
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Figure 2.6. Same as in Figure 2.5, but with the accretion rate corresponding to the luminosity
𝐿 = 0.185 LEdd. The plots were created using the kynbbrr model.

the blue line on the bottom right subpanel of Figure 2.7), the polarization vector is
parallel to the disk, and the emission is soft. Nearing close to the black hole, the
emission is much harder and we observe a change in the direction of the polarization
vector by about 30◦ (blue line on the bottom right subpanel). The polarization
degree, represented by the length of the line, is smaller due to the superposition of
different polarization vectors. These relativistic effects play an important role, as it
can be observed in Figure 2.7.

Figures 2.8 and 2.9 (and similarly also Fig. 2.5 and Fig. 2.6, but with the effects
of returning radiation taken into account) show the dependence of the polarization
degree (PD) and angle (PA) on energy for various inclination angles, two different
values of the BH spin (𝑎 = 0 and 0.998) and for different accretion rate values.
These accretion rate values are set in such a way that the corresponding luminosity
is 𝐿 = 0.446𝐿Edd (Fig. 2.8) and 𝐿 = 0.204𝐿Edd (Fig. 2.9) for the model without
the returning radiation (kynbb) and luminosities 𝐿 = 0.45𝐿Edd (Fig. 2.5) and
𝐿 = 0.185𝐿Edd (Fig. 2.6) for the model with the effects of returning radiation into
account (kynbbrr); 𝐿Edd denotes the Eddington luminosity.

In the 2–8 keV energy band the PD stays almost constant for both the spin and
luminosity values sampled when returning radiation is not included, and for spin
𝑎 = 0 with returning radiation. However, this is not the case for spin 0.998 when
the impact of the returning radiation is taken into account (panels (c) in Figures 2.5
and 2.6.). In these two cases, we see a rise of PD by ≈ 1.5%, accompanied by the
steepest change in PA.

Generally, we observe very pronounced changes of PA in the cases of the highest spin
value (𝑎 = 0.998) and for the modeled systems with lower inclination. This rapid
change corresponds to the lowest PD, which is in agreement with the theoretical
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(a) (b)

Figure 2.7. Upper panel: representation of a black hole accretion disk on the sky of the
observer. Bottom: flux and the polarization direction of collected radiation. The effects
of variation of the polarization angle due to strong gravity are shown going from left
to right. The figures represent a maximally rotating black hole. Starting from a region
distant from the black hole, at 𝑟 = 30𝑟g, (a), emission peaks at lower temperatures (≈
1 keV) and the polarization is horizontal. Then, going very close to the black hole, at
𝑟 = 1.285𝑟g, (b), the energy flux peaks at a higher energy (≈ 5 keV) and the polarization
(blue line on the bottom right subpanel) is close to vertical. The length of the blue line
represents the polarization degree, which gets lower closer to the source.
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Figure 2.8. Same as in Figure 2.5, but with the accretion rate corresponding to the luminosity
𝐿 = 0.446 LEdd. The plots were created using the kynbb model.

prediction (as described in the Figure 2.7).

The polarization angle has a clear decreasing trend for 𝑎 = 0.998, even for high
inclination cases. On the other hand, it is nearly constant for higher inclination
values over the 2–8 keV band for spin 𝑎 = 0 and both the accretion rate values in
both models, while for low-inclination systems, it is distinctly decreasing. In the
case of a non-rotating BH, the most pronounced change in PA is for 𝑖 = 10◦ and
𝑖 = 30◦ (all considered accretion rate values). The most prominent change is from
90◦ down to ∼ 15◦ or ∼ 0◦ (Fig. 2.6) and to ∼ 55◦ and ∼ 20◦ in the Fig. 2.9 for
the source with and without returning radiation, respectively. Moreover, a slightly
higher polarization is observed for a lower BH spin. This is caused by the rotation
of the polarization angle in the strong gravitational field.

To summarize, for a non-spinning BH, where the inner disk radius is large, the
polarization angle does not rotate much. For a spinning BH, where the inner disk
radius is small, the polarization angle of the photons coming from the inner parts of
the disk is much rotated, causing depolarization. Therefore, the net polarization is
lower in the case of a higher BH spin.

2.2 Results
To see whether we can reliably reconstruct model parameters from polarization
signatures, we inspected the simulated polarization properties. We started exploring
the effects of varying the BH spin and the inclination and orientation of the disk for
direct radiation, using the kynbb code.

Then, we considered in addition returning radiation effects with simulations based
on kynbbrr. In the latter case, to better highlight the effects of returning radia-
tion, we assumed the inclination and orientation of the source to be known parameters.
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Figure 2.9. Same as in Figure 2.5, but with the accretion rate corresponding to the luminosity
𝐿 = 0.204 LEdd. The plots were created using the kynbb model.

We chose to work with the Stokes parameters instead of PD and PA. Stokes
parameters are independent quantities, while PD and PA are not, being derived from
the Stokes parameters 𝐼, 𝑄 and𝑈 by the following relations (for linear polarization):

PD =

√︁
𝑄2 +𝑈2

𝐼
(2.5a)

PA =
1
2

arctan
(
𝑈

𝑄

)
(2.5b)

which are non-linear and, therefore, PD and PA will bear non-gaussian errors.

2.2.1 kynbb
We studied the capability in constraining the spin of the black hole and the inclination
of the accretion disk from the simulated observations by fitting the Stokes spectra
leaving free these two parameters, as well as the orientation of the system.

The input and the best fit values for all of studied cases are reported in Table
2.2. We produced contour plots of spin versus inclination for all of the reported
cases. We show contours for 1 𝜎 (red), 2 𝜎 (green) and 3 𝜎 (blue) confidence levels
in the Figure 2.10 panel (a), obtained for a 500 ks simulation.

The input parameters were correctly reconstructed, as the gray cross (marking
the original value) and black "plus" signs (best-fit) almost overlap for all four of the
studied spin cases. The interval of good-fit values (considered here and later for 1𝜎)
for inclination is spread out through Δ𝑖 ≈ 20◦ (20◦/70◦ ∼ 29%) for the cases of spin
𝑎 = 0.7, 0.9 and 0.998, while the spin is constrained within Δ𝑎 ≲ 0.12 (∼ 12 %).
The case of 𝑎 = 0 seems to be the most problematic to reconstruct, as we obtained
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Table 2.2. Best-fit values for the spin (𝑎), inclination (𝑖) and orientation of the source on the
sky of the observer (𝜒) for simulated exposure times 500 ks, 250 ks and 125 ks, modeled
and fitted with kynbb. (u) - errors that were unconstrained during the fitting procedure.

Model 500 ks 250ks 125 ks
¤𝑀 [𝑀⊙/𝑦𝑟] = 2.43 × 10−7

𝑎 0 0.017+0.383
−0.017 0.0+0.11

-u 0.0+0.16
-u

𝑖[◦] 70 71+6
−21 76+4

−28 77+5
−34

𝜒[◦] 0 0+3
−2 0+1

−3 -3±3

𝜒2/𝑑.𝑜. 𝑓 . – 946.51/897 919.7/897 873/897
¤𝑀 [𝑀⊙/𝑦𝑟] = 8.92 × 10−8

𝑎 0.7 0.7+0.09
−0.05 0.82+0.11

−0.16 0.7+0.08
−0.06

𝑖[◦] 70 68+7
−8 59+20

−8 77+5
−21

𝜒[◦] 0 0+3
−2 6+4

−6 -5+7
−4

𝜒2/𝑑.𝑜. 𝑓 . – 841.21/897 905.04/897 873.03/897
¤𝑀 [𝑀⊙/𝑦𝑟] = 4.70 × 10−8

𝑎 0.9 0.91+0.068
−0.064 0.988+u

−0.09 0.858+0.06
−0.05

𝑖[◦] 70 66+12
−8 58+11

−4 79+7
−25

𝜒[◦] 0 4+5
−3 9+4

−7 -1+14
−5

𝜒2/𝑑.𝑜. 𝑓 . – 900.7/897 847.9/897 980.8/897
¤𝑀 [𝑀⊙/𝑦𝑟] = 1.98 × 10−8

𝑎 0.998 0.998+u
−0.021 1.0+u

−0.020 0.988+u
−0.020

𝑖[◦] 70 69+8
−3 71±10 79+8

−12

𝜒[◦] 0 1+4
−6 1+4

−7 -8+9
−6

𝜒2/𝑑.𝑜. 𝑓 . – 915.2/897 860.29/897 865.5/897
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Δ𝑖 ∼ 30◦ (∼ 43 %) and Δ𝑎 ∼ 0.4 (∼ 40 %). We show the strength of the spin and
inclination constraints in Figure 2.11 (panels (a) and (b), respectively) as a function
of the modeled values for these two parameters. The function is represented by the
green dashed line. The reconstructed values lay on the green line for all the studied
spin cases within their corresponding errors, which manifests the strength of the
used method. We simulated the same case for different exposure times of 250 ks
and 125 ks, shown in panels (b) and (c) of the Figure 2.10. It is clear from the plots
that, as expected, the lower the simulated exposure time, the higher the uncertainty
in the spin and inclination reconstruction.
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Figure 2.10. Contour plots of spin vs inclination resulting from the fit the simulated Stokes parameters 𝑄 and𝑈 obtained for 𝑎 = 0, 0.7, 0.9, 0.998
for various exposure times: (a) 𝑡 = 500 ks, (b) 𝑡 = 250 ks and (c) 𝑡 = 125 ks. Confidence contours at 1𝜎 (red), 2𝜎 (green) and 3𝜎 (blue) are
also shown. The gray cross marks the original values, which were (left to right, for each panel) spin a = 0, 0.7, 0.9 and 0.998 and i = 70 ◦ for all
the plotted cases. The black "plus" sign shows the best fit value, which is (again, left to right) a = 0, 0.7, 0.91 and 0.998 (a), a = 0, 0.82, 0.992
and 0.999 (b) and a = 0.4, 0.7, 0.86 and 0.993 (c). Data are plotted for a model without returning radiation (kynbb).
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(a) (b)

Figure 2.11. Spin (a) and inclination (b) constraints with the kynbb model versus input
values. Green dashed line represents the 1:1 relation for reconstructed and input spins
(a) and the input value for the inclination (b).

2.2.2 kynbbrr
In this part, we inspect the effects of returning radiation on the observed polarization
properties of source radiation. We first had to use the selfirr code calculating the
null geodesics through the accretion disk. We used a grid of dimensions �̄�i = 500,
�̄�Θ = 100 and �̄�Φ = 100, as described in Section 2.1.2. Then, we used the code
kynbbrr in order to model the returning radiation effects of the source. To study
this process, we treat the inclination and the orientation of the source as known
parameters which, as discussed above, is a solid assumption for GRS 1915+105. We
simulated observations of GRS1915+105 for IXPE, as in the previous section and
used the data of the Stokes parameters 𝑄 and𝑈 in 2–8 keV interval.

We considered the presence of a less than 100% albedo of the disk surface. In
our simulations, we considered an energy-independent 50% albedo. The Stokes
parameters spectra, simulated for 𝑎 = 0.998 and for each of the three IXPE detector
units and fit with theoretical model are shown in Figure 2.12. To address the
capabilities in reproducing the observations, the contour plots of spin versus albedo
were created. Since the code that we use for this study does not interpolate within
spin values yet, the fitting procedure is as follows: we freeze all the parameters
to their original (modeled) value, with the exception of albedo of the source. We
perform a fit and thaw the spin parameter afterwards. We produce a contour plot
of spin versus albedo. When a better fit for albedo is found, we change its value to
the current best fit, freeze spin and perform fit followed by a contour spin-albedo
calculation. We iterate this procedure until we find the fit with the lowest chi square
statistics. Due to the interpolation issue, we used three different grids in spin for the
calculation of the contour plots. They are as follows: 0–1 interval with step 0.005
(subplots (a) and (b) of Figure 2.13), 0.7–1 with step of 0.01 (subplot (c) and the
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Figure 2.12. Energy dependence of Stokes Q/E (a) and U/E (b) data simulated for spin
0.998 and for each of the three IXPE detector units fitted with the theoretical model.
Response matrix was applied on the models. The data were simulated using a model
with returning radiation (kynbbrr).

part 0.9–98 of subplot (d)), and 0.98–1 with the step of 0.002 (0.98–1 interval in the
black rectangular area of the subplot (d)). We were able to successfully reconstruct
the spin in all four of the studied cases (Figure 2.13) - the gray cross (original
value) and black "plus" signs (best-fit) overlap in spin (for 𝑎 = 0 and 0.998), or lay
only a slight distance from one another (cases 𝑎 = 0.7 and 0.9). Similarly, albedo
reconstruction was quite successful, although with rather large errors. Within 1𝜎,
the interval of satisfactorily fitting albedo values is approx. Δ albedo = 0.45 for
𝑎 = 0 and 0.9 and approx. Δ albedo = 0.3 for the cases 𝑎 = 0.7 and 𝑎 = 0.998.

2.3 Discussion and conclusions
We studied the robustness of constraining BH spin from the simulated Stokes
parameters spectra. For a simulated exposure time of 500 ks, we were able to
successfully recover spin and inclination of the studied system for spin cases of
𝑎 = 0.7, 0.9 and 0.998, for both the models with and without returning radiation.
On the other hand, there is a strong degeneracy between the system inclination and
the BH spin particularly for 𝑎 = 0 in the model without the returning radiation. It
will be therefore crucial to obtain inclination of the studied source independently,
e.g. from spectroscopic observations.

Constraints on spin and inclination presented in this work were performed as-
suming distance, mass and accretion rate as known parameters. It is difficult to
determine spin and inclination with either distance, mass or mass accretion rate
as variable quantities, and this is the reason why we obtain a wider interval of
possible values for the examined parameters and some spin cases might become
indistinguishable.
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Figure 2.13. Contour plots of spin vs albedo for spin values 𝑎 = 0 (a), 0.7 (b), 0.9 (c) and
0.998 (d) using simulated Stokes Q/E and U/E dependence on energy data. Plot in (d) is
composed of two different grids divided by the black rectangular area, with the interval
in spin 0.90–0.98 having a step of 0.01 and the interval 0.98–1.00 with the step of 0.002.
In red 1𝜎, green 2𝜎 and blue 3𝜎 contours. Similarly to the previous case, the grey cross
sign marks the original value, which was 50 % albedo in all the shown cases and spin a
= 0 (a), a = 0.7 (b), a = 0.9 (c) and a = 0.998 (d). The black "plus" sign marks the best-fit
value, which is as follows: a = 0, albedo = 38 % (a), a = 0.65, albedo = 73 % (b), a
= 0.93, albedo = 43 % (c), a = 0.998, albedo = 50 % (d). Plots are calculated using a
model with returning radiation (kynbbrr).
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In our initial studies we did not obtain a satisfactory fit for a spin - accretion
rate case, suggesting ¤𝑀 may not be sensitive on the polarization properties. However,
we expect that the value of ¤𝑀 will be constrained by the complementary information
on the flux spectral shape that will be automatically provided by spectral analysis,
which can be performed as well using the data collected by polarimetric observatories
(like IXPE) or by coordinated observations with other facilities. This information,
together with the polarimetric observations, will allow one to infer more precisely
the fundamental X-ray Binary properties. X-ray polarimetry represents a highly
desirable tool that will be beneficial when studying strong gravity effects of compact
objects because it provides independent constraints on some of the parameters.

It is apparent from our results that considering the returning radiation effects
adds more degeneracy to the problem, for example with the addition of the albedo
parameter. In this case, to make things simpler, we treated the inclination as a known
parameter. We obtained an acceptable fit for both 𝑎 = 0 and 0.9, although with large
errors, as the corresponding contours cover almost half of the 0–1 interval for the
albedo. This implies that the detection of the albedo is strongly influenced by the
spin of the black hole; this indicates that ignoring the albedo value will manifest
itself in unconstrained spin. For 𝑎 = 0.7 and 0.998 we do not observe this degeneracy.

It is important to note that in this study we considered a constant albedo value across
the energy spectrum. This can be fulfilled under the condition that the material in the
accretion disk is fully ionized. In the recent work by Taverna et al. (2021), this issue
is generalized through studying the top layer of the accretion disk and computing its
ionization profile, for which the polarization properties are obtained. Considering
varying albedo profile thus allows for studying absorption, alongside scattering, as a
process responsible for polarization. They find higher absorption linked to higher
polarization degree. We plan to include all the above calculations in future version
of the code.

Finally, it is worth to remark that eXTP will have on board a polarimeter with
characteristics very similar to that of IXPE, but with an effective area 4-5 times
larger. Our results can then be considered valid also for eXTP, once the exposure
time has been rescaled accordingly.
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Chapter 3

Neutron Stars - LMXB

Ever tried.
Ever failed.
No matter.
Try again.
Fail again.
Fail better.

Samuel Beckett

3.1 Introduction
In weakly magnetized Neutron Stars in Low-mass X-ray binaries (NS-LMXBs), in
addition to that from the accretion disk, another thermal emission originates from the
neutron star surface. In the western-like model (White et al. 1988) the hot photons
emitted by the NS are observed directly and described using a black-body profile,
while a corona obscures the accretion disk and is responsible for Compton scattering
of the photons coming from the disk. On the other hand, the eastern-like model
(Mitsuda et al. 1984, Mitsuda et al. 1989) considers a reversed scenario with the NS
population being almost fully Comptonized due to the presence of corona, and the
accretion disk is observed directly as a blackbody. The two models are degenerate
spectroscopically, but polarimetry can help distinguish the actual shape and physical
properties of the corona, because X-ray polarization is extremely sensitive to the
coronal geometry (Gnarini et al., 2022). The goal of this study is to constrain the
physical parameters of the corona, as well as the contribution from reflection. Both
are of prime importance when it comes to interpreting the results of polarimetric
studies. The physical parameters of the corona and the reflecting medium are of
crucial importance in order to perform realistic numerical simulations (Gnarini et al.,
2022). Moreover, the contribution from reflection is needed to help us understand
the actual origin of polarization in the studied sources. Can it be the corona alone, or
reflection itself, or a mixture of the two? A spectroscopic study is essential to help
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us answer these questions. We look into observations of three weakly magnetized
NS-LMXB sources, that were observed by IXPE in its first year of observations: GS
1826-238 observed by the NuSTAR telescope in June 2014, GX 9+9 observed in
April 2019 and a January 2015 observation of Cyg X-2, with the aim of using the
results of these analyses as an input for theoretical simulations that are later applied
on the IXPE data of these three sources.

3.2 Studied sources
We studied the spectral properties of three accreting NS-LMXB sources: GS 1826-
238, GX 9+9 and Cyg X-2. In this part we briefly summarize their properties based
on their previous observations. We chose to work with observations of these sources
performed using the NuSTAR observatory, since, owing to its broad bandpass, it is
the best instrument to probe both corona and reflection. It is worthwhile to notice,
that this is the first time the GX 9+9 observation from April 2019 is studied, as a
data analysis from this observation has never been published before.

GS 1826-238

In this section, we look at spectral properties of an accreting NS-LMXB source GS
1826-238. The source is known for its precise regularity of X-ray bursts present
throughout the span of multiple years (Cocchi et al., 2000; Zamfir et al., 2012).
The bursts would last ≳ 100 s with a periodicity of 3.56 - 5.74 hr (Galloway et al.,
2004). This behavior has earned the source the moniker "clocked burster". The
occurrence of these highly regular bursts was present while the source was in the
low-hard state accompanied by a strong power law. The bursts were present also
during the short transitions of the source to the high-soft state, however, were way
shorter and considerably less regular (Chenevez et al., 2016). GS 1826-238 was in
the hard spectral state and classified as an atoll source until 2016, when the source
underwent a transition into high-soft state and has remained as such since. The
source is presumed to have an inclination below 70◦ according to Homer et al. (1998).
Some later studies suggest the inclination to be even lower: a value of 69+2

−3
◦ was

obtained by Johnston et al. (2020) and an inclination of (62.5±5.5)◦ measured in a
study by Mescheryakov et al. (2011). In a recent study of GS 1826-238 observed by
AstroSat, Agrawal et al. (2022) conclude that can be well described by a combination
of a thermal component (multi color accretion disk or a blackbody radiation) and a
Comptonized element. The corona of the source changed its optical depth 𝜏 from ≈
5 to ≈ 21.

GX 9+9

GX 9+9 is a bright atoll source (Hasinger and van der Klis, 1989). The binary
source is composed of a neutron star accreting mass from a star with M = 0.2 -
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0.45 M⊙ measured by (Hertz and Wood, 1988). They also discovered the orbital
period of GX 9+9 to be 4.19 ± 0.02 hr analyzing an observation by HEAO-1. They
assumed the neutron star in this system to have a mass M = 1.4 M⊙, and constrained
the inclination of the source to be lower than 63◦. Vilhu et al. (2007) estimate the
distance of 5 - 7 kpc. On the other hand, Savolainen et al. (2009) argued that the
distance of the source is 10 kpc. Iaria et al. (2020) studied the source using the
BeppoSax and XMM-Newton observations. In their work, a model composed of
thermal emission component originating in the inner region of the accretion disk
and a component accounting for Comptonization provides a good fit. They also
calculated the inclination of the source being 43+6

−4
◦ for the Eastern Model and 51+9

−2
◦

for the Western Model. They also estimated that the corona should have a compact
structure and should be located in the vicinity of the innermost region of the central
neutron star.

Cyg X-2

The last NS-LMXB we studied is Cyg X-2. The source has been drawing attention
especially due to its high X-ray flux 𝐹𝑋 ∼ (1 − 3) × 10−8 erg cm−2 s−1. The binary
contains a star with a mass M = 0.4 - 0.7 M⊙ (Cowley et al., 1979) and a neutron star
with a mass M = 1.71±0.21 M⊙ (assuming an inclination of the binary 𝑖 = 62.5±4◦),
as measured by Casares et al. (2010). Cyg X-2 is classified as a Z-source, as in
the color-color diagram (CCD) it follows a shape of the letter Z (Hasinger and
van der Klis, 1989). Wĳnands et al. (1997) report having observed the source
variations on the Z-track. There has been some substantial variability in the X-ray
light curve observed during its 2015 NuSTAR observation (Mondal et al., 2017). Di
Salvo et al. (2002) report the presence of a soft multicolor disk component together
with a thermal Comptonization of a low-temperature plasma and the optical depth
𝜏 ∼ 5 − 10. This model points towards the preference of the Eastern Model with
the accretion disk being observed directly and therefore described by the soft model
component and the Comptonization arising in the vicinity of the NS, either in the
boundary or spreading layer (BL/SL). The boundary layer is the gas decelerating
part of the accretion disk surrounding the NS (Popham and Sunyaev, 2001), while
the spreading layer represents a layer of gas on the surface of the neutron star. It
is possible for this layer to extend to high latitudes on the NS surface (Inogamov
and Sunyaev 1999; Suleimanov and Poutanen 2006). In a recent paper by Ludlam
et al. (2022) a NICER and NuSTAR spectral analysis is reported. They describe
the source via reflection model for reprocessed emission in the accretion disk. They
were able to derive the location of the inner radius of the accretion disk to be rather
close to ISCO and remain quite stable during the source state transitions.

3.2.1 Methodology
We used mainly two models to perform the analysis of the studied sources. Those
are the following:
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• EM: calibration constant, Galactic absorption, accretion, blackbody component
and thermally comptonized continuum
constant*TBabs*(diskbb+nthComp)

• WM: calibration constant, Galactic absorption, accretion, blackbody compo-
nent and thermally comptonized continuum
constant*TBabs(bbodyrad+nthComp)

In all the models used in this section, the column density nH of the TBabs
model component had the value of 0.2 × 1022𝑎𝑡𝑜𝑚𝑠/𝑐𝑚2. When considering the
Eastern Model scenario, we are observing the accretion disk directly, therefore we
use the diskbb model to fit this part of the spectrum. The NS is covered by a
shell-structured corona and the photons emitted by the star are Comptonized by the
corona. In such a case, the corona is fit by the nthComp model. A reverse scenario
happens when considering the Western model. Here, we observe the NS directly as
a blackbody spectrum, hence the usage of the bbodyrad model component. The
corona surrounds the accretion disk and scatters its photons, in this case nthComp
fits disk and the corona.

For all the three sources, we use observations that are available in the NuSTAR
public archive as of 02/2022. For the first source, GS 1826-238, we analyzed
observations (see Table 3.1) with IDs 80001005002 (further referred to as obsid02)
and 80001005003 (obsid03), that took place in June 2014 and had exposure time of
13.2 ks (obsid02) and 38.7 ks (obsid03). We analyzed the spectra as follows: we
applied the model on obsid02 and obsid03 separately, fit the data and checked for the
variable parameters between the two obsids (variable parameters are not consistent
within the errors between the two obsids). Then, we applied the model on the whole
data set, while the following was applied:

• obsid02_A with free parameters 𝑇𝑖𝑛 and normalization (diskbb) in the case
of EM and 𝑘𝑇 and normalization (bbodyrad) in the case of WM; power
law photon index Gamma, temperatures 𝑘𝑇𝑒 and 𝑘𝑇𝑏𝑏 and normalization
(nthComp)

• obsid02_B with only the cross-calibration constant free

• obsid03_A having the variable parameters that were identified before are free
and untied

• obsid03_B where all parameters are tied to obsid03_A, except for the cross-
calibration constant, which is linked to obsid02_B

For this source and both models (EM and WM), the only parameter that was not
variable between obsid02 and obsid03 was the electron temperature 𝑘𝑇𝑒.
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Table 3.1. Log of the observations of the studied sources

Source Date Observation ID Exposure (ks)
GS 1826-238 June 27, 2014 80001005002 13.2

80001005003 38.7
GX 9+9 April 30, 2019 30401015002 30.232
Cyg X-2 January 7, 2015 30001141002 23.737

As for GX 9+9, the observation we study took place in April 2019 with exposure time
of 30.232 ks and has the ID 30401015002. We applied the EM and WM, respectively,
using a similar strategy, as for the previous source: obsA had as free parameters
the temperatures of the accretion disk, the corona and the NS and normalizations
of diskbb/bbodyrad and nthComp . All the parameters of obsB were tied to
those of obsA, with the exception of the cross-calibration constant, which was left
free to vary.

We analyzed the observation of Cyg X-2 with the ID 30001141002, which took place
in January 2015 and had an exposure time of 20.737 ks. We selected this particular
observation for Cyg X-2 due to the fact that the source was in the spectral state closer
to the one that was observed with the IXPE satellite Farinelli et al. 2023. Again, we
used both Eastern and Western models, respectively. We applied a similar method in
order to analyze the source spectrum, as in the case of the first source.

The Eastern and the Western Models that we use consist of the following
parameters:

• EM: calibration constant, Galactic absorption, accretion, blackbody component
and thermally comptonized continuum
constant*TBabs*(diskbb+relxill(Cp)+nthComp)

• WM: calibration constant, Galactic absorption, accretion, blackbody compo-
nent and thermally comptonized continuum
constant*TBabs(bbodyrad+relxill(Cp)+nthComp)

The reason for adding the relxill or relxillCp1 component is explained later, in
the 3.3 section.

1http://www.sternwarte.uni-erlangen.de/~dauser/research/relxill/

http://www.sternwarte.uni-erlangen.de/~dauser/research/relxill/
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3.3 Results

3.3.1 GS 1826-238
We report the best-fit parameters for both the EM and WM in the Table 3.2 and in the
Fig. 3.1. The residuals of both fits are similar; however, there are differences in the
two fits, mainly regarding the fit statistic and the values of the studied parameters.

The EM fit has a statistic chisq/d.o.f. = 593/470. The temperature of the corona is
𝑘𝑇𝑒 = 9.65 keV (same for both observations), the disk temperature 𝑇𝑖𝑛 = 0.663 keV
and 𝑇𝑖𝑛 = 0.738 keV (obsid02 and obsid03, respectively), the temperature of the NS
is 𝑘𝑇𝑏𝑏 = 1.14 (obsid02) and 𝑘𝑇𝑏𝑏 = 1.28 (obsid03) and, lastly, the photon index
Γ = 2.95 and Γ = 3.33 (respectively for obsid02 and obsid03).

The fit using the Western Model has a statistic chisq/d.o.f. = 578/470, so it
appears that the WM is statistically favored. The coronal temperature is higher than
in the case of the Eastern Model and has a value of 𝑘𝑇𝑒 = 13.12 keV, the temperature
of the accretion disk is 𝑘𝑇𝑏𝑏 = 1.61 keV and 𝑘𝑇𝑏𝑏 = 1.76 keV (obsid02 and obsid03),
the NS temperature is 𝑘𝑇 ≈ 0.49 keV and ≈ 0.5 keV. The photon measured index
value is Γ = 3.12 and Γ = 3.56 (obsid02 and obsid03).

3.3.2 GX 9+9
The best-fit parameters for both the Eastern and Western Models are reported in
Table 3.3. In the case of the EM, we obtained a fit with a statistic chisq/d.o.f. =
404/227. From this fit we obtained the following values for the temperatures of
the source’s individual components: temperature of the corona 𝑘𝑇𝑒 = 2.92 keV, the
accretion disk temperature 𝑇𝑖𝑛 ≈ 0.72 keV and the NS temperature 𝑘𝑇𝑏𝑏 = 1.16 keV.
We obtained a photon index of Γ = 2.42.

As for the Western Model, the fit gives us the coronal temperature is 𝑘𝑇𝑒 = 2.81 keV,
the temperature of the accretion disk is 𝑘𝑇𝑏𝑏 ≈ 0.3 keV and 𝑘𝑇 ≈ 1.6 keV, the NS
temperature is 𝑘𝑇 ≈ 0.49 keV, while the photon index is Γ ≈ 2 and the fit statistic
chisq/d.o.f. = 418/227. We show the best fit model together with data residuals in
the Figure 3.2.

The fit has a reduced 𝜒2 almost 2 for both the EM and WM, which is statistically not
acceptable. This could be due to the presence of an iron line, as apparent from the
data residuals (on the ∼ 6 − 7 keV energy range). We, therefore, add a Gaussian line
profile to the used models to account for the presence of the Fe line. The fit obtained
using this model has a statistic chisq/d.o.f. = 361.71/225 for the EM and chisq/d.o.f.
= 367.86/225 for WM, which is an improvement in both the cases. Despite the 𝜒2

value not being particularly low, we do not see any obvious features in the residuals
(Figure 3.3). Hence, the derived parameters are good enough for the goals of this
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Table 3.2. Best-fit values of the accretion disk, corona and neutron star temperatures and
the photon index of the GS 1826-238 spectra using the Eastern (EM) and Western
Models (WM). Column density nH of the TBabs model component has the value
of 0.2 × 1022𝑎𝑡𝑜𝑚𝑠/𝑐𝑚2.

EM WM
obs2 (A)

const factor 1 1

diskbb
T𝑖𝑛

norm

0.663+0.035
−0.034

441+149
−106

–

–

bbodyrad
kT

norm

–

–

0.486+0.022
−0.023

1266+0.022
−0.023

nthComp

Γ

kT𝑒

kT𝑏𝑏

norm

2.95+0.086
−0.074

9.65+1.83
−1.18

1.14+0.05
−0.04

0.027±0.003

3.12+0.13
−0.11

13.12+5.85
−2.74

1.61±0.064

0.013+0.006
−0.005

obs2 (B)
const factor 1.014±0.002 1.014±0.002

obs3 (A)
const factor 1 1

diskbb
T𝑖𝑛

norm

0.738±0.017

277+34
−30

–

–

bbodyrad
kT

norm

–

–

0.515±0.011

966+121
−102

nthComp

Γ

kT𝑒

kT𝑏𝑏

norm

3.33+0.09
−0.08

9.65+1.83
−1.18

1.28±0.026

0.023±0.001

3.56+0.14
−0.12

13.12+5.85
−2.74

1.76±0.04

0.129±0.003

obs3 (B)
const factor 1.014±0.002 1.014±0.002
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Figure 3.1. Best fit of the GS 1826-238 source observation using Eastern (a) and Western
(b) models (upper panels of both plots) and their data residuals in the sigma units (in the
bottom part).
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Figure 3.2. Best fit of the GX 9+9 source observation using Eastern (a) and Western (b)
models (upper panels of both plots) and their data residuals in the sigma units (in the
bottom part). We notice an iron line in the data residuals in the 6 - 7 keV band.



54 3. Neutron Stars - LMXB

study. For the EM, we obtained the coronal temperature 𝑘𝑇𝑒 = 2.92 keV, disk
temperature for the EM is 𝑇𝑖𝑛 ≈ 0.75 keV, the NS temperature of 𝑘𝑇𝑏𝑏 = 1.18 keV,
and the photon index Γ = 2.43. On the other hand, in the case of WM, we obtained
the following: the temperature of corona 𝑘𝑇𝑒 = 2.8 keV, disk temperature 𝑘𝑇 = 1.56
keV, the NS temperature of 𝑘𝑇𝑏𝑏 = 0.42 keV, and the photon index Γ = 2.4. We also
show the incident model spectrum in the Figure 3.4 (panel (a) showing the model
of the EM and in (b) the model of the WM). The best-fit values are reported in the
Table 3.3 (the two columns on the right).

3.3.3 Cyg X-2
If we fit the data using the same models as in the previous two sources, we notice
significant residuals in the interval of ≈ 5.5 − 7.5 keV (bottom panel of Figure 3.6).
This suggests to add another model component in order to account for reflection
produced by the Fe K𝛼 line. We adjust the previous models by adding the relxill
or relxillCp component (García and Kallman, 2010; García et al., 2011). so the
full model we used is either of the following:

• constant*TBabs*(diskbb+relxill(Cp)+nthComp)

• constant*TBabs*(bbodyrad+relxill(Cp)+nthComp)

The relxill model assumes illumination from a power-law, while relxillCp
presumes an nthComp-like Comptonization continuum with fixed temperature kT𝑏𝑏
= 0.1 keV.

As our first attempt to fit the data we use the EM with relxill. The best-fit we
obtained had a statistic chisq/d.o.f. = 837.24/456. The best-fit parameters are
reported in Table 3.4 and we show the fit on data together with data residuals in
Figure 3.7 (a). Similarly to the first source (WM), the results obtained using this
model are rather unusual in the sense that the disk and the NS temperatures are
switched. We modified the current model, changing relxill for relxillCp. The
best-fit parameters are reported in Fig. 3.8 (a). The fit had a statistic chisq/d.o.f. =
923.02/454. Since the reduced chisq is greater than 2, this model is not acceptable
to fit the data with and we therefore will exclude it from our considerations.

We again try also the Western Model to see if such a scenario would give us
a better fit. The best-fit parameters are reported in Table 3.4 for relxill and
in Table 3.5 when using the relxillCp model. We obtained a fit with a statis-
tic of chisq/d.o.f. = 907.03/457 and chisq/d.o.f. = 887.22/474 for relxill and
relxillCp, respectively. The best-fit and data residuals are reported in the Fig. 3.7
(b) for fit with relxill and 3.8 (b) for the fit performed using relxillCp. While
these results are more promising, than in the previous case, the fact that neither of
these models has been successful to fit the reflection Fe line stays bothersome.
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Figure 3.3. Best fit of the GX 9+9 source observation using Eastern (a) and Western (b)
models (upper panels of both plots) and their data residuals in the sigma units (in the
bottom part). An additional component fitting the iron line was used.
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Figure 3.4. Incident model spectrum used to fit the data from an observation of GX 9+9
with the additional model component accounting for the iron line profile. Disk emission
or the neutron star blackbody (pink), Comptonization (brown), Gaussian line (green)
and the total spectrum (blue).
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Table 3.3. Best-fit values of the accretion disk, corona and neutron star temperatures
and the photon index of the GX 9+9 spectra using the Eastern (EM) and Western
Models (WM). Column density nH of the TBabs model component has the value
of 0.2 × 1022𝑎𝑡𝑜𝑚𝑠/𝑐𝑚2.

EM WM EM WM
obs2 (A)

const factor 1 1 1 1

diskbb
T𝑖𝑛

norm

0.717+0.029
−0.037

592+161
−97

–

–

0.749+0.045
−0.032

484+104
−103

–

–

bbodyrad
kT

norm

–

–

1.563±0.001

17±0.05

–

–

1.574+0.04
−0.03

16±1

gauss
linE

norm

–

–

–

–

6.6±0.1

(3.2±1)×10−4

6.6±0.1

(3.4±1)×10−4

nthComp

Γ

kT𝑒

kT𝑏𝑏

norm

2.42+0.06
−0.07

2.92±0.05

1.16+0.03
−0.04

0.108+0.009
−0.007

1.9878±0.0004

2.8131+0.0007
−0.0003

0.2803±0.064

1.342±0.001

2.4±0.1

2.92+0.08
−0.05

1.82+0.06
−0.04

0.1±0.01

1.99±0.02

2.81+0.03
−0.04

0.42±𝑢

0.96±0.1

obs2 (B)
const factor 1.007±0.001 1.007±0.001 1.007±0.001 1.007±0.001
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Figure 3.6. Cyg X-2 fit (upper panel) and its data residuals (bottom) using a model without
relativistic reflection. We observe strong residuals around the energy of ≈ 5.5 − 7.5 keV.
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We will try using another variation of the model named relxillNS (García et al.,
2022), which considers reflection of a blackbody spectrum (with temperature 𝑘𝑇𝑏𝑏).
The main advantage of the model and its applicability is the fact that it is created in
order to specifically suit to model X-ray radiation emitted from the vicinity of the
neutron stars. In this case for simplicity, we use an EM-like model. There is some
spectral variability, as seen in Figure 1 in Ludlam et al. (2022), therefore we do not
perform a joint fit of the two intervals. We studied the observation in two intervals
(hereafter referred to as int1 and int2). During the analysis we used the following
model:

• int1: constant*TBabs(diskbb+relxillNS+nthComp)

• int2: constant*TBabs(diskbb+relxillNS+gaussian+nthComp)

Now we explain the reason behind the slight difference between the two used
models. Generally, omitting the gaussian component will result in an improper
fit of the Fe line, therefore seems to be an important constituent. While for the
int2 such a model works very well and gives us the goodness of the fit chisq/d.o.f.
= 303.45/221, the int1 is much more difficult to fit. Such a model results in a fit
of chisq greater than 2, which is not acceptable. Deleting this component from
the model, we are able to converge to an improved fit of chisq/d.o.f. = 444.7/230
(see panel (a) of the Figure 3.9 for int1 for the best fit and the data residuals, and
panel (b) of the same figure for int2). In this case, unfortunately, the Fe line is
not well fit, which can be seen on the plotted incident model spectrum in the
panel (a) of the Figure 3.10, as solely relxillNS does not fit this part of the
spectrum well. We show a similar plot of the int2 in panel (b) of the same figure.
Here, we see a clear iron line at ≈ 6.5 keV being fit in the second interval of the
observed spectrum (we used a Gaussian profile for this data set, as was previously
mentioned). The best fit parameters for both the intervals are reported in the Table 3.6.

For the sake of modeling the reflection spectrum, we make use of relxillNS,
which studies illumination from a blackbody spectrum, and for the temperature
of the blackbody, we assume the same, as for the seed photons from the corona.
Therefore, we tie the two 𝑘𝑇𝑏𝑏 temperatures to each other (in relxillNS to the one
in nthComp). Moreover, it follows from the results above, that the temperature is
unconstrained, so we cannot leave this parameter as entirely free. It is clear from
the panel (a) of the Figure 3.9, that there is a discrepancy present in the residuals,
especially in the 3 - 4 keV band of the int1. As there might be some issue related
to the calibration of the two instruments, we excluded this part from the analysis.
We report the results of the two intervals fit separately in the two right columns of
the Table 3.6 and in the Figures 3.11. From the first interval we obtained a fit of
chisq/d.o.f. = 305.48/216 and for the second one chisq/d.o.f. = 305.21/222. Both of
these fit statistics represent a significant improvement with respect to the previous
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Figure 3.7. Best fit of the Cyg X-2 source observation using Eastern (a) and Western (b)
models (upper panels of both plots) and their data residuals in the sigma units (in the
bottom part). The fit was performed using the relativistic reflection model relxill.
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Figure 3.8. Best fit of the Cyg X-2 source observation using Eastern (a) and Western (b)
models (upper panels of both plots) and their data residuals (in the bottom part). The fit
was performed using the relativistic reflection model relxillCp.
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fits. Despite the fit not being completely satisfactory, we do not recognize any other
spectral components in the data residuals. For example, the model presented in
Ludlam et al. (2022) contains more spectral components than the model we used,
which is probably the reason behind the better fit. Moreover, we have tried using
different models, for example relconv * nthComp instead of relxillNS, but
were not successful in obtaining a better fit. Nevertheless, the analysis of these
observations is still a work in progress.

3.4 Discussion and conclusions
We obtained acceptable fits with both the Western and Eastern models in the case
of GS 1826-238. While the Western Model gives us statistically a slightly better
fit of chisq/d.o.f. = 578/470 (compared to 593/470 in the case of EM), there are
several issues with the results obtained. First, the NS temperatures are a bit too low.
Here, we would expect the temperature of ≈ 1 − 1.5 keV, but are only getting ≈ 0.5
keV in both observations. Moreover, the temperatures obtained for the accretion
disk and the NS are switched. Naturally, we are expecting the NS to have a higher
temperature than the accretion disk. If we try switching these two temperatures for
one another, we obtain statistically a worse fit of chisq/d.o.f. = 971/474, with higher
residuals, as can be seen in the bottom panel of the Figure 3.13 (energy interval
≲ 7 keV). For these reasons, we conclude that the Western Model is not suitable for
fitting this source, while the Eastern Model is more favored.

The two models (Eastern and Western Models) in the case of GX 9+9 are quite
similar in the characteristics of the source, as well as the goodness of the fit we
obtained. However, the disk temperature of 𝑘𝑇𝑏𝑏 ≈ 0.3 keV is a little low for what
we would expect in the case of the Western Model. Nevertheless, since we get similar
results from the two models, we are not able to confidently conclude the geometry
of the corona in the studied source.

Cyg X-2 was a source quite difficult to fit. We used a model containing a rel-
ativistic reflection component (relxill and its variations). While this is still a
work in progress, the most promising scenario seems to be using relxillNS in
combination with the Gaussian line profile for the second studied interval (int2). In
the first interval of the analyzed observation (int1) we did not obtain a statistically
satisfactory fit using an additional gauss component (the best-fit has a chisq greater
than 2). Removing this component from the model will result in an acceptable fit
statistically. However, such a model fails to correctly fit the Fe line. A significant
improvement for both the intervals is achieved when we tie the blackbody temperature
𝑘𝑡𝑏𝑏 between relxillNS and nthComp. In this case, we are able to fit the Fe line
also in the int1. Statistically, this last case offers the best fit, albeit with quite a high
photon index and the coronal temperature (int1).
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Figure 3.9. Best fit of the Cyg X-2 source observation in the upper panel and data residuals
in the sigma units in the bottom panel for int1 in (a) and int2 in (b). The fit was performed
using the relativistic reflection model relxillNS.
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Figure 3.10. Incident model spectrum used to fit the int1 (a) without the Gaussian line
profile and int2 (b) including the gaussian line profile in order to fit the relativistic Fe
line. The fit was performed using the relativistic reflection model relxillNS. Disk
emission (pink), Comptonization (orange/dark blue), relxillNS (green), Gaussian line
(red) and the total spectrum (black/blue).



3.4 Discussion and conclusions 65

0.01

0.1

1

10

c
o

u
n

ts
 s

−
1
 k

e
V

−
1

data and folded model

105 20

−20

−10

0

10

20

(d
a

ta
−

m
o

d
e

l)
/e

rr
o

r

Energy (keV)

(a)

10−6

10−5

10−4

10−3

0.01

0.1

1

10

c
o

u
n

ts
 s

−
1
 k

e
V

−
1

data and folded model

105 20

−20

0

20

(d
a

ta
−

m
o

d
e

l)
/e

rr
o

r

Energy (keV)

(b)

Figure 3.11. Best fit of the Cyg X-2 source observation in the upper panel and data residuals
in the sigma units in the bottom panel for int1 in (a) and int2 in (b). The fit was performed
using the relativistic reflection model relxillNS with the blackbody temperatures tied
together.
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Table 3.4. Best-fit values of the accretion disk, corona and neutron star temperatures, inner
radius of the accretion disk and its ionization, and the photon index of the Cyg X-2
spectra using the Eastern (EM) and Western Models (WM). The fit was performed using
the relativistic reflection model relxill. Column density nH of the TBabs model
component has the value of 0.2 × 1022𝑎𝑡𝑜𝑚𝑠/𝑐𝑚2. 𝑢 - error is unconstrained.

EM EM WM WM
int1 (A) int2 (A) int1 (A) int2 (A)

const factor 1 1 1 1

diskbb
T𝑖𝑛

norm

1.872±0.001

31.24±0.06

2.656±0.012

0.39±0.01

–

–

–

–

bbodyrad
kT

norm

–

–

–

–

1.25±0.03

166+28
−21

2.156±0.002

7.65±0.03

relxill

R𝑖𝑛

log𝜉

norm

94+𝑢−27

4.35±0.02

0.0613±0.0002

100+𝑢−3

3.855±0.005

0.98±0.01

100+𝑢−24

4.24±0.01

0.0360±0.0001

84+𝑢−15

2.69±0.03

2.37±0.03

nthComp

Γ

kT𝑒

kT𝑏𝑏

norm

2.276±0.001

2.70±0.04

0.8278±0.0003

0.565±0.001

3.181±0.001

2.555±0.005

0.8084±0.0002

0.904±0.001

2.072±0.001

2.467±0.003

0.909±0.001

2.152±0.002

9.3±0.1

2.60±0.04

1.3489±0.0005

2.6870.002

int1 (B) int2 (B) int1 (B) int2 (B)
const factor 0.976±0.001 0.976±0.001 0.976±0.001 0.976±0.001
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Table 3.5. Best-fit values of the accretion disk, corona and neutron star temperatures,
inclination of the source, inner radius of the accretion disk and its ionization, and the
photon index of the Cyg X-2 spectra using the Eastern (EM) and Western Models (WM).
The fit was performed using the relativistic reflection model relxillCp. Column
density nH of the TBabs model component has the value of 0.2 × 1022𝑎𝑡𝑜𝑚𝑠/𝑐𝑚2.
𝑓 - parameter was frozen for the fit. 𝑢 - error is unconstrained.

EM EM WM WM
int1 (A) int2 (A) int1 (A) int2 (A)

const factor 1 1 1 1

diskbb
T𝑖𝑛

norm

1.100±0.001

214±1

0.01+𝑢−𝑢

1024+𝑢
−𝑢

–

–

–

–

bbodyrad
kT

norm

–

–

–

–

1.073±0.001

363±1

0.996±0.003

750±1

relxillCp

𝑖[◦]

R𝑖𝑛

log𝜉

norm

77±1

100+𝑢−10

3.478±0.005

0.332±0.002

23+4
−3

100+𝑢−16

3.456±0.004

0.69±0.01

60 𝑓

63.6+22.6
−15.8

3.717±0.006

0.114±0.001

60 𝑓

100+𝑢−2.48

3.97±0.01

0.292±0.002

nthComp

Γ

kT𝑒

kT𝑏𝑏

norm

2.6230.001

2.727±0.003

1.0579±0.0003

0.5212±0.0004

3.257±0.001

2.7240.004

0.8361±0.0002

0.8870.001

2.520±0.001

2.590±0.003

1.731±0.001

1.331±0.001

3.009±0.002

2.37±0.01

2.017±0.002

0.479±0.001

int1 (B) int2 (B) int1 (B) int2 (B)
const factor 0.977±0.001 0.977±0.001 0.9770.001 0.9770.001
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Table 3.6. Best-fit values of the accretion disk, corona and neutron star temperatures, inner
radius of the accretion disk and its ionization, Fe line energy, and the photon index
of the Cyg X-2 spectra. The fit was performed using the relativistic reflection model
relxillNS. Column density nH of the TBabs model component has the value
of 0.2 × 1022𝑎𝑡𝑜𝑚𝑠/𝑐𝑚2. 𝑢 - error is unconstrained, 𝑡 - parameter is tied to the kT𝑏𝑏

parameter of the nthComp model.

M1 M1 M2 M2
int1 (A) int2 (A) int1 (A) int2 (A)

const factor 1 1 1 1

diskbb
T𝑖𝑛

norm

0.7±0.1

2376+1293
−1145

1.27+0.05
−0.04

309+7
−10

1.45±0.04

230+19
−18

1.01637+0.15
−0.14

522+267
−142

relxillNS

R𝑖𝑛

kT𝑏𝑏

log𝜉

norm

10.3+1.5
−1.7

1.37+0.05
−0.04

4.66+𝑢−4.66

0.0224±0.001

100+𝑢−13

1.09960+0.05
−0.03

2.14720+0.08
−0.06

0.085+0.001
−0.001

12.65+2.69
−2.06

1.86706𝑡

1.7±0.1

(3.74±1) ×10−3

100+𝑢−13

1.05235𝑡

2.17+0.09
−0.07

0.990±0.001

gauss
linE

norm

–

–

6.57+0.05
−0.01

0.0011+0.0002
−.00001

6.48001+0.08
−0.04

(1.26±0.3) ×10−3

6.59+0.04
−0.03

(1.1±0.2) ×10−3

nthComp

Γ

kT𝑒

kT𝑏𝑏

norm

7.16428+0.85
−1.20

918+𝑢−917

2.11+0.06
−0.04

0.037+0.005
−0.007

5.9+3.2
−1.1

5.1+0.7
−1.2

1.8±0.1

0.03±0.01

6.33+0.46
−1.88

57.97+𝑢−56.97

1.91 +0.02
−0.12

0.06±0.02

2.89+0.14
−0.31

2.75529+0.09
−0.08

1.05+0.08
−0.06𝑥

0.25+0.11
−0.12

int1 (B) int2 (B) int1 (B) int2 (B)
const factor 0.975±0.001 0.978±0.001 0.972±0.001 0.978±0.001
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Figure 3.13. Fit of the GS 1826-238 source observation using the Western model after
switching the accretion disk and NS temperatures. We notice very apparent residuals
(middle sub-panel) from the model on energies ≲ 10 keV. In this scenario we do not
obtain an acceptable fit, which is also apparent from the residuals in sigma units (bottom
sub-panel).

In this chapter we have presented the spectral properties of these sources, which is
essential to interpret the polarimetric data. In Chapter 4 we will discuss the results
of the IXPE observations of these sources.
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Chapter 4

IXPE observations of X-ray binaries

.non est ad astra mollis e terris via

The launch of the Imaging X-ray Polarimetry Explorer on December 9, 2021 has
truly opened a new window for studying X-ray astrophysical sources. So far, the
telescope performed 64 observations of 46 sources 1. Out of these, there have been
several X-ray binary system observations, that we will summarize below.

4.1 Black Hole X-ray Binaries

4.1.1 Cyg X-1

Cyg X-1 is a persistent source very bright in the X-ray energy band. It was observed
with the IXPE telescope on May 15 - 21, 2022 for a total of 242 ks, then on June
18 - 20, 2022 for 86 ks as a target of opportunity observation. The measured
polarization degree of the source is PD = 4.01 ± 0.20% and the polarization angle
PA = −20.7 ± 1.4◦ (Krawczynski et al., 2022). Both of these results are consistent
with the previous measurement performed by the OSO-8 satellite (Long et al., 1980),
albeit that result was also marginally significant statistically. There is a evidence
that the PD increases with energy, as well as with the source flux. In Krawczynski
et al. (2022) they also report that the PA is in alignment with the radio jet (within
5◦), which implies a direct relation of the inner X-ray emitting region to the radio
jet. As a matter of fact, this supports the hypothesis that jets in both quasars and
microquasars are perpendicular to the inner accretion flow. The source was in the
LHS during the observations, with a photon index of Γ = 1.6. The polarimetric
observations give the possibility to reach some conclusions regarding the geometry
of the system. Two models are allowed by the data:

1as of January 31, 2023
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• The hot corona surrounds the accretion disk in a "sandwich" model (see Figure
1.17 in the Section 1.3)

• An outer cold, truncated, optically thick and geometrically thin accretion
disk is present, together with an inner optically thin and geometrically thick,
extended region of hot plasma

In the case that the jet would be launched from the inner region of the disk, it
would be possible for the jet to create conditions for an optically thin and radially
extended corona. The polarimetric observations exclude the possibility for the
coronal geometry to be a narrow cone of plasma along the axis of the jet, nor can it
comprise of two compact regions above and below the black hole. In such cases,
the PD would be much lower than the measured value. Moreover, the PA would be
perpendicular to the jet (Figure 3 (a) in Krawczynski et al. (2022)). The measured
PD is also higher than predicted (∼ 1%) from the measured orbital inclination of
27◦, which suggests either a higher inclination (and, therefore, a more edge-on view),
or some unknown phenomena leading to the formation of the X-ray emission from
accreting X-ray BH sources (Krawczynski et al., 2022).

4.1.2 4U 1630-47, LMC X-1, Cyg X-3
Three XRB sources with a black hole as a compact object have recently been
observed with IXPE: 4U 1630-47, LMC X-1 and Cyg X-3. Since the data analysis
and interpretation is still ongoing, we will only mention here some preliminary results.

4U 1630-47: IXPE observed this XRB on August 23, 2022 - September 2, 2022 with
the duration of the observation of 460 ks. It was a Target of Opportunity observation,
after this transient source went into outburst. The analysis of the data is still in
progress. Nevertheless, the preliminary results report the source being in thermal
state with a clear measurement of polarization, likely increasing with energy in the
2 - 8 keV band (Ratheesh et al., in prep.). The interpretation of this measurement
(whether the high polarization is due to disk emission, returning radiation, or some
other mechanism) is still not finished, but the conclusion that 4U 1630-47 is a source
with high inclination seems inescapable due to the high PD.

Cyg X-3: The observation of the persistent source Cyg X-3 took place on Oc-
tober 14, 2022 for a duration of 275 ks and on December 25, 2022 for 198 ks
(the latter observation was carried out as a target of opportunity, as the source
was reported to be brighter. The source was found in reflection-dominated state,
due to the presence of a strong iron line, and, unsurprisingly, presents a very high
polarization degree (Veledina et al., in prep.).

LMC X-1: This persistent source was observed on October 19, 2022 with the
observation duration of 562 ks. The source was found in the hard state. While
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no polarization was measured, the upper limit to the polarization degree is very
tight, ∼ 1% (Podgorny et al., in prep.), strongly suggesting that LMC X-1 is a
low-inclination source.

4.2 Neutron Star Low-Mass X-ray Binaries

4.2.1 GS 1826-238
On March 29 - 31, 2022, the IXPE satellite observed the first weekly magnetized
NS-LMXB, the atoll source GS 1826-238, for an exposure time of 85 ks. The source
was found in the high/soft state. The observation provided only an upper limit, which
is PD = 1.3% (in the 2 - 8 keV channel), PD = 1.6% (in the 2 - 4 keV channel) and
PD = 2.4% (in the 4 - 8 keV channel) (Capitanio et al., 2022). The polarization
angle for this observation was unconstrained in all three of those channels. As we
don’t have an information on the direction of the jet, we cannot put constraints on
the PA and disk orientation. There are also no suggestions of a time variability of
the Stokes parameters. Based on the upper limit on the polarization degree, some
assumptions on the geometry can be drawn based on simulations performed using
the best-fit parameter from spectral analysis:

• Corona in a shape of a pseudo-torus (Gnarini et al., 2022): a torus of a
rectangular shape with similar scale in the vertical and horizontal directions,
rotating together with the accretion disk. Gnarini et al. (2022) report this
coronal geometry to only cover the accretion disk up to ∼ 15𝑟𝑔, but the vertical
thickness covers almost the entire surface of the NS

• Wedge geometry of the corona: a conically-shaped part of a torus surrounding
the equator of the NS and located between the accretion disk and the surface
of the neutron star. The torus section is connected to both the surface of NS
and the inner part of the accretion disk (extending 6 - 8 𝑟𝑔) (see Figure 1.18,
panel (a))

• Shell geometry of the corona: a spherically shaped corona surrounding the
neutron star (see Figure 1.18, panel (b))

Since in the first considered case (pseudo-toroidal geometry), the accretion disk
photons only dominate on the lower energies, and, therefore, its potential polarization
would not have a significant effect on the net polarization of the source. Consequently,
a limit on the system inclination could be derived: 𝑖 ≲ 47◦ ((Capitanio et al., 2022),
right panel of Figure 6). For this type of geometry, the PA would be misaligned and
non-perpendicular to the accretion disk. In the case of the wedge-shaped corona,
the polarization degree only somewhat changes based on the presence/absence of
intrinsic polarization. In this case, the inclination should be 𝑖 ≲ 42◦ and 𝑖 ≲ 39◦,
respectively. PA should be misaligned by ≈ 25◦ for this coronal geometry. As for
the shell geometry of the corona, PD should considerably change depending on the



74 4. IXPE observations of X-ray binaries

presence or absence of intrinsic polarization, and the PA would always be parallel to
the accretion disk. As a matter of fact, the PD should be below 1% for unpolarized
disk seed photons irrespective on the system inclination. In the reverse scenario,
with the seed photons being intrinsically polarized, the inclination should have a
limit of 𝑖 ≲ 62◦.

Previous observations suggest the inclination of 𝑖 = (69+2
−3)

◦ ((Johnston et al.,
2020)) and 𝑖 = (62.5 ± 5.5)◦ (Mescheryakov et al., 2011). Comparing these results
with the simulations of Capitanio et al. (2022), it seems that the first two geometries
(pseudo-toroidal and wedge) should be excluded from further considerations. It is
important to bear in mind, that the simulation were performed using the best-fit
parameters obtained from simultaneous observations with NICER and INTEGRAL
telescopes, and are not taking into account the errors of these parameters. This might
result in some variation of the constraints put on the inclination parameter. This
means, that either the source has some spherical symmetry or has a lower inclination
that previously measured.

4.2.2 Cyg X-2
Cyg X-2 was observed from April 30, 2022 to May 2, 2022 for a total of 75.5 ks
exposure time. Farinelli et al. (2023) reports Polarization Degree in the 2 - 8 keV
energy band of PD = 1.85±0.29% and the Polarization Angle PA = 140◦±4◦ (which
is consistent with both the measurement by the OSO-8 observatory Novick et al.
(1977) and the observation of the radio jet direction). The study reports a slight
increase of PD with energy.

The source spectrum is composed of a low-energy component (emitted by the
accretion disk) and a Comptonized one, radiated by thermal plasma of temperature
𝑘𝑇𝑒 ∼ 3 keV and polarization of PD > 2% and PA aligned with the radio jet
(presumed to be perpendicular to the accretion disk), while the IXPE observations
did not provide a good constraint on the accretion disk contribution. Within the
first order approximation, we can assume, that the SL is perpendicular to the plane
of accretion disk, which means the PA would be rotated by 90 ◦ with respect to
that of polarized emission originating in the disk atmosphere with a dominant
electron-scattering process. It follows from this observation, that there is a strong
preference of the source of polarization to be the spreading layer and the surface of
the neutron star, but excluding the accretion disk. However, the source of reflection
could also be Comptonized emission from the spreading layer reflecting from the
inner radius of the accretion disk. Nevertheless, it is worth mentioning, that the case
of initial radiation emerging from the bottom of a scattering medium with 𝜏 ≫ 1
would be in agreement with the classical Chandrasekhar’s results. Polarization might
even be perpendicular to the disk plane, with higher PD for the case of disk optical
depth of 𝜏 ≲ 2 with a semi-infinite atmosphere
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An iron line was present in the Cyg X-2 spectrum (following from the spectroscopic
study carried out using simultaneous observations with NICER and INTEGRAL
satellites). This indirectly points towards the presence of a reflection component,
which was, unfortunately, not possible to be studied in greater detail due to the data
statistics. Further observations will be required.

The PA value might be explained by the photon reflection radiated by the sur-
face of SL of the NS on the accretion disk. It follows from numerical simulations of
accretion disk emission in the case of black holes in soft state, that self-irradiation
of accretion disk with scattering as the polarization inducing process induces a PA
rotation of 90 ◦. Photons scatter once or twice on the disk and thus, create reflection
spectrum. These photons get highly polarized due to the scattering process and
significantly contribute to the net polarization of the source. A SL illuminating the
accretion disk can result in a polarization of 6 % if we consider an inclination of the
source of 70 ◦ for X-ray bursters in between bursts. However, such a model does
not take into account the direct contribution from the disk, which would lower the PD.

A recent detection of Scorpius X-1 (Long et al., 2022) in the 4 - 8 keV band
using the PolarLight instrument (Feng et al., 2019) shows similar polarimetric
features as those of Cyg X-2, mainly the fact that the PA is aligned with the jet of the
source, and perpendicular to the accretion disk.

4.2.3 GX 9+9
This source belongs in the group of NS-LMXB systems. The observation of GX
9+9 took place on October 9, 2022 with the exposure of 92.5 ks. The analysis of
the data is currently ongoing. However, some preliminary results show that there
is a detection of polarization with PD ∼ 2%. We do not know the orientation of
this object, because there is no radio jet present (unlike in the case of Cyg X-2).
Hence, we cannot conclude anything about the Polarization Angle. The preliminary
results (Ursini et al., in prep.) suggest that the spectro-polarimetric properties are
very similar to those observed in Cyg X-2. In essence, this means that there was a
detection of polarization, with an indication of higher polarization at higher energies.
In addition, the spectrum of GX 9+9 looks similar to that of Cyg X-2 - there are two
main spectral components and reflection.
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Chapter 5

Conclusions and future prospects

The new dawn blooms as we free it
For there is always light
If only we’re brave enough to see it
If only we’re brave enough to be it

Amanda Gorman
The Hill We Climb

In this thesis, we studied X-ray binary systems containing either a black hole or a
neutron star as a compact object. We carried out simulations to assess the capability
of X-ray polarimetry to constrain spin and geometry of a X-ray binary system with
a black hole in thermal state, and studied coronal properties of accreting, weakly
magnetized neutron stars in low-mass X-ray binaries.

In Chapter 2, we studied the bright accreting black hole GRS 1915+105 in thermal
state, with main interest in the polarimetric properties of the source. We performed
simulated observations of the source with the duration of 500 ks using the IXPE
telescope, with the aim to study the robustness of spin constraints based on the prop-
erties of radiation polarized due to scattering on the electrons in the accretion disk.
In this work, we considered two main cases: direct radiation only, and direct plus
returning radiation. In the case of direct radiation only, we were able to successfully
recover the spin and inclination of the source for all the studied spin cases (a = 0, 0.7,
0.9 and 0.998). When the returning radiation was added, it resulted in the emission
getting reflected on the accretion disk and adding additional polarization. For this
study, we assumed the inclination and orientation of the source on the sky of the
observer as known parameters, since adding returning radiation adds substantial
degeneracy to the studied problem. In the case of GRS 1915+105, considering
known inclination and orientation is a reasonable assumption, as both have been
measured based on the properties of the radio jet of the source. We treated spin and
albedo as unknown parameters. It follows from our analysis that also in this case we
are able to successfully recover the spin and put some reasonable limits on the albedo.
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This analysis was carried out under the simplifying assumption that the albedo of
the source is energy-independent. This would only allow us to consider scattering
as the polarization-inducing process. In Taverna et al. (2021) it is demonstrated
that considering a model of a top layer (or an atmosphere) of the accretion disk and
studying its ionization profile would allow for the albedo profile to be calculated.
This would result in the possibility of taking absorption as a polarization-inducing
effect into account. It is important to remark that apart from the currently operating
IXPE satellite, there is another polarimetric mission currently under development -
the enhanced X-ray Timing and Polarimetry mission (eXTP). This observatory will
carry detectors with effective area 4 - 5 times larger than those of IXPE. Therefore,
the results of this study will be applicable to those of eXTP, after taking the effective
area into consideration. Lastly, it is important to notice, that GRS 1915+105 is
currently unobservable, as it is in an obscured state. However, the results obtained in
this study are applicable, with due scaling, to any bright source in thermal state.

We also studied XRB sources with an accreting, weakly magnetized neutron star as
the compact object. Assessing the properties of the corona and the contribution of the
reflection in the spectra of these sources are of utmost importance, as understanding
the properties of such components helps with interpretation of the data obtained from
the polarimetric observations. In this thesis, we performed an analysis of archival
NuSTAR observations of three sources that were planned to be observed with IXPE:
GS 1826-238, GX 9+9 and Cyg X-2. We considered two traditionally used models:
the Eastern and Western Models, assuming either a blackbody generated by the
disk and the neutron star photons Comptonized on the corona (EM), or the reverse
scenario (WM). The Eastern Model seems to be more suitable in fitting the data of
all the three sources, than the Western Model. The Western Model provided with a
good statistical fit when applied to the data of GS 1826-238 and GX 9+9 (for the
latter source we also used a Gaussian line profile component, as we see a reflection
Fe line at ∼ 6.4 keV). However, in the case of GS 1826-238, the WM resulted in the
temperature of the accretion disk higher than that of the neutron star, which is rather
unusual, while in the case of GX 9+9, we obtained a temperature of the accretion
disk (𝑘𝑡𝑏𝑏 ≈ 0.3 keV), which is somewhat low for this model. More difficult to
analyze was the last source we studied, Cyg X-2. We used the traditional Easter and
Western Models, as well as relxill and its variations relxillCp and relxillNS.
Apart from the last model (using relxillNS to model the NS blackbody that is
scattered on the corona), the other models did not provide satisfactory fits. In the
latter case, we used an Eastern-like model modified by the additional Gaussian
line profile, which provided with the statistically best fit out of the used models.
The high 𝜒2 statistics of the used models might be caused as a combination of the
fact that the models are degenerate, and due to the instrumental imprecision. We
cannot confidently conclude the specific geometry of each source solely based on
spectroscopic observations, which is why polarimetry is a crucial tool in answering
this question. Nevertheless, this is still a work in progress.
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X-ray polarimetry has certainly opened a new window into studying astrophys-
ical objects. It is important to connect the observational contribution (as we have
shown in this thesis), numerical simulations, as well as the theoretical understand-
ing of the astrophysical processes. The results presented in this work provide a
contribution to a new path, paved by the possibilities that X-ray polarimetry offers.
X-ray polarimetry represents a new method that will help in constraining the black
hole spin (as shown in Chapter 2). Additionally, studying polarimetric properties
of corona is a great tool in understanding the coronal geometry and its specific
properties (Chapter 3). These results are of a high importance in order to understand
the results from the IXPE observations accreting black holes and weakly magnetized
neutron stars, as mentioned in Chapter 4.
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Appendix A

Sometimes seeing life through a
different lens opens a new world to
possibilities.

Meredith Grey

X-ray astrophysics is a difficult field to study, due to the complications accompa-
nying the construction of such observatories. X-ray radiation is absorbed in the
atmosphere of the Earth, which made developments in this field much behind those
of optical and radio astronomy. Any X-ray telescopes must be placed at a very
high altitude, above ≈ 99 % of the atmosphere. Another difficulty arises due to
the fact that it is extremely challenging to focus X-ray photons. They are usually
absorbed by the materials composing the mirrors in the IR, optical and UV telescopes.

A mirror reflecting X-ray photons is used in a Wolter type telescopes. Such a
mirror can be built, however, solely if the angle from the plane of reflection is very
low (∼ 10′ up to 2 ◦ ). The first telescope using this technology was the rocket-borne
experiment used to obtain the X-ray images of the Sun, launched in 1965 (Giacconi
et al., 1965). Ever since this historic event, several technological breakthroughs
have followed in the X-ray astronomy, as well as the persistent striving to improve
on those technologies and build better satellites, several orders of magnitude more
sensitive than the previous ones. Each X-ray satellite consists of the light gathering
aperture and detectors. It was only a few years after the first X-ray telescope was
built, that collimators were added to the payload, and then focusing X-ray optics were
developed. The first satellite to use this technology was the Einstein Observatory
(HEAO 2; Giacconi et al. (1979)). Thanks to these advancements, focusing optics
are now commonly used in telescopes operating in the X-ray energy band.

In this work, we focused on simulation and analysis of data from two currently
operating X-ray observatories: IXPE and NuSTAR. In the following, we will briefly
discuss their main properties.
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Figure 5.2. Imaging X-ray polarimetry Explorer. Figure credit: Weisskopf et al. (2008).

IXPE: Imaging X-ray Polarimetry Explorer

The Imaging X-ray polarimetry Explorer (IXPE, see Figure 5.4) is a NASA Small
Explorer (SMEX) mission selected in January 2017, as a collaboration with the
Italian Space Agency (ASI). The telescope has a 2-year baseline program. IXPE
(Weisskopf et al., 2022) is set to carry out observations of multiple sources during
the mission’s first year, with more detailed follow-up observations during the second
year of operation. IXPE was launched on December 9, 2021 from the Kennedy
Space Center on board the Falcon-9 rocket. The IXPE telescope is 5.2 m long and 1.1
m in diameter, weighs 330 kg and is placed at the equatorial orbit at the inclination 0
◦ and altitude of 600 km.

The sources of interest are observed over a duration of multiple orbits, until
the telescope completes the observation. Polarimetry requires a large number of
photons, and, therefore, long observing times are usually required, ranging from
a few hours to several days. It is possible to observe the targets of observation
usually during a 50 day window, twice a year, while each source can be observed
continuously for a minimum of 57 minutes.

IXPE is equipped with 3 identical telescopes. Each of the telescopes contains
a Mirror Module Assembly (MMA), with a detector unit (DUs) at its focus. The
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DUs are sensitive to the X-ray photons in the 2 - 8 keV energy band with a combined
effective area of ∼ 600 cm2.

Mirror Module Assembly
During the construction of the satellite, four Mirror Module Assemblies (MMAs)
were built, three of them for flight, the remaining is spare. Each MMA consists of 24
centrally nested mirror shells. The shells are made of an electromorfed nickel and
cobalt composite, which provides a higher strength than pure nickel. The shells are
separated by only about 2 mm, which is done in order to maximize the effective area.
The length of each individual shell is 600 mm. The inside part of the shells does
not have any additional coating, as the nickel/cobalt provides optimal reflectivity
for the 2 - 8 keV band. The MMA has a thermal shield at each end, providing
thermal control, ensuring against heat loss, all while they allow X-ray photons to
pass through. The shields are made of an ultra thin (1.4 𝜇m) polyimide film with a
50 nm aluminum coat. The full detector area is 15 × 15 mm, and the telescope field
of view (FOV) is 12.9′ × 12.9′.

The Detector Units
The detector units (DUs) represent the most important part of the IXPE observatory.
Each DU is placed at the focus of the MMAs, which is important to ensure position
determination, energy determination, timing information and polarization sensitivity.
Each DU operates with a Gas Pixel Detector (GPD). An incident X-ray enters the
detector via a beryllium window, then interacts with the Di-methyl ether fill gas.
This produces a photoelectron, which traces a trail of ionization in the gas. The
track drifts through Gas Electron Multipliers in order to increase the charge of the
photoelectron, which then reaches a pixel anode read-out. The GPD images the
tracks of the photoelectron. The original direction in which the photoelectron is
emitted is preferentially aligned along the electric vector of the absorbed photon.
The original point of interaction in the detector provides information on the position
on the sky of the sources, while the total charge in the track gives us information on
the energy of the absorbed X-ray photon.

NuSTAR: The Nuclear Spectroscopic Telescope Array
The Nuclear Spectroscopic Telescope Array (NuSTAR; see Figure 5.6) is a NASA
SMEX mission, launched on June 13, 2012 from the Reagan Test Site located on
the Kwajalein Atoll in the South Pacific on board the Pegasus XL vehicle. The
telescope focuses on the hard X-ray emission, operating within the 3 - 80 keV energy
range. The importance of this observatory lays especially in its angular resolution
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Figure 5.4. The composition of a Gas Pixel Detector (GPD). Figure credit: Weisskopf et al.
(2016).



85

Figure 5.6. The Nuclear Spectroscopic Telescope Array. Figure credit: NASA/GPL.
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and sensitivity, which is higher than any current hard X-ray observatory working
within the same energy band (Harrison et al., 2013) by an order of magnitude and
two orders of magnitude, respectively.

The NuSTAR telescope is composed of two co-aligned telescopes sensitive to
hard X-ray photons. There are three main parts composing the telescope:

• the optics (or mirrors), focusing the radiation

• the detectors, recording the image

• expendable mast, holding the optics and the detectors at the 10 m separation
distance on the orbit

Optics
NuSTAR uses two optics units allowing the telescope to look at the same location on
the sky. After an observation, the two images are joined together on the ground, which
allows observation of fainter objects. The telescope uses Wolter-type low-grazing
angle focusing optics. Each of the two modules is composed of 133 shells, that are
places concentrically and con-focally. Their focal length is 10.15 m. The angular
resolution of the two modules is ∼ 12” (at FWHM), with the FOV ∼ 10′. Since this
is an X-ray optics, the reflective ability of the shells decreases with increasing angle
of incident photons. This consequence is more noticeable on higher energies, where
the FOV decreases to 6′ at the 60 keV energy.

Detectors
The satellite carries on board high-energy X-ray detectors suited to detect the position
and energy of incoming X-ray photons, which work to record an image focused by the
optics. The detectors are placed in the focal point of the light from the telescope. For
this reason, they are also called the focal-plane detectors. Each detector is equipped
with a Focal Plane Module (FPM). The FPM is comprised of four detectors made of
Cadmium Zinc Telluride (CdZnTe), with 32 × 32 pixels. They are surrounded by
an anti-coincidence shield made of Cesium Iodide (CsI). The resolution of these
detectors is ∼ 1%. Moreover, they also have a high quantum efficiency over the
entire energy range of NuSTAR.

Mast
The mast is 10 m in length and its function is to bridge the detectors and mirrors.
Hard X-ray photons graze off the mirror planes at almost parallel angles. Due to this
fact, a telescope operating in the hard X-ray energy band needs a long focal length (
= focal plane; the distance between the optics and detectors). The mast is compact,
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of light weight and ensures a stable connecting structure between the two aligned
branches.
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