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I am grateful to Luca Baldini, Niccolò di Lalla and Melissa Pesce-Rollins for
dedicating their time to teach me ximpol. A special thank you goes to Niccolò
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Prologue
”Existence could be beautiful, or it could be
ugly, but that’s on you.”
”How do I know which one is for me?”
”Dream. You gotta find out the future you’re
fighting for.”

— Mr. Robot

The characteristcs of black holes (BH) are described by a few basic properties:
mass, charge and spin. The mass of a BH has been constrained with different
kinds of methodology and has been successfully performed while studying multi-
ple sources. Charge of astrophysical black holes is expected to be very small and
does not have a significant repercussion in its surrounding. For this reason its
measurement is not highly appealing. However, the spin of a black hole, predicted
by the Einstein theory of gravity and the black hole theory, is important for the
theory of BH growth. Moreover, given the singularity of BH is the borderline of
GR and quantum theory, it will be useful for quantum gravity.

A few methods are currently used to constrain the BH spin. The Quasi-Periodic
Oscillations (QPOs) method measures the precession frequency caused by parti-
cles oscillating in an accretion disk. The frequency is radius dependent and the
peak of this function defines the BH spin. Nevertheless, there is no satisfactory
model fully describing this phenomena, which is why this method is not reliable
for spin measurements. Another method currently used constrains the BH spin
based on the broadening of a red wing of the Iron line in the source spectrum due
to large gravitational redshift close to the BH horizon. Thermal spectrum may
also serve as a tool to confine the spin of a BH. During the accretion process a
huge amount of thermal energy is emitted. Higher energies are produced closer
to the singularity. Since the inner radius of an accretion disk is located closer
to a spinning BH than for a non-rotating one, thermal spectrum should be able
to provide the information necessary for BH spin constraints. Nevertheless, the
latter two methods provide contradictory results.

For these reasons, a new method solving the issue of the BH spin measurement
is highly desirable. X-ray polarimetry would be a such a technique. This method
will use polarization properties of a studied system in thermal state. It will be
a new independent method convenient for BH spin studies. With two X-ray po-
larimetric missions currently planned, we are hopeful this approach will provide
with the desired tools to describe BH properties and help uncover the information
about systems containing such compact object.

This Thesis is structured as follows: in the first chapter, we outline the theoretical
description of rotating black holes, the approach of spin measurements of sources
in thermal state and describe the polarimetric principles. Next, we describe the
procedure of modeling the studied source and simulating its observations. In the
third chapter, we present the results of studying the spin constraints from future
polarimetric observations and the robustness of the method used for this purpose.
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1. Lost In Space
”When the Universe wants to make something
happen, it has a way of figuring those things
out.”

— Joe West, The Flash

In this chapter we will outline the basic theoretical background essential for this
work. We will portray the concepts of the black hole theory assumed in this Thesis
and the method used for the black hole spin measurements. Further on, we set
forth polarimetric objectives and introduce the future polarimetric missions, as
well as the astrophysical sources of their interest.

1.1 Basic characteristics of black holes
Shall we measure the spin of rotating black holes, we will consider the Kerr
metric. The Kerr metric is a generalized Schwarzschild metric, discovered by
Karl Schwarzschild in 1915. Early after Albert Einstein published his Theory
of General Relativity, Karl Schwarzschild developed a solution for the field equa-
tions describing the geometry of a space-time containing a non-rotating point-like
particle. Such a metric is, according to the Birkhoff’s theorem, the most gen-
eral solution of Einstein equations for a spherically symmetric, vacuum region.
Considering the Schwarzschild coordinates, the line element of the Schwarzschild
metric has the following form (Visser, 2007):

ds2 = −
[
1 − 2M

r

]
dt2 + dr2

1 − 2M

r

+ r2(dθ2 + sin2θdϕ2) (1.1)

where M is the mass of the studied body, r is the radial coordinate, t is the
time coordinate, θ and ϕ are polar and spherical coordinates, respectively. In
astrophysics, stars and planet rotate, therefore we have to adjust the used met-
ric (Visser, 2007). We may use approximated metric at large distances from
stationary isolated body with its mass M , which is obtained as a weak-field ap-
proximation of Einstein equations

ds2 = −
[
1 − 2M

r
+ O

(
1
r2

)]
dt2 −

[
4Jsin2θ

r
+ O

(
1
r2

)]
dt dϕ

+
[
1 + 2M

r
+ O

(
1
r2

)][
dr2 + r2(dθ2 + sin2θdϕ2)

] (1.2)

This approximate solution is applicable in all of the cases concerning the Solar
system. However, in the cases of compact objects, such as white dwarfs, neutron
stars and black holes, we need a strong-field solution in order to be successfully
able to discribe such cases. Moreover, if a rotating body goes through a grav-
itational collapse, we expect the outcoming black hole to inherit some fraction
of its original angular momentum. Thus, we need to expand the Schwarzschild
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solution to a state where the studied body carries angular momentum. Such a
metric was constructed by Roy Kerr and descibes geometrical features around
an object with an axially-symmetric black hole. The BH is located in an empty
space-time and has a spherical event horizon. In Boyer-Lindquist coordinates the
line element for the Kerr solution is

ds2 = −∆Σ
A

dt2 + A
Σ sin2θ (φ − ω dt)2 + Σ

∆ dr2 + Σ dθ2 (1.3)

where t, r, θ, φ are the Boyer-Lindquist coordinates and

Σ = r2 + a2 cos2θ (1.4)

∆ = r2 − 2Mr + a2 (1.5)

A = (r2 + a2)2 − Σa2sin2θ

= Σ∆ + 2Mr (r2 + a2)
= Σ(r2 + a2) + 2Mra2sin2θ

(1.6)

ω = 2Mar

A
(1.7)

A noteworthy characteristic of the Kerr metric is the dt dϕ cross-element we
obtain from the second term. A time-motion coupling in the rotation plane that
this term represents, disappears for a zero angular momentum of the black hole.
For a = 0 we, therefore, obtain the Schwarzschild solution.

1.2 Measuring black hole spin in thermal state
In astrophysics, black holes are described using two important characteristics:
their mass and spin. The BH mass is easy to constrain from the observations and
it has been done so for multiple sources. However, putting a limit on a BH spin
is quite an issue, as multiple methods used provide us with contradicting results.

In this work, we focus on using a new method for BH spin constraints - X-
ray polarimetry. Within its framework, we study polarimetric characteristics of
sources in thermal state. The idea is that we observe the radation coming di-
rectly from an accretion disk. The accreting matter falls onto the accretion disk
and during this process, kinetic energy of the infalling particles is transformed
to thermal energy, which is observed as a thermal spectrum. It is possible to
study this process in the case of binary star systems, as the emitted radiation is
in the X-ray energy band. For Active Galactic Nuclei (AGNs) it is, however, not
possible, as the thermal component is shifted to the UV part of the spectrum.
We consider two extreme cases, as portayed in the Figure 1.1. The inner radius of
an accretion disk, assumed to be the Innermost Stable Circular Orbit (ISCO), is
located at a certain distance from the central BH. This distance depends on the
spin of a black hole, in essence it is greater for a non-spinning black hole (1.1 left)
and, on the contrary, is smaller for a highly spinning one (1.1 right). Thermal
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Figure 1.1: Innermost Stable Circular Orbit (ISCO) for a non-rotating
Schwarzschild black hole and for a maximally rotating Kerr black hole. Image
credit: https://www.cfa.harvard.edu/imagelist/2006-30

energy emitted during the accretion process is radius-dependent according to the
following rule of proportion (Shakura and Sunyaev (1973)):

Teff ∝ R− 3
4 (1.8)

The emitted radiation at each disk radius is assumed to be a blackbody spectrum
defined as (Davis et al. (2007))

Iν ∝ Bν(Teff) (1.9)

where Bν is the spectral radiance density of frequency ν radiation per unit fre-
quency. 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 correc-
tion 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
(1.10)

For the color-corrected black body spectrum, we then obtain:

Iν = f−4
col Bν(fcol Teff) (1.11)

Determining the ISCO from the hard energy tail of the thermal spectrum allows
for the BH spin estimation (Zhang et al. (1997), Gierliński et al. (2001)). In order
to get a reliable result for a BH spin constraint, we must precisely know the BH
mass, inclination of the accretion disk and the distance of the system from the
observer (Zhang et al. (1997)).
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1.3 New Kid On The Block: X-ray polarimetry
Polarization is a property describing the propagation of electromagnetic waves
with respect to the geometrical orientation of their components’ oscillations. Elec-
tromagnetic waves are, in general, propagation of electric and magnetic field. Po-
larization is specified by the behavior of electric field E⃗, 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 po-
larization, E⃗ 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 ellip-
tical polarization.

Polarization depends on the geometry of the source and its magnetic field prop-
erties and may originate in such a case where there is any kind of preferred
direction in the system. Asymmetric distribution of the scattering medium in-
duces linear polarization. Scattered emission that reachs 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 dis-
tribution around the radiating source. Magnetic field accelerates electrons along
its field lines to ultrarelativistic 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 inten-
sity 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 k⃗. Its vector
of electric intensity holds (Rybicki and Lightman, 1979)

E⃗ = E0e
i(k⃗·r⃗−ωt) = (e⃗x · E1 + e⃗y · E2)ei(k⃗·r⃗−ωt) (1.12)

where e⃗x and e⃗y are the base vectors in the direction x or y, respectively, i is a
complex unit, k⃗ is a wave vector, r⃗ 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 (1.13)
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Figure 1.2: Polarization ellipse

In the laboratory frame we have:

Ex = Re(e⃗x · E⃗) = Re(E1)e−iωt = ε1cos(ωt − φ1) (1.14)

Ey = Re(e⃗y · E⃗) = Re(E2)e−iωt = ε2cos(ωt − φ2) (1.15)

The terms in equations describe an elliptical polarization. However, we cannot
determine the real properties of the ellipse based on the measurements in 2 di-
rections since we don’t know the orientation of the ellipse. We now consider the
major axis frame, as illustrated in the Figure 1.2 and have a new set of equations:

Ex′ = ε0cosβcosωt (1.16)

Ey′ = −ε0sinβsinωt (1.17)

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

|β| = 0 linear polarization x′

|β| = π

2 linear polarization y′
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β > 0 clockwise rotation

β < 0 counterclockwise rotation

We can now write this rotation(
Ex

Ey

)
=
(

cosχ −sinχ
sinχ cosχ

)(
Ex′

Ey′

)
(1.18)

where χ describes the angle of rotation of the x and y axes. Using this term
together with the Equations 1.16 and 1.17 we get(

ε1cosφ1cosωt + ε1sinφ1sinωt
ε2cosφ2cosωt + ε2sinφ2sinωt

)
=
(

ε0cosβcosχcosωt + ε0sinβsinχsinωt
ε0cosβsinχcosωt − ε0sinβcosχsinωt

)
(1.19)

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

ε1cosφ1 = ε0cosβcosχ (1.20)

ε1sinφ1 = ε0sinβsinχ (1.21)

ε2cosφ2 = ε0cosβsinχ (1.22)

ε2sinφ2 = −ε0sinβcosχ (1.23)
Squaring Equations 1.20 - 1.23 and adding them together we get

I = ε2
1 + ε2

2 = ε2
0 the first Stokes parameter

Adding squares of the Equations 1.20 and 1.21 and subtracting squares of Equa-
tions 1.22 and 1.23 from them we obtain

Q = ε2
1 − ε2

2 = ε2
0(cos2β − sin2β)(cos2χ − sin2χ) = ε2

0cos2χcos2β

the second Stokes parameter

Now we multiply the Equations 1.20 and 1.22, add product of Equations 1.21
and 1.23 and multiply by 2

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

the third Stokes parameter

Finally, we multiply the Equations 1.20 and 1.22, subtract the product of Equa-
tions 1.21 and 1.23 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 (1.24)
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sin2β = V

I
(1.25)

tg2χ = U

Q
(1.26)

I2 = Q2 + U2 + V 2 (1.27)
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 quasimonochro-
matic wave, there is a small diversion in frequency. Amplitude and wave vector
change after a time period ∆t ≫ 2π

ω
. For radiation in the frequency interval ∆ω

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
∆ω

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

I = ⟨ε2
1 + ε2

2⟩t Q = ⟨ε2
0cos2χcos2β⟩t

U = ⟨ε2
0sin2χsin2β⟩t V = ⟨ε2

0sin2β⟩t

The Stokes parameters for the quasimonochromatic wave satisfy a similar condi-
tion to 1.27

I2 ≥ Q2 + U2 + V 2 (1.28)
Unpolarized photons are described as follows: I ̸= 0, Q = U = V = 0. For
a completely polarized state we would have I2 = Q2 + U2 + V 2. 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

⎞⎟⎟⎟⎠ =

⎛⎜⎜⎜⎝
I −

√
Q2 + U2 + V 2

0
0
0

⎞⎟⎟⎟⎠+

⎛⎜⎜⎜⎝
√

Q2 + U2 + V 2

Q
U
V

⎞⎟⎟⎟⎠ (1.29)

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 + V 2

I
(1.30)

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 1.3: Azimuthal response of a detector for a linearly polarized wave.

Figure 1.4: Modulation curve for polarized (left) and unpolarized (right) radia-
tion.

Modulation curve and Minimum Detectabe Polarization

It is now essential to define a few physical properties that will be of importance
later, when detecting polarization from the studied sources. These will be mainly
modulation curve and minimum detectable polarization. Each polarimeter con-
ceptually works on the same principle: rotation of a polaroid filter followed by
an analyser. Afterwards, a detector is positioned, measuring the intensity of
transmitted radiation. The angular distribution of the detected photons can be
described by a cosine function denoted as the modulation curve. The modulation
curve is then used to constrain amplitude modulation, a property related to the
polarization degree. Lastly, we need to calculate minimum detectable polariza-
tion, which provides us with the guarantee that the polarization wasn’t measured
by accident and can be relied on. The planned polarimetric missions will carry
detectors working on the principles of photoelectric effect. An incident beam of
photons is difracted on the crystal used in the detector and is polarized in the
plane orthogonal to the plane of incidence. For this reason, only linear polariza-
tion is detectable. When measuring polarization, the following procedure is used
(Muleri (2013)):

• Data collection and construction of modulation curve
One of the characteristics of a polarimetric detector is its azimuthal response
ϕ as shown in the Figure 1.3. This feature depends on the polarization and
provides us with factors needed for fitting the modulation curve (Figure
1.4).
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• Fitting the modulation curve with the function

M(ϕ) = A + Bcos2(ϕ − ϕ0) (1.31)

where ϕ0 relates to polarization angle

• Calculating the amplitude modulation

M = Mmax − Mmin

Mmax + Mmin

= B

B + 2A
(1.32)

M relates to the polarization degree, but we also have to consider quality
of the instrument, as systematic effects always have an impact on the real
instruments. This is mostly caused by the fact the azimuthal response is
not perfectly uniform due to misalignments, offset in photon detection, etc.
For 100% polarized photons the amplitude of modulation is denoted as
modulation factor µ.

• Calculating polarization
rescaling measured modulation by the modulation factor

Π = M

µ
= 1

µ

B

B + 2A
(1.33)

which is equivalent to the Equation 1.30.

• Minimum Detectable Polarization
For each bin of the modulation curve, we expect statistical fluctuations to
occur. Such events result in detecting modulation of a specific amplitude.
We associate the amplitude of a statistical fluctuation at a certain level of
confidence with detected polarization degree and call this the Minimum De-
tectable Polarization (MDP). We assume Poisson distribution for the events
in each bin of the modulation curve. MDP calculated at 99% confidence
level is (Weisskopf et al. (2010))

MDP99% = 4.29
εµF

√
B + εF

ST
(1.34)

where ε is efficiency of the detector, µ is the modulation factor, F denotes
signal counting rate, B is background counting rate, S describes collecting
area of the instrument and T is the exposure time. Essentially, there is a
<1% probability for polarization higher than the MDP to be measured by
coincidence.

• Relation to the Stokes parameters
Initially, we use the relation for the modulation curve Equation 1.31. We
can rewrite this relation to the following form

M(ϕ) = A + B

2 + B

2 [cos(2ϕ)cos(2ϕ0) + sin(2ϕ)sin(2ϕ0)] (1.35)

Let’s now denote C = A + B

2 , D = B

2 cos(2ϕ0) and E = B

2 sin(2ϕ0). Now
we have the Equation 1.35 in the form

M(ϕ) = C + Dcos(2ϕ) + Esin(2ϕ) (1.36)
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Next, we associate Stokes parameters with rescaled parameters D and E

Q = D

µ
U = E

µ
(1.37)

and using the Equation 1.26 we obtain

2χ = tan−1 U

Q
= tan−1 E

D
= tan−1(tan(2ϕ0)) = 2ϕ0 (1.38)

ΠL =
√

Q2 + U2

I
=

√
D2 + E2

µ2

C
(1.39)

which are, respectively, the polarization angle and the polarization degree
in the case of measuring linear polarization.

Optical depth

Optical depth is the measure of absorbance up to a specific depth of an accretion
disk or a star’s makeup. Provided either absorbance α or column number density
N is known, we can calculate the optical depth using the following relation

τ =
∫ z

0
αdz = σN (1.40)

where z is the physical depth of the studied accretion disk and σ is the cross-
section. Each physical process is described by a different cross-section. Various
processes take place in the accretion disk (e.g. Compton scattering, absorption,
Thomson scattering), implying a specific value of τ for each of them. Optical
depth may also depend on the energy specific for each process, as well as on the
geometry of the disk. In such a case, it not only gives us the information on
whether a scattering process is going to occur, but also tells us if scattering to a
specific angle is bound to happen.

Let us now consider a flow of photons from the inner regions of an accretion
disk upwards and outside of the disk. We can calculate the probability of a pho-
ton passing through the accretion disk without being scattered as e−τ . Therefore,
the probability for the photon to scatter on the electrons in the disk is 1 − e−τ .
For the optical depth 0, the photon passes the disk without being scattered, while
there is a 100% probability that the photon would scatter at least once when τ =
inf.

1.3.1 Planned missions
Currently, there are two polarimetric missions in picture: Imaging X-ray Po-
larimetry Explorer (IXPE) by NASA, which was approved in early February
2017 and a planned observatory enhanced X-ray Timing and Polarimetry Mis-
sion (eXTP) by the Chinese Academy of Sciences with its launch planned for
2025. Both of these missions carry Gas Pixel Detectors (GPD) for polarimetric
observations that operate in the 2 - 8 keV energy band (2 - 10 keV in the case of
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Table 1.1: General information about the two future polarimetric missions - IXPE
and eXTP

IXPEa eXTPb

Polarization sensitivity
1.8 % MDP for

2×10−10erg/s cm2

(10 mCrab) in 300 ks

better than 1% MDP for
2×10−8erg/s cm2

(1 Crab) in 10 ks
Spurious polarization <0.3 %

Detector type GPD GPD

Effective area
630 cm2 at 2.3 keV
(three telescopes)

3600 cm2 at 2 keV
(two telescopes)

Spectral resolution 16% @ 5.9 keV 16% @ 5.9 keV
Energy range 2-8 keV 2-10 keV
Launch date 2021 2024/2025

Operational phase
2 yr + max 6 yr

extension
8 yr + possible

extension
Notes. a https://www.isdc.unige.ch/extp/Meetings/FirstScienceMeeting/
wwwfiles/Files/20170208_AM/Soffitta.pdf b http://www.isdc.unige.ch/
extp/

eXTP). It is convenient to use Argon as the medium in the detectors used for it
allows resolving photon traces in the X-ray energy band.

IXPE is planned to use 3 GPDs and 3 mirrors combining together for the ef-
fective area of ∼ 600 cm2. Spectral resolution of the instrument is 16% at 5.9
keV. The mission is planned to be in operation for 2 years with the possible ex-
tension of maximum of 6 years.

The eXTP is a mission proposed by the Chinese Academy of Sciences with a
possible input from ESA. The instrument will use four telescopes and will have
the effective area quadruple that of IXPE. The satellite is planned to carry a set
of 9 X-ray spectroscopic devices. The operational phase of the mission is 8 years
with a possible extension. Basic Information on both these missions is reported
in Table 1.1.

1.4 Astrophysical sources of X-ray polarimetry
Apart from black hole spin measurements, the future polarimetric missions will
focus on studying a variety of physical characteristics and properties of multiple
astrophysical sources. X-ray polarimetry will study the geometry of the chosen
systems, the characteristics of their magnetic fields, accretion processes, mecha-
nisms producing synchrotron radiation and prove fundamental physics predictions
of current theoretical concepts. In this section, we introduce astrophysical sources
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which are the main objects of interest for future polarimetric missions (Soffitta
et al. (2013), Soffitta et al. (2016)).

1.4.1 Supernova Remnants and Pulsar Wind Nebulae
Spectral features of many X-ray sources are characterized by the presence of ac-
celerated particles. However, the exact source and process of acceleration is not
fully understood yet. It is possible, that signatures of such a phenomena may sug-
gest presence of new particles (Weinstein et al., 2013). Polarimetric observations
on the scales from radio to UV allow us to distinguish between the individual
parts of these sources, as well as the character of their magnetic field turbulence.
However, polarimetry in the X-ray band is capable of revealing the regions closest
to the injection of the accelerated particles. Therefore, this method is essential
for understanding the structure and magnetic field turbulence features in the case
of Supernova Remnants (SNRs) and Pulsar Wind Nebulae (PWNe).

A supernova remnant is a remaining structure after the explosion of a star in
a supernova. A shockwave originates during the explosion and creates a bound-
ary within which the remnant is bounded. A supernova remnant consists of the
ejected material spreading out due to the explosion and the interstellar matter it
collides with along the direction of the explosion.

A pulsar is located in the center of a SNR and generates pulsar winds which
are the engines of Pulsar Wind Nebulae. The process during which a PWN is
created is rather complicated, however, it consists of a phase when a relic nebula
is created. This object resembles a wind bubble or may appear as a bow shock.
A great representative of PWNe suitable for a polarimetric study is the Crab
Nebula. It is the single astronomical source with an X-ray polarimetric measure-
ment of high confidence. The polarization degree of the source was measured to
be Π = (19.2 ± 1.0)% which follows from the analysis by Weisskopf et al. (1978).

1.4.2 Gamma Ray Bursts
Gamma Ray Bursts (GRBs) are among the most luminous explosions observed
in the Universe. They are thought to originate during the process of death of
massive stars and the birth of stellar-mass black holes or in the process of merging
two compact objects, e.g. neutron stars or black holes. In such cases, highly
collimated plasma jets are ejected at high speeds while producing flashes in the
gamma waveband of the spectrum. Provided the jets point toward the Earth, we
are able to observe and study these extreme laboratories of strong gravity and
magnetic fields, as well as their high Lorentz factors. An afterglow radiation is
produced by these objects and is detectable at lower frequencies from the X-ray
to radio band. The exact origin and mechanism producing the instant emission,
the energetic characteristics of the explosion and the features and the inception
of the magnetic field are yet to be understood. For this reason, X-ray polarimetry
is a useful tool to probe and study the nature of these mechanisms (Soffitta et al.,
2016).
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1.4.3 Magnetars
A great number of compact sources are characterized by the presence of a strong
or even extreme magnetic field. The ordered magnetic fields cause matter to be
channeled along its field lines and as a result has vigorous asphericities in the
matter distribution. The magentic fields of compact objects might also be the
source of synchrotron radiation. Both of these phenomena could be the source
of polarization in magnetars, therefore making them great candidates for X-ray
polarimetric studies. It is expected that X-ray polarimetry will be a tool to un-
cover the geometry of magnetars, which will be crucial in gaining information on
the magnetosphere (magnetic twists and currents) of these sources and probing
their magnetic field topology.

Since magnetars are the sources of a strong magnetic field around them, they
could be the perfect laboratories to study vacuum birefringence (Soffitta et al.,
2016). This effect, predicted by quantum electrodynamics (QED) states that
strong magnetic fields could have an effect on light propagating through it. More
specifically, photons travel at different speeds through a magnetic field of a mag-
netar, depending on their polarization. X-ray polarimetry will study magnetars
in more detail and search for the effect of vacuum birefringence.

1.4.4 Active Galactic Nuclei
An Active Galactic Nucleus (AGN) is a compact object located in the center of a
galaxy with a very high luminosity exceeding the luminosity of an ordinary galaxy
over the entire band of the electromagnetic spectrum. An AGN is believed to be
powered by accretion of mass onto a supermassive black hole. The structure of an
AGN is assumed to be as follows: a supermassive black hole (SMBH) occurring
at the center is encircled by a gaseous structure called an accretion disk, regions
of ionized clouds surrounding the accretion disk forming the Broad Line Region
(BLR), ionized clouds beyond the BLR forming the Narrow Line Region (NLR)
and a torus formed of gas and dust particles surrounding the whole object. In
addition, relativistic jets of hot plasma perpendicular to the accretion disk are
observed in some AGNs. In such cases, the major part of the emission is observed
in the radio wavelength, hence these objects are called radio-loud.

AGN are distinguished depending on the presence of relativistic jets that might
also be extended into radio lobes. In the case of radio-quiet AGN, the jet does
not contribute to the net spectrum. For this type of AGN we expect lower po-
larization properties to be observed. On the other hand, the jet contributions in
radio-loud AGN are not negligible and a significant part of the emission is ob-
served in the radio waveband. In such a case, we expect significant polarization
to be observed due to acceleration of synchrotron radiation in the jet by strong
magnetic field. X-ray polarimetric missions plan to observe radio-loud AGN and
study the structure of the jets and their magnetic field properties.

Moreover, AGNs are very luminous in the X-ray waveband. This is assumed
to be caused by a hot corona - a dense cloud of electrons on which photons ra-
diating from the disk get scattered. There are two extreme proposals on the
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geometry of the corona, each having different properties: a lamp-post, where the
cloud of electrons is concentrated in a small region on the axis of the accretion
disk. The other scenario is a slab-like corona, which is a layer over the accretion
disk extended outwards from its inner radius to some distance. It is expected,
that the real corona has a border-line geometry of these two extreme cases. The
geometry of the corona is, however, yet unresolved. Scattering of the photons
from the disk on the electrons in the corona is the source of polarization. Polari-
metric studies will, therefore, focus on studying this part of an AGN and help
resolve the geometry and properties of the corona.

Apart from the effect of vacuum birefringence described in the previous sub-
section, X-ray polarimetry will be able to probe other predictions of fundamental
physics, such as the discovery of axion-like particles - the dark matter candi-
date (Soffitta et al., 2016). It is assumed such particles interact with photons
in external fields of sources bearing strong magnetic properties. By this inter-
action, polarization characteristics of interating photons are changed, resulting
in decreased polarization degree of background radiation of blazars or inducing
non-zero polarization in an unpolarized source.

1.4.5 X-ray Binaries
A binary star system consists of two bodies orbiting around their common center
of mass. They feature a normal star and a collapsed star (a black hole, neutron
star, white dwarf) as pictured in the Figure 1.5. A binary star system emitting
in the X-ray waveband is commonly referred to as an X-ray Binary. High X-ray
luminosity of such an object is caused by accretion of matter from a normal star
(also referred to as a donor) onto a collapsed star (accretor) via accretion disk,
which is the brightest part of the system. Accreting black holes are observable
mostly in the cases when they have a donor star providing matter to the system.
The infalling matter from the companion object has a very high temperature (of
orders approx. 107 K), which is achieved due to friction inside the accretion disk.
Because of this mechanism, the object radiates in the X-ray waveband.

GRS 1915+105

GRS 1915+105 is an X-ray binary system consisting of a stellar black hole and
a regular star. This source bears the most massive known stellar black hole in
our Galaxy (ESO Press Release 24/01, 2001) with the mass of the black hole of
MBH = 14±4 M⊙ and the mass of the donor is constrained to be Mdonor = 1.2±0.2
M⊙ (Greiner et al., 2001). The source contains a relativistic jet, which has been
a subject of many studies due to its periodic oscillations Mirabel and Rodŕıguez
(1994), Fender et al. (1999),Rodŕıguez and Mirabel (1999), Dhawan et al. (2000),
Giovannini et al. (2001), Markwardt et al. (1999), Muno et al. (1999), Vadawale
et al. (2001), Rodriguez et al. (2004), Belloni and Altamirano (2013). Fender et al.
(2002) report measuring linear polarization of radio-oscillations of the source for
which the detected polarization was 1-2 %. The object presents spectacularly
luminous features from radio to X-ray energy bands. GRS 1915+105 is a very
unique source in terms of a rapid variability (Done et al., 2004) which is believed
to be caused by its disk instabilities. Narayan et al. (2008) analyzed thermal
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Figure 1.5: An artist’s impression of the structure of an X-ray Binary system.
Image credit: http://observatory.phys.uoa.gr/images/blackhole2.jpg

spectrum of the source, using the Novikov - Thorne thin disk model. They
conclude, that the black hole spin is a = 0.98 - 1. The spectrum of the source
features a broad iron line at the rest energy of E0 = 6.4 keV (Martocchia et al.,
2004). Blum and Miller (2009) modeled data obtained by the Suzaku satellite
in order to constrain the spin of the GRS 1915+105 black hole. They used two
different approaches to model the spectrum: pexriv for fitting a broadband
spectrum and refloinx 1 to analyze spectrum in the soft X-ray energy band (i.
e. < 10keV). For this purpose they used a relativistic convolutive model for the
reflection spectrum. The obtained values of the black hole spin were a = 0.98 and
a = 0.56, respectively. The first result is consistent with the thermal spectrum,
the other one is not.

1pexriv and reflionx are xspec models used for fitting of reflection on from ionized matter
by Magdziarz and Zdziarski (1995), Ross et al. (1999) and Ross and Fabian (2005).
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2. The Humble, The Hungry &
The Hardest Worker In The
Room

”Missing required arguments don’t say what
arguments are missing.”

— Brandon W. Maister

Now that we have set the theoretical background for the source of study in this
Thesis, we may proceed to modeling the physical properties of the desired object.
For this purpose we used kynbb (Karas Yaqoob Nonsymmetrical Black Body)
code representing polarimetric attributes in thermal state emitted by the studied
X-ray Binary. We then continue producing simulated observations by the IXPE
satellite using an X-ray polarimetry simulation framework - ximpol. Lastly, we
prepare simulated data files in a format suitable for analysis using xspec (An
X-Ray Spectral Fitting Package).

2.1 Polarization features from black hole accre-
tion disk

2.1.1 KYNBB model
The kynbb 1 code is part of the relativistic models package by Dovčiak et al.
(2004) (for further information see Dovciak (2004)). The model package operates
on a few assumptions, namely using the Kerr metric to describe the space-time
around the studied black hole and the optically thick, geometrically thin Keple-
rian accretion disk. Relativistic ray-tracing code calculating photon paths was
used in order to produce transfer function tables. The kynbb describes rela-
tivistic thermal radiation from a BH accretion disk with the Novikov-Thorne
temperature profile. Additionally, the model accounts for the polarization prop-
erties.

The polarization characteristics of this model were computed by applying the
formula for infinite optical depth by Chandrasekhar (i. e. τ = inf) and for τ <
inf using the stokes code by Rene Goosmann (Goosmann and Gaskell (2007),
Marin et al. (2012), Goosmann et al. (2014), Goosmann et al. (2007)). The
stokes code was used in order to compute the polarization properties for optical
depth of the following values: τ = 0.2, 0.5, 1.0, 2.0, 5.0 and 10.0. It follows from
the computations, the value of 10 for optical depth gives practically the same
results as one would obtain with the value of τ = inf.

The pre-calculated tables for the kynbb code assume the following scenario: a
plane-parallel electron scattering disc is irradiated from its midplane. This effect

1https://projects.asu.cas.cz/stronggravity/kyn/tree/master#kynbb
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is approximated with Thomson scattering using the stokes code. The variation
of energy is accounted for by the color correction factor. After that, the Stokes
parameters I and Q are calculated for 40 unique angles for the scattering process.
The value of Q > 0 stands for a parallel polarization vector, the value Q < 0
refers to the polarization vector perpendicular to the axis of disk-symmetry. The
parameter U denotes circular polarization and is zero in all of the cases discussed
in this Thesis.

The kynbb model parameters are described in Table 2.1. The accretion disk
might be considered axially asymmetric, or only its fraction would be the source
of radiation. It is possible within the model capabilities for a disk area below
the innermost stable circular orbit (ISCO) to emit radiation, in which case the
radiating material is of the same energy and angular momentum as the matter
orbiting at ISCO. The code allows for a circular structure (cloud) to obscure the
source, as well as defining just a fraction of the disk as the radiation-emitting ob-
ject. These features were, however, not used for the data simulations described
in the next sections.
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Table 2.1: kynbb model parameters
parameter description parameter description
a/M BH angular momentum; -1 < a/M < 1 rcloud radius of an obscuring cloud

theta o
observed inclination of the system; zshift net Doppler effect
0◦(face-on)< theta o < 90◦(edge-on) ntable relativistic transfer function tables

rin inner-edge disk emissivity nrad the amount of grid points in the radius
ms switch for the inner-edge of the disk division division type for the case of radial integration
rout outer-edge disk emissivity nphi the amount of grid points in azimuth
phi lower azimuth disk emissivity smooth a switch for smoothing of the resulting smectrum
dphi range of the azimuth disk emissivity Stokes output-defining parameter
BHmass the mass of the black hole (in M⊙) tau optical depth of the disk atmosphere
arate accretion rate (in M⊙/Julian year) nthreads number of threads used for computation
f col factor accounting for hardening of the spectra

norm
a factor describing the distance of the source;

alpha position of an obscuring cloud in the φ direction norm equals to 1
D2 ,

beta position of an obscuring cloud in the ϑ direction where D is given in the units of 10 kpc

20



2.1.2 Energy dependence of polarization features
Dependence of the polarization degree (PD) on energy is shown in Figure 2.1 for
the optical depth τ = 1, spin a = 0 and a = 0.998 and for various inclination
angles. For the spin a = 0 the polarization degree rises with increasing inclina-
tion to the value of approx. 70 degrees on the lower (<2 keV) energies. This is
due to the fact that increasing the inclination of the system violates symmetry,
which leads to the origin of a preferred direction in the system. The stronger the
asymmetry of the system, the stronger the polarization we observe. Then at ∼
75 degrees, there is a decreasing trend for PD on low energies, but the value still
increases on energies higher than 2 keV. Increasing inclination causes decrease
in the polarization degree over the entire energy band, but barely at 8 - 10 keV.
Similar tendency is evident for the spin value 0.998. However, the decreasing
trend is stronger for a wider energy band up to ∼ 8 keV.

Moreover, higher polarization is observed for a lower spin of a black hole. This
is caused by the rotation of the polarization angle in the strong gravity field.
For a non-spinning BH, the inner disk radius is further from the BH and the
polarization angle will not rotate. However, for a spinning black hole, the inner
disk radius is closer to the singularity. Polarization angle of the photons from
the closer parts of the disk is rotated, causing depolarization. Therefore, the net
polarization is lower in the case of higher BH spin.

Figure 2.2 shows the energy dependence of PD for various mass accretion rate
and for spin values a = 0, a = 0.7 and a = 0.998. On lower energies, PD steeply
decreases, then we observe approximately constant trend for the lowest values
of Ṁ and only a slight decrease for higher mass accretion rate. This trend is
analogous for all of the portrayed spin values.

We plotted theoretical curves for energy dependence of PD for a constant mass
accretion rate and studied the spin variation. We created models for Ṁ =
5.46 × 10−7M⊙/yr, Ṁ = 1.98 × 10−8M⊙/yr and Ṁ = 1 × 10−9M⊙/yr and
examined the behavior of PD for different spin values. The theoretical curves
have a moderately decreasing trend on the lowest energy band (∼ 2 keV), after
which they are approximately constant. The highest polarization is seen for the
lowest spin value. The PD dependence of Ṁ is shown in the Figure 2.3.

2.2 Data simulation

2.2.1 GRS 1915+105
We created a set of simulations of X-ray polarimetric fata for GRS 1915+105,
assuming various values for the black hole spin (a = 0, a = 0.7, a = 0.9, a =
0.998) and the optical depth (τ = 1, τ = inf). The detectors on board the planned
polarimetric missions are capable of detecting photons in the energy range 2 - 8
keV, but we expect some of the lower-energy photons to be detected at ∼2 keV
and, similarly, it is possible some of the more energetic photons might get de-
tected at the ∼8 keV value. Therefore, each data set was created in the 1 - 10
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Figure 2.1: Theoretical curves of polarization degree for a = 0 (top) and a =
0.998 (bottom), τ = 1 and various inclination values.
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Figure 2.2: Theoretical curves of polarization degree for Ṁ variation and a = 0
(top), a = 0.8 (middle) and a = 0.998 (bottom).
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Figure 2.3: Theoretical curves of polarization degree for spin variation and Ṁ val-
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keV energy band and consisted of 161 linearly distributed data points.

For all of the data sets, we also added TBabs model accounting for the Galactic
absorption with the column density of nH Galactic = 1.39 × 1022 cm−2 (Kalberla
et al. (2005)). We used a flux value of flux2 - 8 keV = 10−8 erg/cm2/s (Martocchia
et al. (2006)), since this value was obtained from an observation of GRS 1915+105
in the soft state, which we intend to study. Therefore, we aimed to model this
specific flux value for all of the modeled cases, which is why we had to change
the accretion rate Ṁ for each spin and optical depth value.

We assumed the distance of the source to be D = 11 kpc, as follows from the
observation by Jonker and Nelemans (2004), though newer results of Reid et al.
(2014) suggest the distance to be 8.6+2

−1.6 kpc. The normalization is the inverted
value of squared distance, where distance is given in the units of 10 kpc. There-
fore, for the normalization factor we obtain a value of 0.826.

As the output of this procedure, we get a dataset containing energy and flux
values, Stokes parameters, polarization degree (PD) and polarization angle (PA)
which was used as an input for simulations of a polarimetric observation with
ximpol.

2.2.2 XIMPOL
ximpol 2 is a Python-based software developed for X-ray polarimetric simula-
tions. The code was originally developed for simulations of polarimetric obser-
vations performed by XIPE (X-ray Imaging Polarimetry Explorer), which was a
proposed as ESA M4 mission. However, the framework can be used for whichever
applications concerning polarimetric studies. It was developed by the group of
Luca Baldini at INFN & The University of Pisa (Baldini et al. (2016)). The
code provides the possibility of realistic simulations of observations based on the
source model characteristics, and is able to simulate point-like, as well as ex-
tended sources.

As an input for the simualtion code we used the data file generated by the kynbb
model containing information about energy, flux and generated Stokes parame-
ters. Next, we used the configuration file within the code, which is specific based
on the source properties and morphology (point-like or extended source, spectral
features, thermal/non thermal state) and defined the energy band within which
we provided the simulation (2 - 8 keV), the source coordinates and include the
energy spectrum. In the case of GRS 1915+105, we defined the modeled spin,
inclination and optical depth. No calculations are performed using these param-
eters within ximpol. However, it is neccessary to declare these parameter values
in order for the code to be able to open the corresponding data file with the
modeled energy, flux and Stokes parameter values.

As the next step, we took the macrofile, where we needed to include the simu-
lated observation exposure time and the energy binning. We simulated an IXPE

2https://github.com/lucabaldini/ximpol
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observation with the exposure time of 500 ks. In order to provide each bin in the
whole studied energy band to be significant, we opted for the following binning
in the 2 - 8 keV interval: 2 - 2.5, 2.5 - 3, 3 - 3.5, 3.5 - 4, 4 - 4.5, 4.5 - 5, 5 - 6, 6 -
8.

The macrofile operates with the configuration file and gives several logs as its
output: count map of the studied source cmap, modulation cube mcube calcu-
lating minimum detectable polarization (MDP), spectrum of the studied source
pha1. The data file contains the information about the simulated observation of
the polarization degree and angle at the previously specified energy bin.

As for the spectral data files, ximpol contains pre-calculated Redistribution Ma-
trix Files (RMFs), as well as Auxiliary Response Files (ARFs). The RMF portays
energy into detector pulse height. The process of mapping accounts for spreading
of the detected events, which is represented by a matrix multiplicaton and is nec-
cessary to be performed since we do not work with ideal detectors. The ARF then
consists of effective area of the detector (a reduced telescope - filter - detector
area) which is combined with the fraction of the incident photons registered by
the detector. The effects of these two features are multiplied together to make
the resulting ARF. When the observed spectrum is multiplied by the ARF, we
obtain a spectrum that we would observe with a detector with an infinite energy
resolution.

These matrices were created for the ESA’s proposed M4 mission XIPE. How-
ever, both XIPE and IXPE missions were designed to operate with the same
detector (the only difference being that the XIPE observatory was planned with
the double detector area than that of IXPE). Therefore, both RMFs and ARFs
can be used for IXPE, as well, when studying spectral features.

In order to finish this procedure and prepare datafiles also for polarization degree
and polarization angle used for further analysis, we used an xspec ftool flx2xsp
(NASA/GSFC and SAO, 2012). This tool takes as an input a text file containing
information about polarimetric simulations, errors and energy bins and creates a
pha file and a RMF, as well as an ARF which can be used within xspec. In
order to perform this procedure, as well as for further analysis described in this
Thesis, we used xspec version 12.9.0u.
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3. Glory of The Beast
”All you need is pure nerve, a running code,
hours of computing time & just a little bit of
pixie dust.”

— RM

3.1 First look at the data
Alongside polarimetric simulations, we also obtained spectral data. We plotted
the flux dependence on energy for τ = 1 and τ = inf, as seen in the Figure
3.1. The simulated spectral data are grouped in order for each bin to contain
12 channels. We plot energy dependence of absorbed photon flux. The Galactic
absorption is only evident on the lowest energies, while the black body radiation
is dominant on the rest of the energy spectrum. We see very little difference
between τ = 1 and τ = inf. It is distinct the error bars are small and there are
very little deviations of the data from the model. This is due to high incoming
flux over a long simulated exposure time (500 ks). Therefore, the simulated data
correspond with the model. For both τ = 1 and τ = inf, lower spin is dominant
on lower energies and vice versa, the higher spin values dominate higher energies.
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Figure 3.1: Simulated photon-flux spectra with the theoretical model for spin
values a = 0, a = 0.7, a = 0.9 and a = 0.998, i = 70 deg, and τ = 1 (left) and τ
= inf (right).

From the modeling and simulation procedure described in the previous chapter,
we obtained eight datasets of polarization degree and angle. The polarimetric
spectra are shown in Figures 3.1. The plots display energetic dependence of po-
larization degree and angle for spin values a = 0 (red), a = 0.7 (green), a = 0.9
(yellow) and a = 0.998 (blue). The polarization degree decreases with increasing
spin value, which is clearly noticable even when considering error bars of each
data point. Similarly, we observe a decreasing trend in polarization degree for
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Figure 3.2: Polarization degree (top) and angle (bottom) energy dependence for
various spin values, inclination i = 70 deg, and τ = 1 (left) and τ = inf (right).

the increasing τ . We see anologous behavior in the case of polarization angle.
The simulated data points are distinguishable from one another, i. e. we can
discriminate between spin a = 0 and a = 0.998. The data points are scattered
during the simulation procedure by ximpol and deviate from the model, which
may occur during an observation and cause uncertaintes when constraining spin
or inclination.

To see whether we can correctly reconstruct model parameters from polariza-
tion signatures, we inspected the polarization properties. For this we chose the
simulations of spin a = 0.9 and optical depth τ = 1. These datasets were fit using
kynbb model for both polarization degree and polarization angle. In general, we
might not know the exact orientation of the system on the sky of the observer.
Therefore, we used for polarization angle an additional powerlaw component
with the photon index set to 0 and its normalization factor as a free parame-
ter, so that this component serves as a constant of the system orientation. We
studied the precision with which we are able to constrain the spin of the black
hole, inclination of the system, accretion rate and the orientation of the system
on the sky of the observer. We started with just spin as a free parameter with
other parameters set to their original values. Then, we performed fitting with
multiple parameters as unknown variables. For each fit, we set the initial value
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Table 3.1: Results of the data fitting procedure for separate and simultaneous
fitting of polarization degree and polarization angle for a = 0.9, i = 70 deg and
τ = 1

Modeled PD PA PD+PA
spin 0.9 0.94±0.01 0.89±0.1 0.94±0.1

orientation [deg] – – 180±1 180±0.5
χ2/d.o.f. – 3.31/7 3.16/8 15.65/13

spin 0.9 0.55+0.36
−0.55 0.95+0.04

−0.95 0.8+0.2
−0.3

inclination [deg] 70 62+14
−3 76+0

−31 65+13
−2

orientation [deg] 0 – 179+34
−4 0 +2

−0

χ2/d.o.f. – 3.38/7 2.98/5 19.89/12
spin 0.9 0.98+0.01

−0.3 0+0.01
−0 0.98±0.1

inclination [deg] 70 75+7
−13 42+39

−26 78+2
−3

Ṁ [M⊙/y] 4.33×10−8 6+224
−5 ×10−8 4+15

−3 ×10−7 1.5+2
−1 ×10−7

orientation [deg] 0 – 179+3
−9 177+4

−2

χ2/d.o.f. – 2.83/7 1.26/4 4.41/11

of each free parameter to a different value than the original one. The results of
this procedure are reported together in Table 3.1.

It is clear from the results in the Table 3.1, that there are severe uncertain-
ties when the polarization degree and angle data are fit separately. Particularly,
we are not able to get the desired fit values solely from the polarization angle
properties due to the unknown orientation of the system. Next, we fit polariza-
tion degree and polarization angle together and studied spin, inclination, mass
accretion rate and the orientation of the system on the sky of the observer.

3.2 Simultaneous fitting of polarization degree
and polarization angle

We studied the robustness of constraining spin of the black hole from polarimetric
observations with as few known parameters about the studied system as possi-
ble. Apart from spin, we treated inclination and orientation of the system on
the sky of the observer as unknown parameters and provided a fit using kynbb
model which was complemented with additional powerlaw component in order
to account for the orientation of the system. In order to see the robustness of
the method, we assigned different values for the free parameters as their initial
values before the fit. In the case of spin, we set as the initial value to be 0 for
the modeled spin values a = 0.7, a = 0.9 and a = 0.998 and the initial value 1
for the modeled spin value 0. The initial value of inclination was i = 30deg and
the initial constant value was 90 deg for all of the performed fits.
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We performed fits for spin values a = 0, a = 0.7, a = 0.9 and a = 0.998 and
optical depth τ = 1 and τ = inf. The modeled and the best fit values for all
of the studied cases are reported in Table 3.2. We studied contour plots of spin
versus inclination for all of the reported cases. We show contours for 1σ (red),
2σ (green) and 3σ (blue) confidence levels. The plots are in the Figures 3.3 - 3.6.

Inspecting the possible spin and inclination values for a = 0.998 and τ = 1 and τ
= inf we were able to restrict the intervals containing possible values for both of
these parameters to the minimum. These are (considering 3 σ Confidence level)
∼ 0.84 - 1.0 and ∼ 58 - 73 deg for τ = 1 and ∼ 0.83 - 1.0 and ∼ 64 - 73 deg for
τ = inf. These results, therefore, suggest an optimistic possibility of successful
constraints of spin and inclination for the case of maximally rotating black hole.
The contour plots for the spin values 0, 0.7 and 0.9 suggest that spin is not set
from the polarimetric measurements, as interval of possible spin values within the
3 σ Confidence level is almost the entire 0 - 1 band. On the other hand, we see a
rather small dissipation in the successfully fitting inclination values. Regarding
this matter, we obtained better constraints for τ = inf, namely intervals ∼ 67 -
76 deg for a = 0, ∼ 64 - 77 deg for a = 0.7 and ∼ 63 - 73 deg for a = 0.9. As
seen from Figures 3.3 - 3.5 for τ = inf, for 3 σ Confidence level, the interval of
possible inclination values is ∼ 64 - 81 deg (a = 0), ∼ 62 - 81 deg (a = 0.7) and
∼ 59 - 81 deg (a = 0).
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Table 3.2: Modeled and best-fit values of free parameters for spin 0, 0.7, 0.9 and 0.998 and τ = 1 and τ = inf.

Modeled Best-fit Best-fit Modeled Best-fit Best-fit Modeled Best-fit Best-fit Modeled Best-fit Best-fit
modeled τ – 1 inf – 1 inf – 1 inf – 1 inf

spin 0 0.68+0.1
−0.2 0+0.8

−0 0.7 0.35+0.43
−0 0.86+0.13

−0.71 0.9 0.8+0.2
−0.3 0.8+0.15

−0.45 0.998 0.989+0
−0.04 1 +0

−0.97

inclination [deg] 70 76+3
−1 0+0.8

−0 70 64+5
−2 70±4 70 65+13

−2 68+2
−3 70 66+5

−4 70+1
−3

orientation [deg] 0 179±1 0+0
−1 0 180 ±1 0.5 +2

−0 0 180 ±1 0 +2
−0 0 180 ±1 0+2

−0

χ2/d.o.f. – 26.55/13 8.64/11 – 9.12/12 13.68/12 – 6.92/12 7.84/13 – 23.72/13 11.16/13
Notes. Free parameters during the data fitting procedure were spin, inclination and orientation of the system.
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Figure 3.3: Contour plot of spin vs inclination for a = 0 and τ = 1 (left) and τ = inf (right). In red 1 σ, green 2 σ and blue 3 σ contours.
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Figure 3.4: Contour plot of spin vs inclination for a = 0.7 and τ = 1 (left) and τ = inf (right). In red 1 σ, green 2 σ and blue 3 σ contours.
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Figure 3.5: Contour plot of spin vs inclination for a = 0.9 and τ = 1 (left) and τ = inf (right). In red 1 σ, green 2 σ and blue 3 σ contours.
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Figure 3.7: Three successful fits for a = 0 and τ = 1.

For the spin value a = 0 and optical depth τ = 1 we obtained a rather strangely
shaped contour plot when constraining spin and inclination. For a single value
of spin we can obtain two different inclination values. The change of polariza-
tion angle in the fit does not have substantial impact on the resulting fit, as the
model includes a constant accounting for the orientation of the system. Therefore,
change in polarization angle results in corresponding change of the orientation
constant value. However, variations in polarization degree will significantly im-
pact goodness of the resulting fit. As seen in the Figure 3.1, the simulated data
points for the spin 0 lie below the theoretical model curve. Their position corre-
sponds to two inclination values for the same spin, as predicted from the Figure
2.1. For these reasons, two different inclination values correspond to the spin 0
and succesfully fit the simulated data with only a slight difference in the goodness
of the fit. The combination i = 66 deg and a = 0 gives the χ2/d.o.f. = 26.63/14
and for i = 80 deg and a = 0 we obtained χ2/d.o.f. = 32.52/14. The best fit
for this case with χ2/d.o.f. = 26.55/13 is, however, i = 76 deg and a = 0.68.
All of these three fits are plotted in the Figure 3.7. In order to inspect the va-
lidity of the method and whether we can constrain spin and the inclination of
the system with less known parameters, we performed contour plots for spin ver-
sus inclination with a free mass accretion rate and spin versus mass accretion rate.

The accretion rate was not entirely free, but we acn put some boundary lim-
its based on bolometric luminosity considerations:

LB ≃ (0.01 ÷ 1)LEdd (3.1)

where LEdd denotes Eddington luminosity and holds:

LEdd = 1.26 × 1031W
M

M⊙
(3.2)
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Figure 3.8: The same as in Figure 3.3 and 3.6 (a = 0 (left) and a = 0.998 (right),
τ = 1), but with free mass accretion rate during the fitting procedure. In red 1
σ, green 2 σ and blue 3 σ contours.

We can also rewrite the Equation 3.1 as follows:

LB = ηṀc2 (3.3)

where c refers to the speed of light in vacuum, Ṁ is the mass accretion rate
of the source and η is the efficiency of the accretion process. Its value for a
Schwarzschild black hole is 0.057 and for a Kerr black hole it’s 0.423. Putting
together Equations 3.1 - 3.3 we obtain the desired limits of the mass accretion
rate:

Ṁ = LB

ηc2 =

⎧⎪⎪⎪⎨⎪⎪⎪⎩
1×1.26×1031×14

0.057×c2
.= 5.46 × 10−7 M⊙

y
0.01×1.26×1031×14

0.423×c2
.= 7.37 × 10−10 M⊙

y

(3.4)

We calculate the geometrical average of these two values and obtain Ṁ = 2×10−8

M⊙/y, which is the initial value for all of the performed fits. The lower and upper
limits are the boundaries of the interval within which we perform fitting for the
mass accretion rate.

We studied spin values a = 0 and a = 0.998 with the optical depth τ = inf
for both cases. The results are shown in Figure 3.9. For both of the spin values,
inclination and spin were constrained more precisely when mass accretion rate
had a fixed value. We would expect this outcome, as limiting Ṁ results in fewer
free parameters and the fit is performed with a larger precision. As seen in the
Figure 2.3, the mass accrecion rate has a similar behavior for different spin values.
We produced a contour plot of this dependece for a = 0.998 and τ = inf. The
results are shown in the Figure 3.8, where we see a good constraint on spin (a <
0.7 within the 3 σ Confidence level). However, there is an interval of two orders
(∼ 10−9 − 10−7M⊙/yr) for possible Ṁ values (considering 3 σ Confidence level).

37



0.0 0.2 0.4 0.6 0.8 1.0
a/M

65
70

75
80

85
θ
(∘

)

1σ,∘CI∘=∘68.3%
2σ,∘CI∘=∘95.45%
3σ,∘CI∘=∘99.73%
original,∘a∘=∘0,∘i∘=∘70 ∘

best∘fit,∘a∘=∘0,∘i∘=∘69.75 ∘

0.65 0.70 0.75 0.80 0.85 0.90 0.95 1.00
a/M

65
70

75
θ
(∘

)

1σ,∘CI∘=∘68.3%
2σ,∘CI∘=∘95.45%
3σ,∘CI∘=∘99.73%
original,∘a∘=∘0.998,∘i∘=∘70 ∘

best∘fit,∘a∘=∘1,∘i∘=∘71 ∘

Figure 3.9: Contour plot of spin vs inclination for a = 0 and τ = 1 (left) and τ = inf (right). In red 1 σ, green 2 σ and blue 3 σ contours.
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4. Happy Ending
”Happy endings are just stories that haven’t
finished yet.”

— Jane Smith, Mr. & Mrs. Smith

In this Thesis, we have studied the robustness of the spin constraints with the
future X-ray polarimetric mission IXPE. Since this will be the pioneering mission
in the field of X-ray polarimetry, it is of high importance to ascertain the nature
of information such a mission will be able to provide. It follows from our results
that for an observation of 500 ks, we will be able to determine the inclination
of the system solely from the polarimetric data. The analysis shows a higher
polarization degree for lower spin values and higher inclination of the studied
system. It is, therefore, convenient to target not only high - flux, but also high -
inclination objects for polarimetric studies.

X-ray polarimetry is an independent method intended to be used as the means
of confinement of the BH spin and inclination. For the highest spin value (a =
0.998), we have obtained satisfacotry constraints for both spin and inclination
of the system. In such a case, it will be possible to successfully determine these
values. Since there is a strong degeneracy between the object inclination and spin
of the black hole for lower spin values (a < 0.9), the analysis of simulated data
did not provide conclusive results for such cases. The inclination was, however,
still well constrained (∆θ ≲ 15 deg).

The most problematic instance to perform a satisfactory fit appeared in our sim-
ulations for spin a = 0 and optical depth τ = 1. In this case, we obtained an
oddly shaped contour plot for the spin - inclination constraint and obtained two
possible inclination values for the spin a = 0. As seen from Figure 3.3, the initial
inclination value used for modeling GRS 1915+105 would provide a satisfactory
fit with a moderate spin value (a ∼ 0.7 instead of a = 0). The possible reason
could be that the errors accounted for by ximpol are not generated based on
the random Poisson distribution only. The code also takes into consideration the
uncertaintes in detecting incoming photons caused by the detector. For these
reasons, we may observe data differing from the original source values, as in the
case of a = 0 and τ = 1. Our simulation represents one of the many possible
observations that may be detected. Thus, the initial data are not completely
recovered during the fitting procedure.

Constraints on spin and inclination presented in this work were performed as-
suming Ṁ as a known parameter. It is difficult to determine spin and inclination
with mass accretion rate as a variable quantity, for which we obtain a wider inter-
val of possible values for the examined parameters. As suggested from the Figure
3.8, Ṁ is not set from the polarization measurements. Thus, complementing in-
formation on these parameters from spectra would be beneficial.

In order to model GRS 1915+105, we used the kynbb code accounting for all
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relativistic effects that play a role in the final observed polarimetric properties.
However, self-irradiation of the accretion disk has not yet been implemented into
the model. This scenario accounts for the fact that radiation from any part of the
accretion disk is bent due to strong gravitational effects, which results in illumi-
nation of another part of the disk. The returning radiation gets scattered before
reaching the observer. It is expected that this mechanism will have a significant
impact on the observed polarization. It is still in debate what fraction of the
returned radiation will reflect from the disk and reach the obsever. Schnittman
and Krolik (2009) show self-irradiation has a considerable impact on the polar-
ization degree. Moreover, the effect of returning radiation causes the polarization
angle to change from horizontal (observed at lower energies) to vertical (observed
above the peak of thermal spectrum). It follows from their work that ∼ 5 %
of the returning radiation gets reflected on the accretion disk for a BH with the
spin of 0.9, while the fraction of reflected radiation is ∼ 20 % for spin 0.998.
Including the self-irradiation into the theoretical models will be the next step for
development of the codes, that will be used for X-ray polarimetric spectra fitting.

For the studied exposure time, we were able to obtain satisfactory constraints
on the inclination of the studied system. What is more, we were able to suc-
cessfully recover the information on spin for both cases τ = 1 and τ = inf for
the spin a = 0.998. Nevertheless, there is a strong degeneracy between the ob-
ject inclination and spin of its black hole manifesting itself particularly for a <
0.9. Additional information applicable for an independent spin and mass accre-
tion rate measurements will be provided from the spectroscopic instruments also
carried on board the polarimetric observatories. Hence, it will be possible to
independently measure spin and mass accretion rate of the studied objects. This
information, together with the polarimetric observations, will allow for precise
measurements of the fundamental X-ray Binary properties. For these reasons,
X-ray polarimetry represents a highly desirable tool that will be beneficial when
studying strong gravity effects of compact objects.
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L. F. Rodŕıguez and I. F. Mirabel. Repeated Relativistic Ejections in GRS
1915+105. The Astrophysical Journal, 511:398–404, January 1999. doi:
10.1086/306642. URL http://adsabs.harvard.edu/abs/1999ApJ...511.
.398R.

R. R. Ross and A. C. Fabian. A comprehensive range of X-ray ionized-
reflection models. Monthly Notices of the Royal Astronomical Society, 358:
211–216, March 2005. doi: 10.1111/j.1365-2966.2005.08797.x. URL http:
//adsabs.harvard.edu/abs/2005MNRAS.358..211R.

R. R. Ross, A. C. Fabian, and A. J. Young. X-ray reflection spectra from ionized
slabs. Monthly Notices of the Royal Astronomical Society, 306:461–466, June
1999. doi: 10.1046/j.1365-8711.1999.02528.x. URL http://adsabs.harvard.
edu/abs/1999MNRAS.306..461R.

G. B. Rybicki and A. P. Lightman. Radiative processes in astrophysics. 1979.

J. D. Schnittman and J. H. Krolik. X-ray Polarization from Accreting Black
Holes: The Thermal State. The Astrophysical Journal, 701:1175–1187, August
2009. doi: 10.1088/0004-637X/701/2/1175.

N. I. Shakura and R. A. Sunyaev. Black holes in binary systems. Observational
appearance. Astronomy and Astrophysics, 24:337–355, 1973. URL http://
adsabs.harvard.edu/abs/1973A%26A....24..337S.

T. Shimura and F. Takahara. On the spectral hardening factor of the X-
ray emission from accretion disks in black hole candidates. The Astrophys-
ical Journal, 445:780–788, June 1995. doi: 10.1086/175740. URL http:
//adsabs.harvard.edu/abs/1995ApJ...445..780S.

44

http://adsabs.harvard.edu/abs/2008AIPC..968..265N
http://adsabs.harvard.edu/abs/2008AIPC..968..265N
https://heasarc.gsfc.nasa.gov/ftools/caldb/help/flx2xsp.html
https://heasarc.gsfc.nasa.gov/ftools/caldb/help/flx2xsp.html
http://adsabs.harvard.edu/abs/2014ApJ...796....2R
http://stacks.iop.org/0004-637X/615/i=1/a=416
http://stacks.iop.org/0004-637X/615/i=1/a=416
http://adsabs.harvard.edu/abs/1999ApJ...511..398R
http://adsabs.harvard.edu/abs/1999ApJ...511..398R
http://adsabs.harvard.edu/abs/2005MNRAS.358..211R
http://adsabs.harvard.edu/abs/2005MNRAS.358..211R
http://adsabs.harvard.edu/abs/1999MNRAS.306..461R
http://adsabs.harvard.edu/abs/1999MNRAS.306..461R
http://adsabs.harvard.edu/abs/1973A%26A....24..337S
http://adsabs.harvard.edu/abs/1973A%26A....24..337S
http://adsabs.harvard.edu/abs/1995ApJ...445..780S
http://adsabs.harvard.edu/abs/1995ApJ...445..780S


P. Soffitta, X. Barcons, R. Bellazzini, J. Braga, E. Costa, G. W. Fraser, S. Gbu-
rek, J. Huovelin, G. Matt, M. Pearce, J. Poutanen, V. Reglero, A. Santangelo,
R. A. Sunyaev, G. Tagliaferri, M. Weisskopf, R. Aloisio, E. Amato, P. At-
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