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i



Dedication. I would like to dedicate this Thesis to my supervisor, who has
become one of the most influential people I met throughout my short scientific
career. I would like to thank him for showing me how to cherish love to science
and keep myself motivated.

I would like to also thank all the scientists I had chance to meet during various
conferences and meetings. Thank you for useful discussions and for sharing your
experience with me. I am also beyond grateful for meeting many people during
past five years, many of who became my closest and dearest friends. Thank you
for helping me on various levels and loving me for who I am.

Last but not least, I would like to thank my parents for standing by my side
through thick and thin, for supporting me and believing in me no matter how
though the situation became.

ii



Title: Relativistic corrections in hard X-ray spectra of accreting black holes
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Abstract: Hard X-ray spectra of accreting black holes in active galactic nuclei
and X–ray binaries are characterized by a power-law shape with an exponential
cut-off energy at several tens up to few hundreds of keV. The value of the cut-off
energy is related to the temperature of a hot corona that reprocesses and inversely
Comptonizes thermal emission from the accretion disc. The exact geometry of
the corona is still unknown. Several observations suggest it to be very compact
and in a close proximity to the black hole. This implies strong relativistic effects
such as gravitational redshift, Doppler shift, light bending and beaming to shape
the resulting spectra. However, the relativistic effects on primary X–ray emission
are often neglected in the data spectral fitting. In this work, we investigate
how large uncertainty is introduced by neglecting these relativistic effects. To
this purpose, we performed simulations of X–ray spectra for different coronal
geometries, and compared the intrinsic and observed values of the cutoff energy.
We re-analyzed NuSTAR observations of an active galactic nucleus 1H0419-577
and X–ray binary GRS 1915+105. We found that the extremely low coronal
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Abstrakt: Tvrdá rentgenová spektra akreuj́ıćıch černých děr v aktivńıch gala-
xíıch a rentgenových dvojhvězdách jsou charakterizována mocninným tvarem s
exponenciálńım poklesem na rozhrańı energíı od deśıtek do stovek keV. Tento
exponenciálńı pokles je charakterizován spektrálńı hranou, která souviśı s teplo-
tou korony, kde docháźı k rozptylu zářeńı z akrečńıho disku prostřednictv́ım in-
verzńıho Comptonova rozptylu. Přesná geometrie korony stále neńı známá. Podle
měřeńı by však měla být velmi kompaktńı a měla by se nacházet ve velké bĺızkosti
od černé d́ıry. To má za následek, že relativistické efekty, jako jsou gravitačńı
rudý posuv, Dopplerovský posuv, ohyb světla či relativistický beaming, utvářej́ı
výsledné spektrum. Tyto relativistické efekty na primárńı rentgenové zářeńı z
korony jsou však často zanedbány při spektrálńı analýze dat. V této práci studu-
jeme, jak velká nejistota se t́ımto zanedbáńım zp̊usob́ı. Za t́ımto účelem jsme
provedli simulace rentgenových spekter pro r̊uzné geometrie korony a porovnali
jsme skutečné a pozorované hodnoty energie spektrálńı hrany. Dále jsme provedli
spektrálńı re-analýzu NuSTAR měřeńı pro aktivńı galaxii 1H 0419-577 a rentgen-
ovou dvojhvězdu GRS 1915+105. Zjistili jsme, že extrémně ńızké teploty korony,
jaké se pozoruj́ı u těchto zdroj̊u, mohou být vysvětleny gravitačńım rudým po-
suvem v d̊usledku bĺızkosti kompaktńı korony k černé d́ı̌re. Také poukazujeme
na to, že je nesprávné při fitováńı svázat hodnotu energie spektrálńı hrany v re-
flekčńım a primárńım modelu spektra, což může vést k chybným měřeńım rotace
černé d́ıry a ionizace.
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Introduction
Compact objects such as black holes (BH) and neutron stars are the best astro-
physical objects to test Einstein’s general theory of relativity. The great discovery
of gravitational waves, which were firstly detected on September 14, 2015 by Laser
Interferometer Gravitational-wave Observatory (LIGO) provides the evidence for
the last major prediction made by Einstein and gives us the opportunity to study
the close vicinity of these compact objects.

Black holes can be studied due to gravitational influence on their vicinity and
via processes occuring during their interaction with matter in their environment.
BH can be sufficiently described by parameters such as black hole mass M , spin
a and charge Q. Spin of the black hole is given by

a = J

cM
, (1)

where J is the angular momentum of the BH and c is the speed of light. Spin is
often expressed by its dimensionless version

a∗ = a

rg

, (2)

where rg = GM/c2 is the gravitational radius. If we take into account possible
values for a∗, we can differ between these solutions of Einstein’s equations: a)
solution for Schwarzschild metric with a∗ equal to 0 and b) Kerr metric for ro-
tating BH when a∗ ̸= 0 and maximally rotating BH a∗ = 1, eventually a solution
of Einstein–Maxwell equations for charged BH: Reissner–Nordström metric for
non-rotating BH and Kerr–Newman metric for the rotating BH.

Accreting black holes are often found in systems such as X–ray binaries (XRB)
or active galactic nuclei (AGN) where accretion is an ongoing process responsible
for a very high luminosity. Black holes observed in XRB have masses less than
100 solar mass M⊙ and are referred to as stellar black holes. On the other
hand, supermassive black holes (SMBH) observed in AGN, correspond to masses
around (106–1010) M⊙. X–ray binaries are mass-exchange systems consisting of a
companion (secondary) nondegenerate star and a compact object as BH, neutron
star or white dwarf (secondary component). Matter from a companion star is
accreted via accretion processes and falls onto the compact object. The first
discovery of black hole binary (BHB) Cygnus X–1 was made in 1972 by Bolton
(1972) and Webster & Murdin (1972). The second BHB system LMC X–3, located
in Large Magellanic Cloud, was identified by Cowley et al. (1983). The vast
majority of XRB are discovered when they go into outburst, which can start only
if the accretion process is not sufficient enough for the continuous flow of accreting
matter so the matter accumulates in the outer disc until the critical surface
density of the disc is reached. Their brightness is very variable on timescales
from milliseconds to months or even years. Approximately (1–10)% of all observed
galaxies are active galaxies with active galactic nuclei residing in their centers. In
1943, Carl Seyfert was the first who studied emission lines from six spiral galaxies
(Seyfert 1943) that were later identified with active galaxies and named after
him. In AGN the accretion processes responsible for accretion of matter onto the
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central SMBH are believed to be similar to accretion processes in XRB. Both of
these types of sources show presence of a compact corona similar to the Sun which
is observed in X–rays. As the light crossing time of the corona is greater than
heating and cooling timescales for hot electrons (Fabian et al. 2015), this region
should have a dynamic structure. Studying this region is particularly interesting
because many questions about its nature, geometry and heating mechanisms are
still unresolved (see Chapter 2).

The structure of this Thesis is following. The accreting black holes in sources
such as XRB and AGN are described together with the shape of X–ray spectrum
in Chapter 1. Primary X–ray emission originating from a compact corona is
described theoretically and via observations in Chapter 2 where we also discuss
its origin, different geometries and heating mechanisms as well as the importance
of relativistic corrections (GR) on primary X–ray emission. In Chapter 3 we
apply GR corrections to the primary X–ray emission via simulations performed
for NuSTAR detectors and in Chapter 4 we test these results by applying GR
to hard X–ray emission observations of sources, namely AGN 1H 0419-577 and
galactic XRB source GRS 1915+105. Final results are presented in the form
of confidence contour plots for the dependence of coronal temperature versus
size of the corona, which is pictured here as a geometrically thin slab of plasma
located above the accretion disc. We discuss our results in Chapter 5 and give
final conclusions in Chapter 6.
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1. Accreting Black Holes
Accreting black holes are believed to be the engines of luminous sources such
as AGN and XRB. The accretion can be understood as a process when matter
is falling onto object. Let’s assume that the matter is represented by gas and
the object has a point mass potential. When the gas is being accreted, its total
gravitational potential energy dissipates into internal energy of the gas and into
radiation which escapes to infinity. The simplest, yet physically interesting is a
spherical accretion described by Bondi (1952). Before Bondi, Hoyle & Lyttleton
(1939) studied the accretion by a star which is traveling at a steady speed through
an infinite gas cloud. Based on the observations (e.g. McKellar 1940), Bondi
& Hoyle (1944) realized that the accretion can be further simplified if the gas
pressure is small compared to gravitational forces. Another type of accretion
that we discuss in more details is the steady–state, thin accretion disc model by
Shakura & Sunyaev (1973). In this conception, the disc around a black hole is
formed when the angular momentum of the accreting matter is transferred in the
outward direction of the accreting system (the matter loses its angular momentum
via viscous interactions). The spectrum shape is dependent on its structure and
temperature profile which reads (Shakura & Sunyaev 1973)

T (r) =
[ 3
8π

Ṁ
GM

r3

(
1 −

√
rin

r

)] 1
4

, (1.1)

where M and r are the mass and distance from the black hole, respectively, rin

is the inner edge of the accretion disc, Ṁ stands for mass flow rate and G is a
gravitational constant. Based on the eq. (1.1), the accretion disc is not emitting
the blackbody radiation described by the Planck law with single temperature.
Instead, it emits at each r as a black body with different surface temperature
and the final thermal emission is a composition of these blackbody emissions –
so called multicolour blackbody emission.

The luminosity of sources is often expressed in units of Eddington luminosity.
Imagine an object with mass M and luminosity L that radiates. For simplicity,
we assume that the environment of such object is represented by electrons and
the interaction between photons and electrons is due to the Thompson scattering.
Then the radiation force acting on electrons can be derived as

Frad = Ṗ = σT
L

4πcr2 , (1.2)

where Ṗ is the time derivative of the momentum given to electron, σT is the
cross-section of the Thompson scattering, c stands for the speed of light and r is
the distance from the radiating object. Another force that acts on electrons in
the environment is the gravitational force

Fg = −GM(mp + me)
r2

.= −GMmp

r2 , (1.3)

where mp and me are the mass of proton and electron, respectively. The total
force FT OT acting on electrons due to the radiating body can be derived as the
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sum of Frad and Fg. When these forces are in balance (FT OT = 0) one can obtain
the formula for Eddington luminosity

LEdd = 4πc
GMmp

σT

≈ 1.3 × 1038
(

M

M⊙

)
erg/s . (1.4)

The Eddington accretion rate ṀEdd, which describes the accretion rate for which
BH radiates at the Eddington luminosity, can be estimated as

ṀEdd ≈ LEdd

c2 . (1.5)

The approximation of accretion through the thin disc is reasonable if the accre-
tion rate of the source varies between approximately (0.01–1) ṀEdd. If the gas
density is high the accretion disc can still be geometrically thin despite the high
accretion rate. For a low gas density, the gas may not be able to radiate en-
ergy to balance the viscous heating. This can lead to an alternative process of
accretion, so called optically thick or thin advection-dominated accretion flows
(ADAF) studied in multiple works (Shapiro et al. 1976; Katz 1977; Abramowicz
et al. 1988; Narayan & Yi 1994; Courvoisier & Türler 2005; Ishibashi & Cour-
voisier 2009). One needs to emphasize that the Eddington luminosity was derived
for the spherical geometry and without assuming any relativistic effects, shock
waves or either abundances so it provides only a crude estimate of the maximum
luminosity of a steady source.

If the eq. (1.1) is re-written in Eddington units

T

(
r

rg

)
≈ 6.3 × 105 K

(
M

108M⊙

)− 1
4
(

Ṁ

ṀEdd

) 1
4
(

r

rg

)− 3
4 (

1 −
√

rin

r

) 1
4

, (1.6)

it clearly shows that for AGN the thermal emission of an accretion disc peaks
in UV (T ≈ 105 K) while for XRB the peak reaches its maximum in soft X–ray
(T ≈ 107 K).

1.1 X–ray binaries
Plenty of XRB, e.g. Cyg X-I, A 0620–00, GRO J1655–40, GRS 1955+105, change
their states on various timescales which reflects also in the changes of their power
density and energy spectra. When these states are plotted to the hardness-
intensity diagram (see Fig. 1.1), they seem to create what is also called a ‘turtle
head’ diagram. The states are mainly differentiated into (Nowak 1995; Remillard
& McClintock 2006):

1. low/hard or hard:

• luminosities less than 2% of the Eddington limit LEdd,
• spectrum is dominated by hard power law,
• power law index Γ is between (1.4–2.1),
• observed cool disc or either its total absence around 2 keV,
• exponential cutoff near 100 keV,
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• frequently associated with a presence of a steady radio jet;

2. high/soft, also called thermal:

• luminosities between (2–30)% of LEdd,
• the thermal disc radiation (also called soft component) dominates over

power law component which is rather faint,
• quasi-periodic oscillations (QPOs) are weak or absent;

3. very high, referred to as steep power law:

• luminosities above 30% of LEdd,
• significant thermal component, spectrum is dominated by steep un-

broken power law up to ∼ 1 MeV energies,
• frequently detected high-frequency QPOs,
• Γ > 2.4;

4. intermediate/transition states.

Remillard & McClintock (2006) claimed that the criterion of luminosity should
be excluded when determining the state of XRB, instead they suggested four
other parameters, for example disc fraction or photon index, to distinguish be-
tween different states. The existence of intermediate states show that the BHB
may evolve between three main states. This is also in agreement with different
properties of corona. The corona is strong and compact for low/hard state when
the accretion disc is located further away. On the other hand, the high/soft state
has rather weak corona and a disc extending very close to the central BH.
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Figure 1.1. Hardness–intensity diagram describing different spectral states of X–ray binaries
as well as the evolution of jet (Remillard & McClintock 2006).
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1.2 Active galactic nuclei
The active galactic nucleus consists of several regions as shown in Fig. 1.2. Thro-
ugh an ongoing accretion, the matter is being transformed in the form of the
accretion disc onto a black hole. Accretion disc is illuminated by very energetic
photons originating from corona located few gravitational radii from central black
hole (see chapter 2).

Broad-line region (BLR), located close to the BH, produces broad emission
spectral lines and it is comprised of dust-free gas clouds. These clouds, which
are moving with approximately Keplerian velocities have high densities in the
range (108–1010) cm−3(Blandford et al. 1990) and temperatures around 104 K.
Their bulk motion is influenced by gravity (BH), radiation pressure (from the
accretion disc) or even outflows of matter ejected from the accretion disc (for dif-
ferent outflow mechanisms see, e.g. Chelouche & Netzer 2005 (thermally-driven),
Proga & Kallman 2004 (radiation-driven) and Balbus & Hawley 1991 (magneti-
cally driven)) and causes the broadening of spectral lines in these sources. The
most significant lines in the AGN spectrum are hydrogen Balmer-series lines (Hα,
Hβ, Hγ), hydrogen Lyα line and lines from abundant ions (Mg II, C III], C IV).
The continuum is partially absorbed by the BLR clouds and its covering factor,
estimated from the equivalent width of the Lyα line is approximately 10%. The
luminosity of C IV gives roughly the amount of mass stored in BLR clouds, which
for the most luminous AGN is around 10 M⊙ (Ricci 2011).

On larger scales we find a clumpy torus extending up to hundreds of gravi-
tational radii that is responsible for an obscuration of the central region. This
obscuration leads to differentiating between type 1 (face-on) and type 2 (edge-on)
galaxies based on the viewing angle. It is an axisymmetric, optically thick, dusty
structure in the toroidal shape that can reprocess the primary radiation towards
the infrared wavelengths. Though it is widely believed that this structure exists,
only few observations have shown its presence in AGN (Swain et al. 2003; Jaffe
et al. 2004; Tristram et al. 2007).

Based on the luminosity of the source, narrow-line region (NLR) can be
found along the opening angle of AGN on the large variety of scales from (100–
300) parsecs to few kilo parsecs. It is assumed to be comprised of ionized gas
clouds with lower densities (based on the flux ratio [[O III] (λ = 5007 Å)]/Hα > 1)
and velocities in comparison with BLR. It is claimed to be the only region
resolved by optical observations. Typical NLR lines are Lyα (λ = 1216 Å),
C IV (λ = 1549 Å), C III] (λ = 1909 Å), [O III] (λ = 4959 Å), [O III] (λ = 5007 Å),
[N II] (λ = 6584 Å) and [S II] (λ = 6717 Å). The mass of NLR can be estimated
from the luminosity of Hβ and is orders of magnitude larger than BLR mass.

Around 10% of AGN are observed to eject a matter in the two opposite di-
rections, most likely along the rotational (spin) axis. The matter in jets of these
radio–loud objects has relativistic velocities so the observed jet emission is de-
pendent on the inclination angle of the source due to relativistic beaming. Jets
can be extended from few tens, hundreds to even thousand parsecs and they are
often observed in two opposite directions — one very bright (in the direction
towards the observer) and other a lot fainter, which is caused mainly by Doppler
boosting/deboosting together with the effect of orientation.
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Figure 1.2. Schematic model of active galactic nucleus with different regions mentioned in
the main text (Unwin et al. 2006).

1.3 X–ray spectrum of accreting black holes
The spectrum of AGN and XRB consists of a composite of thermal and non-
thermal component. The thermal component can be represented by multicolour
blackbody and has an origin in an inner accretion disc while a non-thermal contri-
bution to the spectrum is usually characterized by power law or even exponential
cutoff power law with observed cutoffs at energies from as small as 18 keV to
more than 300 keV (e.g. Fabian et al. 2015, 2017). Non-thermal component
originates in Comptonization of disc photons by electrons present in corona. Pri-
mary X–ray emission can be reprocessed by accretion disc (see, e.g. Lightman
& White 1988; George & Fabian 1991; Matt et al. 1991; Magdziarz & Zdziarski
1995 for reprocessing on relatively cold, optically thick matter). This reflection
can change according to the ionization state of disc material (neutral, ionized gas)
and it is also dependent on the inclination angle (e.g. Hua & Lingenfelter 1992;
Petrucci et al. 2001). It consists of two main features: iron Fe K emission line
in the range (6–8) keV, which is produced by removing K-shell electrons from Fe
atoms and a Compton hump at energies around (10–40) keV, which originates in
Compton back-scattering. For simplicity, one can imagine X–ray continuum that
illuminates a semi-infinite slab of gaseous disc (Fabian et al. 2000). Based on
how energetic a hard X–ray photon is, it undergoes multiple possible interactions
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after entering the disc:

1. at low energies hν < 10 keV: photoelectric absorption of photon by metals in
the accretion disc, which can be either followed by fluorescent line emission
or by Auger de-excitation;

2. at energies (10 < hν < 40) keV: Thompson/Compton scattering of photons,
partially in the upward direction towards observer;

3. at high energies hν > 40 keV: the preferred direction of scattering of photons
is forward, therefore they can go deeply into the disc. The photon energy
is reduced and photon is absorbed.

In some cases, the iron line can be observed as a superposition of broad line, which
should originate in the inner accretion disc and a narrow line that is probably
caused by a reflection on the outer parts of the accreting system. The shape of
an iron line can be very asymmetric (see Fig. 1.3 from Fabian & Miniutti 2005)
which is mainly caused by special (Doppler shift) and general relativistic effects
(e.g. gravitational redshift, light bending). The relativistic smearing of Fe line

0.5 1 1.5

LINE PROFILE

Gravitational redshiftGENERAL

RELATIVITY

Transverse Doppler shift

Beaming

SPECIAL

RELATIVITY

NEWTONIAN

Figure 1.3. A plot of an intrinsically narrow line profile changed by accounting for the special
and general (in Schwarzschild metric) relativistic effects near the BH. The first panel shows a
symmetric double-peaked line profile from two annuli of a Newtonian disc. The second and the
third panels show how the relativistic effects can change the position (frequency) and a strength
of the line. A composition of all of these effects and their contributions from different annuli
gives the final shape of a line shown in the last panel (Fabian & Miniutti 2005).
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(see, e.g. Fabian et al. 1989; Laor 1991) can then serve as a tool for determin-
ing the inclination of a source, spin as well as the location of the line emission
region. Absorption components can be represented by multiple features, from
cold (neutral) or warm (ionozed) absorbers, winds to torus (in AGN). The phys-
ical processes responsible for absorption in X–rays are photoelectric absorption
(bound-bound, bound-free transitions) and Compton scattering (free-free transi-
tions). In radio–loud objects the processes responsible for relativistic velocities in
jets are direct synchrotron and synchrotron self-Comptonization. This emission,
however, contributes mainly to radio and gamma energy bands. Based on the
studies claiming that the jet base may originate in a very compact region of few
rg, this region is often associated with X–ray corona (see e.g. Markoff et al. 2005;
Miller et al. 2013). Based on the geometry of corona (see Sec. 2.2), there can be
a strong correlation between its primary emission and reflection components (for
more details see e.g. Petrucci et al. 2001). As mentioned earlier, the equation
(1.1) gives the difference between the disc emission of XRB and AGN. As XRB
are host to less massive black holes in comparison with AGN, their disc emis-
sion contributes to hard X–rays, while in AGN the disc is seen in UV/optical.
Though soft-excess is observed in around 50% of Seyfert I galaxies, the simple
X–ray spectrum of AGN can be characterized by a power law. Figure 1.4 gives a
comparison of a typical Seyfert I AGN and XRB spectra.

Fe Line

Soft

Excess

DiskPower−

Power−

Fe Line

Reflection Reflection

Law

Law

Figure 1.4. A comparison of X–ray spectra for active galaxy of type Seyfert I (left panel) and
X–ray binary (right panel) adopted from Miller (2007).
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2. X–ray Corona
The highest temperatures that could be produced solely by an accretion process
are of the order of 105 K. The X–ray emission produced only by an accretion
process would be negligible and would not explain such hard X–ray emission as
observed in accreting objects (tens to hundreds of keV, sometimes up to 1 MeV).
Therefore efficient mechanisms were proposed to explain how the energy released
in an accretion disc is transferred to coronal plasma that is clearly present in
X–ray sources. The general concept is that photons coming from the inner parts
of the accretion disc are scattered via inverse Compton effect on hot coronal
electrons. By this process the photons become more energetic and produce the
hard X–ray emission.

There are variety of theories which claim to explain the nature of corona and
these arise from different proposed geometries and heating mechanisms that we
discuss more in Sec. 2.2. The corona could originate due to convection that recalls
transfer of energy from the accretion disc in the vertical direction (Bisnovatyi-
Kogan & Blinnikov 1977; Liang & Price 1977). Then Balbus & Hawley (1997)
investigated an instability in weakly magnetized accretion flows which originates
in the transport of the angular momentum. The disc tries to saturate this in-
stability and dissipates the angular momentum (accretion energy) into particles
in corona, which can radiate this energy away from the system. Galeev et al.
(1979) proposed corona to be an accumulated plasma in magnetically confined
loop structures. The other theories claim that the corona could be explained via
a shock wave terminating an aborted jet (Henri & Petrucci 1997) or as the base
of a jet (see, e.g. Markoff et al. 2005; Miller et al. 2013).

2.1 Inverse Compton effect
Compton effect is usually derived in the coordinate system, in which electron is
in the rest before it collides with photon. This results in the scattering of photon
by electron and its energy decrease. Part of its initial energy is transformed to
the kinetic energy of electron. The initial ei and final ef energy of photon before
and after the collision in the units of electron rest energy are defined as

ei = hνi

mec2 , ef = hνf

mec2 , (2.1)

where me is the mass of electron, h = 6.62607004×10−34 m2 kg s−1 represents the
Planck constant, c is the speed of light and νi, νf are the initial (before collision)
and final (after collision) frequencies of photon, respectively. After accounting for
the law of energy and momentum conservation we get the final energy of photon
as

ef = ei

1 + eiΛ
, (2.2)

where Λ = 1 − cos ϑ and ϑ is an angle between the original direction of photon
and the direction of photon after the collision. The final frequency of the photon
can be obtained by multiplying the equation (2.2) by factor mec

2

νf = mec
2νi

mec2 + hνiΛ
. (2.3)

11



We use these results to obtain the formula for inverse Compton effect. The dif-
ference between the regular and inverse Compton effect is the coordinate system
in which we are solving the problem. When deriving the inverse Compton effect,
electron is in the rest after the collision happens so before the collision we have
photon and electron with their initial kinetic energies. After the interaction elec-
tron loses its energy and is in the rest and photon gains energy from this collision.
We often say that photon is up-scattered by inverse Compton effect. We will use
the index L for lab frame (attached to the observer) and index R for electron rest
frame. At first we restrain ourselves at ultra-relativistic electrons and low energy
photons in the lab frame so that

γL
i eL

i ≪ 1 , γ ≡ γL
i , (2.4)

where γ = 1√
1−v2/c2

= 1√
1−β2

is Lorentz factor and β = v/c. The final energy of
photon in the rest frame is

eR
f = eR

i

1 + eR
i ΛR

. (2.5)

For obtaining the final energy of photon in the lab frame eL
f we need to use

transformation relations

eL
• = eR

• γ
(
1 + βµR

•

)
, (2.6)

eR
• = eL

• γ
(
1 − βµL

•

)
, (2.7)

where • = {i, f}, µ = cos χ and χ is the angle between the direction of electron
and photon before the collision. If we substitute eq. (2.5) into eq. (2.6) and use
the formula

1
γ

1
1 − βµL

f

= γ
(
1 + βµR

f

)
, (2.8)

we get

eL
f

eq. (2.6)= eR
f γ
(
1 + βµR

f

)
eq. (2.5)= eR

i

1 + eR
i ΛR

γ
(
1 + βµR

f

)
eq. (2.8)= eR

i

1 + eR
i ΛR

1
γ

1
1 − βµL

f

eq. (2.7)= 1
γ

1
1 − βµL

f

eL
i γ
(
1 − βµL

i

)
1 + ΛReL

i γ (1 − βµL
i ) ,

(2.9)

which is the formula for the final energy of photon after collision in the lab frame.
It can be rewritten as

eL
f = eL

i

1 − βµL
i

1 − βµL
f

1
1 + eL

i γ (1 − βµL
i ) ΛR

. (2.10)

Using eq. (2.4), the last ratio in eq. (2.10) can be estimated as 1 so one gets

eL
f ≈ eL

i

1 − βµL
i

1 − βµL
f

. (2.11)
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By applying again the eq. (2.8) we finally obtain

eL
f ≈ eL

i γ2
(
1 − βµL

f

) (
1 + βµR

f

)
. (2.12)

From this equation we see, that the final energy of photon in the lab frame can
acquire values between

eL
i ≲ eL

f ≲ 4γ2eL
i , (2.13)

so in this setup the photon gains the energy by collision with electron.

2.2 Geometry and heating mechanisms
To this day, the geometry of corona remains an unresolved question, though the
rapid X–ray variability (see, e.g. McHardy 1988; Green et al. 1993; Czerny &
Lehto 1997; Nandra 2001), spectral-timing and reverberation studies (Kara et al.
2013; Cackett et al. 2014; Uttley et al. 2014) and the gravitational microlensing of
quasars (Chartas et al. 2015) point out that the primary X–ray emission should
come from a very compact region in the near vicinity of the BH.

In the simplest model, called lamp-post (see right panel of Fig. 2.1), corona
is a point-like source located at height h above the black hole on its spin axis
(George et al. 1989; Matt et al. 1991; Martocchia & Matt 1996). Although it
is a very simple model, it can approximate primary as well as reflected X–ray
emission on the surface of an accretion disc while still describing X–ray spectra
efficiently (e.g. Dovčiak et al. 2004; Dauser et al. 2016). This model yields steep
radial emissivity profiles with emissivity index from 6 to 8 for the innermost parts
of an accretion disc then flattening the emissivity, and finally reaching value equal
to 3 for outer disc (Wilkins & Fabian 2012).

Other models rather tend to describe corona as a slab of plasma over the
disc. Most likely, the corona is changing and can be extended to tens of grav-
itational radii from the central BH. Extended dynamical corona was used to
explain variable X–ray data of an AGN Mrk 335 (Wilkins & Gallo 2015). Few
examples of such extended geometries can be seen in left panel of Fig. 2.1. In
slab/sandwiching/two-phase geometry (Liang & Price 1977; Haardt & Maraschi
1991; Nakamura & Osaki 1993; Zycki et al. 1995; Różańska et al. 1999; Czerny
et al. 2000; Liu et al. 2002; Malzac et al. 2005) the optically thick and geomet-
rically thin accretion disc is surrounded from top and bottom by optically thin
corona-like layers which have lower density than the matter in the accretion disc.
For the coexistence of the two phases (cold disc and hot corona) the binding en-
ergy (gravitational power) needs to be dissipated outside the cool phase which is
considered to be caused by buoyancy and reconnection of magnetic field in corona
above the disc (see Haardt & Maraschi 1991 and references therein). This model,
however, often predicts softer spectra than what is observed.

Patchy/pill box/flare model describes corona as plasma confined in loop struc-
tures. This originates in magneto-rotational instability in the inner accretion disc
and magnetic field reconnection. The loops have typical lengths of the order of
106 cm which can however change as these evolve and the magnetic fields of the
loops decay in time. This magnetically structured accretion disc corona was first
introduced by Galeev et al. (1979) and further developed by e.g. van Oss et al.

13



(1993); Di Matteo (1998); Poutanen & Fabian (1999); Życki (2002); Czerny et al.
(2004).

In advection-dominated accretion flow (ADAF) model (see, e.g. Di Matteo
et al. 1997; Różańska & Czerny 2000 and references therein) corona is geometri-
cally thick and optically thin. This model assumes the total accretion rate to be
low. Then, in the closest vicinity of a central object corona is very strong and
the accretion disc evaporates so that only a single ADAF dominates the accretion
process. A reverse process of condensation can happen leading to a possibility
of a second accretion disc in the most inner parts of an accreting system. If an
accretion rate is high, the cold disc rather extends to the marginally stable orbit
instead of forming ADAF corona.
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Figure 2.1. Representation of different types of geometries of corona. Left panel (from top):
slab, disc, spherical and patchy corona Reynolds & Nowak (2003). Right panel: lamp-post
geometry of corona located above an accretion disc, which is extended from the innermost
stable circular orbit (ISCO) to 100 rg (K. Hoormann et al. 2016).

This variety of geometries arise from different heating mechanisms of corona
which continuously loses its energy via Comptonization. Heating mechanisms
should give the energetic support to boost accretion disc photons to observed
high X–ray energies. As corona is magnetically dominated, heating can occur
due to a magnetic flares and reconnection, which can be spontaneous or driven
by encounter of several magnetic tubes (e.g. Di Matteo (1999); Liu et al. (2006)).
Several other types of heating are described in e.g. Galeev et al. (1979); Haardt
et al. (1994); Różańska & Czerny (2000); Liu et al. (2002).

2.3 Physical models of X–ray coronae
The corona can be described by its physical (temperature, optical depth, com-
pactness) and geometrical properties. From the virial theorem, only mass of
particles m determines the temperature Tvir near black hole of mass MBH

kTvir = GMBH

r
m ≈ mc2

r/rg

. (2.14)

As proton temperature can be of the order of MeV and the electron temperature
does not exceed few tens of keV it is clear that electron temperature dominates
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the final X–ray spectrum. Coronal temperature Te is defined as a radiation tem-
perature (see, e.g. Karas 1996)

Te = hν̄

k
, (2.15)

where k = 8.6173303 × 10−5 eV/K is Stefan-Boltzmann constant and ν̄ is a mean
value of frequency. It can be estimated as

Tb ≲ Te ≲ Tth , (2.16)

where temperature for Planck radiation Tb of a black body of size R⋆ and thermal
temperature Tth (derived from the accretion process when the potential energy
per each accreted photon-electron pair is completely converted to thermal energy)
are defined as

Tb =
(

Lacc

4πR2
⋆ζ

)4

, Tth = GMmp

3kR⋆

. (2.17)

This yields that Te ≈ Tb for optically thick flows (e.g. accretion disc) in thermal
equilibrium and for optically thin flows (such as corona) one gets Te ≈ Tth. In
eq. (2.17) Lacc = GMṀ

R⋆
is an accretion luminosity, mp is a mass of proton and ζ

gives efficiency of conversion of gravitational binding energy into radiation.
The Comptonized spectrum of corona can be described for small optical depths

by a power law function
F (E) = N1E

−Γ , (2.18)
where E ≪ kTe is the energy of photons and kTe is the electron temperature,
N1 is the normalization factor and Γ is a photon index. Based on Shapiro et al.
(1976) the photon index can be described as

Γ = 3
2 +

[
9
4 + 4

y (1 + 2.5 Θ + 1.875 Θ2(1 − Θ))

] 1
2

, (2.19)

where Θ is a dimensionless temperature of corona defined as

Θ ≡ kTe

mec2 , (2.20)

and
y ≡ 4kTe

mec2 max
(
τes, τ 2

es

)
, (2.21)

where τes is the electron–scattering optical depth, which is measured from the
disc midplane to its surface. Photon index Γ can be also rewritten as

Γ = − ln (Psc(τ))

ln
(

1 + 4 kTe

mec2 + 16
(

kTe

mec2

)2
) , (2.22)

where Psc = Psc(τ) is the average scattering probability, which depends on the
geometry of corona. The denominator of eq. 2.22 represents the average photon
energy amplification per scattering (Petrucci et al. 2001). If the slab geometry
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(see Sec. 2.2) is taken into account then with increasing of the spectrum hardness
(smaller Γ) the optical depth is larger.

However, for E ≳ kTe an exponential cutoff in the form

F (E) = N2E
−Γ exp

(
− E

kTe

)
, (2.23)

is essential to describe the observed spectrum. Based on the Comptonization
theory, this coronal temperature has a direct link to the average fractional energy
change which is noticed by a photon per scattering. Following Petrucci et al.
(2001), there is an estimate between the cutoff energy Ecut determining the cutoff
power law spectrum and coronal temperature –

Ecut ≈ (2–3) kTe , (2.24)

where factor of 2 is used for optical depths smaller than one and factor of 3 is
used for optical depths much larger than one. We can than rewrite the eq. (2.23)
as

F (E) = NE−Γ exp
(

− E

Ecut

)
. (2.25)

This exponential cutoff power law gives more realistic description of the corona
than power law given by eq. (2.18) because it assumes that the temperature dis-
tribution of electrons is finite unlike the power law given by eq. (2.18), which
treats the temperature distribution as infinite. In Chap. 3 and 4 we focus on the
behavior of cutoff energy in more details.

Corona can be described also by its radiation compactness, which gives how
commonplace are the interactions in the source, which involve a significant ex-
change of the energy between photons and particles (electrons). This can be
defined via dimensionless compactness parameter (Cavaliere & Morrison 1980;
Guilbert et al. 1983)

l = L

R

σT

mec3 , (2.26)

where R is the radius of a source (assumed in spherical geometry), L is the source
luminosity, σT is the Thompson cross-section and me is the electron mass. If a
particle loses a significant fraction of its energy, while crossing the source region,
then the dimensionless compactness parameter l ∼ 1.

2.4 Observations of X–ray coronae
The best instruments capable to observe such hard coronal X–ray emission with
high signal-to-noise ratio spectra are on board of NuSTAR observatory (Harrison
et al. 2013). The observed spectra show high-energy cutoff which is often quite
well reproduced by thermal Comptonization models or cutoff power law.

Fabian et al. (2015) explored the properties of corona (temperature and com-
pactness) in a large sample for AGN and XRB sources using measurements from
NuSTAR, Integral and Swift’s imaging instrument called Burst Alert Telescope
(BAT) to construct the observational temperature-compactness Θ – l plane in
order to understand the process which sets coronal temperatures. In this sam-
ple, about half of the sources show clear cutoff in the spectrum (e.g. MCG-5-
23-16, SWIFT J2127.4+5654, GRS 1915+105, GRS 1739-278, Cyg X-1, NGC
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5506) while other cutoffs are just lower limits (e.g. NGC 7213, MCG-6-30-15,
Fairall 9, Ark 120, GX 339-4). As pointed by Zdziarski et al. (2003) the coronal
temperature measurements can be affected by using an exponential cutoff power-
law model for approximation of the turnover produced by Comptonization. To
test this, Fabian et al. (2015) generated spectra for both, the exponential cut-
off power-law model and Comptonization model compps (Poutanen & Svensson
1996) and compared them in Fig. 2.2 produced for a seed photon temperature
of 10 keV, Thompson optical depth τ = 1 and set of temperatures (40–200) keV
for the spherical geometry. Based on these calculations, no significant difference
between Comptonization and exponential cutoff power-law model is seen in the
energy range for NuSTAR. If the temperature is significantly higher than NuS-
TAR energy band (e.g. Θ > 0.2), the cutoff energy and thus temperature are
overestimated. From the entire sample of sources the distribution of high-energy
cutoffs shows peaks around (100–150) keV. Following the results for Θ – l plane,
Fabian et al. (2015) found that most of the sources have compactness param-
eter l in the range (10–100) and temperature Θ between 0.07 and 0.3. Many
sources are located above the electron-electron coupling line and all are above
the electron-proton line at the Θ – l diagram which points out to the problems
with heating and thermalization in corona (Guilbert et al. 1982; Svensson 1999;
Merloni & Fabian 2001). As a result authors assume that the energy is supplied
to coronal electrons via magnetic field.

Gamma-ray observations of variety of sources show that astrophysical plasma
in XRB and AGN can have semirelativistic or relativistic temperatures which
lead to photon-photon, photon-particle or particle-particle interactions possibly
ending up with the creation of electron-positron pairs. These pairs then anni-
hilate to create photons with energies 511 keV or are part of other photon or
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Figure 2.2. Comparison of a Comptonization spectrum produced by compps model (black
solid line) and spectrum generated for exponential cutoff power-law model (red dashed line)
for Thompson optical depth τ = 1 and seed photons with temperature of 10 keV (Fabian et al.
2015).
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pair producing processes which overall shape the final spectrum (Svensson 1982,
1984; Zdziarski 1985; Guilbert et al. 1983). As pointed by Fabian et al. (2015)
the temperature is pushed by heating to higher values until the coronal tem-
perature is controlled by pair production – so called pair thermostat (Svensson
1984; Zdziarski 1985). Based on observations, many AGN have temperatures sig-
nificantly lower than predicted by a purely thermal pair production (Baloković
et al. 2015; Ursini et al. 2016) yet if corona is considered to be composed of hybrid
plasma, which consists of thermal and non-thermal particles, this limitation leads
to wider temperature distribution and lower temperatures which corresponds to
observations (Fabian et al. 2017). The temperature-compactness diagram then
clearly shows that with increasing non-thermal fraction of plasma, the equilib-
rium temperature is decresing as well as it is decreasing with more soft photons
entering the corona. Also if the increase of optical depth τ is a result of pair pro-
duction, the spectrum has the tendency to be harder with lower values of photon
index. Such objects with low temperatures are then the ones most dominated by
electron-positron pairs. The models for hybrid plasma were already introduced by
Ghisellini et al. (1993); Zdziarski et al. (1993) and successfully applied to X–ray
sources (e.g. Gierliński et al. 1999; Parker et al. 2015; Grove et al. 1998; Kalemci
et al. 2016; Wardziński et al. 2002; Droulans et al. 2010).

2.5 GR effects on high–energy cutoff
In the Newton’s theory of gravitation, the trajectory of light is considered to be a
straight line. However, from the basic principles in the Einstein’s general theory
of relativity, the light follows ‘straight lines’ but in the curved spacetime. These
trajectories are referred to as geodesics. To this day, general relativity still serves
as a powerful tool for understanding the most extreme sources in the Universe.
Here we discuss its effects on the primary X–ray emission.

2.5.1 General relativity effects
As pointed by the observations, corona should be very compact and located in the
close vicinity of a black hole. This leads to the light being influenced by general
relativity effects when observed by a distant observer. Such relativistic effects as
gravitational redshift, Doppler shift, aberration, light bending and beaming then
shape the resulting spectra.

(A) Doppler shift and aberration
Let us assume we have a source of light and an observer moving relative
to each other. The observer frame is described by Cartesian coordinates
x, y, z and frame of the source is described by primed Cartesian coordinates
x′, y′, z′ while the direction of x axis is parallel to the direction of x′ axis. Let
us define the light-like four vector of the source in the Cartesian coordinates
as

kµ′ =
(

ω′

c
, k⃗′
)

= ω′

c
(1, cos α′, sin α′, 0) , (2.27)

where α′ is the angle between the positive direction of x′ axis and direction
of the light beam measured anticlockwise, ω′ is the frequency emitted in
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the rest frame of the source. The light-like four vector received in the rest
frame of the observer then reads as

kµ =
(

ω

c
, k⃗
)

= ω

c
(1, cos α, sin α, 0) , (2.28)

where α is the angle between the positive direction of x and direction of
the light beam measured anticlockwise and ω is the frequency at which the
light is received in the rest frame of the observer. The transition between
light-like four vectors in eq. (2.27) and (2.28) is defined by a special Lorentz
transformation in the direction of x axis

kµ′ = Λµ
νkν , (2.29)

where

Λµ
ν =

⎛⎜⎜⎜⎝
γ −v

c
γ 0 0

−v
c
γ γ 0 0

0 0 1 0
0 0 0 1

⎞⎟⎟⎟⎠ . (2.30)

Doppler effect and aberration can be both derived from eq. (2.29).
Doppler effect, which expresses the change in frequency (wavelength) of
light due to relative motion of source to observer, is derived from eq. (2.29)
by looking at time components for which µ = 0. The eq. (2.29) together
with eq. (2.27) and eq. (2.28) for µ = 0 yields

k0′ = Λ0
0k

0 + Λ0
1k

1 ,

ω′

c
= γ

ω

c
− γ

v

c

ω

c
cos α .

(2.31)

The final relation between ω′ and ω reads

ω = 1
γ

ω′

1 − v
c

cos α
, (2.32)

By looking at the eq. (2.32) closely, we can highlight three cases:

• α = 0 – source is moving towards the observer

ω = ω′

√1 + v
c

1 − v
c

> ω′ , (2.33)

• α = π – source is moving away from the observer

ω = ω′

√1 − v
c

1 + v
c

< ω′ , (2.34)

• α = ±π

2 – transverse Doppler shift (purely relativistic effect)

ω = 1
γ

ω′ < ω′ . (2.35)
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Aberration, which expresses the redistribution of light rays due to relative
motion of source and observer, can be derived from eq. (2.29) by looking at
space components for which µ = i and i = 1, 2, 3. For µ = 1 one gets

k1′ = Λ1
0k

0 + Λ1
1k

1 ,

ω′

c
cos α′ = −γ

v

c

ω

c
+ γ

ω

c
cos α ,

(2.36)

and by applying eq. (2.32)

cos α′ =
cos α − v

c

1 − v
c

cos α
. (2.37)

For µ = 2 the eq. (2.29) yields

k2′ = Λ2
2k

2 ,

ω′

c
sin α′ = ω

c
sin α .

(2.38)

sin α′ = sin α

γ
(
1 − v

c
cos α

) . (2.39)

For µ = 3 we get trivial equation which is caused by the choice of the coor-
dinate system. By inversion (v → −v, α = α′) of relations from eq. (2.37)
and eq. (2.39) we finally get

cos α =
cos α′ + v

c

1 + v
c

cos α′ . (2.40)

sin α = sin α′

γ
(
1 + v

c
cos α′

) . (2.41)

The eq. (2.40) and eq. (2.41) yield interesting results if

• α′ = 0 or α′ = π ⇒ sin α′ = 0, cos α′ = ±1 ⇒ sin α = 0,
cos α = ±1 which yields that α′ = α and no aberration of light is
observed.

• α′ = ±π
2 ⇒ sin α′ = ±1, cos α′ = 0 ⇒

sin α = ±1
γ

,

cos α = v

c
,

(2.42)

which reads that for direction of light perpendicular to the observer
one gets the maximal aberration.

(B) Light beaming
Also referred to as relativistic beaming, Doppler beaming, Doppler boosting
or heading effect, expresses the change of an apparent flux due to relativistic
velocities. We can define a Doppler factor δ as

δ = 1
γ
(
1 − v

c
cos α

) . (2.43)
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We see from eq. (2.32) that the emitted and observed frequency scales with
Doppler factor δ. As luminosity and brightness temperature are functions
of frequency, we can assume that these also scale with δ and derive the
power of δ based on observations. Then the relation between observed and
initial luminosity and brightness temperature scales as

Lobs = δnLint , (2.44)

Tobs = δTint , (2.45)

where n ∈ (2, 3) is dependent on the geometry and spectral index (Bland-
ford & Königl 1979; Zhou & Su 2007; Kellermann et al. 2007). In terms of
flux we can write

Fobs = δ3+αFint , (2.46)

where α is the spectral index. When δ > 1 the observed flux is enhanced
and we reffer to this effect as Doppler boosting. If δ < 1, the observed flux
is attenuated and which causes Doppler deboosting.

(C) Gravitational redshift
Gravitational redshift is an affect of gravitational field on the photon. As
photon tries to escape the gravitational field, it looses its energy because
of the work done against the gravitation which implies a drop in frequency
and an increase in wavelength, and vice versa. If we assume the photon
falls freely from top layer to bottom layer in the gravitational field g and h
is the distance between top and bottom layer, we can express the change of
its frequency/wavelength/energy as (Misner et al. 1973)

1 + z = λtop

λbottom
= νbottom

νtop
= Ebottom

Etop
= 1 + gh , (2.47)

where
z = ∆λ

λbottom
= λtop − λbottom

λbottom
. (2.48)

If we assume that the photon is emitted in a strong gravitational field of
e.g. neutron star, the gravitational redshift can be expressed as

1 + z = 1√
1 − 2GM

rc2

, (2.49)

where G is Newton’s gravitational constant, M is the mass of neutron star,
r is the distance from which the photon is falling/escaping the gravitational
well and c is the speed of light.
This gravitational redshift can be further generalized for example in Kerr
metric

1
1 + z

=
√

gtt + 2gtφΩ + gφφΩ2 . (2.50)

where gtt, gtφ, gφφ are components of metric tensor and Ω is the angular
velocity.
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(D) Light bending
In the general relativity, the gravitation is a manifestation of the curva-
ture of the spacetime. The light rays are then affected by this curvature
and can change their direction. The deflection of light is, however, more
complex problem that is dependent on the properties of metric. The angle
of deflection is different for rotating and non-rotating BH. Compared to
Schwarzschild case with zero spin, the bending angle for rotating BH de-
pends on whether the direction of a light ray is in the direction of rotation
of the BH or in the opposite direction to the rotation of BH (see Fig. 2.3).
The bending angle is then greater for direct orbits and smaller for retro-
grade orbits (for further details see, e.g. Boyer & Lindquist 1967; Misner
et al. 1973; Chandrasekhar 1992; Iyer & Hansen 2009).

black  

hole 

spin 

s = +1

s = !1

direct  

orbits 

retro 

orbits 

source 

observer 

Figure 2.3. Graphical representation of light deflection in Kerr metric (Iyer & Hansen 2009).

2.5.2 GR corrections in extreme geometries of corona
Here we adopt two extreme types of coronal geometries, which are pictured in
Fig. 2.4 following Tamborra et al. (2018): lamp-post model already described in
Sec. 2.2 and disc-like geometry, where geometrically thin and isothermal corona
is located above an accretion disc and co-rotates with the disc assuming the
Keplerian velocity defined as

vk =
√

GM

r
. (2.51)

This corona extends from the innermost stable circular orbit (ISCO) to outer
radius rout. Let us define g–factor, which is a ratio of intrinsic Ei

cut and observed
Eo

cut cutoff energy

g = Ei
cut

Eo
cut

. (2.52)
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corona ISCO rout

accretion disc
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Figure 2.4. Representation of extreme types of coronal geometries: lamp-post geometry and
disc-like geometry (adopted from Tamborra et al. (2018)), which was further used for simulations
and observations in this work.

The intrinsic isotropical emission Fi(E) in the rest frame is assumed to be a cutoff
power law as defined by eq. (2.25)

Fi(E) = N1E
−Γ exp

(
− E

Ei
cut

)
. (2.53)

For the lamp-post geometry (already studied by Niedźwiecki et al. 2016; Fabian
et al. 2017) the g–factor is dependent only on the height h from the black hole
and the non-dimensional spin parameter a∗

gLP =

√ h2 + a2
∗

h2 − 2h + a2
∗

, (2.54)

so the spectrum detected by a distant observer can be precisely defined as

F LP
obs(E) = N2E

−Γ exp
(

−g
E

Ei
cut

)
. (2.55)

However, for the extended corona the g–factor is different at various positions
with different distance from the black hole. Yet also in this case, the observed
spectrum can be approximated by cutoff power law

Fobs(E) ≈ NE−Γ exp
(

−g̃
E

Ei
cut

)
, (2.56)

which however has a different g̃–factor. The observed emission in the disc-like
corona should be correctly obtained by integration of right-hand side of eq. (2.56)
over different g–factors, which are functions of multiple variables. As the sum
of exponential functions is not equal to exponential function, the eq. (2.56) is
only approximate. The difference between correct and approximated spectrum
can be seen in Fig. 2.5 (Tamborra et al. 2018), where the green line represents
the intrinsic spectrum, red line represents the observed spectrum detected by a
distant observer and blue dashed line stands for a fit of the observed spectrum
by eq. (2.56). The minor difference between red and blue curves makes it hard to
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Figure 2.5. Cutoff power law spectrum for intrinsic emission (green line) following eq. (2.53),
observed numerically computed emission (red line) by a distant observer and fitted (blue dashed
line) cutoff power law defined by eq. (2.56). To put emphasis on the change of spectrum shape
these are re-normalized to one. Figure adopted from Tamborra et al. 2018.
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Figure 2.6. Dependence of g–factor on outer coronal radius rout for constant emissivity profile
for Schwarzschild and Kerr BH (dashed/solid lines) adopted from Tamborra et al. (2018). Dot-
ted lines represent emissivity profile decreasing as ∼ r−3 around Kerr BH. Different inclinations
are represented by colored lines. In the lamp-post geometry, represented by black solid line,
rout corresponds to different heights.
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distinguish between them in the real data but at the same time if general relativity
is not assumed it can lead to incorrect estimation of coronal temperature. Not
only is the g–factor dependent on the distance from BH, but also it depends
on the type of metric, the emissivity profile as well as inclination, which is the
angle from the spin axis of BH to the line of sight. These dependencies are
clearly shown in Fig. 2.6 where the curves are distinguished by different values
of spin (a∗ = 0 for Schwazschild BH and a∗ = 1 for rotating Kerr BH), different
emissivity profiles (either constant or decreasing as a function r−q, where in this
case the emissivity index q = 3) and also different inclination angles (5◦, 30◦, 60◦

or 80◦). The intrinsic cutoff energy is set to 100 keV with photon index Γ = 2.
If general relativity did not play a role in these geometries, the g–factor would

be one and intrinsic and observed cutoff energy would be equal. However, as seen
from Fig. 2.6, g–factors are in the most of the cases higher than one or can even
be less than one. In comparison with the lamp-post model, smaller inclinations
for disc-like corona show larger redshift than higher inclinations, where cutoff
energy may even become blueshifted. For small inclinations and very compact
corona up to 1.5 rg the cutoff energy is redshifted and a distant observer obtains
Eo

cut ∼ 17 keV instead of intrinsic value 100 keV. On the other hand, the same
scenario for high inclinations gives cutoff energy approximately 83 keV.
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3. Simulations with NuSTAR
In the previous section, we discussed the difference between intrinsic and observed
cutoff energy when GR effects are taken into account. However, the observed
values can be influenced by the response of the detector and by accounting for
realistic data error bars. The errors are determined from the Poisson noise

√
N

N
,

where N is the number of photons (more photons in the energy bin mean smaller
errors). The main motivation of these simulations is to compare realistic data
fitting results to the values reported by Tamborra et al. (2018).

3.1 NuSTAR
Nuclear Spectroscopic Telescope Array, also known as NuSTAR (Fig. 3.1), was
launched on the 13th of June, 2012 on a Pegasus XL rocket. It is the first obser-
vatory whose intent is to focus light in the high–energy X–ray range (3 – 79) keV
(Harrison et al. 2013). In comparison with X–ray missions such as Chandra and
XMM, NuSTAR extends the sensitivity of observations to higher energies by con-
sisting of two co-aligned grazing incidence telescopes with specially coated optics
and newly developed detectors. The optics of NuSTAR consists of 133 concentric
mirror shells coated with Pt/SiC and W/Si multilayers (also called depth-graded
multilayers), it has an overall length of 450 mm, a maximum radius of 191 mm
and a focal length of 10 m (shallow reflection angles for X–ray telescopes require
long focal lengths). The design is a conical approximation to the Wolter Type I
optics aimed to observe sources coming in at an angle rather than on-axis, where
consequently, the sharpness is slightly degraded.

Each of multilayers, developed to enhance the reflectivity of high–energy pho-
tos, comprises of 200 pairs of coatings. The reflectivity is impoved by constructive
interference between low density materials (Silicon (Si), Carbon (C), and Silicon
Carbide (SiC)) and high density materials (Tungsten (W) and Platinum (Pt)).
Above 78.4 keV the Platinum starts absorbing X–rays and the reflective efficiency
decreases by orders of magnitude. There are two NuSTAR detector units/focal
planes, each composed of four Cadmium-Zinc-Telluride (CZT) detectors (32 × 32
pixels per detector), which have energy resolution of 0.4 keV. The prevention
from high-energy photons and cosmic rays coming from the direction other than
along the optical axis of NuSTAR is obtained by shielding of focal planes (en-
sured by Cesium-Iodide (CsI) crystals). This way, the NuSTAR active shielding
is responsible for ignoring the CZT detector events which coincide with active
shield events during the observations (primary background). Scientifically, NuS-
TAR was invented to improve our knowledge about X–rays coming from various
objects in the Universe such as the Sun, black holes, supernova remnants, AGN,
XRB, neutron stars, relativistic jets etc. In the following, we mainly focus on
NuSTAR observations of X–ray coronae in AGN and XRB.
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Figure 3.1. Artist concept of NuSTAR after the deployment (Harrison et al. 2013).

3.2 XSPEC and fitting procedure
Each observation is characterized by unique response files, which are responsible
for conversion between detector channels and their corresponding energies. These
response files (represented by response matrix R) and observed data can be then
fitted by XSPEC, which is an X–ray spectral fitting package by (Arnaud et al.
1998), created to be independent on the used detector. In terms of photon counts
we can write

cobserved = R cintrinsic , (3.1)

where cintrinsic are intrinsic counts of photons emitted directly by the source and
cobserved are how these counts are observed by the detector taking into account
its response. As the response matrix does not have to be easily and uniquely
invertible, cintrinsic is rather found by comparing to M from the following equation

M = RMastro (3.2)

where M is obtained by applying the response matrix R to a proposed astrophys-
ical model Mastro. In terms of a proper mathematical formulation, photon counts
c within specific instrument channels I can be found as

c(I) =
∫

f(E)R(I, E) dE , (3.3)

where f(E) is the actual spectrum of the source and R is the instrumental re-
sponse. As mentioned previously, f(E) is rather proposed by a model of multiple
parameters. The model predicts a count spectrum which is compared to the ob-
served spectrum c(I) and parameters with their uncertainties (goodness of fit)
are found by using the fit statistics. Here, we describe two types of fit statistics:
C–statistics, which we used for fitting simulated spectra in Chap. 3 and computa-
tionally quicker χ2 statistics that was used for fitting observed spectra in Chap. 4.
C–statistics can be used in general for Poisson distributed data which can be in
an approximation of large number of counts replaced by Gaussian distribution,
here represented by χ2 statistics. C–statistics can be expressed by relation

C = 2
N∑

i=1
(tmi) − Si(tmi) + ln (Si !) , (3.4)

where N is the number of counts, Si are the observed counts, t is the exposure
time and mi are the predicted counts following the proposed model with already
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applied response of the detector. In this notation, χ2 follows the relation

χ2 =
N∑

i=1

(yi − mi)2

σ2
i

, (3.5)

where σi is a standard deviation (represents the error per channel) and yi are
observed data counts. Reduced χ2 is then defined as

χ2
red = χ2

d.o.f
, (3.6)

where d.o.f stands for degrees of freedom.

3.3 Simulations for XRB and AGN with cutoff
power law

To estimate the values and errors of an observed cutoff energy using NuSTAR
instruments, we simulated X–ray spectra in XSPEC version 12.9 using NuSTAR
response files for point–like sources. The applied ancillary response file was used
for 60–arcsecond radius circular extraction region and the source (XRB, AGN)
location up to 1 arcminute from the optical axis of the telescope. The applied
statistical method was C–statistics and the exposure time for the sources was
set to 100 ksec while no background was applied to these simulations. In the
energy range (2–10) keV, the assumed flux for XRB was ∼ 10−8 erg s−1 cm−2 while
for AGN it was ∼ 10−11 erg s−1 cm−2. The changes of the flux with parameters
θ, rout, qout (see table 3.1) during the simulations were negligible.

The simulations were performed using a convolution model kyconv described
in Dovčiak et al. (2004) in combination with the cutoff power-law model (referred
to as cutoffpl). The model parameters are listed in the table 3.2, where param-
eters θ, rout, qout and norm were chosen according to the table 3.1. The intrinsic
value of the cutoff energy Ei

cut was set to 100 keV. For the data simulation, it
was necessary to extend the energy range, in which the models are computed in

θ [◦] {5, 30, 60, 80}
rout [GM/c2] {1.32, 1.42, 1.52, 1.60,

1.85, 2.00, 2.20, 2.50,
3.00, 3.50, 4.00, 5.05,

6.00, 8.00, 10.20}
qout {0, 3}

norm 1 (XRB)
0.01 (AGN)

Table 3.1. The ensemble of different values of θ, rout, qout, for which the simulations were per-
formed for both AGN and XRB. We chose these values in order to analyze different inclination
scenarios and to cover the outer radius interval almost uniformly. Parameter qout set to 0 means
a constant emissivity profile while qout = 3 corresponds to a decrease of emissivity as r−3.
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model parameter [units] value
kyconv a/M [GM/c] 1

theta [◦] θ
rin [GM/c2] 1

ms 1
rout [GM/c2] rout

qout qout
qin 0
rb 0
z 0

limb 0
dE 0.03

normtype 0
cutoffpl Γ 2

Ecut [keV] 100
norm norm

Table 3.2. Parameters for kyconv model (Dovčiak et al. 2004) and cutoffpl model with
units and values applied for the simulations. The parameters θ, rout, qout vary based on the
table 3.1. The norm parameter is changed according to the different flux for XRB, which
is approximately 10−8 ergs/cm2/s and AGN with flux around 10−11 ergs/cm2/s in the energy
range (2–10) keV.

XSPEC. By default, the XSPEC uses the loaded response matrix to calculate
value of the model in every data bin of the matrix. However, the relativistic
convolution model would then shift the energies, in which the model is defined.
Consequently, the data at some energy range would not be defined. Because the
relativistic effects mostly shift the energies to lower values, we extended the en-
ergy range by the command energies extend high 300 in XSPEC. 1 We noticed
that if the energy range was not extended, the obtained g–factors could result to
incorrect values, reaching up to two times larger values for the most extreme case
of θ = 5◦, rout = 1.32 rg, when the gravitational redshift is the most extreme.

During the fitting procedure in XSPEC we let all three parameters (photon
index, cutoff energy and normalization) of the cutoff power-law free. We obtained
an observed cutoff energy Eo

cut by fitting the spectrum in the energy range (3–
78) keV using only the model cutoffpl. The computed errors of Eo

cut, executed
by error command in XSPEC, correspond to 90% confidence region for the fitted
parameter (according to Poisson distribution). Assuming the exposure time of
100 ksec for such bright sources as XRB gives us a great estimate of the effect
of the detector on the cutoff energy measurements for cases with high signal to
noise. By considering this exposure time, the simulated data have very small
error bars.

1The energies extend command can be only executed if some data are already loaded in
XSPEC. Therefore, we overcame this limitation by loading artificial data with the NuSTAR
response before applying the fakeit command for data simulation. Alternatively, energies com-
mand with sufficiently broad range and number of bins exceeding the NuSTAR binning could
be used as well.
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The results of these simulations are shown in Fig. 3.2, where we plot the de-
pendence of g–factor defined as the ratio Ei

cut/Eo
cut on outer radius of corona

rout. The left panel of Fig. 3.2 represents the results of simulations computed for
constant emissivity profile qout = 0 and the right panel is for the radially decreas-
ing emissivity profile as r−3. The rows in Fig. 3.2 differ by inclination angles,
from top to bottom θ = {5◦, 30◦, 60◦, 80◦}. The black lines represent values of
g–factors computed by Tamborra et al. (2018) already discussed in Sec. 2.5.2. For
all inclination angles the g–factor converges to 1 (if g = 1 then the intrinsic and
the observed cutoff energy are equal) as with the increasing outer radius also in-
creases the distance from the central BH and the general relativity effects are not
having a significant impact on the observations. The difference between higher
and lower inclinations is evident, as for lower inclinations we get a significant
redshift for a very compact corona, while for higher inclination the cutoff energy
can be even blueshifted. Our results of simulations with NuSTAR for XRB are
summarized in Tab. 3.3. These results clearly illustrate that the g–factor esti-
mates from Tamborra et al. (2018) are consistent with the data simulated with
NuSTAR for bright XRBs. The response of the detector and Poisson noise can
lead to only a small systematic shift of g–factors.

So far, the brightest observed AGNs have still flux about three orders smaller
in comparison with bright XRBs. Assuming the same exposure time for both of
these sources, the errors in Fig. 3.3 are significantly higher compared to results
for XRB. Overall, the g–factors are distributed around the curve computed by
Tamborra et al. (2018) and illustrate typical errors, with which the g–factor will
be obtained from NuSTAR spectral fitting, not taking into account the general
spectral complexities of the used models. This will be addressed in Chapter 4.

θ [◦] 5 30 60 80
qout 0 3 0 3 0 3 0 3
1.32 9.57 9.73 6.00 6.11 2.81 2.88 1.46 1.48
1.42 7.29 7.42 4.72 4.83 2.30 2.35 1.24 1.27
1.52 5.94 6.09 3.96 4.07 1.99 2.04 1.11 1.16
1.60 5.21 5.35 3.56 3.65 1.82 1.87 1.05 1.08
1.85 3.89 4.04 2.78 2.86 1.50 1.57 0.94 0.98
2.00 3.44 3.57 2.52 2.61 1.38 1.45 0.91 0.95
2.20 3.01 3.15 2.23 2.35 1.30 1.37 0.88 0.92
2.50 2.59 2.75 1.99 2.12 1.19 1.27 0.87 0.90
3.00 2.18 2.36 1.76 1.87 1.12 1.19 0.86 0.90
3.50 1.95 2.12 1.59 1.74 1.07 1.15 0.86 0.89
4.00 1.80 1.97 1.50 1.64 1.04 1.13 0.86 0.89
5.05 1.59 1.79 1.36 1.52 1.01 1.11 0.86 0.88
6.00 1.49 1.67 1.30 1.45 1.00 1.09 0.88 0.89
8.00 1.35 1.55 1.22 1.38 0.98 1.07 0.90 0.89
10.20 1.27 1.48 1.16 1.33 0.99 1.06 0.92 0.88

Table 3.3. Table of g–factors, defined as g = Ei
cut

Eo
cut

for a disc-like corona in XRB. The simula-
tions were performed for different inclination angles θ and different outer radii rout for a photon
index Γ = 2 and intrinsic cutoff energy Ei

cut = 100 keV.
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(b) θ = 5◦, qout = 3
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(c) θ = 30◦, qout = 0
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Figure 3.2. Comparison of curve obtained by (Tamborra et al. 2018) (black solid line) and
XRB data obtained from NuSTAR simulations (red) for inclination angles from Table 3.1. The
plot shows outer radius rout in units of GM/c2 on the x axis and the g factor computed as
Ei

cut/Eo
cut on the y axis. Left panel is for emissivity index qout = 0 and right panel represents

simulations for emissivity index qout = 3.
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(b) θ = 5◦, qout = 3
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(c) θ = 30◦, qout = 0
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Figure 3.3. Comparison of curve obtained by (Tamborra et al. 2018) (black solid line) and
AGN data obtained from NuSTAR simulations (blue) for inclination angles from Table 3.1.
The plot shows outer radius rout in units of GM/c2 on the x axis and the g factor computed as
Ei

cut/Eo
cut on the y axis. Left panel is for emissivity index qout = 0 and right panel represents

simulations for emissivity index qout = 3.
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3.4 Simulations with additional reflection
The realistic spectra do not only consist of a power-law model, but also have a
reflection component as we already described in Sec. 1.3. As the examined region
is close to the BH, these reflection models are convolved with relativistic smearing
models, e.g. kerrconv (Brenneman & Reynolds 2006) or kyconv (Dovčiak
et al. 2004) otherwise it would not be possible to model broadened iron emission
line. We will refer to these relativistic convolution models as GRconvolution.
Some of the reflection models, e.g. reflionx hc (Tomsick et al. 2014; Parker
2014) or relativistic relxill (Garćıa et al. 2014; Dauser et al. 2014) already
assume that the disc is irradiated by primary emission in form of the cutoff
power law. Thus, it is possible to obtain the cutoff energy Ecut as a model
parameter. These models will be referred to as reflectionEcut . Furthermore, if
the spectra can not be fitted with simple power-law model but require exponential
cutoff, the cutoff power-law model is in observations rarely corrected by GR and
additionally the cutoff energy parameter from reflection model is linked to the
cutoff energy parameter in cutoffpl model which is not GR-corrected. This
yields the proposed model in XSPEC similar to

GRconvolution*reflectionEcut + cutoffpl .⇓
Ei

cut

⇓
Eo

cut

(3.7)

However, taking into account previously mentioned research by Niedźwiecki et al.
(2016); Fabian et al. (2017); Tamborra et al. (2018) this yields a principal mistake
when the intrinsic cutoff energy (from GRconvolution*reflectionEcut) is
tied to observed cutoff energy (from cutoffpl). To avoid this, the final proposed
model should obtain GR-corrected cutoff power-law model

GRconvolution*reflectionEcut + GRconvolution*cutoffpl .⇓
Ei

cut

⇓
Ei

cut

(3.8)

Consequently, this linking of cutoff energies in eq. (3.7) can lead to a different fit
and obtained values of parameters of such model. To estimate the error of this
linking we performed another set of simulations in XSPEC.

We simulated the data set using the eq. (3.8) with the same exposure time,
response files and extraction regions as for the simulations with only cutoff power
law for XRB. The simulated spectrum was fitted by a model without GR correc-
tion to the cutoff power law according to eq. (3.7) while linking the cutoff energy
parameters from reflection as well as cutoff power-law model. For this interplay,
we used convolution model kyconv (Dovčiak et al. 2004) and a reflionx hc
model (Tomsick et al. 2014; Parker 2014). This reflection model has six param-
eters: photon index, ionization parameter ξ, abundance of iron relative to the
solar value Fe/solar, cutoff energy, redshift and normalization of reflected spec-
trum. We set these values during the simulations (further referred to as seed
values) to Γ = 2, ξ = 1000 erg cm s−1, Fe/solar = 1, Ei

cut = 100 keV, z = 0,
normref (θ = 5◦) = 11.01 × 10−5 or normref (θ = 30◦) = 10.69 × 10−5, while the
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normalization for the cutoff power law was changed to normcut = 5 (the nor-
malization is defined in photons/keV/cm2/s at 1 keV) so that the contributions
to the final XRB flux are equal from the reflection model as well as from the
cutoff power-law model (for the individual contributions in the case of simulated
data for θ = 30◦ and rout = 1.32 rg, see Fig. 3.4). Seed values for the reflection
model were chosen according to best-fit values from Miller et al. (2013) except for
photon index which was chosen according to the previous simulations as well as
the parameters for relativistic kyconv model. The size of an accretion disc on
which the primary X–ray emission is reflected was set to 400 rg. The simulations
were performed for the emissivity index equal to 3, maximal spin parameter 1
and for the most extreme cases with inclination angle 5◦ and 30◦. During the
whole fitting process the photon index from the reflection model was linked to
the photon index from cutoff power-law model.

In the first step, we performed fitting with a model in which all the parameters
except normalization, cutoff energy and photon index were frozen (scenario A)
and then we allowed spin and ionization parameters except Fe/solar to vary
during the fitting process (B). Our results are shown by blue crosses in plot
rout versus g–factor in Fig. 3.5, where we also plotted the results from Fig. 3.2
in Sec. 3.3 (red squares). Left panel represents inclination θ = 5◦ and the right
panel is for θ = 30◦ while the top and bottom panel are for scenarios A and B,
respectively. The plots clearly show that by linking the cutoff energy parameters
from the reflection model and not GR-corrected cutoff power-law model, we do
not obtain the value of intrinsic cutoff energy (which was set to 100 keV) neither
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Figure 3.4. Plot of individual contributions (reflection, GR-corrected cutoff power-law model)
for simulated data following eq. (3.8) for the case θ = 30◦ and rout = 1.32 rg. Top panel
shows the simulated data and bottom panel shows different contributions (dashed black lines)
and the overall model (black solid line).
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Figure 3.5. Plots for simulations with additional reflection model with cutoff energy parameter
(blue crosses) for both scenarios, A and B (see main text). Left and right column differ by
inclination angle 5◦ (left) and 30◦ (right). Purple solid line represents scenario of constant
g–factor (g = 1). Simulations without additional reflection model analogical to Sec. 3.3 and
Fig. 3.2 are plotted with red squares.

observed cutoff energy (represented by red squares). This effect depends on the
individual contributions of reflection/cutoff power-law model to the total flux. If
the spectrum is dominated by cutoff power law, we obtain points located closer to
red squares. These results show that the more is the spectra dominated by cutoff
power law and less by reflection model (which is often the case in the data), the
more incorrect estimates of intrinsic cutoff energy, thus coronal temperature are
obtained.

The overall shape of the curve varies based on the type of scenario. We found
that during the fitting process for scenario B and for the case rout = 1.32, the spin
value decreased from a∗ = 1 to afit

∗ = 0.7 and afit
∗ = 0.9 for θ = 5◦ and θ = 30◦,

respectively while the seed value was 1. For the same case, ionization increased
to 1561 erg cm s−1 for θ = 5◦ and to 1254 erg cm s−1 for θ = 30◦ while the seed
value was set to 1000 erg cm s−1. To examine the change of spin and ionization,
we executed steppar command in XSPEC, which steps the parameters of a model
in a given range of values and for each combination of parameters finds the best
fit according to χ2 statistics. The results are two dimensional contour plots for
parameters cutoff energy and spin/ionization, which correspond to 1σ (68.3%),
2σ (95.45%) and 3σ (99.73%) confidence intervals (see Fig. 3.6 and 3.7). As seen
from the statistics for these scenarios shown in Tab. 3.4, the most extreme case of a
very compact corona up to 1.32 rg corresponds to the worst statistics. By allowing
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Figure 3.6. Confidence contours for cutoff energy and spin of the black hole computed for
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Figure 3.7. The same as Fig. 3.6 but for confidence contours for cutoff energy and ionization.
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more parameters to vary the statistics was highly improved. Based on our results,
the linking of cutoff energy parameters in GR-corrected reflection model and not
GR-corrected cutoff power-law model can lead to incorrect measurements of spin
and ionization.

A B
d.o.f. = 1870 d.o.f. = 1868

θ [◦] rout [rg] C-stat C-stat
5 1.32 14 072 2755

10.20 2126 2088
30 1.32 4918 2902

10.20 2012 1920

Table 3.4. The fit statistics for fitting the simulated spectra for model given by eq. (3.8) by
model following eq. (3.7). Using C–statistics we performed fitting procedure for two scenarios:
when only parameters as normalization, cutoff energy and photon index were allowed to vary
(A), and when also spin and ionization parameters except Fe/solar abundance were thawed
(B). Here we show the results for inclination 5◦/ 30◦ and for 1.32 rg/ 10.2 rg.
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4. Spectral Re-analysis of X–ray
Sources
For the spectral re-analysis we selected two sources which are claimed to have
extremely low coronal temperatures: AGN galaxy 1H 0419-577 with small incli-
nation around 30◦ and coronal temperature ∼ 15 keV (Turner et al. 2018) and the
galactic X–ray binary GRS 1915+105 with inclination around 70◦ and observed
cutoff energy ∼ 36 keV (Miller et al. 2013).

1H 0419-577 (also called LB 1727) is a luminous and radio-quiet source with
redshift z = 0.104. It is a very bright source in extreme ultraviolet, which was
detected by ROSAT (Pye et al. 1995) as well as EUVE (Marshall et al. 1995).
As shown by Guainazzi et al. (1998); Turner et al. (1999) it is a typical broad-
line type I galaxy which changes its spectral variability over years, by factor
10 in soft X–ray flux and by factor 0.5 for photon index (Pounds et al. 2004).
GRS 1915+105 is a highly relativistic galactic microquasar with emanating jets
(Mirabel & Rodŕıguez 1994). Based on its X–ray variability, this source seems
to undergo different XRB states over a period of few years. It was observed to
show variable strong low–frequency QPOs (Belloni et al. 2000; Trudolyubov 2001;
Fender & Belloni 2004) and heartbeats (Zoghbi et al. 2016).

4.1 Data reduction
NuSTAR observed 1H 0419-577 on 3 June 2015 with the total exposure time of

169 473 seconds. The X–ray binary GRS 1915+105 was observed in its ‘plateau’
state on 3 July 2012 and the total exposure time was 14 846 seconds. For both
sources we analyzed the data from FPMA detector by following NuSTAR guides
(Forster et al. 2014; Perri et al. 2017). All stages (the data calibration, screening
and products extraction; stage 1, 2 and 3, respectively) were executed using
HEASOFT version 6.16 and NuSTAR Data Analysis Software (NuSTARDAS)
version 1.4.1. At first we obtained event files by running stages 1 and 2 with
nupipeline command (pipeline version 0.4.3). Then we used ds9 to extract source
and background region files which were subsequently used in stage 3 to get final
spectrum and response files by executing the nuproducts command. The spectrum
of 1H 0419-577 was extracted for source and background regions of size 90′′ and
spectrum of GRS 1915+105 was extracted for 49′′ regions. The final energy
spectra were binned to minimum of 50 counts per spectral channel by using
grppha so that the number of counts in each channel is sufficient for fitting by
χ2 statistics.

Before analysing the spectrum of both previously mentioned sources, we ac-
counted for the absorption of X–ray radiation by interstellar medium (ISM) where
the overall ISM photoionization cross section can be derived as a sum of cross-
sections of different ISM phases (gas, molecules and grains)

σISM = σgas + σmolecules + σgrains . (4.1)

For practical purpose, σISM is often normalized to the total hydrogen number
density NH. If the intrinsic X–ray spectrum is Isource and NH is expressed in units
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of [atoms cm−2], the formula for the observed spectrum of the source Iobs can be
written as

Iobs(E) = e−σISM(E)NHIsource(E) . (4.2)

To account for this galactic absorption while analysing sources 1H 0419-577 and
GRS 1915+105, we added tbabs and ztbabs models to the final proposed model
in XSPEC. Both of these models calculate the total cross section given by eq. (4.1),
though the cross section for the grain phase is negligible. Based on Wilms et al.
(2000), the molecular cross section is dependent mainly on molecular hydrogen
and σgas is derived as sum of cross sections of atoms and ions (in gaseous state).
Model tbabs has only one parameter which is an equivalent hydrogen column
expressed in units of 1022 atoms cm−2 while model ztbabs accounts also for
redshift.

4.2 1H 0419-577
We analyzed source 1H 0419-577 following the work of Turner et al. (2018) us-
ing the combination of Comptonization models comptt and nthcomp. Model
comptt (based on Titarchuk (1994)) assumes that the soft photons are Comp-
tonized in hot plasma (the photon spectrum is in a form of Wien law). Its parame-
ters are redshift z, temperature of soft photons T0 in keV, plasma temperature kT
in keV and its optical depth τ , parameter approx responsible for approximation
technique and geometry (disc or sphere), and normalization. nthcomp model
(Magdziarz & Zdziarski 1995; Życki et al. 1999) includes thermally Comptoniza-
tion continuum and has six parameters: asymptotic power-law photon index Γ,
electron temperature kTe, soft photon temperature kTbb, redshift, normalization
and parameter inp type responsible for blackbody or disc-blackbody seed photons.
Overall, the final model used for fitting by Turner et al. (2018) was

tbabs*redden*(comptt + nthcomp) , (4.3)

where redden takes into account UV extinction of E(B − V) = 0.0186 (Cardelli
et al. 1989).

According to Turner et al. (2018), we fixed the plasma temperature kT from
comptt at 2 keV, which gives us the soft part of spectrum. Then parameters kTbb

and T0 were linked and fixed to 10 eV. NH was fixed at Galactic value 1.26 × 1022

atoms/cm2. Our best-fit values are presented in table 4.1. Overall, this model
provides a great fit with reduced χ2

red statistics equal to 1.097. In Fig. 4.1 we
plotted the spectrum (top panel) and the ratio of the observed spectrum divided
by the proposed model (bottom panel). Turner et al. (2018) claimed that this
source has an extraordinarily low intrinsic temperature of the hot coronal elec-
trons around 15 keV, which according to Petrucci et al. (2001) yields cutoff energy
equal to Ecut = (30–45) keV. By implementing the results from simulations per-
formed in Chap. 3, we might be able to explain this low cutoff energy by taking
general relativity and the geometry of the corona into account. As nthcomp
contains directly the temperature of corona as a parameter, we applied the con-
volution model kyconv to the nthcomp model. This final model

tbabs*ztbabs*redden(comptt + kyconv*nthcomp) (4.4)
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tbabs NH [1022] 1.26
ztbabs NH [1022] 1.26

z 0.104
redden E(B − V) 0.0186
comptt z 0.104

T0 [keV] 0.01
kT [keV] 2

τ 1.9
approx 1

norm [×104] 1.01 +0.27
−0.27

nthcomp Γ 1.78 +0.02
−0.02

kTbb [keV] 0.01
kTe [keV] 15.34 +2.98

−1.97

inp type 0
z 0.104

norm [×10−3] 4.32 +0.25
−0.24

χ2/d.o.f 378.6/345

Table 4.1. Best-fit values obtained for the identical model as in Turner et al. (2018). The
parameters without errors were fixed value during the fitting procedure.

however, did not improve the fit (actually the reduced χ2
red was slightly worsen

to the value of χ2
red = 1.104) but by applying the model following the eq. (4.4) we

can test, which values of the coronal temperature can be reached for different ex-
tension of the corona. This model yields a source flux ∼ 1.53×10−11 erg s−1 cm−2

in the energy range (2–10) keV. During fitting we set a high limit of parameter
rout to maximum of 10 rg (so that the corona is still compact) and for simplicity
we assumed only one emissivity index, qout to be equal to 3. To simulate the most
extreme relativistic case, we fixed the spin parameter at 0.998. As 1H 0419-577
is a type I galaxy, we fixed the inclination at 30◦. Our results (only the fitted
parameters) are in the table 4.2. By implementing the model from the eq. (4.4),
the electron temperature increased to 27 keV in comparison with best-fit value
15 keV from model given by eq. (4.3). Our best-fit value, however, represents the
intrinsic temperature of corona (the one presented by Turner et al. 2018 was ob-
tained for a model which was not GR-corrected so the value should be correctly
referred to as observed). By executing the error command in XSPEC we found
that parameters rout and kTe were pegged at their hard limit so we investigated
it in more details with steppar command in XSPEC. The results are two dimen-
sional contour plots for parameters rout and kTe, which correspond to 1σ (68.3%),
2σ (95.45%) and 3σ (99.73%) confidence intervals (see Fig. 4.2). The final best-
fit value of rout obtained from executing the steppar procedure was its maximal
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value 10 rg (labeled by turquoise cross in Fig. 4.2). As seen from the contour
plot, the parameters rout and kTe are degenerated and equivalently good fit can
be obtained for small rout and high intrinsic temperature (more than 200 keV) as
well as for larger rout and small temperature (around 30 keV). This shows that
for a very compact corona the temperature does not have to be extremely small
as mentioned in Turner et al. (2018) but with accounting for GR effects and the
geometry of corona, the intrinsic temperature can be much higher.
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Figure 4.1. Spectrum of AGN source 1H 0419-577 (top panel) and the ratio of the observed
spectrum divided by the proposed model following eq. (4.3) (bottom panel). Black crosses
represent the data from NuSTAR and black solid line represents the proposed model by Turner
et al. (2018).

comptt norm [×104] 1.1 +0.3
−0.3

kyconv rout [GM/c2] 10 M
−8

nthcomp Γ 1.75 +0.02
−0.04

kTe [keV] 27 >170
−5

norm [×10−3] 4.0 +0.3
−0.5

χ2/d.o.f 379.9/344

Table 4.2. Best-fit values for the final model following eq. (4.4). The upper limit of error to
the parameter rout is given by its maximal allowed value 10 (represented by M).
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Figure 4.2. Confidence contours for coronal temperature kTe and outer radius rout computed
for model in eq. (4.4). Red line represents 1σ confidence interval corresponding to 68.3%, green
line stands for 2σ interval (95.45%) and blue line represents 3σ interval (99.73%). Turquoise
cross labels the best-fit value.

4.3 GRS 1915+105
X–ray binary GRS 1915+105 was analyzed following Miller et al. (2013) where
the proposed model was

tbabs*(kerrconv*reflionx hc + cutoffpl) , (4.5)

where kerrconv (Brenneman & Reynolds 2006) is a relativistic smearing model
with parameters such as emissivity index for the inner q1 and outer q2 accretion
disc of size from Rin to Rout, break radius Rbreak representing the border between
inner and outer accretion disc, disc inclination θ measured to the line of sight and a
dimensionless black hole spin a∗. reflionx hc (Tomsick et al. 2014; Parker 2014)
is an updated version of reflionx (Ross et al. (1999), Ross & Fabian (2005))
with additional cutoff energy parameter. This model describes the reflection of
primary power law emission from the surface of an optically thick atmosphere of
constant density, which in this case is an approximation for the accretion disc.
The calculation of the reflected spectrum is performed over the energy range from
1 eV to 1 MeV. Its parameters are the ratio of iron abundance to the solar value
Fe/solar, photon index Γ, redshift z, normalization and ionization parameter
ξ = 4πF

n
, where F is the total illuminating incident flux and n is the hydrogen

number density of the accretion disc. During re-analysis we found that Miller
et al. (2013) linked the cutoff energy parameter between reflection model and not
GR-corrected cutoff power-law model. However, we have shown in Chap. 3 that
this might not be the correct approach and so we did not fix the parameters in
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our model at best-fit values obtained by Miller et al. (2013). We rather proposed
model

tbabs*(kerrconv*reflionx hc + kyconv*cutoffpl) , (4.6)

where the accretion disc was extended from (1–400) rg, the inclination angle was
allowed to vary between (65◦–80◦) and value of Fe/solar was fixed at one. In
the proposed model according to eq. (4.6), we linked the cutoff energy param-
eters and for simplicity we assumed that the emissivity index qout = 3. This
model yields the flux of GRS 1915+105 in the energy range (2–10) keV equal to
6.48 × 10−9 erg s−1 cm−2. The spectrum of GRS 1915+105 and ratio of the data
divided by the proposed model following eq. (4.6) can be seen in Fig. 4.3. The
best-fit values are shown in Tab. 4.3. As the model for X–ray binary was more
complex with more free parameters, we fixed our best-fit values and allowed only
rout and Ecut to vary during the contour plot calculations. The resulting plot is
shown in Fig. 4.4, where the trend is very similar to the simulations for higher
inclination angles from Chap. 3 with possible cutoff energy values ranging from
40 keV to 52 keV. On the other hand, if we let also emissivity index and photon in-
dex to vary, the contour plots become very wide allowing us to get higher/lower
values of cutoff energy compared to the best-fit value. The χ2 statistics then
yields χ2

red = 1.119. By applying the relativistic smearing model to the cutoff
power-law model, our best-fit value of cutoff energy is ∼ 40 keV, which is slightly
higher than 36 keV obtained by Miller et al. (2013). This difference between the
cutoff energy obtained by Miller et al. (2013) and cutoff energy obtained by our
analysis is not very significant, mainly because of the high inclination of the XRB
source.
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Figure 4.3. Spectrum of XRB source GRS 1915+105 (top panel) and the ratio of the observed
spectrum divided by the proposed model following eq. (4.6) (bottom panel). Black crosses
represent the data from NuSTAR and black solid line represents the proposed model.

43



tbabs NH [1022] 4.26
kerrconv q1 6.3

q2 [×10−3] 1
Rbreak [GM/c2] 14

a∗ 0.98
θ [◦] 66

Rin [GM/c2] 1
Rout [GM/c2] 400

reflionx hc Γ 1.84
ξ [erg cm s−1] 626

Fe/Solar 1
Ecut 40 +9

−1

z 0
norm [×10−5] 2.18 +0.07

−0.06

kyconv a/M [GM/c] 0.98
θ [◦] 66

rin [GM/c2] 1
ms 1

rout [GM/c2] 8.5 M
−8

qout 3 >3
−3

qin 3
rb 0
z 0

limb 0
dE 0.03

normtype 0
cutoffpl Γ 1.84 +0.01

−0.01

Ecut [keV] 40 +9
−1

norm 2.46 +0.18
−0.05

χ2/d.o.f 1211.9/1083

Table 4.3. Best-fit values for the final model following eq. (4.6) but for scenario when also
photon and emissivity indices were allowed to vary during steppar procedure. The parameters
without errors were fixed at given value during fitting. The upper limit of error to the parameter
rout is given by its maximal allowed value 10 (represented by M).

44



2 4 6 8 10

3
5

4
0

4
5

5
0

H
ig

h
E

C
u
t 
[k

e
V

]

rout [GM/c2]

+

Figure 4.4. Confidence contours for cutoff energy Ecut and outer radius rout computed for
model following eq. (4.6) but for scenario when only normalization, cutoff energy and outer
radius were allowed to vary during steppar procedure. Red line represents 1σ confidence interval
corresponding to 68.3%, green line stands for 2σ interval (95.45%) and blue line represents 3σ
interval (99.73%). Turquoise cross labels the best-fit value.
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Figure 4.5. The same as Fig. 4.4 but for scenario when also photon and emissivity indices
were allowed to vary during steppar procedure.
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5. Discussion

5.1 Simulations
We extended the work of Tamborra et al. (2018) and investigated the change
of the cutoff energy for the disc-like corona in active galactic nuclei and X–ray
binary sources while accounting for the response of the NuSTAR detectors as well
as for realistic data error bars. We used XSPEC for the simulations and spectral
analysis of selected sources and generated relativistically corrected cutoff power-
law spectra. These were afterwards fitted by a model without GR corrections
to the cutoff power-law emission. This yielded us g–factors that we compared
to the values from Tamborra et al. (2018). In Sec. 3.3 we showed that for X–ray
binaries and AGN these simulations were in agreement with the results obtained
by Tamborra et al. (2018).

Another set of simulations performed in this Thesis included also reflection
spectrum produced by the reflection of the primary X-ray emission on the surface
of the accretion disc. We focused on reflection models that already include the
cutoff energy as a parameter. We noticed in few works, such as Miller et al.
(2013) and Turner et al. (2018), that the relativistic corrections on cutoff power-
law model are neglected yet the cutoff energies from reflection and cutoff power-
law model are linked together during fitting. However, the cutoff energy in the
primary emission is the one observed by an observer at infinity while the cutoff
energy in reflection spectrum is seen at the local frame of the accretion disc.
Neglecting the frequency shift of the emission between the corona and reflection on
the disc (i.e. neglecting spatial separation and dynamical differences of the corona
and the accretion disc), the cutoff energy in reflection model should be the same
as its intrinsic value. To find out the uncertainty of this linking, we simulated the
spectra for the case where relativistic smearing model was applied to reflection
as well as to cutoff power-law model but we fitted these spectra excluding GR
corrections to the cutoff power-law model. At the same time, we linked the
cutoff energy parameters from both models together. This analysis, however,
depends on the individual flux contributions of reflection/cutoff power-law models
to the total flux. We performed these simulations for the case when flux from
the reflection model and flux from the cutoff power-law model were the same
and for the most extreme scenarios with inclination angles 5◦ and 30◦. The main
results were presented in Sec. 3.4 for two scenarios: when all the parameters except
normalization, cutoff energy and photon index were frozen and when additionally
spin and ionization parameters were allowed to vary.

Figure 3.5 shows that by neglecting GR effects on primary X–ray emission and
linking the cutoff energies from reflection and cutoff power-law model together
leads to wrong estimates of coronal temperature as the estimates of cutoff energy
are dragged by cutoff power-law model. By this interplay, we showed that the
more the observed spectrum is dominated by cutoff power law, the more g–factors
deviate from value one. For the most extreme scenario with inclination 5◦ and
corona extended up to 1.32 rg, we showed that neglecting GR effects can lead to
incorrect measurements of spin as well as ionization.
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5.2 Observations
Further, we applied the GR corrections to the observed spectra of two sources,
an AGN galaxy 1H 0419-577 with inclination around 30◦ and X–ray binary GRS
1915+105 with inclination approximately 70◦. In case of 1H 0419-577, we followed
the analysis of Turner et al. (2018) where this source was claimed to be one of
the most extreme sources with an extremely low coronal temperature of 15 keV.
By applying relativistic corrections to the primary X–ray emission and assuming
the disc-like coronal geometry, we were able to find statistically as good results
also for higher coronal temperatures but very compact corona with small rout.
For this we plotted the results in the form of confidence contours in Fig. 4.2.
Adding the convolution model did not significantly improved neither worsened
the statistics, which implies that these corrections are still hard to be observed
in the real data. We applied the same procedure to the X–ray binary source
where we followed the analysis of Miller et al. (2013). As its inclination is around
70◦, the resulting cutoff energies are not significantly shifted in comparison with
lower inclinations (as in the case of studied AGN). Based on the contour plots
in Fig. 4.5, the cutoff energy should be well estimated in the range of ±5 keV for
either lower or higher values of outer radius of corona. By limiting the value
of the outer radii to 10 rg (Fabian et al. 2015), we wanted to demonstrate that
a case of extremely compact corona could result in higher coronal temperatures
in comparison with temperatures obtained by observations which do not include
relativistic corrections on primary X–ray emission. Yet by the results of statistics
for both sources, we see that our limitation of model parameters should not result
to significantly worse fit.

If we have any constraints on the geometry of corona of the studied source
from the reflection model, we can put tighter constraints on the value (lower and
upper limit) of the intrinsic cutoff energy and consequently on the value of the
coronal temperature. However, with unknown geometry of the corona current
measurements can be only considered as lower limits.

The future improvement of our research is in considering more sophisticated
model of corona. Here we treated corona as a single-temperature, homogeneous
slab of plasma located above the accretion disc. In fact, corona can be rather
more complex with some temperature distribution. Its temperature varies with
the distance from the central black hole based on the considered geometry and
heating mechanism. As discussed in Fabian et al. (2015), the temperatures are
then limited by electron-positron pair production threshold.

47



6. Conclusions
In this Thesis, we emphasize the importance of correcting the primary X–ray
emission by general relativity. As the corona, which is the source of this X–ray
emission, is very compact and located in the close vicinity of the black hole,
relativistic effects including the gravitational redshift and Doppler shift cause
shift of the energy with respect to the intrinsic emission in the local frame of
the source. Though, this is a generally accepted concept, yet in practice these
corrections of the primary X–ray emission are often neglected. Here, we present
how big impact it can have on the interpretation of the physical parameters of
corona, in particular its temperature. For this, we need to assume a specific type
of geometry of the corona. Some information about the geometry can be deduced
from the reflection spectrum produced by a reflection of the primary emission on
the surface of the accretion disc, yet the geometry is still far from being completely
resolved. Here, we adopt the extended type of geometry where the corona is
approximated by a geometrically thin slab located above the accretion disc but is
still very compact. By applying this geometry to the simulations, we calculated
different energy shifts between intrinsic and observed cutoff energies, which are
related to the temperature of corona. We did this analysis for two different fluxes
corresponding to the X–ray binary and AGN sources. By this fitting procedure,
we showed wide agreement between computed values by Tamborra et al. (2018)
and simulated data obtained by taking into account the response of NuSTAR
detectors and realistic error bars of the data.

As a result of neglecting the relativistic effects of the primary X–ray emission,
the cutoff energy parameter from reflection models (e.g. reflionx hc) is often
fixed to cutoff energy from not GR-corrected cutoff power-law model. This means
fixing the intrinsic and observed cutoff energies to the same value. We performed
simulations where we found that in such cases the fitted value of the cutoff energy
has the value between the intrinsic and observed cutoff energy, depending on the
amount of reflection assumed in the proposed model. We also showed that in the
most extreme scenarios of compact coronae, this could lead to incorrect spin and
ionization measurements.

Lastly, we applied relativistic corrections on the primary X–ray emission of
two sources already observed by NuSTAR: X–ray binary GRS 1915+105 with
inclination around 70◦ and active galactic nucleus 1H 0419-577 with inclination
around 30◦. For both sources, we computed contour plots of outer radius and
cutoff energy/coronal temperature parameters. For GRS 1915+105 with high
inclination, the range of possible cutoff energies is only 14 keV wide while for
1H 0419-577 with small inclination the range of possible values of coronal tem-
perature is more than 200 keV. The change in the energy range of these two
sources is mainly caused by their different inclination angles. Our results imply
that for the source 1H 0419-577 we can obtain equivalently good fit for a very
compact corona with high (more than 200 keV) coronal temperature as well as for
more extended corona with the cutoff energy around 30 keV. Using this model, we
were able to explain the extremely low coronal temperature reported by Turner
et al. (2018) and we conclude that this source does not have to be such extreme if
the geometry and GR effects are taken into account. The results we obtained for
GRS 1915+105 do not differ significantly in comparison with Miller et al. (2013),
mainly because of the high inclination of the source.

48



Bibliography
Abramowicz, M. A., Czerny, B., Lasota, J. P., & Szuszkiewicz, E. 1988, ApJ,

332, 646

Arnaud, K., Gordon, C., & Dorman, B. 1998, XSPEC- An X-Ray Spectral Fitting
Package

Balbus, S. A. & Hawley, J. F. 1991, ApJ, 376, 214

Balbus, S. A. & Hawley, J. F. 1997, in Astronomical Society of the Pacific Con-
ference Series, Vol. 121, IAU Colloq. 163: Accretion Phenomena and Related
Outflows, ed. D. T. Wickramasinghe, G. V. Bicknell, & L. Ferrario, 90
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Czerny, B., Różańska, A., Janiuk, A., & Życki, P. T. 2000, New A Rev., 44, 439
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