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Abstract: The presence of X-ray radiation that comes from the innermost regions
of Active Galactic Nuclei indicates a presence of a hot gas component located close
to the central black hole. The exact location and geometry of this so called corona
is not known and various configurations are being considered in the literature.
One of the suggestions for the geometry is a rather compact region located on
the symmetry axis of the black hole (lamp-post model). Another variant is a
layer that surrounds the accretion disk on both sides (slab model). Other models
consider anything in between also in combination with a truncated disk.

One of the key questions connected with the corona that is not often addressed
is how is the corona energized, i.e. where does it take energy from. Assuming
the disk is the only source of energy in an accreting system and that its internal
energy is partly radiated and partly used to support magnetic fields, we evaluate
geometrical constraints on the corona from the energy conservation condition.
Lastly, we try to investigate the total emitted spectrum of a system consisting of
a central black hole, a thin accretion disk and a slab corona.
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Introduction

For a long time in astrophysics nuclear fusion considered to be the main energy
source. However, since the discovery of quasars (see e.g. |[Hazard et al., [1963|
Schmidt, |1963)), this point of view has changed. Quasars are known to be re-
markably luminuos objects and for a large amount of time there was no exact
explanation to their energy source. By now this problem was solved by the widely
accepted concept of a supermassive black hole and a surrounding accretion disk.

It transpired, that a concept of accretion disk can be applied not only to
quasars, but to number of astrophysical objects, such as young stellar objects,
protostar, white dwarf, low-mass X-ray binary (LMXB), neutron star and a black
hole. All of the named objects consider to be surronded by accretion disks.

We will restrict ourselves to active galactic nuclei (AGN). Active galactic nu-
clei generally include quasars, radio galaxies, Seyfert galaxies, starburst galaxies
etc. The greatest interest of this particular thesis will be a black hole, which
in many cases is in the center of a galaxy, and the surrounding accretion disk.
Observed X-ray radiation from AGN can be explained by the existence of a hot
matter located close to the central black hole named corona. The geometry of
the corona is still unknown. However, there exist a number of hypotheses on
possible geometries of the corona. In this thesis we will adopt slab geometry of
the corona. We will assume an accretion disk to be the only source of energy in
an accreting system consisting of the central black hole, an accretion disk and the
corona. In further we will outline that geometry of the corona can be estimated
from the energy conservation conditon in an accreting system.

In the first chapter we will give an overview of spectra from AGN, typical
components of AGN X-ray spectra and the possible origin of these components.
In the second chapter we will focus on energy balance between the black-hole
accretion disk and the corona and examine slab geometry of the corona using
energy conservation condition. Lastly, we will simulate a model spectrum for
one of the possible geometries of the corona that will follow from energy balance
equations.



Active galactic nuclei

1.1 Basic properties of AGN

A galaxy is a gravitationally bound system of stars, dust, gas and dark matter,
that hosts a supermassive black hole in its center. Those galaxies which have the
central region around the supermassive black hole rich on matter, can develop an
actively accreting core, which is called active galactic nucleous (AGN). Galaxies
with active nuclei are known to have extraordinary luminousity, which can vary
on different timescales from several years to several hours. AGN also have wide
radiation range and radiate from radio to X-ray and gamma-ray. Active galactic
nuclei are considered to be a relatively small area in the very center of a galaxy.
Due to an enormous amount of energy released by AGN, the central object of
AGN is considered to be a black hole. Presence of such a compact and massive
object as a black hole causes hightened activity of AGN especially in X-ray range.
This activity becomes possible through an accretion process, which operates with
gravitational energy and which can explain activities of many astronomical ob-
jects including quasars. Thus, accretion process becomes one of the most powerful
sources of energy in astrophysics.

Nowadays, widely accepted model of AGN is a supermassive rotating black
hole (10%-10%) surrounded by an accretion disk.

1.2 Accretion disks and accretion process

The accretion process operates with gravitational energy of gas which can be
released when a particle of the gas infalls on a massive object. Further, the
accretion disk plays the role of transforming gravitational energy into radiation.
That is a brief rough model of accretion process and in what follows we will learn
more about details.

One can imagine an accretion disk as a gaseous-like flat disk rotating around
gravitating objects, such as protostars, neutron stars or black holes. Rotating
substance in AGN disks is assumed to consist of partially ionized gas, mostly
hydrogen. Accretion disk is considered to be geometrically-thin and optically-
thick in z-direction. Those disks are called a-disks (Shakura and Sunyaevy [1973]).

Since the gas in the disk undergoes differential rotation, viscous process will
participate. Prove to be the case, viscosity plays at least two key roles in accretion
process: angular momentum transfer and viscous heating of disk. As the gas in
the disk rotates with the different velocities at different radii, there appears a
friction (wiscosity) between individual layers that provides gas heating. This gas
heating via viscosity is called viscous heating. Heated gas then starts to radiate
electromagnetic radiation and this radiation provides most of the luminousity of
AGN.

Let us suppose that we put a test particle of the gas on a distance r in a point-
mass potencial ¢ = —% of the central object with the mass M. If the particle
has angular momentum with respect to the central mass, it will start to rotate
around the central object in an eccentric orbit. For specific angular momentum,
l = rvy, the specific energy of the test particle will be minimal when the orbit is
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circular. Thus, gravitational force from central object is exactly balanced by the
centrifugal force of the rotating gas as
GM v3 I
=2 =r0?=—, (1.1)

72 r r3

where G is gravitational constant, M the mass of the central object, r the distance
from the center, (2 the angular speed of the gas particle, v, the linear speed of
the gas particle.

Radius of the circular orbit is

l2

e = ———. 1.2
Tcire GM ( )

Thus, the gas rotates around the central object with the Keplerian angular
velocity

GM

Q=0 =1/~ (1.3)

Linear velocity of the gas is

0s(r) = rue(r) = | SN (1.4)

r

The test particle can never reach the center as long as its angular momentum
is conserved. There is no mass accretion in this case, therefore, no energy can
be radiated and cause luminousity of an accretion disk. In this way, one can see
that viscosity is required as a mechanism to transfer angular momentum, which
in further causes accretion disk to heat up and radiate.

We can imagine how viscosity works. Let us have two parallel shear flows,
flow 1 (with greater velosity) and flow 2 (with smaller velosity). In such case
momentum transfer will occure from flow 1 to flow 2 and, as a result, flow 2 will
be accelerated and flow 1 will be decelerated. Thus, viscosity tends to produce
uniform flows.

One can obtain a torque asserted on differentially rotating ring (see figure
1.1) as follows. Let us use cylindrical coordinates (r, ¢, z) with the origin at the
central star, where z-axis is considered to be perpendicular to the plane of the
disk. As rotational velocity of annuli differs in the r-direction, the viscous force
per unit area exerted in the ¢-direction of the interface plane is (Kato et al.|

1998)
ov, v, df)

trp = U(W - 7) = 777’%7 (1.5)

where 7 is the distance from annulus to the central object, n = (pv) is a dynamical
viscosity with p and v the density and kinematic viscosity.
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Figure 1.1: Differential viscous torque (Frank et al., [2002).

That is, the total torque exerted on the entire surface from outer annulus at
(r+ Ar) is

s

fray (9

G(r + Ar) = 21(r + Ar) / (r + Ar)tyodz ~ An(r + Ar)pH
where H is a half-thickness of the annulus in z-direction (disk is geometrically
thin when H < 7).

If we redenote outer radius by 7 and inner radius by r — Ar, we obtain simplier
form of equation (1.6)

ds?
G(r) = 27rr/rtwdz A 47?7’3an—. (1.7)
r
Now using equations (1.5) and (1.7) one can obtain basic equations for viscous
disk evolution. Let us assume disk to be in energy balance and in hydrostatic
equllibrium. We will use surface density given by

Y= /OO pdz, (1.8)

and vertically integrated viscous stress (see equation 1.5)

00 s
T, = /_OO trpdz = er%. (1.9)
We will consider the time evolution of an annulus of the disk at ' = r — Ar
to r with Ar < r, where r’ is inner radius and r is outer radius of an annulus.
Mass conservation of an annulus leads to an equation

0 0

a(Qﬂ’TATE) = (v, - 217rY), — (v, - 277Y), ~ —27TA7’6—(7*EUT), (1.10)
r

where v, is the radial velocity of the disk mass that considered to gradually drift

inward by transferring its angular momentum outwards by viscosity (for accretion

v, < 0).



We can obtain the continuity equation using the limit of Ar — 0

ox 0
vy + E(TZUT) = 0. (1.11)

Let us denote the mass flow rate by

M = —27rv, 3. (1.12)
Thus, we obtain .

0% 1 oM

— = 1.13

ot 2mr Or ( )

The angular momentum transfer at the annulus is given by

g(27TTATZ7’QQ) = (v, - 27rY - 7?Q)

ot
_(UT’ 2mrSs . TQQ)T‘ -+ %GAT (114)
r
0 ) oG
~ —QWATE(TEU,«T Q)+ gAr,

where G(r) is from equation (1.7),

dS)
G(r,t) = 2mr*T,, = 27r7‘31/2d—, (1.15)
r
with v is the kinematic viscosity. In the limit Ar — 0, we obtain
I(Xr*Q) 0 9 1 0G
— 2 4+ —(rX Q)= ——. 1.1
" ot + ar(r vrrLd) 2w Or (1.16)

With the help of the continuity equation (1.11), where we replaced v, by M,
we have

s

Loyl = —9r 9 ep Yy _o 0 (5,590
M[dT’(T Q)]— 27T87"(r Try) = 27T0T <r VEdr)’ (1.17)

where ) is a function of r. Substituing equation (1.17) into equation (1.13), we
obtain the following differential equations for X::

0T _ 10 [5("T,)] _ 10 [5(rvEg) (1.18)
ot ror| L(r2Q) | ror | L(r2Q) | '
In the case of point-mass potential, we find
02 29[/ rN20,,
o ror [(GM) o W] 19
. 0% 0 0
3 1 1

where we used equation (1.3) for Keplerian angular velosity €2. All the above
formulae were taken from Kato et al., 1998



1.3 Disk energetics

In general, @ disks could be fully described by the set of 11 equations. For us to
derive energetic properties of an accretion disk and understand how it radiates,
only two of them will be enough. In what follows, we will use angular-momentum
conservation in an accretion disk and its energy balance. For Shakura-Sunyaev
a disks we make the following assumptions:

1. The gravitational field in a disk is defined by a central object and the self-
gravity of the disk is ignored.

2. The disk is steady.

3. The disk is axisymmetric.

4. The disk is geometrically thin (H < r) .

5. Rotational motion is dominant (Keplerian); |v,| < v, .
6. Hydrostatic balance holds in the vertical direction.

7. The disk is optically thick in the vertical direction.

1.3.1 Angular-momentum conservation

Since, the disk is in a steady state, mass flow rate M is constant in space and time
(see equation (1.12)) and we can integrate equation (1.17) (Kato et al., [1998)),
M ds
g?ﬁﬁ = —1*T,, + const = —rgyZ% + const (1.21)
Adopting a boundary condition 7}, and setting | = l;, =const at the inner
edge of the disk, r;,, we have
M s
(I = ly) = —1*T,, = —ng/Ed—. (1.22)
r

pr
In a case of point-mass potential, ¢ = —GTM, [ =+vVGMr and I, = VGMri,
hold, thus
1 |GM . n
T, = M (1 - T)

2w\ 3

(1.23)



1.3.2 Energy balance

Accretion disk converts potential energy of accreting gas to thermal energy via
viscosity. That thermal energy will be then released as radiation. Let us define

2
viscous heating rate per unit volume as pv (7’@> (Lynden-Bell and Pringle,

dr
1974), then the vertically intedrated heating rate per unit surface is
o0 o\ 9 3
to= — = Y0 =—-2T7..9 1.24
vis /—oopy (rdr> dZ 4V 2 e ( )

where Q2 = Qk (see equation 1.3).

Accretion disk is cooling due to radiation from the disk surface. Since the disk
is optically thick in the vertical direction (see Shakura-Sunyaev disks assumptions
above),

)
T = kpH = % > 1, (1.25)

the disk gas emmits a blackbody spectrum with an effective temperature T.g,
where 7 is the optical depth and k is the Rooseland opacity. The main opacity
sources in high-temperature disks (T > 10*K) are electron scattering and free-free
absorbtion, therefore, Rooseland opacity is defined by

R = Kes + Kff = Fes + kopT 2%, (1.26)

where ke = 0.4cm?g™ !, ko = 6.4 - 10*22cm?g ! for pure hydrogen plasmas.
Thus, we can define the cooling rate as the amount of emergent flux from a
unit area of the surface,

Qrog = 2F = 20T, (1.27)
where o is the Stefan-Boltzmann constant, and the factor 2 represents radiaton
from the two sides of the disk. In what follows, we will assume that the main
energy transfer inside the disk is due to radiation. Let us define radiative flux in
the z-direction as

4ac[T(2))? OT

3k(2)p(z) 0z’
at each height, where a is the radiation constant (¢ = ac/4). Thus, we can
express the cooling rate of the temperature 7, at z=0,

O = 24acTc4 _ 320T)
rad T g, T 3

Therefore, the local energy balance at each radius is given by
vis = Qrad: (1.30)

where heating is due to the viscosity (see equation(1.24)) and cooling is via the
blackbody radiation.
Using equations (1.23), (1.24), (1.27) and (1.30), we obtain the emergent local

flux as .
3GMM Ts
F = T4:(1—,/‘“). 1.31
Oleft 8mr3 r ( )

Thus, the effective temperature Tog is

F(z) = (1.28)

(1.29)

3GMM (1 B rm)]m_ (1.32)

8mors

Teff: [



log Fy (arbitrary units)

log (hv/kT )

Figure 1.2: Accretion disk spectrum for different radii of the disks (Frank et al.,
2002).

In an accretion disk the effective temperature of the disk has radial depen-
dence. Thus, the inner area of the disk is hotter than the outer region. It becomes
then straightforward that the total observable spectra of the disk are composed
of multi-color blackbody spectra, where high-energy photons come from the inner
region of the disk and low-energy photons come from the outer region.

Since, surface of the disk radiates locally as a multicolored blackbody:

2h V3

B,(r) = 2 chvfkpT(r) — 1’

(1.33)
one can calculate the observed flux F, of the disk by integrating the specific
intensity 1, = (B,) of the disk over the surface of the disk (Kato et al., |1998)
COS 1T [Tout
E;/LM:LPA]&%W3 (1.34)
where 7 is the inclination angle of the disk, {2 the solid angle subtended by the
disk in the sky of the observer, D the distance to the disk.

Note that equation (1.32) defines the effective temperature distribution in
equation (1.33). Since, the variation of temperature near to the inner edge has
small influence on the overall structure of the spectra, we can define following
approximation for the surface temperature of the disk

T:Jh(r>w, (1.35)

T'in

where Tj, is the temperature at r = r;,, p the exponent adopted to be % for the
standard disk.
Thus, from equations (1.33), (1.35) the observed flux is

- 2
F, = 8ty <_rm> Tii/P/Bny(Q/p)*ldT

D? P
2/p (1.36)
cosidnhri (kgTi 5 /zout 22/p)-1 ;
D% 2 p hv Tin et —1 ’
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where

Tin

hv d hv (Tout>p
= and Toyw = ——— .
kBﬂn out kBﬂn Tin
In general, when one adopt the surface-temperature distribution to be T"
r~P, the observed flux of the disk becomes
kBﬂn (Tln

Tout

(1.37)

P kpTin
) <V < BT (1.38)
(see equation (1.36)). Example of typical continuum spectra of the standard

accretion disk is shown in figure 1.2.

F, x 37/ for

1.4 AGN spectrum

1.4.1 Luminosity

Luminosity is the total amount of energy emitted per unit of time by an astro-
nomicel object. One can derive a disk luminosity with the help of a test particle
of unit mass rotating circularly at radius r. This particle has kinetic energy

1 GM
K= v =" 1.
2% = o (1.39)
The potencial energy is
M
U= _aM = —2K. (1.40)
r

The excess energy that can be radiated of a particle with zero total energy
falling from infinity to radius r is

M
0-U+K) =k =M (1.41)
2r
Thus, the disk luminosity is given by
GMM
Lq = ) 1.42
d 2rin ( )

Since we obtained equation for the emergent local flux in previous section (see
equation (1.31)), we can also calculate disk luminosity from its flux as follows

%0 < 3GMM n GMM
Lo= [ 2F2mrdr= / (1 - r) dr = , (1.43)
Tin Tin 27”2 r 27ain
In the case of accretion disks around the Schwarzschild black holes, ry, = Gf—QM,
the disk luminosity becomes
1 ..
Ly = EM& (1.44)

Generally we can write the radiation energy associated with the mass accretion
rate as .
L=nMc, (1.45)

where 7 is the efficiency, at which gravitational energy is converted to radiational
energy.
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Particles in the accretion disk rotating near a gravitating object of mass M
and luminosity L are attracted inward by gravity of the central object and pushed
outward by radiation pressure. Usually, when the luminosity of the central object
is not large, the radiation-pressure force is smaller than the gravitational force
and particles stay in the gravitational field of the object. As the luminosity
increases for a fixed mass of the central object, the radiation-pressure force also
becomes large and eventually overcomes the gravitational force, and gas particles
are blown off. Thus, gas cannot accrete radially onto such an extremely luminous
object. There exists a maximum possible luminosity, the Eddington luminosity
Lg.

Let us derive the Eddington luminosity for a spherical accretion flow of pure
hydrogen. At distance r from a spherical accretion object of luminosity L, the
radiaton flux (the amount of radiation energy flowing per unit time per unit area)
is

L

= ) 1.46
4r? (1.46)
This energy flux carries a momentum flux of
1 1 L
—f=-— 1.47
cf c4mr?’ (1.47)

where c is the speed of light. Assuming the effective cross-section of an electron
is the Thompson scattering cross-section or, the force imposed on each electron
by radiation is

oT L

gr
c f= c 4nr?’

(1.48)
Simultaneously, the gravitational force F, asserted on each hydrogen atom is

GMmH

F,

g ’ (149)

where my is the hydrogen mass.
By equating the radiation-pressure force and the gravitational force, we obtain

Eddington luminosity Lg

_AreGMmy

agr

L (1.50)

Eddington luminosity does not depend on r. A non-rotating spherical object
with mass M cannot shine with luminosity greater than the Eddington luminosity
LE-

In case of accretion disks the critical mass-accretion rate associated with the
Eddinggton luminosity is defined as

Ly

My = = (1.51)

however, because accretion disks are rotating, they can exceed the Eddington
limit, but can no longer be modeled in a thin approximation.
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1.4.2 Observed spectrum

Fe line

Soft Excess

Compton Hump

E? F(E)

L I N L PRI ST P L el
0.1 1 10 100
Energy (keV)

Figure 1.3: The main components of X-ray spectra: soft X-ray emission from the
accretion disk(red); power law from Comptonization of the soft X-rays in corona
above the disk (green); reflection continuum and narrow Fe line due to reflection
of the hard X-ray emission from dense gas (blue), summarized spectrum (black),
(Fabian, [2006)).

As we have established above, disk spectrum is represented by a multi-colored
black body spectrum. In a typical AGN that host a supermassive black hole of
the mass of several millions solar masses, the inner regions of an accretion disk,
where most of the energy is released, radiate in the ultraviolet and marginally in
soft X-ray bands. Outer regions, where least of the energy is released, radiate in
the optical band. Radiation spectra of the disk are formed locally at the effective
photosphere and the shape of the spectrum depends on the distance to the central
object (black hole).

X-rays observed from AGN are usually explained by an inverse Compton
emmision of thermal radiation in a hot matter called corona. Corona is assumed
to be above an accretion disk and mainly consists of hot electrons. Outgoing
spectra have strong dependence on parameters of corona, e.g. temperature of
electrons in corona, geometry of corona (see figure 1.7), its optical depth (see
figure 1.8) etc. Exemplary outgoing spectra are shown in figures 1.3 and 1.4.
From these figures one can see, that observed spectra can be very diffent.

Accretion disk produces thermal photons that are scattered to all directions
by corona. A certain part of photons can also be back-scattered to an accretion
disk, and then be either reflected by the disk, or absorbed by it as it is shown
in figure 1.5. Probability of a photon be either reflected, or absorbed depends
on its energy boost after comtonization in corona and on the properties of the
disk, e.s. its ionization. Absorbed photons will be in further thermally reradiated
by an accretion disk. Reflected photons can be then observed, and assumed to
be responsible for the formation of Compton hump and Fe line in the observed

12



spectra (see figures 1.3, 1.4).
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Figure 1.4: Example of possible observed spectrum from AGN.
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Figure 1.5: Formation of power law component and the reflection component of
the spectrum.

In order to understand observed spectra from AGN, it is important to consider
Comptonization in corona more specifically. Black hole’s corona consists of hot
electrons, non-thermal distribution of electrons is set by electron temperature
© = kT./m.c*. The number of photons is conserved during Comptonization
and the probability a photon will meet an electron can be calculated from the
optical depth 7 of corona. Probability that a photon will be scattered by an
electron is given by 1 —e™". Photons in the corona can be scattered on electrons
multiple times which is shown in figure 1.6. Spectrum built up from multiple
Compton scattering is usually approximated with power law function(green solid
line in figure 1.6) with power law index o = In7/In(1 4 4©). Note that the power
law index is determined by both the temperature and the optical depth of the
electrons.
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gf,

 J

Log v

Figure 1.6: Spectrum built up from multiple Compton scaterring for optically
thin (7 < 1) material. Fraction 1 — e™" of thermal low energy photons boosted
in energy by Compton scatrring is denoted by red solid line, each next scaterring
order is denoted by blue solid line, approximation with power law is denoted by
green solid line, shift factor of scaterring orders is denoted by cyan arrows (Done,
2010).

As one can see from figure 1.3, a typical X-ray spectrum from AGN is com-
posed of three main components, where two of them were commented above
(blue line and green line), and a soft excess (red line). In contrast with power
law component and reflection component (Compton hump and Fe line), there is
much greater uncertainty in origin of the soft excess. According to one of many
hypotheses it can be partially thermal radiation of the disk and partially own
(free-free) radiation of the corona. But there is still no exact explanation to the
nature of the soft excess line.

Power law part of the above spectrum can have different forms (see figures
1.3, 1.4), its slope can be either positive or negative and, in general, is source-
dependent. Spectra from AGN can be drawn with different system of axes, it is
normally drawn with F,(v)-axes, but for visibility reasons it can be drawn with
vF,(v)-axes or with v?>F(F)-axes, as it is in figires 1.3, 1.4 . In case of spectrum
is drawn with F,(v), its power law index is defined by «, but when spectrum is
drawn with vF,(v)-axes, its power law index is defined by I, and is then called
photon index. Photon index is defined as ' = o + 1 and is of typical values
'~ 1.5—3.5 (e.g. Nandra and Pounds, [1994; |[Reeves and Turner, [2000)).

X-ray spectra are commonly analyzed with the help of spectral fitting package
XSPEC, which was firstly written in 1983 at the Institute of Astronomy, Cam-
bridge, under VAX/VMS by Rick Shafer. XSPEC was meant to perform spectral
analysis of data from the ESA EXOSAT X-ray observatory. By now XSPEC
represents the main powerful tool in spectral analysis of AGN. XSPEC package
includes number of different physical models which can be applied to different
astrophysical objects and simulate outgoing spectra.

14



10

Flux (Arbitrary Units)

102

Lol L1l TR R T | Y. e

0.01 0.1 1 10 100 1000
Energy (keV)

Figure 1.7: Observed spectra depending on the corona geometry: slab geometry

(red), cylinder corona (blue), spherical corona (black), (Malzac|, 2018))
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Figure 1.8: Observed spectra depending on the optical depth 7 of the corona:

7 =0.5 (red), 7 =1 (blue), 7 = 0.7(black), (Malzac, 2018)
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Black-hole corona

2.1 Possible configurations of corona

The existence and origin of AGN corona is still a puzzle in astrophysics, nev-
ertheless, there are few hypotheses. The simpliest model is lamppost’ model
(see figure 2.1) that assumes the corona to be a point-like source located at a
certain height above the black hole. 'Lamppost’ model can be treated either
classically (non-relativistically) or fully relativistically, and even in fully relativis-
tic approach it doesn’t correlate with observations (Dovciak and Done, [2015]).
Thereby, 'lamppost’ model does not seem to be the true physical explanation.

-
o w ¥
—_— _}.4—%.,-,.—‘-—

Figure 2.1: Left panel: lamppost’ corona, middle panel: ’sandwich’ gometry of
corona, right panel: 'patchy’ geometry of corona (Malzac, 2018)).

Another model is called the ’sandwich’ model (see figure 2.1). ’Sandwich’
model assumes the corona to be a layer above an accretion disk covering the
whole surface of the disk. This layer could be treated either as if it was straight
above the disk or at a height h above it that will only complicate the calcu-
lations, thus, it is more convenient to consider corona be right above the disk.
In |Haardt and Maraschi (1991)) was developed a two-phase accretion disk model
with ’sandwich’-like corona, where authors composed and solved balance equa-
tions between corona and black hole accretion disk. Their solutions of global
equations yield the temperature of corona being a function of its optical depth
7. Hereafter, [Haardt et al. (1994) after further research, concluded that corona
may have a patchy structure. Therefore, another possible configuration of corona
appears, and it is plain patchy corona above an accretion disk (see figure 2.1).

Corona can also be considerd cloud-like (see figure 2.2). In this case black-
hole corona supposed to be concentrated above a certain place of an accretion
disk, and not covering its whole surface. There are several other possibilities
for geometry of the corona, such as jet-like corona (see figure 2.2), spherical or
cylinder corona (see figure 2.3). In this thesis we will further focus on sandwich
model of the corona and show what are geometrical constraints based on energy
conservation considerations.
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Figure 2.2: Left panel: jet-like corona, right panel: cloud-like corona (Malzac
2018).
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Figure 2.3: Cylinder and sperical geometries of corona (Stern et al.,|[1995); (Pouta-
mnen and Svensson), 1996)).

2.2 Energy balance of ’sandwich’-like corona

Let us first define some values that we will widely use in this and in the following
sections. Specific intensity dI, is defined as a finite amount of energy dFE trans-
ported by radiation of frequences (v, v+ dv) emitted from an area dA that is seen
at a solid angle df) in a small duration of time dt. Thus,

B dE
CdtdA dy dQY
Specific flux can be defined as a finite amount of energy dFE transported by

radiation of frequences (v,v + dv) emitted from an area dA in a small time
duration dt

dl, (2.1)

dE
dt dA dv’

and with the help of specific intensity is F, = [ I,dSQ, see also (1.34). Fluz
can be defined with the help of specific fluz, and is

dF, = (2.2)

F:/Rw. (2.3)
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Specific photon flux can be defined from specific flux as follows

dF, AN AN
Ny =3 = aaaw ~ "drdadE (2:4)

where dE/ = hdv.

At the first step we consider a two-phase accretion disk with a ’sandwich’
corona lying straight above an accretion disk and covering its whole surface. A
picture of the model that we use is shown in figure 2.4. As we examined before,
accretion disk radiates as a black body with an effective temperature Tk, and
its flux is thus given by F' = 0Tk Nevertheless, we will assume a certain part
of the energy that comes from accretion process retreats to magnetic fields which
carry that energy to corona and energize coronal electrons. Let us denote energy
from accretion process by Lacc (energy balance will be composed in terms of
radiative energy per unit time), energy radiated out from the disk surface as a
black body spectrum by Lpisk, and energy carried by magnetic fields to heat
corona by Lgc. The total energy that escapes from the system is Loyt and
obviously it must be equal to Lacc, if the total energy is to be conserved.

Lour

(THERMAL) (SCATTERED)

X\CORONA
MAGNETIC [/ N\—
ENERGY Lsc Lpsk LreTURN
TO CORONA
\/
Lycc DISK

Figure 2.4: Energy produced by an accretion process Lacc is shared between
the thermal energy Lpisk and the energy of magnetic fields Lgc. Thermal part
of the accretion energy Lpsk is radiated by the disk as a black body spectrum,
and then can be either scattered by corona, or pass the corona unscattered. A
certain part of thermal energy Lpisk can be backscattered to the disk Lrgrurn
and contribute to the local energy balance in the disk. The energy of magnetic
fields Lgc energizes electrons in the corona.

Photons radiated as a black body are further partially scattered by corona and
partially let go through the corona without an interaction (see arrows ‘thermal’
and ’scattered’ in figure 2.4). A certain part of scattered photons is assumed to be

18



backscattred to an accretion disk (see arrow Lrgryugry in figure 2.4), because the
process of Compton scattering is not angle-dependent (at low electron temper-
atures). Let us denote back-scattered energy by Lrgrurn. This back-scattered
energy is assumed to be fully thermalized in the disk and contributs to its local
energy balance, i.e. affects its effectiv temperature.

Thus, we can compose energy balance equations between the accretion disk
and the slab corona considering energy conservation

Lovutr = ¢ " Lpisk + ; {(1 — e ") Lpisk + LSC} ; (2.5)

Lrerurny = ; {(1 —e ") Lpisk + LSC} ) (2.6)

{(radiative cooling) : Lrap = aLacc (2.7)
(magnetic fields) : Lsc = (1 — a)Lacc,

Lpisk = Lrap + LreETURN, (2.8)

Lour = Lacc (2.9)

(energy conservation),

where energy given by accretion process Lacc is shared between magnetic fields
Lsc and thermal radiation Lrap by a parameter « € [0,1] (see also Haardt et al.|
1994)). If we adopt o = 1, all the accretion energy will be thermally radiated
and there will be no energy carried by magnetic fields, or vice versa, in the limit
a = 0, zero energy is radiated thermally, and all the accretion energy is carried by
magnetic fields. In order to obtain outgoing spectrum, it is necessary to determine
a parameter « so all the equations (2.5) - (2.9) hold.

In order to solve equations (2.5) - (2.9), we wrote a numerical simulation
that computes parameter a.. In our simulation we use NTHCOMP from XSPEC
package, to model the black body spectrum after passing through the corona.
NTHCOMP model simulates the Compton process in the corona using the model
of thermally comptonized continuum (Zdziarski et al., [1996; |Zycki et al [1999).
Free parameters for NTHCOMP are the black body temperature TSk, pho-
ton index I' and temperature of electrons in the corona T,. In our simulation
NTHCOMP model calculates two parts of the incident thermall radiation that
meets the corona, one that is scattered by the corona and the other that passes
through the corona unscattered (see arrows ‘thermal’(blue) and ’scattered’(red)
in figure 2.4). Optical depth 7 of the corona is calculated from equation (Al)
from (Zdziarski et al., [1996).

Simulation was tested with different initial parameters I' and 7,. For a black
hole with the mass M = 107 M, simulation stopped working at paramaters I' <
2.5 (see figure 2.7), T, = 30keV, where for those parametrs there was no solution
for . From a physical point of view this result means that cold accretion disk
cannot produce enough amount of power to keep coronal electrons energized.
For example, for the set of parameters I' = 3.0, T, = 30keV, M = 10" M, we
obtain a local spectrum which is shown in figure 2.5. In figure 2.5 one can see a
part forming a black body spectrum and parts converging to power law, which
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resembles the general shape of an AGN spectrum except for soft excess and
Compton hump that we neglect in our simulation for simplicity reasons. Thus,
slab corona geometry with full coverage can be applied only to corona with steep
photon index I' > 2.5 which does not correlate well with observations that support
rather hot corona with often not so steep photon indices. This demonstrates that
a slab model of corona with full coverage is not a suitable description of the real

AGN corona. It invokes us to consider a slightly more general configuration of
corona’s geometry.

T T ] ™ T T
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Figure 2.5: Outgoing local spectrum of an accretion disk with the mass of the
black hole M = 10" M, and black-hole spin a = 0 and parameters I' = 3, T, =
30keV of corona. The spectrum is evaluated at radius » = 10rg. Solid line
corresponds to thermal black body radiation from the disk, small dots denote
observed spectrum Lour, short-dashed line denoted photons back-scattered by

the corona Lggrurn, long-dashed line denotes part simulated by NTHCOMP
Lxtuacomp-

2.3 Energy balance of patchy corona

Another possible configuration of corona that we can consider is a patchy corona.
Thus, it becomes necessary to define a covering factor k of corona, k € [0, 1].
The factor k can be either related to geometry of corona, thereby, it describes
the percentage of the disk surface that is covered by corona, or this factor can
be treated as time-factor of the magnetic fields which means that electrons in
the corona will be energized occasionally after a sufficient amount of energy is
accumulated in the magnetic fields. In further we will treat factor k as a covering
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factor that controls abundance of the corona above the accretion disk.

In the patchy configuration the corona is still covering all the radii of an
accretion disk but it is no longer a solid layer, but has "holes” in it. Now we should
rewrite energy balance equations (2.5) - (2.9) with covering factor k participating.
Energy balance equations for patchy corona, thus, become

Lpisk = Lrap + LrReTURN, (2.10)
. 1 B |
Lout = (1 — k)Lpisk + ke " Lpisk + 5/{:(1 — e ") Lpsk + §LSC; (2.11)
1 B 1
Lrgrurny = §k<1 — e ")Lpisk + §Lsc, (2.12)
L = al
Lgc = (1 — a)Lacc,
Lour = Lacc, (2.14)

where in equation (2.11) term (1 —k)Lpgk denotes a certain part of photons that
will not meet the corona and pass through its "holes” . This part will contribute
to the black body spectrum.

Using equations (2.13) we obtain

Lpisk = aLacc + LreTUury, (2.15)
1 - |
Lrgrurny = ik’(l — e ") Lprsk + 5(1 — a)Lacc, (2.16)
1 . 1
LOUT = (1 — k‘) + ke —f‘ ik(l — € ) LDISK + 5(1 — Oé)LAcc. (217)

Expressing Lrgrurn from equation (2.10) and substituing it to equation (2.16)
we obtian

1 1
LDISK — aLACC = 5]6(1 — 6_T)LDISK + 5(1 — Oé)LACC. (2.18)

Hence, from (2.18) we obtain

LDISK Oé+1
= € |0, 1]. 2.19
LACC Q—k(l—e—T)’ « [ ’ ] ( )
Since a € [0, 1] and k € [0, 1], then
L
v < 22K <oy (2.20)
Lacc
where
= ! € [1 1]
7_2_1{;(1_ _7.)77 27



Using NTHCOMP model we can modify our energy balance equations as
follows
Lout = (black body) + (NTHCOMP) , (2.21)

1 1 1
Lxrucomp (T8, T, T,) = §k(1 — e ") Lpisk + iLsc + §k€_TLDISK- (2.22)

Equation (2.22) follows from the geometry of corona that is considered in
NTHCOMP model. Originally, NTHCOMP assumes corona to be spherical,
where a half of the scattered thermal radiation escapes from the corona to the
observer, and other half is back-scattered to the opposite side. In our model we
assume corona to be a plain layer above the disk, so we modified the normaliza-
tion of NTHCOMP model so to correspond to the slab geometry of corona in a
way used in equation (2.22). Hence

1
Lour = (1 — k)Lpisk + ke™ " Lpisk + 3 [k(l —e ") Lpsk + Lsc] : (2.23)
Using (2.22) we obtain

1
Loyt = |1 -k + 57436_7 Lpisk + Lntacomp (T, T, Tb). (2.24)

For the above mentioned geometrical reasons we set the normalization for the
number of photons in NTHCOMP model as

1
NxtHCOMP = ikNDISK- (2.25)

Photon distribution of a black body whose radiation is given by Planck’s law

P = 27rf;1/3 : 1
c e v/kT __ 1
can be calculated as follows
2
Lo 2 (A1)
N_g/o th/kT—ldV_c?o et —1 dr =
(kT)3 /OO x2e ™ p
_ =
c2h3 o 1—e* (226)
_ (kT)S o 2 —x —x —2x _ o n_—ar _ n‘ _
_c2h3/o e f(l+e+e "+ .)der= /0 z"e dx—anH =
(kT)? 11 .
=253 4-(1+?+¥+...):apT,
where 0, = 4k3§2§(3) is photon Stefan-Boltzmann konstant, ((s) = Y02, -& is
Riemann zeta function.
Thus,
Noisk = 0p(THisk)’s (2.27)
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and from equation (2.25) we have

1
NxtHCOMP = §k0p(TB§f3K)3. (2.28)
Equation (2.24) can be written in terms of specific flux, which gives us the
expected emerging spectrum

1
F,?UT = FEB (TSfIfSK) (1 —k + ike_T) + Fi\ITHCOMP(F’ Te’ TI%?SK)) (229)

where we have the same two components as in the energy equation (2.24). The
thermal part is represented by a black-body spectrum FPB and the comptonized
part plus a fraction of thermal radiation that is unscattered in the corona is
represented by FNTHCOMP = The Jater is obtained as an output of the XSPEC
NTHCOMP model.

Technically, our model now has two free parameters, which are the covering
factor k of corona and the factor o that divides energy between thermal radiation
and magnetic fields. These two parameters, however, depend on each other and
fixing one directly determines the value of the other one. Hence, it is more
convenient to have an analytical equation for one as a function of another one, e.g.
for the parameter k. In order to derive an analytical equation for the parameter
k, we define average photon energies for the NTHCOMP part of the spectrum
and for the thermal part as follows

7 _ LntHcomp  LntHCOMP
NTHOOMP = 47 = T, (Tei 5’ (2.30)
NTHCOMP §k0p< DISK)

Lpisk ~ Lpisk
_ 5K
Npisk  0p(THisk)?

Thus, we can define a new parameter € as a ratio between average energies

Episk = (2.31)

Extrcomp and Epsk

. Entucomp 2 Lnricomr

= = = 2.32
Episk k  Lpisk (2:32)
From equations (2.22), (2.24) we can derive
Lour 1 N 2—k(l—eT)
=1—-k+ =k )= : 2.33
LDISK * 2 (6 te ) 1 +« ( )
Hence, for the parameter k it holds
2(1 —
. (1-a) (2.34)

ale+e ™)+ (e—e )+ 2a
From equation (2.34) follows boundary condition for k, and is given by

2
k< —"— e>1. (2.35)

Te—e T’
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Figure 2.6: Dependence of the paramter ¢ on the temperature of the disk 7.
for the different values of I and for 7, = 50keV.
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Figure 2.7: The range of allowed solutions for the equation set (2.10) - (2.14)
for different values of I' (T, = 50keV). The yellow box shows the allowed range
for the value of the coverage factor £ = 1, where only coronae with steep I' fit.
Lowering k will lower the position of the allowed region in the plot along y-axis.
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Figure 2.8: Dependence of the maximal value of the parameter k& on the radius
of the accretion disk r with the black-hole mass M = 107M,, black-hole spin
a = 0,999 and temperature of the electrons in the corona T, = 50keV for different
photon indices.

Parameter € can be also very useful if we draw it depending on the temper-
ature of the accretion disk for the different values of the photon index I'. One
can see that for the steep photon indices (see figure 2.6) there is a minimal dif-
ference between thermally radiated energy and the comptonized fraction, thus,
after comptonization in the corona, observed spectra will be more influenced by
the black body spectrum than by power law. On the other hand, the difference
between energies radiated by the disk and comptonized fraction becomes clearer
with decreasing photon index I', in this case the observed spectrum will be more
dominated by power law than by the black body spectrum.

We can use relation (2.20) to show what is the range of allowed solutions of the
energy equations (2.10)-(2.14) based on the model parameters I', T, and k. Figure
2.7 shows how relation (2.20) depends on the black-body effective temperature
Tpisk and on I' index (electron temperature T, is fixed at 50 keV) and what is
the range of solutions for a fixed value of the coverage factor k — in the depicted
case k = 100%. Clearly, a corona that fully covers the disk can only exist if it has
sufficiently steep photon index (I' > 2.5). Coronae with lower I" must necessarily
be patchy to meet the condition on the energy balance. In the plot it means that
the coverage factor will be lower and the yellow box will also move lower along
the vertical axis. This means simply that an optically thicker corona with low
value of I' must have holes to allow a significant fraction of thermal photons to
pass without interactions, otherwise those photons would cool the corona beyond
the ability of the disk to cover the energy losses from its internal accretion energy.
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Figure 2.9: Dependence of the maximal allowed value of the parameter k., on
the effective temperature of the accretion disk Ty for different photon indices
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Figure 2.10: Dependence of the maximal value of the parameter k£ on the radius
of the accretion disk r with the black-hole mass M = 107 M., black-hole spin
a = 0 and temperature of the electrons in the corona T, = 50keV for different
photon indices.
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The fact, that the effective temperature of the accretion disk depends on
radius, and since equation (2.35) constrains the maximal value of the parameter k,
the set of graphs of kmax(Taisk) and kmax(7) give us the maximal allowed coverage
factor of the corona above the accretion disk. Abundance of the corona above
the accretion disk for the black hole with the mass M = 10" M and black hole
spins a = 0, a = 0,999 can be seen from the set of figures (2.8), (2.9), (2.10).

2.4 Outgoing spectra from the accretion disk
with ’patchy’ corona

Up until now, we have been only dealing with the local spectra, i.e. the spectra of
radiation emerging from corona locally in the rest frame of the rotating fluid at a
specific radius. In order to obtain the global spectrum of accretion disk, we need
to integrate that local spectra over the surface of the accretion disk. Because we
are dealing with disks around compact object, that integration shall treat all the
relativistic effects that affect the photons on the way to a distant observer. These
are namely the Doppler boosting, beaming and gravitational light bending and
red-shift.

We are using an integration scheme, where the local intensity is integrated
over the disk surface with the use of a transfer function that incorporates all the
relativistic effects and transformations. A general formula for such an integration
in terms of photon flux is

Now(E) = [ NiwlE/g) ¢ d22, (2:36)

where Nops(E) is the specific photon flux as seen by the observer, Nj,.(F) is the
specific photon flux emitted from the fluid rest frame, g is the relativistic red-shift
factor combining Doppler effect and gravitational red-shift and df2 is an element
of the solid angle on the observer’s sky. Since we have decided to integrate over
the disk surface rather that over the observer’s sky, we need to transform df2 to
a disk surface element r dr dy. Then

Nons(E) = Ny / / Nie(E/g) F(r, g, 1) 7 drr dip (2.37)

where Ny is normalization and F(r, g, fi) is a transfer function that depends on
the place and direction of emission and Ny,.(F/g) is the local photon spectrum
that corresponds to equation (2.24).

This integration framework has been used by |Dovciak et al.| (2004) to develop
a set of spectral models for the fitting software XSPEC. The so called KY models
are frequently used in analysis of observed AGN data and we use one of the
models (KYNBB, the disk thermal emission model) as a basis for deriving a new
spectral model that will implement the local spectra of radiation that comes from
the sandwiched corona as describes in Section 2.2.

We name the new model KYNCOMP and the source files for it are attached to
the thesis. Although the model is based in non-axisymmetric integration routine
from the KY core (which is indicated by the letter N in the name), the routine that
implements the local spectrum is of course axially symmetric with no azimuthal
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angle dependence. The non-axisymmetric feature may be, however, used later in
a subsequent work.

The result of the integration is illustrated in figure 2.11. Parameters are chosen
such that I' = 2.0, T, = 20keV, M = 10° M, a = 0.98 and the disk accretes at
Eddington luminosity. We assume the corona start at the inner edge of the disk
and goes as far as the disk is able to keep it energetically. The figure 2.13 shows
spectra for two values of the parameter «, which scales the amount of accretion
energy that is transferred from the disk into corona, o = 1% and o = 50% and
for comparison also the spectrum of the disk thermal emission only as if there
was no corona at all. The spectrum clearly recovers the thermal part and the
comptonized high-energy tail with a cut-off starting at approximately 100 keV.
For any a approximately larger than 50%, the coverage factor is very small, less
than a thousandth and pushes the power-law component down. One can also
recognize the difference in the thermal part between the reference black-body
spectrum and the @ = 1% spectrum with corona, where a noticable fraction of
the thermal photons have been removed from this component and comptonized
to form the power-law part of the corona.

10% /—\

10% |

102 |

log vF,
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0.01 0.1 1 10 100
log E, (keV)

Figure 2.11: The global spectrum of the accretion disk of the black hole with
the mass M = 10°M,,, black-hole spin a = 0,98, temperature of electrons in the
corona T, = 20keV and photon index I' = 2. Spectrum is drawn for two values of
parameter o = 0,5% (blue dotted line), a = 0,01% (green dotted line), also the
black body spectrum with no corona attended is shown with red solid line.
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Figure 2.12: Black body part of the global spectrum of the accretion disk of the

black hole with the mass M = 10°M,, black-hole spin a = 0,98, temperature of
electrons in the corona T, = 20keV and photon index I' = 2.
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Conclusion

According to the widely accepted hypothesis a supermassive black hole is believed
to be in the center of an active galaxy. Presence of a supermassive black hole
in the center of AGN is responsible for its activity in X-ray range through an
accretion process. There is a number of hypotheses on the origin of X-ray emission
from AGN. In this thesis we supported one that assumes it to be originated in
the formation above the accretion disk named corona. As we presented in the
first chapter, corona has a large influence on the observed spectra from AGN.
Depending on the parameters of corona, such as its optical depth, temperature
of the electrons in the corona or geometry of the corona, observed spectra have
broad variations and can be very different.

We focused on ’sandwich’ geometry of corona and elaborated an interaction
between the accretion disk and the corona through the equations of energy bal-
ance. However, from our simulation it followed that such a configuration of corona
can not be a succesful physical model and does not correlate with observations.
In further we had to define covering factor of corona, where the covering factor
can be either time-factor, or space-factor. We considered this covering factor to
be a space-factor, thus, we assumed "patchy’ geometry of corona. For 'patchy’ ge-
ometry of corona we also elaborated energy balance between the disk and corona.
From our simulation 'patchy’ corona appeared to be more reliable physical model
than 'sandwich’-like corona.

Finally, we managed to obtain the global model spectrum that can be observed
under assumptions of 'patchy’-like corona. We may conclude that "patchy’ model
of corona is a truthworhty physical model, that can compete with other possible
configurations of corona and potentially bring successful results.
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