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slozku ve formé cerné diry; a iii) kombinace obou slozek. Ukazujeme kvalitativni
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Preface

Continued and steadily growing interest flourishes in the field of exploration of
observational effects and astrophysical consequences of strong gravity that influ-
ences electromagnetic radiation originating from glowing gas, stars, and stellar-
mass compact objects orbiting near supermassive black holes (Eckart et al., [2005;
Melia), 2007; Raine and Thomas, [2009; Meier| 2012). Only very recently the tra-
ditional methods of astronomy based on detected properties of light, namely,
spectral properties and their temporal changes, have become joined by multi-
messenger physics: production of neutrinos, cosmic rays, and the effects of emis-
sion of gravitational waves (Dermer and Menon, 2009; |De Angelis and Pimenta,
2018; Maggiore], |2018). The main motivation for this research arises from that
fact in this way the astronomers aim to reveal the effects General Relativity,
in particular, the presence of curved spacetime in the immediate vicinity of the
black hole. As early as in 1960s, following the discovery of quasars (Hazard et al.,
1963; [Schmidt), 1963) it has been speculated that an imprint of a massive central
black hole must be encoded within the radiation propagating to a distant observer.
Various conditions and different geometries have been explored (e.g.[Shakura and
Sunyaev], 1973a; \Urry and Padovani, 1995; Elvis, 2000; Czerny, 2019, and further
references cited therein) with the conclusion that observed radiation spectra of
a standard accretion disc (i.e., thermal, multi-black body continuum with varied
temperature) should be highly variable and significantly modified by the pres-
ence of hot corona (non-thermal, power law continuum) and the spectral-line
features arising from their interaction (Svensson and Zdziarski, |1994; Zdziarski,
1998; (Czerny et all 2000). The most prominent signatures have already been
examined in the pioneering works, namely, the methodology of transfer func-
tions was introduced which determine gravitational lensing of light rays and the
Doppler boosting of radiation (Cunningham) |1976; Karas et al. |1992; Miniutti
and Fabian, [2004; Dov¢iak et al., 2004; Schnittman, 2006)), as well as the asso-
ciated effects of reprocessing and self-irradiation (Fukue, [1992; Sanbuichi et al.|
1993; Kuncic et al.l [1997; Loska et al., 2004). Figure (1] illustrates the central
engine of an active galactic nucleus.

The origin of most prominent relativistic effects visible in the electromagnetic
domain can be briefly described as twofold: firstly, the structure of an accretion
disc and its locally generated radiation depend on the location of its inner and
outer rims (typically, the innermost stable and marginally bound orbits play a
prominent role), which are in turn determined by the black hole parameters and
the accretion flow intrinsic characteristics (Bardeen et al., 1973} [Karas|, [2006;
Hagen and Done, [2023)). Secondly, observed spectra differ in their shape from
that emitted in the local disc frame, especially when observer’s inclination is
large, i.e., seen at close-to-edge-on view angle (e.g. Laor, |1991; Sochora et al.,
2011; Stolc and Karas, 2019).

Lack of observational data limited the pace of progress until sensitive X-ray de-
tectors with high spectral and timing resolution started providing reliable quanti-
tative information. It was soon confirmed that the most energetic radiation arises
from the inner regions of accretion, where the emission and absorption features
are revealed with shapes and energy naturally explained in terms of relativistic



Figure 1: An artist’s rendering of a supermassive black hole inside Active Galactic
Nucleus. The enigmatic rotating supermassive black hole resides in the centre
of the system, where it is surrounded by an accretion disc feeding it with gas.
The apparent color of the accretion disc material indicates the inward-growing
temperature in the inner region due viscous forces of magnetic turbulent heating
acting on it. A layer of light-blue pictures the radiation originating from the hot
corona (the image credits: ESO, ESA /Hubble, M. Kornmesser).

effects. Large equivalent width of the fluorescence Ka line and the positioning
of its energy centroid can be understood if the line is produced in a medium at
very rapid rotational motion with velocity (comparable to the speed of light) near
a Kerr black hole. However, the early models suffered from a large number of
unconstrained parameters and various degeneracies, while the observational evi-
dence still could not restrict the accretion models sufficiently. Excellent spectral
resolution and high signal-to-noise (S/N) ratio are necessary to confirm typical,
double-horn profiles, while temporal resolution can enable various approaches to
mapping of the source including the Doppler tracing (Marsh and Horne, 1988}
Karas and Kraus, (1996} |Albright and Richards|, 1996|) and interferometric imaging
(Event Horizon Telescope Collaboration, et al., [2019a; [2022). Even more impor-
tantly, current understanding how the black hole accretion operates shows that
the standard thin-disc scenario of a stationary and axially symmetric flow does
not apply to most of astrophysically realistic situations and it has to be ame-
liorated by additional components. In this thesis we will embark on a detailed
investigation of one of the inevitable modification of the standard accretion disc
scenario, namely, we will investigate the role of gaps and truncation of the flow
that can be caused by secondary, embedded orbiters.

It is the aim of the present work to touch on related signatures that appear


https://www.eso.org/public/images/eso1644b/

elsewhere in the electromagnetic domain outside the dominant X-rays; in par-
ticular, we discuss the UV band that nowadays appears to be very promising to
offer further relevant constraints. On the other hand, we concentrate mainly on
radio quiet objects that do not form prominent jets. Hence, we do not discuss
electromagnetic signatures prominent is the radio domain. The ultimate goal of
our research is to improve our understanding and place limits on the synergeti-
cal mechanisms between different electromagnetic processes and those producing
gravitational wave signal.

Additionally the thesis focuses on the effects of the reflection of high-energetic
radiation off of an cold slab of matter forming the accretion disc, such as the
strongest Fe Ko line (e.g. Tanaka et al., [1995). In this scenario the main param-
eters are the observer inclination 6, (6, = 90 deg for an edge-on observer, i.e. in
the plain of the disc) and the black-hole dimensionless spin, a/M (0 < a/M < 1;
gravitational field of a rotating Kerr black hole in geometric units). The key
role is played by the radiation emissivity profile that is geometry-dependent and
radially-dependent quantity (Fabian et al. |1989). Effectively in this thesis we
set the a/M ratio equal to zero, hence we assume the central body to be a
non-rotating Schwarzschild black hole. The specific effects the perturbers on the
spectral line profile are in agreement with the predictions made by the [McKer-
nan et all (2013). In our scenarios, however, the former studies are broadened by
the effect of the multiple perturbers of different character, or multiple perturbers
present at the same time.

The thesis is organized as follows. Section [1| gives a general overview of ac-
creting supermassive black holes. Here, we set a stage for the subsequent sections
that deal with the particular problem of spectral signatures arising from black
hole accretion discs that are disturbed by embedded secondary bodies orbiting
the SMBH. In the section [2| we further elaborate the aim of the thesis, namely
the effects of the perturbers onto the optical/UV spectra and spectral line profile.
The section then illustrates the results of the study, plots of optical/UV spectra
as well as simulations and their respective fitting results, followed by the sections
and [5| discussing the results, commenting on the the potential future prospected
and concluding the study, respectively.



1. Introduction

1.1 Supermassive black holes in cores of galaxies

Supermassive black holes (SMBH) are found in active galactic nuclei (AGN) and
quasars, where they are born as products of the inner dynamics and evolution.
Indeed, different pieces of evidence show that most of massive galaxies harbour
dark, supermassive, compact bodies that can be plausibly described as SMBH
of varied mass and spin. They accrete matter from the cosmic environment and
reach millions to billions of solar masses (Krolik, |1999). On the other hand,
stellar-mass black holes are remnants of evolved, massive stars that have under-
gone gravitational collapse. The latter also often appear rather frequently as a
product of interaction in stellar binary systems (Karas and Matt, 2007; Miller
and Miller|, 2015)). Furthermore, there is a widely discussed theoretical possibil-
ity of primordial black holes as well as intermediate-mass black holes (IMBH),
although the evidence for the latter two categories is predominantly speculative
or circumstantial (at best)[l]

Our present work focuses on selected aspects of massive black holes embedded
within and interacting with the surrounding gaseous environment of disc-type
geometry that has been introduced as a basis of the so-called Unification Scheme
(Antonucci, [1993; |Urry and Padovani, [1995). Interestingly, the idea of mass-
scaling allows us to relate potential astrophysical mechanisms that can govern
vastly different types of black holes in diverse objects, ranging over the entire
mass range, and describe them by interrelated astrophysical concepts. Some
of the massive black holes have been described as likely candidates for binary
systems orbiting each other. We will consider such scenarios in our work.

Albert Einstein’s field equations of General Relativity (Einstein) 1915]) de-
scribe the relevant physics in geometrical terms via tensorial formalism of curved
spacetime. In a standard textbook notation of General Relativity we find the
following equations (Misner et al., |1973)

R,,—3Rg,, + Mg, =£T,, (1.1)

cd

The spatial part of the last equation includes the Ricci tensor R ,,, a contracted
form of the Riemann tensor, the Ricci scalar R, which is a contracted form of the
Ricci tensor, and the metric tensor g,,,. On the right side of the equation stands
the energy-momentum tensor 7. Further constants involve the gravitational

constant GG, the speed of light ¢ and the cosmological constant A.

The eq. represent a set of tensorial equations reduces in 4-dimensional
spacetime to set of ten nonlinear partial differential equations of the second order.
Six of them describe the gravitational field in terms of the respective metric
tensor components, whereas the remaining four equations describe the source of
the gravitational field via the conservation laws. It is especially the non-linearity
of the equations that causes the so called effect of “back reaction”. Not only the

1Several alternatives to SMBHs, such as Dark Stars and Boson Stars have been also subject
of numerous lively debates over the recent decade (e.g. [Wu et al., [2022; |Della Monica and de
Martind, |2023)). These concepts are however rather speculative at the present stage.
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changes in the source induce the changes in the gravitational field, i.e. metric, but
the changes in the gravitational field itself imprint the conditions for the changes
of the source.

To obtain the solution to the eq. (1.1) one needs to specify the source. That
is, however, not enough from the practical point of finding solutions, as the com-
plexity of the field equations must be reduced by the proper choice of symmetries.
Karl Schwarzschild proposed the first spherically symmetrical vacuum solution (t,
R, 0, v) of the gravitational field generated by the point particle or a spherical
star (Schwarzschild, 1916|). The corresponding form of the spacetime interval

reads as
2
ds?2 = —[1— & c2dt? + dRR + 72(d6? + sin? 0dp?), (1.2)
R 1-%

with the newly defined length-scales of Schwarzschild and gravitational radii,

GM

There are two apparent singularities in eq. as R equals 0 or Rq. The singular-
ity located at Rgq is just coordinate singularity, i.e. provided different coordinate
system, the singularity will not be present anymore (curvature invariants are fi-
nite). Nevertheless, the eq. shows that once you cross the Schwarzschild
radius the character of the radial R becomes timelike and the time coordinate ¢
become spacelike, i.e. to stand still is equivalent to having velocity higher than
the speed of light. In fact, this can be best seen in a suitable ingoing coordinates.
The Schwarzschild radius indicates the distance to the surface from which even
light cannot escape. The singularity at R = 0 is a proper spacetime singularity
and cannot be cancelled out using any coordinate transformation. Hence, the
Schwarzschild solution gave rise to the black hole which is located at R = 0 and
is surrounded by the event horizon located at R = Rg.

The general axially symmetrical vacuum solution (¢, R, 6, ¢) to the Einstein’s
field equations caused by the presence of the rotating (a # 0), both electrically
(Q # 0) and magnetically (S # 0) charged point particle is called Kerr-Newman
solution (Newman et al.| [1965)). The square of the spacetime interval then reads
as follows:

A in? 6 2 ¥
ds? = =5 (dt —asin? 0dy)” + = |adt — (R + a®) | + 5 dR® + X a6,
(1.4)
where the metric functions are defined in terms of
Y =R?>+acos?0, A=R?-2MR+a®+Q?*+ 5> (1.5)

The solution in eq. is, however, not astrophysically a realistic solution
for @ # 0 and/or S # 0, as the electric charge of the central singularity is not
observed (however, |Wald}, [1972; |Zajacek et al., [2018) and the magnetic charge
serves merely for a generalization. Setting the spin of the particle and its mag-
netic charge to zero we arrive at the Reissner-Nordstrom solution as a special
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case (Reissner, 1916; Nordstrom, 1918)). Solutions such as this might be theo-
retically interesting, but they do not pose much of an astrophysical relevance.
The astrophysically most realistic solution is axially symmetric vacuum solution
of the gravitational field surrounding the rotating particle, Kerr solution Kerr
(1963). We obtain it as a limit case of the Kerr-Newman solution, when setting
the electrical and magnetic charge to 0. The complexity of the solution translates
into the spacetime structure as illustrated in Figure [I.1} Finally setting all three
parameters, a, () and S to 0 we arrive at Schwarzschild solution as in eq. .
It might be tempting to try different set of parameters of the source particles and
solve the Einstein field equations for the metric coefficients. No-hair theorem,
however, states that once the particles starts collapsing all of its parameters will
become obsolete and only three of them remain — mass, charge and spin of the
now formed black hole (e.g. Misner et al., 1973).

Ring singularity

Inner surface of

infinite redshift Outer event

horizon

Outer surface of
infinite redshift

Inner event
horizon

X Ergosphere

Axis of rotation

Figure 1.1: A schematic drawing of Kerr black hole horizon structure, with a
non-vanishing value of spin 0 < a < 1 (Misner et al., [1973). In the Kerr-Schild
coordinates the curvature singularity takes form of a ring and is surrounded by a
set of four regions that are separated by characteristic surfaces. Both the outer
and inner surfaces of infinite redshift represent the static limit surfaces; test par-
ticles crossing the surfaces are unable to stand still with respect to infinity. Once
crossing the outer or inner event horizon the test particles are unable to stand
still with respect to infinity and additionally unable to escape the gravitational
pull of the central object. The area between the outer surface of infinite redshift
and the outer horizon is called the ergosphere, where the possible Penrose effect
takes place (Penrose and Floyd, [1971)). The altered image has been adapted from
Guan et al.| (2022).



Figure 1.2: Recent evidence about SMBHs from the electromagnetic domain. Left
panel: M87* the SMBH located in the centre of the Messier 87 galaxy. Right
panel: Sgr A*, the SMBH located in the centre of the Milky Way galaxy. The
images of the inner accretion flow were obtained due to the usage of the following
observational instruments: the Event Horizon Telescope (EHT), a global network
of radio telescopes including the Atacama Large Millimeter /submillimeter Array
(ALMA) and Atacama Pathfinder Experiment (APEX). Image credit: EHT Col-
laboration.

1.2 Gaseous environment near SMBH

The inescapable pull of black hole’s gravity traps much of the surrounding matter;
even light that reaches the critical surface of the event horizon must proceed
towards the hidden singularity. The speed of the material falling in together
with an internal friction cause the source to radiate and, rather paradoxically, it
makes the darkest objects stand out as the most prominent bright sources in the
Universe.

The process of central body attracting more and more mass incrementally is
called accretion. This mechanism depends strongly on the geometry of the system.
The choice of geometry depends mainly on the outer boundary conditions but
also on the system parameters, such as the black hole spin parameter (denoted a
in a dimensionless form hereafter). In case of spherical accretion the matter falls
almost directly onto the central object (Bondi, |1952; Hoyle and Lyttleton, [1941)
whereas it is the non-zero rotational or angular momentum of the infalling matter
that leads to the formation of the disc-like structure called accretion disc. It was
found that radiation efficiency of the quasi-spherical accretion is very limited
(except perhaps for a possibility of formation of luminous boundary layer on the
surface of a non-magnetized neutron star).

As early as in 1960s it was proposed that disc-like (toroidal) accretion around
a massive black hole can explain properties of bright quasars and similarly bright
galaxies (Lynden-Bell, [1969; Pringle and Rees, 1972). Originally, the idea arose
from timing arguments and energy considerations (accretion is expected to vary


https://www.eso.org/public/images/eso2208-eht-mwd/
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on dynamical time-scale and it can reach very high efficiency even compared to
the processes of nuclear burning on stellar cores). The accretion theory became
gradually a well-established field with direct observational support. On the other
hand, to this date the properties of accretion flows in galactic nuclei are under-
stood to much less extent and physical understanding than it is with accretion
in binary stellar systems. Still, the two vastly different types of objects share
many common properties that allow for mass scaling of ten orders of magnitude.
Geometrically thin accretion discs represent the best-understood approximation
that is appropriate to objects with planar discs at (almost) Keplerian rotation
and rather low accretion rates (Shakura and Sunyaev, [1973alb; Pringle, [1981]).
In the present work we will treat the gaseous accretion flows in the approxima-
tion of vertically integrated quantities, although, at certain stages of the process
this approximation is not appropriate, and the corresponding flows appears to be
quasi-spherical and with low radiation efficiency.

Comparisons between models and observations of multiwavelength spectra are
a fundamental diagnostic tool to probe the nature of accreting black holes and to
reveal the geometry of these systems. To this end, both the continuum profiles
and prominent spectral features from black hole accretion discs are investigated.
Nonetheless, various simplifying assumptions must be introduced in order to han-
dle computational challenges. The final goal of this effort is a self-consistent treat-
ment of the problem with all effects of radiations transfer in strong gravitational
fields taken into account. Complex conditions play a major role: the structure of
density distribution, ionization properties of the environment, self/obscuration,
etc.

There is a whole variety of accretion disc flavours that are based on intrinsi-
cally different model assumptions. Starting from the standard Shakura Sunyaev
thin accretion disc (Shakura and Sunyaev, |1973b), the sequence then proceeds
to the slim discs (Abramowicz et al., [1988]), the geometrically thick fluid tori
(Fishbone and Moncrief, 1976), and the intermediate case also introduced in
(Abramowicz et al., |1988]). A special case scenario would be represented by the
puffy discs that lie in a certain sense in between the slim and thick discs and cap-
ture the effects of corona (Lancova et al., 2019), whereas Magnetically Arrested
Disc scenario (MAD) assumes the presence of large-scale (organized) magnetic
field (see Narayan et al.; 2003, and references therein).

At the heart of viscous mass transport across the radii of the accretion disc lies
the magnetorotational instability (Balbus and Hawley, [1991)). The key is just a
slight change in the poloidal component of the magnetic field. Should the poloidal
component of the magnetic field be of rather significant value the highly ionized
accreting material can adopt the MAD form and proceed along the magnetic field
lines (see Narayan et al., 2003, and references therein).

Accreting black holes and neutron stars exhibit a rich phenomenology of their
spectral states that are thought to correspond to different combinations of the
system parameters, in particular, the accretion rate of matter falling onto the
central mass, the spin of the central compact body, and the overall geometry of
the accretion flow with respect to the spin axis. The soft state is dominated by a
multi-color thermal (black-body) profile arising in the above-mentioned optically
thick, geometrically thin accretion disc. On the contrary, the hard state is in
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X-rays typically dominated by a hard power law spectrum that shows the high-
energy cut-off due to Compton up-scattering of the disc seed photons in a cloud
of hot electrons, referred to as the X-ray corona. The nature of the corona
and its geometry are currently under debate (Poutanen et al. [2018). There
is observational evidence for a patchy layer structure located near above the
accretion disc plane, where magnetic reconnections play a crucial role (Galeev
et al);|1979), or it could be a part of accretion flow dominated by advection inside
a truncated disc (Eardley and Press| [1975) , or just a base of an emerging jet
(Matt et al., [1992)). For reviews, see e.g. Done et al.| (2007); Bambi (2017)).

Generally the plasma-like material behaviour is well approximated by the
Boltzmann-Vlasov equation. The Boltzmann-Vlasov equation is essentially the
partial differential equation describing the time evolution of the plasma distribu-
tion function to describe the statistical ensemble. To describe the macroscopic
effects of the specific distribution function one can calculate the momenta of the
Boltzmann-Vlasov equation and arrive at the key equations of magnetohydrody-
namics. The zeroth moment of the Boltzmann-Vlasov equation, the continuity

equation, yields
gp + (put)., =0 (1.6)
Ot S ’ :

where p corresponds to the density, u* to the four-velocity. Consequently, we
write for the for the first moment of the Boltzmann-Vlasov equation, the Euler
equation, following relation
out 1 1.,
— + v, = —-P' -t + 11", (1.7)
ot ’ p p
The covariant derivatives of scalar fields pP and ® correspond to the pressure
P # and potential gradient ® ¥, respectively. The II*” is the stress tensor.

The equations in the subsequent subsections correspond to those listed, e.g.,
in the textbook [Frank et al. (2002), unless stated otherwise.

1.2.1 Spherically symmetric accretion

Let us introduce the elements of the idea of spherically symmetric steady accretion
onto a central body of mass M (Bondi, [1952; |Zeldovich and Novikov} [1971]).
First we have to account for the spherical symmetry and that is by setting the
coordinate system (r, 6, ¢). To account for the steady solution we simply set the
% = 0. Under these circumstances the general form of continuity equation (/1.6))

then translates to

1d ,
T—QE(T pv) = 0. (1.8)
By integration we then obtain
4mr?p(—v) = M. (1.9)

The accretion rate M is radial function, and it is proportional to the p(—v), with
the minus sign caused by the infalling motion of the material.

We treat the general form of the Euler equation (1.7) similarly, setting the
spherical symmetry and dropping the partial time derivatives. Hence we arrive
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at

dv 1dP  d®

L + ;5 + T

The polytropic equation of state dictates P = Kp7, K = const allows us to

study the system setup for the various choices of v parameter, e.g. v = 5/3 in

case of adiabatic equation of state. The potential ® is set to —GM /r, and we

also neglect the presence of the stress tensor II#”. Hence, the Euler equation
takes the following form

0. (1.10)

dv ¢ dv GM

U— —
dr  ovrZdr r2

0. (1.11)

The spherical symmetry is invariant to the change of both angles 6, ¢ and
the eq. (1.8) and (|1.10) are essentially 1-dimensional differential equations. Re-
arranging the terms we get

O ) ST

This differential equation is the “Bondi equation”: it represents the result of the
steady spherical symmetric approximation of the classical equations due to Bondi
(1952)). We notice the right hand side of this equation can be set to 0, when the
radius 7 is set to r, = GM /(2c2), i.e. critical/sonic point. In general there are 6
classes of solutions based on the behavior when crossing the ¢ (see e.g. |Frank
et all, [2002). The eq. also hides the Parker stellar wind model solution in
the steady spherical symmetric approximation.

Let us attempt to formulate the solution pertaining the accretion solution

class and integrate the eq. (|1.10))

2 dP GM
U [ S8 T const (1.13)
2 p r

while we substitute dP = Kvyp? !dp, and integrate we follow with vP/p = c2
and obtain the Bernouli integral
v? c? GM

> 5 — T const. (1.14)

After a few subsequent adjustments we can express the speed of sound and density
with respect to the infinity as

e.(r) = cs(oo)<5_237)é (1.15)

and consequently

r/(’vl)
(1.16)

plr) = ploo) |

¢5(00)

Finally, we write for the accretion rate the following

M = 1.4 x 10 (;Z)Q {féoji} [10027(;?1}23—1 (1.17)
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The formula points out the expected level of the accretion rate to be rather low,
given the conditions of the material placed at the infinity. It also identifies the
radius of the influence of the accreting source as the critical/sonic point. That
is the threshold value below which the material velocity turns supersonic (for
a lucid exposition of elementary properties of transonic flows onto black holes,
see (Chakrabarti, 1990). The switch to the supersonic speed once crossing the
critical /sonic point indicates there is a necessity to use different approach to
account for the final interaction of the accreted material and the accretor, i.e.
implement the plasma physics approach.

1.2.2 Axially symmetric disc accretion

In order to reflect the baseline axial geometry, hereafter we will adopt the axial
coordinates (R, ¢, z) and proceed with the introduction of key equations for the
structure of the accretions disc and focus on the effects of the radiation in the
standard Shakura-Sunyaev thin accretion disc scenario (Frank et al., [2002]).

To illustrate the simple version of a mechanism behind the accretion we start
with a simple accretion disc and focus on two streams located at R and R+ AR.
Particles rotating in the accretion disc at the radius R interchange their position
with the particles orbiting at the distance R + AR, et vice versa. This simulates
the viscous process taking place in the accretion disc across its radial layers (see
Figure . We define the angular momenta of both particles as

Lo = R2Q(R),
Lo = (R+ARQ(R + AR).

inner

(1.18)

outer

Their respective angular momenta change as their distances from the centre
change R <> (R + AR) as follows

linner = (R + A>RQ(R)?

1.19
louter = R<R + A)Q(R + AR) ( )

We define the the difference between the outer and inner layer after interchanging
the particles’ position as

Al = louter - linner = R(R + AR) (Q(R + AR) - Q(‘R)) (120)

Multiplying the eq. ((1.20)) by the length of the accretion ring at R and the assum-
ing its surface density profile X, we define the gravitational torque G(R), which
is proportional to kinematic viscosity v, as

G(R) = 2rRSvR*Q' (R), (1.21)

while neglecting the o(A?) terms. We record the Q profile’s profound effect as
it prescribes the flow of angular momentum in the accretion disc. In case of
Keplerian disc, with the Q'(R) < 0, we notice the angular momentum is being
transferred to the outer layers of the accretion disc.

Adopting the Newtonian approximation, using the axial coordinates, let us
rewrite the continuity equation (1.6)) as

ap 0 B
En + ﬁ(pvRR) = 0. (1.22)
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magnetic field line

G(R+AR)
o @
e

Figure 1.3: Left panel: The sketch of accretion disc’s material layers (marked by
grey color) illustrating the viscous processes in the top view. The interchanging
of the material from inner and outer layer (marked by the white and black point
particles, respectively) causes the angular momentum to be transported outwards,
whereas the material is spiralling down onto the central object. However, this
type of viscosity appears to be far too low in astrophysically realistic conditions
of accretion discs (Frank et al., 2002)). Right panel: Edge on view of the accretion
disc immersed in the non-zero poloidal magnetic field causing the shift of the point
particles (marked by red and blue color) between the layers of the accretion disc
(marked by yellow color), a direct result of the magnetorotational instability. The
latter mechanism is considered to be the origin of effective viscosity that drives
accretion (Balbus and Hawley, [1991]).

AR

We further rewrite the Euler equation (1.7)), describing the angular momentum
conservation, in the following form

d(pv
Rg% + %(R%vap) = % (Rsl/pg—?%> . (1.23)
In both equations we denote the density still as p, both the radial and azimuthal
components of the velocity as vy and v,,, kinematic viscosity as v and the angular
velocity as 2.
It is convenient to transform, both the continuity equation and angular momen-
tum conservation equation, by vertically integrating the density p as j(; " pdz =3,
with accretion surface density denoted as 3. By doing so we rewrite the eq.
to

0% 0

Following the same steps we vertically integrate the Euler eq. ((1.23)) and arrive

at
o(Xv,) 0 0 o0
3070 L 9 Ry %) = — [ RBvnZE ). 1.2
R 5 + 0R<R VRV, ) 5E (R v 8R> (1.25)
The latter eq. (1.25)) can be rewritten as
o(Xv,) 0 1 0G(R)
3 i — (R3 =~ 7
R 5 OR(R VRV, 5 IR (1.26)
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The G(R) is a R-dependent quantity called gravitational torque, describing the
transfer of angular momentum across the accretion disc (from inside out) and is
written (in a bit different way than the eq. (1.21))) as

o0
G(R) = 2rR*vY—. 1.27
(R) = 2nRvn o (1.27)
Combining the two eq. ([1.24)) and({1.25]) we can write the surface density evolution
equation of the accretion disc as

oYX 3 0 0
o = Rap {\/EaR(RVE)} (1.28)
This partial differential equation resembles the heat equation and similarly as
one describes the diffusion-like process. However, this eq. describes the mass
flow across the accretion disc its point of origin (see Figure . For the systems
involving the Kerr black hole, the equation describing surface density ((1.28] of
the accretion disc gets more complex (see e.g. Balbus and Mummery, 2018),
nevertheless, still keeps the heat-equation-like form.

4.0 4.0
T= 0.008 T= 0.008
3.5 7= 0.016 3.5 7= 0.016
T= 0.032 T= 0.032

NENN
NERN

Figure 1.4: Temporal evolution of an accretion ring surface density treated as a
solution of diffusion-type equation ([1.28)). Left panel: A numerical solution to eq.

(1.28]), given the boundary condition X (R ., = 0,t) = X(Ry e, t) = 0. Right
panel: As in the left panel but for the boundary condition % (R, = 6R,,t) =

(R t) = 0 (adapted from |Stolc and Karas| (]2019[)).

outer?

Now to describe the dynamics of the accretion disc’s material we expect it to
rotate around the central body with angular velocity €2. The usual choice is for
the accretion disc to be rotating with the angular velocity following the Keplerian
angular velocity profile, i.e.

Q(R) = O (R) = w/(;—]f. (1.29)

Consequently the Keplerian angular velocity profile is corresponding to the az-
imuthal component of velocity and taking form of Keplerian velocity

v,(R) = RQ(R) = RO (R) = %‘4. (1.30)
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If we assume % = 0, the continuity eq. 1} yields

YvgpR = constant. (1.31)

The relation holds at any point in the radial direction across the accretion disc
and we define the accretion rate as

M =27¥(—vp)R, (1.32)

where vy is is negative, hence the minus sign.
Again, setting % = 0 in the angular momentum eq. 1} we arrive to the
following relation

0 1 0G(R
a—R(R%vaE):% 62) (1.33)

We now make use of the latter eq. as well as the gravitation torque formula ({1.27))
and the eq. (1.32)) and we get

M .
vy {1 — R&} . (1.34)

" 3r R

The eq. (|1.34)) defines the dissipation rate and helps to eliminate the kinematic
viscosity v from the following formula:

3G MM Riner

We further define the luminosity in the region between two radii R; and R,

as follows
R,

L(Ry, Ry) = 2 / 27R D(R)dR. (1.36)
Ry
Plugging the the dissipation rate formula from eq. ([1.35)) into the eq. (1.36]) and
setting the R; into R, and Ry — oo, one gets

mner

GMM
2R ...

mner

Lyise = 1L (1.37)

Since the accretion disc is supposed to be thin, i.e. z < R, the z-component
of the Euler equation (|1.7]) is reduced to hydrostatic equilibrium and allows to
define the accretion disc’s scaleheight as

H(R) =, Gi;MR. (1.38)

Now assuming the accretion disc scale height to radius ratio H/R <« 1 the
Keplerian velocity is supposed to be supersonic, i.e.

¢ (R) < \/%\4 = ROQx. (1.39)
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1.2.3 Time-scales of accretion

Shakura and Sunyaev]| (1973a)) introduced the kinematic viscosity operating in a
geometrically thin accretion disc to address the intermolecular interactions of the
rotating material

v=oacH, (1.40)

with o being a phenomenological parameter. In this way, viscosity is parametrized
to provide an applicable solution to the real astrophysical problems in the context
of standard accretion disc theory. To be consistent with the underlying assump-
tions, the thin disc scenario allows for the accretion flow with a prescribed value
of a < 1.

The dynamical timescale describes the accretion disc debris azimuthal motion

R

Ve

tdynamical ~ (141)
Following the standard thin disc assumption v, > vp > v,, it expected to be
short. The hydrodynamical timescale is used to describe the vertical motion of
the gas across the accretion disc

H R

—_—~ —

G U,

thydrodynamical ~ ~ tdynamical (142)
and as is proportional to the dynamical one. We have arrived to the result, given

the additional assumption (see eq. ((1.38)]))

H~ %R (1.43)
Yy

We define the timescale for the variability of the disc in the radial direction as
follows

2 2 2
tviscous ~ i ~ lR,USD E ~ lv_g dynamical ™’ l/U_QQPthydlrodynz‘:unical' (144)
v aHegv, ac o c

We further input the kinematic viscosity as see eq. ([1.40)). Rearranging the terms
in eq. ([1.44]) and keeping in mind the result from eq. and , we deduce
the relation between the viscous timescale and the latter two timescales.

The thermal timescale relates to the temperature re-adjustment period necessary
to balance out the the energy dissipation in the accretion disc (see eq. . Now
summarizing the results from eq. and we write the thermal timescale
as follows

c? 1 1
tthermal ~ U_Qtviscous ~ atdynamical ~ athydrodynamical' (145)
p

Given the a-prescription for the accretion disc in the standard scenario is
a < 1 we write order the most crucial timescales of the accretion disc in the
ascending order as

(1.46)

tdynamical ~ thydrodynamical S tthermal < tviscous‘
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Let us note that the characteristic timescale on which a standard accretion disc
is expected to vary, i.e., the order of viscous timescale of the outer disc regions,
appears to be orders of magnitude longer than the actually observed rapid vari-
ability timescales. In another words, the short- timescale, large-amplitude vari-
ability poses a problem for the standard disc scenario. Lawrence (2018) and other
authors conclude that the role of strong reprocessing and obscuration may oper-
ate, along with non-local phenomena (e.g., spiral waves or extended gaps; Karas
et all, 2001, and further references cited therein) to resolve these long-standing
issues.

1.3 Radiation mechanisms

The astrophysical sources are effectively accessible through the observations. The
electromagnetic radiation can tells us physical properties of the source but also
help to decipher the conditions for the radiation to be produced as well as the
past and future evolution of the radiation source. The mechanisms behind the
emission of the electromagnetic radiation depend on various conditions and so
does its respective energy band. The following subsections contemplate the most
notorious mechanisms behind the radiation coming not only from the central
engines of the galactic core but also their surrounding area.

The equations and the notation adopted in our brief outline correspond to the
ideas described in the classical monographs by |[Frank et al. (2002), Kato et al.
(2008) and (Meier}, 2012).

1.3.1 Thermal emission

We require the accretion disc to be optically thick in vertical (z) direction. By
doing so, one can assume the whole accretion disc area to radiate as a black
body. The total heat radiated by the blackbody is proportional to the fourth
power of temperature. In case of accretion discs the total radiant emission is
equal to its dissipation rate (see eq. ) In that sense we reformulate the
Stefan-Boltzmann law as follows

oT(R)* = D(R), (1.47)

where o is Stephan-Boltzmann constant. The temperature profile of an accretion
disc is R—dependent and reads as

SGMM Rinner %
T(R) = { gy {1 — T]} : (1.48)

Further, we write Planck’s law as

2hv?
o Cz<6hu/kT(R) _ 1)'

(1.49)

Utilizing the Planck’s law (1.49) and inserting the temperature profile of the
accretion disc ((1.48)) we write the formula for the specific flux observed by at the
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Figure 1.5: Four fiducial geometries have been proposed to explain the origin and
properties of UV and X-ray emission from accreting SMBHs. Proceeding from
the top-left panel to bottom-right panel, the lamp-post scenario is the frequent
simplification to account for the basic properties of an irradiated, cold, equatorial
accretion disc. More elaborated schemes consider different variants of the coronal
location and size above the disc plane or off-equatorial cloud distribution that
adds Comptonization as an important factor contributing to the line formation
(Karas et al., [2000). As explained further in the text, our present work considers
several versions of the lamp-post scheme combined with the central spherical
corona and an equatorial gap caused by a secondary orbiter (Stolc et al., [2023).
Image credit: |Collin et al.| (2001).

distance D, with inclination ¢ as

p _ Arhcosivt Rower  RAR
Yi = T a2 (ehv/FT(R) — 1)

inner

(1.50)

It is convenient to multiply the specific flux (1.50) by 47D? and eliminate the
observer’s distance. The respective specific luminosity of the accretion disc then
yields

v > (1.51)

I 16m2h cosivt [ Fouter RdR
Vi, = A (ehv/FT(R) _ 1)’

inner
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We thus arrive at the formula for the specific luminosity of the source regard-
less of its distance by integrating the individual contribution of the infinitesimal
rings that the accretion disc is split into (see Figure. We notice the kinematic
viscosity does not prevail in the eq. as it is a result of both, the steady
condition and blackbody assumption. Nevertheless, this approximation allows to
illustrate the optical and UV spectral features based on the accretor properties
and the surrounding accretion disc.

31.50
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Figure 1.6: The illustration of continuum luminosity profile of the thermal com-
ponent from an accretion disc. The accretion disc is parametrized by the ratio
R yter/ Binner corresponding to 102, 103, 10* and 10, whereas the R, ., is fixed
to 6R, (Rigco for the Schwarzschild black hole; and with the mass 10°M,). The
plot shows the size of the disc plays a crucial role in the shape of the thermal
component profile. A more detailed study can be found in [Frank et al. (2002).

1.3.2 Additional major radiation processes

However, the AGNs are not strictly limited to the thermal radiation. Both,
the inner and the outer region of the galactic centre and the processes taking
place exhibit the spectral features spanning across all energy bands (e.g. see
the scenarios and the corresponding systems’ geometries for the UV and X-ray
emission in Figure . The major radiation mechanisms, having typically effect
on shape and properties of the the high energy spectra, are as follows (e.g.

fnnd Olbert, [1970):

e Bremsstrahlung emission, a.k.a. the “braking radiation” is essentially caused
by the radiation output of an electron as it gets deflected by an ion (or a slab
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of ions), along its path. The free electron deflection takes place due to the
electromagnetic interaction of charged particles. Depending on the velocity
distribution of the scattered/deflected particles, Maxwellian, or power law
(relativistic velocities) the Bremsstrahlung is either labeled as thermal or
non-thermal, respectively. The Bremsstrahlung is a result of free-free type
of interaction, where the electrons are free before and after the interaction
takes place.

Synchrotron emission occurs when relativistic charged particles travel along
circular-like trajectories in the magnetic field, i.e. the velocity of the moving
particle has to be perpendicular to the acceleration. The generalization to
helical trajectories depend on the specific structure of the magnetic prop-
erties. The charged particles with velocities proportional to their rest mass
emit so called cyclotron radiation. In the relativistic regime, the charged
particles rotate around the central black hole with the velocity close to the
speed of light and each particle creates a beam of light corresponding to
a conical structure. Typically, the spectra of the accretion disc have an
imprint of the synchrotron radiation.

The inverse Compton effect is based on the Compton scattering. However,
whereas during the Compton scattering a photon loses fraction of its energy
in favour of the electron, in case of the inverted process the photon is the one
gaining the energy from the electron. The minimal requirements for this
process are low energy photon and the high-energetic free electrons with
the relativistic velocities close to the speed of light. In real astrophysical
scenarios, this strictly relativistic phenomenon takes place as the low energy
thermal photons of the accretion source are expected to be powered up by
the electrons forming the surrounding coronal structure of the system.

Emission/absorption lines are indicators of spontaneous or induced state
shifts from excited energy states to the lower states and vice versa. The
strength of the lines vary depending on the way they originated. Specifi-
cally, in context of the emission lines, the Fe Ka line is the most noticeable
and it is located in the X-ray band. Its origin is triggered by the excita-
tion of cold slab of accretion disc material by the high-energetic coronal
radiation. The subsequent reflection component corresponding to the de-
excitation of the atoms, mostly iron, accounts for the emission at 6.4keV.
The study of general relativistic regime on this particular spectral line prop-
erties offers a way to constrict the parameters of the galactic centre, such
as mass, inclination or spin of the central black hole.

1.4 Evidence for accreting black holes from the

electromagnetic domain

SMBHs are thought to reside at the centres of many galactic nuclei, where they
act as “engines” providing the energy to outflowing gas and collimating the jets
(Soltan, (1982; [Magorrian et all 1998 Richstone et al. [1998). The analytical
solutions to the Einstein’s field equations differ based on the central body
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properties. During the phase of collapse the central body “radiates” away the
effects of its parameters, as stated by the No-hair theorem. The charged Reissner-
Nordstrom solution to the Einstein’s equations does not prove to be astrophysi-
cally relevant (see e.g. [Wald, 1972; Zajacek et al., 2018) compared to the effect
of the spin in the Kerr (rotating) or Kerr-Newman (rotating and electrically
charged) solution. Nevertheless there is a plethora of effects that allow the black
holes to be observable, even though indirectly.

Gamma Ray Bursts (GRBs), first observed by |Klebesadel et al.| (1973), belong
to the most dominant effects on the sky. The sudden brightening spans across the
whole frequency band, i.e. from radio waves to X-ray. GRBs are attributed to the
late stages of stellar evolution leading to either supernova, neutron star or black
hole formation, or possible their merger. They last up to hundreds of seconds
(Kouveliotou et all, |1993) with a distinguished 2s threshold between short and
long GRBs.

The astrophysical phenomena on par with the GRBs’ energetic output are
relativistic jets. These collimated streams of relativistic (Lorentz factor T' ~
a few orders of 10) and ultrarelativistic (Lorentz factor I' = 100) particles are
emitted presumably along the axis of the rotation of the central black hole or
neutron star (see e.g. McKinneyl, 2006, and references therein). Even though the
exact mechanism behind the relativistic jets is still unknown it is widely believed
the essence of the effect lies withing the extraction of rotational energy from
rotating black hole by either Penrose or Blandford-Znajek processes, respectively
(Penrose and Floyd| [1971; Blandford and Znajek, 1977)); see also (Punsly, |2001).

Once a cold slab of the orbiting material in the accretion disc is immersed in
highly energetic corona, one can expect it to develop a partially ionized skin or
even become fully ionized. De-excitation then leads to the presence of spectral
features, where Fe Ka is particularly prominent in the observed spectra. Various
models have been devised to study the effect of broadening and skewness of the
spectral lines (Fabian et al., [1989; Kojima, 1991; Laor, 1991) before the actual
very first observation took place at 1995 by Tanaka et al|(1995)). The advanced
methods of data fitting allow us to determine the parameters of the black hole,
namely, mass and spin under the conditions of the strong gravity regime (Dovciak
et all, [2004; Reynolds, 2021). Nevertheless, the first interferometric images of
SMBH vicinity were analyzed and published via the joined team effort of Event
Horizon Telescope (EHT) for M87 galaxy (in 2019 and 2022) and Sagittarius A*
(in 2022), respectively (Event Horizon Telescope Collaboration, et al., 2019b,
2022). The glowing disc-like structure clearly points out the accretion disc is
rotating around a SMBH located at its centre (see Figure [1.2).

Stars travelling can due to the stochastic perturbations in their motion end
up in the galactic centre being bound to the central SMBH. The passage through
the point of closest approach to the black hole can be lethal for the star as once
it reached the tidal radius, the gravitational pull of the central body become
stronger than the star self-gravity (Hills, 1975; Luminet and Marck, |1985; Rees,
1988). Hence it becomes stretched and is tidally disrupted. Tidal disruption
events (TDEs) can cause sudden rebrightening in the otherwise quiescent galaxies
(see e.g. [Komossa, 2015, and references therein). They can also be connected to
the sudden downward changes in their activity, as material depletion of the inner
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region of the accretion disc due to the possible tidal radius (Ricci et al., [2020)).
Tidal disruption does not exclusively concern the stars but basically any celestial
object reaching tidal radius, e.g. dust enshrouded objects such as G2 (Zajacek
et all, 2014).

Rapid stellar movements in the central region of the Milky Way also help to
uncovered the presence of the SMBH Sagittarius A* (Eckart and Genzel, 1996}
Genzel et all 1997; (Ghez et al., |1998)). The detailed orbital analysis of these
stellar objects, called S-stars, is probing the effects of the general relativity as
these stars have the SMBH located at its periapsis as well as helps to constrain
its parameters, such as its mass and the distance (e.g Parsa et al., [2017)).

Galactic mergers represent a special grade of observable events of two or multi-
ple merging black holes located at their centre (e.g. Volonteri et al., |2003). They
are violent interactions driven mainly by the gravity and can be distinguished
differently. The two recoiling SMBHs are prone to generate gravitational waves,
effects of which can be estimated within the linearized version of GR and properly
computed numerically, and can be detected via laser-based detectors (Gertsen-
shtein, 1961), namely, LIGO and Virgo ground-based interferometers (Abadie
et all, [2012). Complementary, these events also significantly influence the spec-
tral features such as optical and UV and manifest themselves as dips clearly
visible in the electromagnetic spectra (e.g. Giiltekin and Miller} [2012; Stolc et al.,
2023). Final stages of the recoiling SMBHs can be also attributed to the changes
in the signal from TDEs, which are seen as periodical drops in the luminosity
(e.g. [Liu et al) 2014)). Finally, once merged the newborn galaxies often serve
as a fruitful testbed for the observations focusing on the star-forming/star-burst
regions (e.g. de Grijs and Gonzalez Delgado, 2005).

Generally, mass is the key parameter of cosmic black holes. It is assumed to
be positive, nevertheless, within General Relativity the value of the mass is not
constrained a priori from the theory. It appears that two families of black holes
have developed during the cosmic evolution (Karas and Matt|, 2007} Sicilia et al.,
2022)): (i) stellar-mass black holes which originate by gravitational collapse of
evolved stars (Mirabel, [2017)), and (ii) SMBHs that are typically found in cores
of galaxies with mass in the range ~ 10°-10'YM (Volonteri et al., [2021). Black
holes are thought to grow by gradual accretion, merging, or direct infall of the
cosmic material; it appears that the history of the black hole is then reflected in
its spin evolution, which is constrained by the theoretical arguments between zero
(non-rotating) and extreme (maximally co-rotating or counter-rotating) values.
Long-standing speculations have been emerging with respect to the possibility of
low-massive (primordial) black holes below the minimum mass for stellar collapse,
and IMBHs of about ~ 102-10°M, (Greene et al., [2020)).

Albeit not directly observed, the black holes influence not only the structure
of the inner region of the galactic centre but also the spectral features of radiation
in all energy bands. The spectral properties such as polarization of the radiation
help to infer the parameters of the inner regions of the black hole; to study
the effects Lense-Thirring precession; with the help of reverberation mapping,
studying the time lag of the observed radiation, one can also infer the inner
regions parameters, etc.
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2. Accretion discs with gaps

2.1 Gap formation

A secondary body, a star or a compact object, orbiting around the supermassive
dark mass and embedded within an accretion disc plane proceeds in a gaseous
and dusty resistive environment over its entire trajectory. The environment of
is gradually accreted and redistributed. In this way a gap in the disc flow may
be opened. It depends on parameters of specific system whether the perturber
is able to open a permanent gap or, on the contrary, if the gap closes in time
shorter then orbital period of the secondary body. Syer et al.| (1991) estimated
the parameters that govern the stellar motion inside a thin accretion disc. They
adopt the standard thin accretion disc scheme with the Newtonian potential of
the central body, and they look for conditions to open a gap in the disc. Indeed,
the occurrence of the gap depends, besides other parameters, on the ratio of the
gap width to the geometrical vertical height of the disc flow. The gap can persist
if the width of the gap exceeds the thickness, thus depending on the viscosity
(a-parameter).

Due to stochastic perturbations in the stellar motions the stars can end up
being gravitationally bound to the central object. The initial parameters of the
star are the trajectory type, i.e. the eccentricity, the argument of the pericentre
and the inclination with respect to the central black hole orbital plane (see the
system sketch in Figure . In this simple scenario the SMBH is surrounded by
the accretion disc. A gravitationally bound (giant) star or an (intermediate-mass)
black hole is thus positioned on an elliptical orbit and is inevitably intersecting
the accretion disc twice per revolution. These repetitive passages, complemented
by the accretion disc’s drag and the central supermassive body gravitational pull
cause the initial values of the orbital elements to evolve (Subr and Karas, [1999).
The inclination of the star will gradually approach zero (i.e. aligned with the
disc plane), while the trajectory becomes circularized at the grinding radius.
An interesting analogy has been explored in the context of proto-planet—disc
interaction in highly inclined extra-solar systems (Rein), 2012)). Once in the orbital
plane of the central object the fate of the perturber is governed by the ratio of
its radius of influence versus the accretion disc scale-height. From this point the
orbiter gradually loses the angular momentum and spirals down to the central
object. The mechanisms of energy loss can be realized via density waves, gap
formation, or gravitational waves emission (e.g. Artymowicz, 1994; Karas and
Subrj, 2001)). These can be estimated computationally and eventually detected as
changes in the observed spectra in the different electromagnetic energy bands.

As the star loses its angular momentum and closes in on the central body there
is a possibility it will get tidally disrupted when reaching the terminal distance
corresponding to tidal radius. One can study the effects of tidal disruptions (or
partial tidal disruptions) on the star specifically in the X-ray domain (Guolo
et all, [2024]). Nevertheless, the tidal disruption of the star that is spiralling down
to the central body, prevents us to see its effects on the the star might be tidally
disrupted and can therefore not reach closer distance to the central body. Also the
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gap width created by the start may or may not have an effect in the optical/UV
spectra because of its insignificant size.

It is thus tempting to adopt an alternative mechanism of gap creation. For
starters, one replaces the stellar body by a more massive objects that eventually
form gaps of adequate size. We therefore propose the perturber to be a secondary
black hole, that was brought to the orbital plane of the primary in the similar
mechanism as stated above and depicted in Figure 2.1 The standard effects
in the spectral energy distribution (SED) will then be altered accordingly (e.g.
Giiltekin and Miller, 2012; [Stolc et al., 2023).

However, the presence of the secondary body is not an exclusive way to change
the spectral features of the observed source. In cases of small relative accretion
rate the effect of advection can become a dominant regulation mechanism of the
accretion disc. Located precisely in the inner regions of the accretion disc this can
be interchangeable with the presence of a perturber. The inner region structure
and therefore spectral feature changes can be a direct result of tidal disruption as
well. Observations and the respective models show a sudden change in the coronal
radiation that is suspected to be caused by the depletion of the inner region of
the accretion disc starting from the tidal radius downwards (Ricci et al., 2020)).

In our study we focus on the SED and its specific profiles assuming different
perturbers in the system, namely:

o advection component, i.e. the inner region filled with hot plasma that
changes the optical thickness;

« secondary component, a SMBH, expected to have favoured effects leading
to the gap formation;

e combination of both components.

On our way to study the proposed scenarios we also introduce a possible fourth
option when introducing the dust component in the system. The dust component
that has ultimately the effect of intrinsic reddening in the spectra will be further
discussed in the upcoming subsections as well.

The presence of the perturbers in the context of the SED has to be incorpo-
rated in the eq. (1.51} Hence we write for the luminosity following

16m2hv? cosi Bowe N Beapoui\ RAR
vL,(v) = 4—</ —Z/ ) . (2.1)
R, R

2 x __
col€ =1 e 1

gap—in i
The major difference between the eq. and is in the second term,
which is subtracting the radiation effect on the scale of the gap regions created
by the perturbers (here marked by the inner and outer gap radius for the i-
th gap Ry,p in i and Rg,, o i) respectively). The mentioned second term is
specific to the secondary component scenario, if and only if the gap is opened.
The advection, possibly replaced by the dust component scenario, is implemented
in the lower integration boundary R;, of eq. (2.1), i.e. the inner edge of the disc
is just being shifted further away from the central object (R > Rigco)-

Finally, let us mention an interesting configuration that has been considered
by Metzger et al| (2022)) in the context of Quasi-Periodic Eruptions, namely,
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the possibility of modulation due to the Roche-lobe overflowing material from
an orbiting star that interacts with a secondary perturber moving closer to the
SMBH in the retro-grade direction. The authors discuss both the magnitude of
signal modulation as well as the resulting time-scales.

Figure 2.1: Left panel: The schematic drawing shows the initial system setup with
a satellite body of mass M, orbiting the central body of mass M. The central body
lies at the centre of the elliptical trajectory of the orbiter, with the inclination
¢ and the argument of pericentre w. The accretion disc medium is highlighted
by the yellow color. The image has been adapted from Subr and Karas| (1999).
Right panel: On the other hand, at subsequent stages of the orbit evolution, the
trajectory becomes inclined into the disc plane. Then it may or may not open
a gap and produce specific spectral signatures in the emerging continuum and
spectral lines, which reflect the parameters of the system including the central
black hole and the secondary orbiting perturber. In case of secondary perturber
being a star, the red dashed line marks the terminal radius below which the star
gets tidally disrupted.

2.2 Tidal effects on stars and interstellar medium

Stars on eccentric orbits, which get eventually circularized, are in general slowly
spiralling down onto the compact object. There is a significant distance threshold
once the star reaches distance where it is no longer able to retain its structure
(using self-gravity) in contrast with the tidal forces of the central body. This
terminal distance is called tidal radius and is defined as (Hills, 1975; Luminet
and Marcki, 1985} [Rees, |1988])

M

*

M. 3
Riiqa ~ ( SMBH) R,, (2.2)

with M, and R, being the mass and radius of the star, and Mgy the mass
1

of the SMBH. Equation shows the tidal radius scales as M3, whereas the
position of the event horizon given by the eq. scales with Mgypy. Hence for
really massive compact object we can expect the star to reach event horizon prior
to the tidal radius and therefore skip the tidal disruption part and be directly
engulfed by the central body. Apparently there has to be a limit mass for the
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central body to prevent that from happening which is defined as (e.g. |Stone], 2015])

[N

3
2/ M\
My = 1.1 % 108M® (g;) (M;) , (2.3)

with M, and R, being the mass and radius of the sun. The formula clearly
states that each star with a mass M, and radius R, uniquely narrows down the
mass range for the central object in order to be tidally disrupted.

Coughlin and Nixon| (2022) have argued that the precise value of tidal dis-
ruption events can have a large impact on their observational signatures. The
distance of the closest approach to SMBH at which the star becomes fully dis-
rupted should be in fact identified by equating the tidal field of the SMBH to
the maximum self-gravitational field within the star, which depends on the radial
density profile and the core density p,... (presumably much higher than the sur-
face density of the star p,). This leads to the introduction of the core radius into
the problem, R, = R, (peore/p.) /3, and hence the approximate radius of core
disruption reads

1
M 3
Rtidal,core = <M) ) (2'4)

pcore

which comes out smaller than just plain R,4,. In consequence, the details of
astrophysically realistic TDE depend on the type of the disrupted star and its
internal structure (Bandopadhyay et al., 2024).

The TDEs prove to be very promising detectors for the activity in otherwise
inactive galactic regions (see Komossal, 2015, and references therein). The major
signs in favour for tidal disruption involve the bolometric luminosities & 75,
These can, however, serve as a standalone tool for the detection of recoilling
black holes (Liu et al., 2014)) as the standard % can get periodically broken due
to the orbiting secondary black hole. Furthermore, the spectra of TDEs tend to
harden with time caused by the corona created due to the infalling material (e.g.
Sazonov and et al.| [2021). On the other hand the tidal disruption can cause a
possible destruction of corona as well, when the disrupted material speeds up the

accretion so fast it leads to the inner region’s material depletion (e.g. Ricci et al.|
2020).

In context of our proposed scenarios the tidal disruption can be used as a
progenitor stage in case of the secondary component present (star). It can also
open up the gap in inner region, such as observed by [Ricci et al.| (2020)), that can
be associated with the advection scenario setup or intrinsic reddening component.

2.3 The inner region and ADAF component

The innermost regions of the disc depends on the character of the central body, i.e.
its mass, spin, charge (see Section . The prominent feature in influencing the
geometry of the accretion disc lies in the spin parameter. The standard innermost
stable circular orbit (ISCO) is located at 6R,. However, this limit value for the
inner radius of the orbiting matter can shift inwards or outwards depending on
the value of spin a > 0 or a < 0, respectively (Bardeen et al., [1972). Although
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not exclusively, the accretion regimes of the observed sources do influence the
inner region geometry as well.

The advection driven accretion flow (ADAF) is a result of drop in the accretion
rate which causes the source’s luminosity to be weaker (Narayan and McClintock],
2008). The initial idea of a flow proceeding in such manner dates back to the
works by Ichimaru (1977), Narayan and Yi (1994) and Abramowicz et al.| (1995)).
Most of the material energy is not released and the central body swallows it as it
is. That is a direct result of the viscous processes acting faster than the cooling
of the surrounding material. Therefore the systems suspected to be in ADAF
regime are sometimes called radiatively inefficient accretion flows (RIAF;see e.g.
Yuan and Narayan, 2014} for a recent overview).

The stream of hot diluted plasma, forming the ADAF region is optically thin.
The specific constrains on the size of the ADAF are influenced by many factors,
especially relative accretion rate. Nevertheless, the geometry of the ADAF region
can in principle follow the toroidal structure, sharing the the axial symmetry of
the surrounding accretion disc. The boundary conditions at the edge of the disc,
particularly the torque condition can alter the radiation profile. Such condition,
however, needs additional parametrization (Zdziarski et al., 2022). For the sim-
plification we assume the ADAF region to be cut off at the edge of the disc as
follows

Ry, = Rapar- (2.5)

The strong ADAF principle states that whenever the situation allows it the
accretion flows in that particular regime at a particular radius R (Abramowicz
et all;[1995; Honma,, |1996; Kato and Nakamura), [1998). The semi-empiric formula
allowing to formulate the extent of the ADAF inner region is as follows

Rapar = 4oy, m*R (2.6)

g

where « ; is the viscous parameter (see eq. normalized to 0.1.

Now assuming the strong ADAF principle, the low accreting sources allow for
the ADAF region to grown into large sizes based on the eq. , as illustrated in
Figure 2.2l The temperature of the material translates into the radiation beyond
the optical/UV band. The ADAF contribution to the accretion disc’s thermal
radiation can be approximated by the UV/X-ray relation as (e.g. Netzer, 2019|
and references therein)

0g L, (opev) = 0.62l0g L, +7.77, (2.7)

2500A)

where both L (25004) and L, opcyy are the luminosities calculated at the at 2500A
(corresponding to &~ 5eV) and 2keV, respectively

Given the assumption the ADAF region layer is not radiatively participating
in the optical/UV band, one can interpret the missing contribution of the inner
region as a central cavity, hence the inner gap.
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Figure 2.2: Phenomenology of different states of accreting black holes and the
corresponding accretion rate 7 (relative to the Eddington rate). The hot, diluted
phase (captured by dots) encircles a section of the equatorial thin accretion disc.
The illustration represents effects on the accretion disc structure surrounding the
central object. Moving from the very high accretion to the quiescent state (from
top to bottom) we observe the ADAF region (marked by the black dots) changing
its structure, increasing in size, and moving its position with respect to the section
of the standard accretion disc. Image Credit: |Esin et al. (1997).
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2.4 The inner region and the dust component

The ADAF scenario and its variations are not exclusively responsible for the
changes in the optical/UV. |Kara and et. al (2021) argue the dust component
consisting mainly of the ionized matter, such as in the case of Mrkl18, can cause
the decrease in the observed spectra as well. Generally, the extent of the decrease
in the resulting observed spectra is strongly dependent on the parameters of the
perturbers, mainly its position.

Based on the composition of the dust component, namely the dust being
composed of amorphous carbon grains, we adopt the empirical formula for the
extinction curve as (Czerny et al.| 2004)). The reddening effect due to the presence
of the dust component causes decrease in the luminosity, hence

=—1.36 +13logy for 1.5 < A™' < 8.5 [um™],
=0 for \71 < 1.5 [um 1], (2.8)
= —1.36 + 131og(8.5) for A1 > 8.5 [um™1],

A}\
E(B—-V)

with the extinction parameters E(B — V).

Applying the introduced dust component allows to reference the dust-attenuated
and the unperturbed luminosity L*¢9med and I | respectively, in the rest frame
of v in the following way

log vLreddened — ooy, —0.4A,. (2.9)

The shape of the extinction curve (see Figure alters mainly the higher
energy band of the observed spectra, which can be associated with the dust com-
ponent being located in the inner region of the proposed system. Therefore, the
broken form of the extinction curve will have a rather specific effect on the lumi-
nosity decrease and remains to be determined if, and under what circumstances,
it can be distinguished from the effects caused by other perturbers.

2.5 The outer region and the secondary compo-
nent

Stochastic perturbations cause stellar motions to be directed to the central region
of the galaxy. By doing so the stars will eventually be bound to the central SMBH
which can give rise as depicted in Figure 2.1} In this simple scenario the SMBH
is surrounded by the accretion disc. The newly gravitationally bound star is on
elliptical orbit and is inevitably intersecting the accretion disc. These repetitive
passages, complemented by the accretion disc’s drag and the the central body
gravitational pull cause the initial values of the orbital elements to change (e.g.
Subr and Karas, [1999).

Once in the orbital plane of the central object the fate of the star depends
of the R, /H ratio, where R, is the effective star radius and H the accretion disc
scale-height. The R,/H < 1 the star gets engulfed by the accretion disc’s material
and will cause density waves travelling across the disc itself. The R,/H < 1 ratio
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Figure 2.3: The broken quasar extinction curve described by the eq. (2.8) is
based on obscuring medium being composed of amorphous carbon grains. The
resulting intrinsic reddening of the optical /UV spectra can possibly exhibit some-
what similar features as in the ADAF inner gap scenario.

forces the disc to open up a gap with the respective star located at its centre
(Karas and Subr, 2001). The size of the gap is defined by the gravitational
sphere of influence of the perturber; it can be expressed by the Hill radius as

R, R, \3M,

with AR as the gap width, d denoting the distance of the primary and secondary
body, M; and M, as mass of the primary and secondary body, respectively.
In order for the gap trail to be stable we require the orbital period to be be
substantially shorter than the viscous timescale, i.e.

tys  R* 1
Tt - H2?22arm

O

> 1. (2.11)

The standard Shakura Sunyaev thin disc framework requires H/R <« 1 and the
a < 1. The star will have finished one orbit around the central body before the
viscous processes start acting upon the accretion disc material and the gap starts
filling up.

Applying the different mass ratios of the primary and the secondary in the
eq. leads to a clear conclusion that the gap width effect will favour the
scenarios with greater mass ratios. Let us assume the mass of the primary being
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scaled to 10°M with the secondary to be a supermassive star of mass 100M.
The gap width is approximated as

AR

1/3 -1/3
* z0.64< d ) ( M, ) ( 19\41 ) : (2.12)
R, 100R, ) \ 100 M, 109 M

The size of the gap for the distance of the secondary ~ 100 R, amounts only for
the gap width up to ~ 0.1R,. This clearly illustrates that not even a supermassive
star in the SMBH setting can open a gap large enough in the accretion disc. The
wind-blowing stars as well as pulsar show also negligible effect in terms of not
noticeable gap width (see Stolc et al., [2023, and references therein).

We change our approach and assume the character of the secondary compo-
nent has to be that of a very massive, compact body, i.e a SMBH. In this fashion
we set the mass ratio M, /M, to 0.01, with the mass of the primary set to 10% M
and the mass of the secondary, respectively. The Hill radius given by eq.
then adjusts to

1/3 —1/3
AR 999 (2 M, Y M, / : (2.13)
R, 100R, ) \ 107 M, 109 M,

In this case the primary-to-secondary distance ~ 100R, can open up a gap
with the size ~ 10R,. The mentioned massive black hole scenario is, however, not
an exclusive way how to open up a gap with the large enough width. Moranchel-
Basurto et al] (2021) show via magnetohydrodynamic (MHD) simulations that
the supernova explosion taking place in the orbital plane of the accretion disc or
nearby can cause the material to be swept away. Hence creating a large space
~ 0.01pc in the accretion disc that can potentially act as a gap.

The merging black holes emit gravitational radiation as they are closing in
on each other. To constrain an astrophysically realistic distance of the secondary
component from the primary one in the context of time-scale on which the two
black holes merge by (Peters| [1964; Shapiro and Teukolsky|, [1983) we define the
merging timescale in general as

4 -3 -1 -1
Q- M. i xT
t = 1.24 x 1075 [ —uit tot P s 2.14
merge . (Rg> <1O9M®) (0.5) (0.5) yro o (214)

where a;,;; is the initial orbit radius of secondary component with respect to the
primary one, M, the total mass in the system, z;, and z, the ratio of mass of
primary component and secondary component to the total mass in the system
respectively. For the purposes of the future chapters let us reformulate the eq.

E1) to

; B 5¢c° ag
merEe 956G My My (M, + M)

B 5¢° aé

256G3 x x M,

4 -3
a zN"Loxg L[ M,
~ 12500 [ -2 (—p) ( ) tot . 2.15
(80Rg> 1 10-2 w0Mm,) (2.15)
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We use the results of this formula in the next section, as for the mass ratio M, /M,
of 0.01 the merging timescale of ~ 10% yr allows for the primary and secondary
distance to be ~ 100R,.

Cosmological simulations indicate that about 16% of all mergers are triple
interactions (Kelley et al.,2017). The set-up can be similar to the Hills mechanism
of a stellar binary approaching the SMBH on a parabolic orbit. In this case, we
would imagine a bound pair of two massive black holes that approach the primary
SMBH on a parabolic orbit. The ratio of masses would be M, /M; ~ 1072
For instance, two orbiting black holes with 10° M, would approach the primary
SMBH with 103 M, the binary would break up and two components would orbit
the SMBH independently and later on would form gaps in the disc. Alternatively,
the approaching bound pair could consist of intermediate-mass black holes with
104 M -massive components approaching the less massive primary of 10° M. In
both situations, the gap width would be ~ 15 R, if one components orbits at
50R, and ~ 30 R, of the other components is at 100R,. However the simulation
of spectral properties of such systems would inevitably have to rely on realistic
distances rather than arbitrary one. The issue lies within the fact that the triple
merger is essentially three-body problem that requires limitations in order for the
solution to be analytical.

Based on the accretion disc structure surrounding the primary the thermal
profile of the source changes. As the radiating surface decreases, the blackbody
contribution of the disc’s rings is eventually attenuated at certain frequencies (e.g.
Giiltekin and Miller|, 2012; |Stolc et al., [2023). However, additional assumptions,
in addition to those about the mass ratio and the merging timescales, have to be
made in order that the merger scenario is stable (see sect. [3.1).

2.6 Central ADAF and secondary SMBH gap

Let us combine the effect of ADAF region that tends to create an apparent
central cavity’s effect in the optical/UV and we couple its effects with that of the
secondary black hole. The secondary component creates a gap further away from
the centre, as discussed in the previous subsection, and the width of the gap is
in the first approximation given by the Hill radius (see eq. ).The final full
system setup is depicted in Figure [2.4]

The size of the ADAF region is depending on the relative accretion rate and for
the low accreting source has the tendency to grow (see eq. ) The gap width,
however, is not changing with the relative accretion rate and while the position
of the secondary perturber is fixed at a certain distance d from the primary, for
the low enough values of the relative accretion rate the ADAF region overlaps its
position.

Corresponding to the Figure [2.4] one can replace the ADAF component by
the dust component and study its additional effects as well. The dust component
has qualitatively the same effect as the ADAF component. Also it is not changing
its size with the relative accretion rate as the deciding factor is the extinction (see

eq. [2.8)).
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Figure 2.4: Sketch of our system setup showing the red color medium — the accre-
tion disc surrounding the central black hole of mass M;. The picture shows two
potential perturbers: the ADAF region, marked by yellow color, and secondary
black hole of mass M,, alongside their effects on the SED and emission line in
comparison to the unperturbed SED, which are marked by the red dotted and
black solid lines, respectively. The bottom right corner of the figure illustrates
the system setup in the face-on view. Further parameters such as inclination ¢,
Riscos Rapar, d and AR serve to illustrate the system geometry, scale and the
respective ratio representation; this drawing has been adapted from [Stolc et al.
(2023).

2.7 Constraints from reflection spectral line

In this subsection we tease new constraints that can be obtained by including the
reflection line of iron around 6-7 keV to the analysis on top of general broadband
SED profile. This allows us to take advantage of well-resolved feature with a
characteristic double-horn profile that can help to measure parameters of the
system with better accuracy (e.g. Stolc and Karas| 2019), (Stolc et al., 2020),
(McKernan et al., [2013]).

We adopt a toy-model where the corona plays a crucial role in the mechanism
of the creation of the Ka reflection spectral line of iron superposed on the un-
derlying continuum. High-energetic photons are reflected from a cold slab of gas
that builds the accretion disc. We assume the accretion disc to radiate with an
intrinsic emissivity of the spectral line as

1

1, R) o (v — 1) 7.

d(v — 1) ~ lim exp [V_VO}, (2.16)
a—0
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i.e., the emerging energy is proportional to Dirac d-distribution.

Here we assume the accretion disc to be immersed in corona from the inner
region outwards. The parameter p in eq. (2.16]) changes the value with respect
to the ratio of the size of the accretion disc and the size of the corona Rﬁ (Fabian

et al), [1989). The intrinsic frequency is then o % (parameter p is set to 2) for

the ratio R% ~ 1 and % (parameter p is set to 3) for the ratio R% > 1.

We define the redshift factor as

14

observed

g = —observed (2.17)
Vemitted

where the v ; .. veoq 1S the radiation frequency in the infinity, whereas the v, ;i eq 18
the radiation frequency in the close proximity of the radiation source. Assuming
the central body is a Schwarzschild black hole we employ the redshift formula in
the following form (Pechacek et al., 2005)

B R(R—3)
9 1) = R +sin(p) sin(I)y/R — 2 + 4(1 + cos(p) sin(1)) 1’ (2.18)

where R, ¢ and I stand for the radial coordinate, the azimuthal coordinate and
the inclination of the system respectively. The redshift factor in this form involves
the effect of gravitational redshift and light-bending that manifest mostly when
close to the event horizon.

Due to the axial symmetry of the system the general formula for the observed
flux (Hubeny and Mihalas|, 2014) simplifies to

Fobserved(y) X /Iemitted(l/7 R) 93 <R7 2 I) dS’ (219)

with the infinitesimal surface element dS, and using the eq. (2.17)) and the Liou-
ville theorem % = constant.

To capture the effects of multiple-gap scenario in the spectral line simulations
we need to subtract the contribution of the reflected radiation from the N gap
regions (/surfaces) from the total reflection signal. The eq. (2.19) then translates
as

Fobserved(”) X /Iemitted(y7 R) 93 (Rﬂ ¥, I) dS

N
_Z/Iemitted(V7R>gg(R7907[) dsiv (220)

with the ¢-th gap, noted by the infinitesimal surface dS;, respectively.

We restrain our spectral line simulations to the inner regions of the accretion
disc, i.e. up to ~100 R,. The outer regions do not account for a qualitative
changes to the spectral line profile compared to the general relativistic effects —
gravitational redshift and light-bending that manifest mostly when close to the
event horizon. The ADAF scenarios are specifically interesting in this context as
the major changes take place exactly in the inner regions of the accretion disc.
In case we add the secondary component, specifically the secondary black hole,

35



the distance limit up to 100 R,, which would essentially correspond to the late
stages of galaxy merger.

Focusing on the X-ray bands, specifically on the study of strong emission
features similar to the Fe Ka line, high-sensitivity high-spectral-resolution data
could provide observers with a promising chance to retrieve the parameters of the
inner region, such as the inner and outer gap radii (see eq. ) Complemen-
tary to the set of parameters describing the primary component of the system
one could constrain the mass of the perturber, and potentially its position can
be also derived following the approach described in [Semerak et al.| (1999).
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3. Results

In this section we present the results of simulations of spectral features such as
thermal component, SED, in system with the Shakura—Sunyaev accretion disc
surrounding the central body. We further introduce various perturbative terms
to the system and study their effects and compare them with the unperturbed
system scenario.

In our attempt to simulate astrophysically realistic simulations we introduce
three scenarios (seee Figure |3.1):

e The Scenario I involves the central region set up with the the highly ionized
matter present, i.e. ADAF region (see subsection . The central cavity
does not contribute to the thermal profile of the accretion disc. Hence, we
treat it as a central cavity in the disc.

o The Scenario II involves the secondary component, namely SMBH, causing
the gap formation under the circumstances discussed in the subsection
of the previous section.

o Finally, the Scenario III features the central cavity alongside the secondary
black hole component (see subsection [2.6). We simulate the spectral proper-
ties of such systems as well and try to set some constraints on the potential
observability.

Additionally to the central cavity scenario, we consider the object as to be dust-
enshrouded (see subsection . That provides the spectral features to have the
effects of intrinsic reddening, which are qualitatively similar to those cause by the
central cavity in the Scenario I.

In the follow up study we focus on the possible determination of the param-
eters based on the synthetic data. We choose a set of detectors to simulate the
data for the given frequency bands. As an alternative we discuss employment of a
newly designed observation tool QUVIK that would possibly help with the future
observation. We further postulate the conditions of the observations, then focus
on the data fitting and finally draw the results. The accuracy corresponds to the
10% and 2% in measured flux, which translates to the magnitude difference Am
0.1 and 0.02, respectively (see subsection .

Additionally we present the simulation results of the emission line spectral
features in the Scenarios I and II, assuming different intensity profiles (see sub-
section [2.7]), draw out simple assumptions and conclude our study.

3.1 Justification of parameters

The main free parameters of the multi-gap model are as follows: inclination angle
i, mass of the primary (central) black hole 10°M_, the relative accretion rate of
the central object (in our case normalized in Eddington units) 772, the inner radius
of the accretion disc marking the start of the ADAF component R,pap in case
of Scenario I, the mass of the secondary black hole M,, the distance between the
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Figure 3.1: The sketch illustrates the system setup for Scenario I with ADAF
component (top panel), Scenario II with secondary black hole component (middle
panel), and Scenario III with both, ADAF and secondary black hole component
(bottom panel). For the altered versions of the Scenario I and Scenario III (top
and bottom panel, respectively), we add the dust components replacing the pres-
ence of the ADAF component, unless stated otherwise.
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primary and the secondary black hole d. The last two additional parameters, M,
and d, are taken into account for the Scenario II and III. To account for the color
correction of the local black body contribution of the accretion disc we use the
factor f,,; in range between 1 and 2 (specifically f,.; = 1.6). For simplicity of our
calculations we keep the size of the accretion disc to be fixed with the inner and
outer radius R and R fixed to 6 and 5000 Ry, respectively, unless stated
otherwise.

inner outer

In the Scenario I we contemplate the contribution of the ADAF region to
the thermal component of the radiation. Using the eq. we calculate the
power law emission of the central cavity and deduce its effects to be < 1% (for
an illustration see Figure [3.2). As a result we neglect the ADAF contribution in
the further calculations and effectively treat its presence as a missing part of the
accretion disc.

As stated before, in Scenario II we introduce additional parameters. Namely,
we assume the mass of the secondary black hole M,, and the parameter describ-
ing the distance between the two bodies. We do not consider the mass of the
secondary component M, ~ M; or My ~ 1071M;. Due to the similar mass
range these scenarios would result in both component orbiting the centre of the
mass of the system. Furthermore, the MHD simulations show the supermassive
black hole binaries with both components of approximately same size (/mass)
both tend to show signs of accretion disc structure each (see e.g. |[Farris et al.|
2015, and references therein). For the purpose of a simple toy-model we ne-
glect that kind of scenario as well. We plot the expected changes of the thermal
component of the accretion disc for the scenario involving secondary component
with different mass ratios (see Figure . We notice and neglect the mass ratios
below 0.01 as they appear to have almost no effect on the spectra, i.e. ratio of
the perturbed and unperturbed are well below 10%.

3.2 SED model profiles

We show the simulations of spectral properties given the specific scenario has
been adopted in the studied system. We do so in order to benchmark the type
effects and their scale after the perturbers have been introduced.

Starting with the Figure [3.4] we present the Scenario I, in which the central
region of the accretion disc is essentially not visible in the UV as it is filled with
highly ionized matter, hence acting as a central cavity. We plot the expected
changes of the spectra varying with the size of the central cavity (see eq. )
for the relative accretion rate values m set to 0.4, 0.6 and 1.0. Simultaneously we
present in the same plot the variation of Scenario I, whereas the central cavity
is completely replaced by the dust enshrouding of the central body, which is
represented by the luminosity decreasing term (see eq. ) The spectra with
the dust component present vary with the extinction parameter E(B—V') set to 0,
0.1 and 0.15, respectively. In both cases the perturbed to unperturbed ratios show
a clear diminution in flux and specifically in the high frequency bands. However,
the shape of the SED varies based on the type of the component affecting the
inner region’s contribution.
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Figure 3.2: The broad band SED from the disc and assuming the varying ADAF
plasma emission, caused by the corresponding power law contribution scaled us-
ing UV /X-ray relation given by eq. with the power law index I' set to 1.9.
The E_;, was calculated at 2500A°, corresponding to ~ 5 eV. Top panel: Solid
and dashed lines show SED with and without ADAF contribution, respectively.
The dotted lines show the respective ADAF contribution in form of power law.
The solid red vertical line marks the upper edge plot window assumed in our
simulations. Bottom panel: Relative ratio of SED with and without ADAF con-
tribution. Both panels: The inclination angle 7 is set to 35deg. The mass of the

primary is set to 109M®.

In Figure|3.5|we illustrate the effect of the Scenario II, namely introducing the
secondary black hole component in the system. First we present the shots of the
thermal component profile given different distance of primary from secondary d
set to 200, 400 and 800 R,, which according to the eq. translates to the gap
widths 60, 120 and 240 R,. In the same plot we continue to decouple the effect of
the varying accretion rate m set to 0.1, 0.4 and 1.0 as the distance of the secondary
black hole is being fixed to the value of 400 R, with the corresponding gap width
120 R,. We notice the ratio of the perturbed and unperturbed spectra does not
cross the value of ~ 12 %, and specifically how it shifts once the secondary black
hole, and the opened gap, are located further away from the central body.

The effects of the combination of both, central cavity and secondary black
hole component, are shown in Figure 3.6l Now for the Scenario III we show
the expected changes in the spectra due to the secondary black hole distance
shifting to 200, 400 and 800 R,, all while the relative accretion rate m is set
to 0.4 and resulting in the central cavity fixed respectively. We also turn the
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Figure 3.3: Top panel: SED simulations for the mass of the secondary component
spanning from 1073 (marked by solid colored lines) up to 107! (marked by a
dotted line). Black dashed line marks the unperturbed SED. Bottom panel: Ratio
of the perturbed to the unperturbed SED. Both panels: The inclination angle ¢
is set to 3bdeg. The mass of the primary is set to 109M®. The distance d of the
secondary from the primary is set to 400R,.

situation around while fixing the position of the secondary component, i.e the
gap width respectively, and we keep varying the relative accretion rate m set to
0.1, 0.4 and 1.0 with the expected changes of the spectra varying with the size
of the central cavity (see eq. (2.6))). In both cases we observe strong decrease in
the flux which is caused by the presence of the central cavity. We confirm the
effect of the secondary black hole component on the shape of the spectrum, yet
we notice there is a chance the central cavity and the secondary black hole may
overlap hinting the effect of the latter negligible.

Finally we replace the central cavity component with the dust component
completely and alter the Scenario III. The expected spectral changes in this setup
are to be observed in Figure Fixing the extinction parameter E(B — V) to
0.1 we plot the spectra for growing gap width as 60, 120 and 240 R,. The plot
also involves the simulated data for the fixed gap width 120 R,, with varying
extinction parameter as 0, 0.1 and 0.15. Similarly as in Figure using the
perturbed /unperturbed ratios we notice the effects of the gap to prevail, especially
if the gap is getting bigger. However, fixing the gap width and changing the dust
component’s extinction may possibly result in the overlapping of the two effects.
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Figure 3.4: Left panel: SED simulated corresponding to the model with vary-
ing relative accretion rate, assuming strong ADAF principle. Colored dashed
lines mark the respective unperturbed SEDs. Right panel: SED simulated corre-
sponding to the model with dust component present, varying with the extinction
E(B—V). The fixed parameters are as follows: the relative accretion rate 1 set
to 0.4. Black dashed line marks the unperturbed SED. Both panels: The inclina-
tion angle 7 is set to 35 deg. The mass ratio of the secondary and primary is set
to 1072 with the mass of the primary 10°M,, and the mass of the secondary set
to 107M®.

3.2.1 Available instrumentation

Aiming to recover the initial (assumed) values of the system parameters, we
have chosen a suitable set of observation instruments to provide us with the
astrophysically realistic and potentially measurable mock data. The list of pho-
tometric systems of detectors is as follows: the GALEX (Morrissey and et al.
2007)), the Legacy Survey of Space and Time (LSST) (LSST and et all, 2009),
SWIFT/UVOT (Poole and et al. [2008) and WISE (Wright and et al., [2010)).
We only use the effective wavelengths of the detectors and provide the additional
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Figure 3.5: Left panel: SED simulated corresponding to the model with vary-
ing gap width in case of secondary component located in the middle of the gap.
The fixed parameters are as follows: the relative accretion rate m set to 0.4.
Black dashed line marks the unperturbed SED. Right panel: SED simulated cor-
responding to the model with varying relative accretion rate in case of secondary
component present. The fixed parameters are as follows: the distance between
the primary and secondary body d set to 400R,, corresponding to the gap width
of 120R,. Colored dashed lines mark the respective unperturbed SEDs. Both
panels: The inclination angle ¢ is set to 35deg. The mass ratio of the secondary
and primary is set to 1072 with the mass of the primary 10°M, and the mass
of the secondary set to 107M®.

information regarding the specific filter, central wavelength and the full width at
half maximum (FWHM) in the Table

To justify the application of multiple different observation detectors the ob-
servation timescale should cover the objects in such manner that there are no
major changes in its radiation. That narrows down the possible systems to the
high-accreting sources as they are less susceptible to show changes compared to
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Figure 3.6: Simulated SED corresponding to secondary black hole scenario cou-
pled with the assumption of strong ADAF principle. Left panel: The fixed pa-
rameters are as follows: the relative accretion rate m set to 0.4, the gap width
varies with the distance of the secondary component located in the middle of the
gap, corresponding to 200, 400 and 800R,, respectively. Black dashed line marks
the unperturbed SED. Right panel: The fixed parameters are as follows: the dis-
tance between the primary and secondary body set to 400R,, corresponding to
the gap width of 120R,. Colored dashed lines mark the respective unperturbed
SEDs. Both panels: The inclination angle ¢ is set to 35deg. The mass ratio of
the secondary and primary is set to 10”2 with the mass of the primary 109M,,
and the mass of the secondary set to 107M®.

the low-accreting ones. Specifically, we require the system to be observed in the
time interval proportional to the characteristic optical /UV timescale 7, (Collier

and Petersor, |2001). Additionally, the more massive the central object, in our
case SMBH, the longer the the period variability timescale gets. A more detailed

guess of the temporal condition for the joined observations can be found in m

2023).
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Figure 3.7: Simulated SED corresponding to secondary black hole scenario cou-
pled with the presence of the dust component. Left panel: The fixed parameters
are as follows: the extinction parameter F(B — V') set to 0.1, the gap width varies
with the distance of the secondary component located in the middle of the gap,
corresponding to 200, 400 and 800R,, respectively. Black dashed line marks the
unperturbed SED. Right panel: The fixed parameters are as follows: the distance
between the primary and secondary body set to 400R,, corresponding to the gap
width of 120R,. Colored dashed lines mark the respective unperturbed SEDs.
Both panels: The inclination angle 7 is set to 35deg, the relative accretion rate
1 is set to 0.4. The mass ratio of the secondary and primary is set to 1072 with
the mass of the primary 109M®, and the mass of the secondary set to 107M®.

Although our simulations are exclusively for the set of detectors listed in Table
B.1 we do not neglect the possible implementation of UVEX detector, as well as
AstroSat/UVIT that would provide event grater sensitivity given the magnitude
changes of the source (see e.g. Dewangan et al. 2021)). We further discuss the
possible implementation of additional detectors for the potential future applica-
tions (see subsection . All in all, to provide the quality observation across
the optical/UV band does not only require a set of instruments but also the cor-
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Figure 3.8: Simulated SED corresponding to the model with varying relative ac-
cretion rate, assuming strong ADAF principle and for different values of redshift
in range of 0 to 2. In each panel the changing positions of points mark chosen
instruments in the Photometry table for given redshift, whereas the solid and
dashed lines mark the identical theoretical prediction for perturbed and unper-
turbed full SED model, respectively.

responding operational timescales of the responsible detectors to receive viable
results based on the future observations.

In the following tables[3.2]-[3.5] we present the fit results of our simulations. We
note, we do not take into account the Balmer contribution as well as the additional
contribution due to BLR emission lines. We focus on the high-accreting sources
with the relative accretion rate m between 0.4 and 0.6. The mock data we work
with were generated assuming the additional errors up to 2% and 10% in the
measured flux, respectively. The errors are Gaussian-distributed. To check for
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Figure 3.9: Ratios of perturbed and unperturbed SED with varying relative ac-
cretion rate, assuming strong ADAF principle and for different values of redshift
in range of 0 to 2 (see Figure . In each panel the changing positions of points
correspond to the ratios of chosen instruments in the Photometry table for
given redshift, whereas the solid lines mark the identical theoretical prediction
for the ratios of the perturbed and unperturbed full SED models.

the correspondence between the assumed simulation values and the fit results we
therefore use the goodness of fit method x2. In our case, the reduced y-squared
method, defined as x2 = x?/(N — v), handles in each batch of our mock data
consisting of N, namely 16 luminosity points (see Table and latter on
the log scale, with the corresponding number of free parameters v for the given
applied model.

To account for the necessity of the perturbed models and show their real ap-
plicability we compare the perturbed and unperturbed version for each presented
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Figure 3.10: Simulated SED corresponding to the model with varying extinction
parameter, and for different values of redshift in range of 0 to 2. In each panel the
changing positions of points mark chosen instruments in the Photometry table[3.]]
for given redshift, whereas the solid and dashed lines mark the identical theoretical
prediction for perturbed and unperturbed full SED model, respectively.

scenario. For the comparison we additionally use both, the Akaike ,
and Bayesian Information (Schwarz, |[1978) criterion AIC and BIC, , respectively.
The AAIC and ABIC between the perturbed and unperturbed cases either point
out to ambiguous or favour the better fitting model, assuming altered amount of
parameters. Specifically, higher A-values of the AIC and BIC criteria tend to
indicate the additional parameter of the model has been chosen correctly et vice
versa.

The introduced models corresponding to Scenario I, its variation with the dust
component, Scenario IT and Scenario III, all involve a number of parameters. Our
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Figure 3.11: Ratios of perturbed and unperturbed SED with varying extinction
parameter, and for different values of redshift in range of 0 to 2 (see Figure .
In each panel the changing positions of points correspond to the ratios of chosen
instruments in the Photometry table for given redshift, whereas the solid
lines mark the identical theoretical prediction for the ratios of the perturbed and
unperturbed full SED models.

key task is to narrow down this number. First, we fix the mass of the central
object M;. The spectral line properties can potentially unravel the value of such
parameters (see e.g. Vestergaard and Peterson, [2006). The next fixed parameter
throughout out our study is the inclination angle i, as in reality there are a
number of independent methods to deduce the respective value such as spectral
line fitting, polarimetry, etc. For simplicity of our calculations we keep the size
of the accretion disc to be fixed with the inner and outer radius R;,,., and R
fixed to 6 and 5000 R,, respectively, unless stated otherwise.

outer
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Figure 3.12: Simulated SED corresponding to the model with varying gap width
corresponding to the secondary’s distance 200, 400 and 800 R,, respectively, and
for different values of redshift in range of 0 to 2. In each panel the changing
positions of points mark chosen instruments in the Photometry table for
given redshift, whereas the solid and dashed lines mark the identical theoretical
prediction for perturbed and unperturbed full SED model, respectively.

Now, in Scenario I we introduce the strong ADAF principle and assume the
highly ionized matter of the central region essentially behaves like a gap in the
optical /UV. The size of the region is parametrized by the eq. . However, for
fitting in this scenario we presume no entanglement between the relative accretion
rate and the size of the ADAF region and treat the parameters as independent.
We present the results of the data fitting of the mock data assuming the 10%
errors in the measured flux in Table [3.2l We present the results for different
values of the redshift of the observed source, z set to 0, 0.5, 1, 1.5 and 2, and find
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Figure 3.13: Ratios of perturbed and unperturbed SED with varying gap width
corresponding to the secondary’s distance 200, 400 and 800 R,, respectively, and
for different values of redshift in range of 0 to 2 (see Figure . In each panel
the changing positions of points correspond to the ratios of chosen instruments
in the Photometry table for given redshift, whereas the solid lines mark the
identical theoretical prediction for the ratios of the perturbed and unperturbed
full SED models.

the model is fitting the data reasonably well independent on the redshift based
on the fit values of the studied parameters m, Rypap and on the x2 test. In
Figure and showing the simulations of perturbed and unperturbed SEDs
in Scenario I (strong ADAF assumption adopted) together with the set of our
mock data points, we notice the mock data of either redshift value capture the
essence of the spectra accordingly. Hence the redshift does not play a role in the
determination of better conditions for the fitting procedure.
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Once we introduce the dust component in the system, we have to account
for the change by involving additional parameter — extinction E(B — V). In
this altered scenario we still take into account strong ADAF assumption as well
and we do not bound the relative accretion rate m and the size of the ADAF
region Rypap- Consequently we then fit our mock data with the three parameter
model with the 10% errors in the measured flux. We do so for different values of
redshift, namely 0, 0.5, 1, 1.5 and 2. The fit results can be found in Table
and show that the model is fitting the data reasonably. We also notice that the
results get more accurate depending on the redshift of the source (based on the x?2
test). The major result for this scenario is that the we are capable to disentangle
the effect of both ADAF region and the dust component at the same time — in
this case the higher the redshift, the better results. In Figure and we
show the simulations of perturbed and unperturbed SEDs in case of only dust
component present together with the set of our mock data points. Similarly as
in case of Scenario I we notice the mock data of either redshift value capture the
perturbed SED effect very well. However, the higher values of redshift, the better
the discontinuity introduced by the dust component is covered by the mock data
itself. Hence the redshift does play a role in the determination of better conditions
for the fitting procedure to some minor extent.

Finally we fit our mock data corresponding to the Scenario II that involves the
secondary black hole component. The set of free parameters for this particular
scenario involves the relative accretion rate r, the inner and outer gap radius
Ripner and Ry .., respectively. In Table 3.4] when the fitting the data with
the errors op to 10% in measured flux we see that thawing/freezing the gap
parameters does not have almost any effect on the results. The x?2, as well as the
AAIC and ABIC are ambiguous and one cannot determine the better fitting
model. The situation is different once we assume the 2% errors in our mock
data and the perturbed model is clearly favoured over the unperturbed one as we
can observe via x2, as well as the AAIC and ABIC values (see Table [3.5)). We
also notice the slight effect of the redshift of the source that indicates the bigger
the redshift the worse the fit results. That is to be expected as the bigger gaps
tend to be located further away, hence the flux decrease is shifting to the lower
energy bands that are not covered by the mock data. In Figure and
we show the simulations of perturbed and unperturbed SEDs with the secondary
component present together with the set of our mock data points. Unlike in
previous cases (Scenario I and its altered version with the dust component), in
case of Scenario II we notice the mock data to cover the perturbed SED effect
less and less effectively as the value of redshift grows. Hence the fit results for
the Scenario II tend to worsen as the redshift value increases.

We have also tried to infer the initial secondary black hole parameters in
Scenario II — its distance from the primary d and its mass M, based on the fit
results. If 10% errors are assumed there is almost no chance to constrain the
given parameters (see the inferred values’ columns in Table . However, if we
lower the errors to 2% the parameters can be determined more accurately (see the
inferred values’ columns in Table . In order to calculate the given parameters
as well as their errors we used the error transfer relation and its corresponding
forms for the respective parameters (see subsection .
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Istrument | Filter Central \Xavelength FWHM/Eandpass
(A) (4)
FUV 1538.6 1344 — 1786
GALEX NUV 2315.7 1771 — 2831
u 3671 3200 - 4000
g 4827 4000 - 5520
r 6223 5520 - 6910
LSST i 7546 6910 - 8180
z 8691 8180 - 9220
y 9712 9500 - 10800
uvw2 1928 657
uvm?2 2246 498
uvwl 2600 693
SWIFT u 3465 785
b 4392 975
4 5468 769
wl 33680 28000 - 38000
WISE w2 46180 41000 - 51000

Table 3.1: Photometry table listing the initial set of observational instruments
alongside their respective parameters such as the filter, the central wavelength
and the FWHM.

3.2.2 Inferred values of the model parameters

Using the fit results based on our synthetic data we attempted to test the model
prediction and retrieve the initial set of parameters of the distance d and the
mass of the pertuber M, in Scenario II. These parameters, however, needed to be
calculated based on the fit results as well as the respective error terms. Hence, we
utilized the propagation of uncertainty, which, is generally a multivariate problem
resulting in the following formula

n 2
O w

where f(x) is the studied quantity parametrized by the z;, for i = 1,...; n. The
distance between the primary and secondary component is given by the mean
of the inner and outer gap radius R,,,;, and Ry, ... Consequently, given the
error transfer eq. (3.1), we write for the error term of distance of the secondary
component following

R +R

d _ gapin

gap out (32)

Y

2
1
Ud :é \/U%gapin + U%gap out ° (33)

The gap width AR can be in first approximation given as the difference between

the outer and inner gap radii Ry, and Ry, ;,, With its respective error term
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assumed values fit values

: Rapar : Rapar | 2

"R " (By) |
z=0

0.4 11 041 £003 |11 4+£3 1.2

0.4 25 041 +£003 |25+ 3| 1.7
z=0.5

0.4 11 043 +003|12+2 1.3

0.4 25 042 +003|254+2 1.2
z=1

0.4 11 039 +003|11+1|1.6

0.4 25 043 +0021264+11 1
z=1.5

0.4 11 045 +003|13+1 1.2

0.4 25 038 +002|24+1|1.3
z=2

0.4 11 040400211 4+1]1.1

0.4 25 040 +£002|254+1|1.1

Table 3.2: Fitting results of data simulated for model involving ADAF component
(Scenario I). The errors correspond to 10% in the measured flux. Each row for
the particular mock data shows the assumed values of the simulation and fitting
results obtained for a given redshift z of the source. The fixed parameters are as
follows: M set to 10° M, i set to 35 deg, the gap width set to 0 R, and R,
set to 5000 R,. We judge and compare the quality of the fit using the reduced
chi-square test value 2.

as

AR =R Ryapin:

OAR :\/o—l%ggapout +o% (3.5)

gapout

gapin

To infer the mass of the secondary component we use the eq. (2.10). The respec-
tive error term for the quantity is therefore

AR\?
Mo, =3M,| — 3.6
,=an, (57 (36)
3AR2\? AR3 —3\?
O']w2 :\/(3M1&T> U2AR —|— <3M1 8 ﬁ) 0'3. (37)

To translate our choice of errors in the measured flux to the difference of the
magnitude of the source we start from the flux-magnitude relation and write

m, = —2.5log(F,) + const. (3.8)

After a slight change in the value of the measure flux corresponding to the factor
p, namely as F, = (1 + p)F}, we write

my = —2.5log(F,) + const. (3.9)
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assumed values fit values

. RADAF . RADAF 2

EB-V) | m (Rg) E(B-V) m (Rg) X5
z=0

0.15 0.4 11 0.18 +0.04 | 0.45 +£0.05| 6 &+ 10 | 1.3

0.15 0.4 25 0.16 £ 0.03 | 041 +£0.03 |21 +£8 | 1.1
z=0.5

0.15 0.4 11 0.174+ 002|042+ 003 | 84 | 1.2

0.15 0.4 25 0.16 £ 0.02 | 0424+ 003 |24+ 3| 1.1
z=1

0.15 0.4 11 0.144+002]0374+004 |12+ 2|14

0.15 0.4 25 0.154+0.02 | 0.384+0.03 | 25+ 1 | 1.1
z=1.5

0.15 0.4 11 0.144+0.01 036 4+0.04 | 10+1 | 1.2

0.15 0.4 25 01740011044 4+0.04 | 25+ 1 | 1.1
z=2

0.15 0.4 11 0.16 £ 001|044 +£004 |11 +£1|1.1

0.15 0.4 25 0.134+0.01]0334+003|244+1 |12

Table 3.3: Fitting results of data simulated for dust model component (altered
Scenario I). The errors correspond to 10% in the measured flux. Each row for
the particular mock data shows the assumed values of the simulation and fitting
results obtained for a given redshift z of the source. The fixed parameters are as
follows: M to set 10° M, i set to 35 deg, the gap width set to 0 R, and R,
set to 5000 R,. We judge and compare the quality of the fit using the reduced
chi-square test value 2.

The difference in magnitude is essentially equal to the difference of the flux in
log-scale, and therefore we quantify the error terms in the flux via the magnitude
by the following relation as

Am =mqy —my = —2.5log(1 +p) ~ —2.5 x 0.421In(1 + p) ~ Fp, (3.10)

simplifying the log ~ 0.421n and using the Maclaurin series expansion for the
In(1 + p).

3.2.3 QUVIK mission incorporation

We will now describe the outlook of the upcoming new instruments that are
relevant in the context of spectra modelling presented in this thesis. In particular,
we have focused on the upcoming mission QUVIK, which is supposed to be the
first Czech space telescope and expected to be launched in 2028. The satellite
development is led by the Czech Aerospace Research Centre with the science
program from various academic institutions (Werner and et al., 2022; Werner
et all,[2024)). Because of immediate relevance to the subject of this thesis, we have
explored what predictions and constraints to the planned observational strategy
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can be achieved in the context of AGN with “gappy” accretion discs.E]

The telescope in itself is an agile, small-sized instrument with the limiting
observing magnitude up to ~ 22, given the S/N ratio ~ 5. The major utilization
of the QUVIK telescope would be pointing towards the optical/UV observations
corresponding to 150 and 300 nm, FUV and NUYV filters, respectively.

The QUVIK mission is supposed to be primarily used as an instrument for
follow up observations of kilonovae observations and serve as a valuable tool for
the gravitational wave detectors in the spectral domain (see |Werner and et al.|
2023). Nevertheless, the detector’s UV band coverage is expected to provide
observational data on the stellar systems, as well as the dust enshrouding of
the objects, hot spots, etc. (see |[Krticka and et al., 2023). Finally, the mission
will inevitably be helpful when focusing on the galactic centre. With the help of
reverberation mapping the QUVIK can be of help with the temporal analysis and
complementary to other waveband observation. Moreover, the instrument will be
efficient in the study of jetted TDEs and more exotic changing-look sources, or
gappy accretion disc scenarios as well.

In the White Paper introduction article Zajacek et al.| (2024]) we show possible
QUVIK mission application in the area of gappy accretion disc study. The study
specifically focuses on systems corresponding to the Scenarios I, altered Scenario
I and Scenario II. The physical conditions of the system remain unchanged, i.e.
see subsection Essentially we only replace the FUV and NUV filters of the
GALEX observation instrument with the QUVIK’s (for comparison see Tables
nd respectively). Although with different geometrical scaling we arrive
at the qualitative same results for the simulations/fitting in Scenario I, altered
Scenario I and Scenario II, both for errors 2% and 10%. In short, the Scenario
I and altered Scenario I results do not discriminate between the changes in the
errors in measured flux as opposed to the Scenario II results that require higher
precision observations. For completeness we show in the Appendix [A] the fit
results for the simulations involving the change from GALEX to QUVIK for the
Scenario I, its altered version and the Scenario II for both errors 2% and 10%,
unless stated otherwise (see Tables - respectively). Given the fact we
only changed two of the 16 points of our mock data (change from GALEX to
QUVIK) the fit results do not show any major qualitative difference and are
effectively consistent with the finding mentioned in the subsection |3.2.1]

As mentioned in the the subsection [3.1], the current detector AstroSat/UVIT
is capable of providing data with better S/N ratio as well. Another alternative
would be the UVEX3 detector, which is comparing to GALEX detector approx-
imately two orders of magnitude more sensitive and is essentially covering the
same energy range. The ULTRASAT telescope, planned to be launched in the
2026, belongs to the family of small sized detectors such as QUVIK, and will be
focusing on the optical as well as near- and far-UV observations [Ben-Ami and
et al] (2022)). In the frame of the simultaneous observations the mentioned detec-
tors complemented by their parameters and observational abilities pose a viable
option to map the gappy systems in the near future.

!Here the abbreviation in somewhat technical jargon refers exactly to the case of disc-type
accretion flow that is interrupted by forming azimuthal gaps at certain specific radii that have
been cleared due to the influence of perturbers or by other means.
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Instrument | Filter Central \Xavelength
(A)
FUV 1500
QUVIK NUV 3000
u 3671
g 4827
r 6223
LSST i e
z 8691
y 9712
uvw2 1928
uvm?2 2246
uvwl 2600
SWIFT N By
b 4392
v 5468
wl 33680
WISE w2 46180

Table 3.6: Photometry table listing the alternative set of observational instru-
ments (compared to Table[3.1]), alongside their respective parameters such as the
filter and the central wavelength.

3.3 Spectral line profiles

Complementary to the simulations of the thermal component of the system we
focus on the spectral line profile feature assuming both Scenario I and III. In
both scenarios there is a central cavity present, which is a direct result of the
central region filled with the highly ionized matter. That is the ADAF region
which can be in this context treated as a corona. The highly ionized coronal
radiation irradiates the cold slab material of the accretion disc, the radiation gets
reprocessed and results in the emission line, whereas the strongest spectral emis-
sion line observed is the Fe Ko line. Depending on the geometry of corona, the
reflected radiation follows its respective profile as a function of R (see subsection
2.7).

In Figure we show the effects of the central cavity present in the Scenario
I and keep varying its size, which is depending on the relative accretion rate m
set to 0.4, 0.6 and 1.0 as per eq. . The spectral line profiles for both initial
intensities of reflected radiation, ~ 1/R? and ~ 1/R3, show major flux decrease
as the size of the central cavity grows.

Adding the secondary black hole component to the mix, we show the spectral
line profile simulations for Scenario III in Figure |3.15, For simplicity, we fix the
secondary black hole component located at the distance of 50 R,, corresponding
to the gap opening of 15R,,, and we keep varying the size of the central cavity with
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the relative accretion rate m set to 0.4, 0.6 and 1.0 via eq. . The different
initial intensities of reflected radiation show qualitatively the same features. We
notice a clear decrease of flux in the perturbed scenarios due to the missing
central region contribution. Also a distinctive feature arises and that is the double
amount of peaks caused by the presence of the secondary body “splitting” the
disc in two subdiscs.
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4. Discussion

We have studied the effects of the following perturbative terms within the stan-
dard Shakura-Sunyaev thin disc scenario, and its ramification in the inner region

(see Figure [3.1):

o The Scenario I involves the central region set up with the the highly ionized
matter present, i.e. ADAF region (see subsection ;

e The Scenario II involves the secondary component, namely SMBH, causing
the gap formation under the circumstances discussed (subsection ;

o Finally, the Scenario III features the central cavity alongside the secondary

black hole component (see subsection [2.6).

Further we propose the altered version of the Scenario I by introducing the dust
component enshrouding the whole system (see subsection . Therefore provid-
ing the spectral features to have the effects of intrinsic reddening. The caused
effects are qualitatively similar to those caused by the central cavity in the Sce-
nario I.

The study specifically focused on the spectral properties of thermal component
of the observed radiation as well as the radiation from the X-ray radiation band.
Now in the following subsections let us discuss the effects and their implications
for both energy bands in more detail as well as layout the limitations of the
systems given the respective scenarios (see the subsequent subsections

and [4.3] respectively).

4.1 SED profiles

We have thoroughly studied the SED profiles assuming presence of different per-
turbers in the standard AGN system, mostly involving SMBH and the accretion
disc around it. Let us discuss the single scenario one by one and point out the
major results and possible implications.

The central cavity scenario, Scenario I, is a direct result of the highly ionized
material filling the inner region of the accretion disc. With the power law with
I-index 1.9 and the X-ray to UV relation (see eq. (2.7))), we have concluded the
central cavity contribution is below 1% in the studied energy band and therefore
the ADAF region does not radiatively contribute to the thermal component ra-
diation of the disc itself (see Figure . The strong ADAF assumption, which
is given by the eq. , intertwines the relative accretion rate with the size of
the ADAF region, in our notion the central cavity region. Therefore once we
simulate the system with that component present and keep changing the relative
accretion rate m the accretion disc will be shrinking from the inside out (see left
panel in Figure . Once we abandon the strong ADAF assumption we show
the drastic flux decrease caused by the missing contribution of the inner region
can be detected via 2 independent parameters, namely the relative accretion rate
m and the size of the ADAF region. The Table summarizes the fit results for

65



the mock data corresponding to the Scenario I, adopting 10% errors in measured
flux. The change of the fit results is almost negligible once the redshift of the
source is incremented. However, we can see in Figures and that the higher
redshift does better cover the central cavity effect.

The additional dust component in Scenario I is incorporated by the use of
eq. . In this scenario we decouple the relative accretion rate m and the size
of the ADAF region as well and add additional parameter extinction E(B — V)
devised by |Czerny et al| (see [2004). We see the simple discontinuous effect of
extinction (see Figure translates into a very distinctive effect in the spectrum
at specific wavelengths (see right panel in Figure . Fitting the mock data with
10% errors in the measure flux we clearly see that the central cavity and dust
component effect can be decoupled. We observe that the higher redshift cases
tend to cover the affected region more effectively and therefore the fit results
are better for the higher adopted redshift values (see both SED plots and their
perturbed /unperturbed ratios in Figures and respectively).

The Scenario II involves the secondary black hole and is essentially the case
illustrating the galaxy merger scenario and its effects inflicted onto the thermal
radiation (e.g. as in |Giiltekin and Miller, 2012). We have addressed the system
stability in the previous sections (see subsection and we have chosen the
mass ratio secondary/primary to be equal to 0.01. Mass ratio such as this does
not tamper with the system stability and is effectively providing big enough gap
formation based on the flux decrease in the spectra. The gap width is essen-
tially changing based on the distance of the primary and secondary as prescribed
by the eq. . Based on Figure we notice the decrease given via ratio
perturbed /unperturbed is reaching maximum of ~ 12%. We further notice the
bigger the gap the more it is shifted to the lower energies as in the fixed mass ratio
the gap with bigger size tends to form further away from the primary. Similarly
as for the Scenario I and its altered version, we have attempted to fit the mock
data for this setup to try to obtain the assumed values of the input parameters.

Furthermore, we attempted to fit the generated mock data in two different
ways — with the gap parameters thawed and frozen for the system assuming the
gap is either present or not, respectively. We see that for the assumed errors
of 10% in measured flux the perturbed and unperturbed scenarios are almost
indistinguishable, i.e. the fitting procedure can not based on the data and the
given errors decipher which model is preferred (based on the reduced x?2 test).

To compare between the perturbed and unperturbed models we have also
utilized the AAIC and ABIC parameters. The results seem to ambiguous and
the inferred values for the mass of the secondary and its distance of the primary
show values with overestimated errors. Therefore we have lowered the assumed
errors to 2% and we notice based on all three comparison methods y2, AAIC
and ABIC that the perturbed model is favoured and the inferred values of the
parameters are far better restricted than for the 10% errors. This realization is
not surprising given the flux decrease after the gap introduction is ~ 12% and
the errors of 10% simply shield the effect making it not visible for the fitting
procedure. The 2% errors, however, allow the spectra to retain the perturbed
shape, hence the better fit results and inferred values of input parameters. We
see the redshift of the source plays a crucial role as for the wider gaps the high
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redshift cases are not captured by the mock data (see both the plots and the

ratios in Figure and [3.13] respectively).

Finally, let us address the simulations pertaining the combination of central
cavity and secondary black hole component. We observe the effect of the sec-
ondary component is rather negligible (see left panel in Figure . Especially,
if we keep the gap fixed, we notice the change of the central cavity size and the
corresponding flux decrease can cause effective shielding of the secondary black
hole effect (see right panel in Figure . The secondary black hole component is
effectively causing ~ 12% flux decrease. We also attempted to replace the central
cavity with the dust component. The spectra do not qualitatively differ in this
case except for the slight changes in the shape. We again observe the secondary
black hole effect is overlapped by the drastic flux decrease due to the dust com-
ponent present. Specifically, the bigger the extinction, the lower the chance for
the spectra to fully manifest the gap effect (for comparison see both panels in
Figure , respectively). The dust component effect on the spectra is, however,
more distinctive due to the discontinuity introduced by the extinction parameter
(see eq. (2.8)).

The Scenario II, Scenario III and its altered version both essentially illustrate
the galactic merger scenario. To study such system and its spectral properties
we have chosen the parameters M, and the distance of the secondary d so that
the merging timescale is = 10% yr (see subsection .

4.2 Spectral line profiles

The additional spectral line profile study has been conducted for the following
Scenarios II and III. To cover the radiative properties in the strong gravity regime
we focus on the accretion disc’s inner region up to ~ 100 R,. This means that
once we introduce the secondary black hole component, we essentially study the
late stage galaxy merger scenario with the merging timescale < 10% yr.

As both scenarios involve the central cavity caused by the ADAF component
we observe noticeable flux decrease (see Figure and [3.15). We have imple-
mented two different initial intensities of the reflected radiation based on the
geometry of corona in respect to the accretion disc (R/R, ratio). Besides the
different shape of the spectral line there are no additional qualitative changes for
the ~ 1/R? and ~ 1/R? intensities (for R/R, ratio ~ 1 and > 1, respectively).

Introducing the gap inducing component we notice the spectral line profile to
exhibit the doubled amount of peaks (see Figure[3.15). That is a direct results of
the superposed radiation of the subdisc from the gap downwards and upwards,
respectively. Specifically, for N gaps one can expect the spectral line profile to
show 2(N + 1) peaks (see e.g. Stolc et al., 2020, and references therein). That
is in agreement with the simulations made previously by [Sochora et al.| (2011))
and McKernan et al.| (2013)). The slight flux decrease caused by the secondary
component is effectively shielded by the central cavity effect. The reason for
that is that the missing reflection medium of the gap region by the secondary
component is of negligible size compared to that of ADAF region. Nevertheless,
the spectral line profile properties could potentially enable to perform analysis of
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such systems, unless the size of the ADAF region is not greater than or equal to
the secondary component’s distance from primary.

4.3 Limitations of the proposed system setups

The use of ADAF component is a bit tricky as there are more parameters that
need to be addressed such as thermal conduction and magnetic field, which con-
sequently lead to different relations than used in eq. . Also, there are
observation, such as NGC 3147 with the relative accretion rate of m = 1074,
which do not exhibit the ADAF component as predicted via the eq. (2.6), but
instead there is a standard disc present (Bianchi et al., 2019). We also use the
no-torque condition setting the R, .. of the disc equal to the Rypap directly,
unless stated otherwise (scenarios without ADAF component present), keeping
the set of proposed parameters intact. We show the additional dust component
can lead to plus one parameter in the model. However, the results are promising
and show possible disentanglement in the simulated spectra. Consequently, we
contemplate the possibility to differentiate between the Scenario I and its altered
version and the possible tidal disruption scenario having qualitatively similar ef-
fect of flux decrease due to the inner disc depletion (e.g. Ricci et al., [2020). For
that to happen the model parameters would need to be adjusted accordingly as
well.

Another simplification is the analytical approach to calculate both the SED
and the spectral line profile line profiles. The MHD approach would allow to
formulate the geometry boundaries of the disc more accurately, i.e. indicate both
black holes to have their own mini disc surrounding it (e.g. [Farris et al. [2015)).
Furthermore, the MHD simulations would allow for the the potential study of
even more exotic cases such as supernovae immersed in the orbital plane of the
accretion disc. That kind of simulations would indicate the expected size of the
gap generated by such event in the order of 0.01pc (see e.g. [Moranchel-Basurto
et all, 2021).

As we have already mentioned the study of spectral properties in the intro-
duced system is prone to several simplifications. The major initial limitation is
the zero angular momentum state of the central body. In the case of the study of
the SED spectra, the zero and nonzero spin hold essentially the same information
as the gap formation is essentially happening above ~ 100R,. The rotation effect
would make itself the most visible in the case of the spectral line profile study,
conducted below ~ 100R,, as the strong gravity regime would require to use of
adjusted formulation of the redshift factor incorporating spin compared to eq.
(2.18)).

Last but not least there is a accretion disc’s stability issue given the specific
system setup. The accretion disc tends to get unstable when we move from
gappy scenario to ring-like scenario. In the gappy scenario the majority of the
surface is covered by the accretion disc’s material and assuming the orbital period
of the perturber to be less than the viscous timescale of the disc the scenario
is stable. On the contrary, whereas in the ring-like scenario is the accretion
disc effectively replaced by the set of concentric rings. Each ring’s material is
essentially diffusing via eq. and the ring-like structure will dissolve (e.g.
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Frank et al., 2002). Moreover, the ring-like scenario necessitates with the presence
of multiple perturbers which cannot be solved analytically only approximately,
e.g. 3-body problem and its special case solutions.

The final limitation of the proposed scenarios is the observability issue as
shown for the Scenario I, its altered version and Scenario II. In our research
we have developed the approach to infer the system parameters based on the
mock data from a list of detectors (see Tables and [3.6). The simultaneous
action of the detectors is conducted for the optical /UV and is essentially prone to
spectral variabilities over the observational timescale. Nevertheless, we propose
a rather crude simplification by stating the observed objects show no major signs
of radiation changes during the time of joined observation cycle (see more in

subsection [3.2.1]).
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5. Conclusions and future
prospects

Black holes have been introduced as one of the predictions of the Theory of Gen-
eral Relativity in the regime of the strong gravitational field. To the great surprise
of many scientists, it turned out that this elegant mathematical solution of the
equations of theoretical physics has been most likely discovered by astronomers
in numerous objects in the Universe. They are surrounded by a gaseous envi-
ronment, often in the form of accretion flows which they can convert into very
efficient outflows and collimated jets, where a fraction of captured material is
returned to the cosmic environment together with spectacular signatures in the
form of electromagnetic and gravitational radiation.

Electromagnetic radiation originating from inner regions of accretion discs
around black holes, either in stellar-mass black hole binaries or in active galactic
nuclei (AGNs), provides wealth of information about matter in extreme conditions
close to the event horizon. Multi-temperature thermal continuum emission of
an accretion disc combined with the induced spectral feature and non-thermal
radiation of the surrounding corona produce the final signal propagating through
the regions of strong gravity towards a distant observer. Parameters of the models
are thus imprinted in the Spectral Energy Distribution (SED), which gives us
chance to determine the geometry of the system and the state of the cosmic
environment near black holes.

In this thesis, we explored the expected spectral signatures of a non-standard
SED corresponding to the black-hole accretion disc with a central cavity, dust
component and/or a gap caused by a secondary perturber. The latter is thought
to represent an intermediate-mass black hole. Assuming the radiation signal
originating from inner regions of an accretion disc near a black hole, we examined
the possibility to detect minor deviations of the spectral shape with respect to
an unperturbed model, thus revealing the presence of the orbiter. We considered
the perturber mass of the order of 107 M, so that a gap can open within the
accretion disc, and we took into account a possibility of a truncated accretion
flow that terminates well above the ISCO. In the present work we neglected a
number of potential complications that should be taken into account in future
astrophysically more realistic models, such as the effect of self-gravity of the
accretion disc and its non-negligible vertical height.

The main results of the presented thesis were focused on the SED profile
that can be expected and observationally identified in the multi-wavelength con-
tinuum profile, ranging from ultraviolet over optical up to X-ray domain. We
have focused on the case of black-hole accretion disc with an emissivity profile
modified by non-standard radial dependence. In particular, we described the the-
oretical basis for the formation of gaps in the accretion disc caused by the action
of a secondary perturber orbiting the central supermassive black hole (SMBH).
The resulting spectral features reach beyond the expectation of the standard
(Shakura-Sunyaev) multi-blackbody spectrum superposed with a simple (power
law) component due to corona. We have explored, in a rather fine detail, the
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predicted deviations from the unperturbed baseline model that will be detectable
with the upcoming space satellite experiments, such as recently approved QUVIK
(Quick Ultra-Violet Kilonovae surveyor) in the UV band.

Let us point out that the synergy of X-ray and UV spectral domains appears to
be particularly promising in the context of future applications of our results from
the thesis. Very recent discoveries of Quasi-Periodic Eruptions (QPEs; Miniutti
et all, 2019), an enigmatic and as yet unexplained phenomenon of repetitive X-
ray signal from nuclei of some active galaxies, can be tentatively understood
in terms of secondary orbiting bodies transiting across and accretion disc and
modulating the emerging signal (Sukova et al., 2021} |Linial and Metzger, 2023)). It
is quite likely that the family of galactic nuclei with quasi-periodic behaviour may
be rather diverse. A related phenomenon of Quasi-Periodic Outflows (QPOuts;
Pasham et al| 2024b)) has been very recently described as an intermediate-mass
black hole interacting with a magnetized accretion flow (Sukova et al., [2023)).
A broader class of Repeating Nuclear Transients (RNTs) could be interpreted
in terms of partial Tidal Disruption Events (TDEs; Liu et al., 2023; Miniutti
et all, [2023allb). However, the question about the true origin of these objects still
remains open (Pasham et al., [2024a)).

It has been proposed that some of these quasi-periodicities could be detected
via the upcoming UV satellites that are currently at different stages of develop-
ment (Zajacek et al.l 2024). Combining the X-ray and UV domains will help us
to constrain the physical mechanisms operating in these new classes of objects
(Linial and Metzger|, 2024)). However, an inevitably forming population of orbiters
aligned with the accretion flow has not been duly explored with this scenario and
it urgently needs to be modelled and its consequences understood. Consequences
for future detection of Extreme-Mass Ratio Inspirals (EMRIs) and related events
seen in the gravitational-wave domain also emerge as an exciting new direction
(Arcodia et al., 2024; Guolo et al., 2024} [Zhou et al., |2024; |Chakraborty et al.,
2024). There is no doubt about a huge potential of further development of the
ideas that have been just outlined in our thesis.

Finally, in the future work we intend to superpose the above-described per-
turbed SED broadband continuum profiles with the most prominent spectral-line
features that can be expected especially in the X-ray domain. In this context, the
iron line complex between 6-7 keV appears as a promising additional feature that
may help to constrain the model parameters with significantly greater precision
than just continuum SED. So far we have only very briefly touched the effect
of the iron line emission around the rest-frame energy of 6.4 keV that belongs
among the most frequently studied emission feature originating from the inner-
most (relativistic) regions of the accretion flow. A combination of broad-band
spectral profiles and well defined emission lines will provide valuable constraints
of the model parameters that cannot be inferred from continuum. We have shown
the anticipated effects that we expect to be relevant in the context of upcoming
X-ray observations, such as the ATHENA in its recently updated formulation. A
more detailed study of the source will be required specifically in terms of adding
more parameters to the models, such as spin of the central object in terms of full
regime of General Relativity, and different inclination angles for the inner and
outer sub-disc due to Bardeen-Petterson effect.
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Cologne-Prague student exchange program, 2019 (Cologne, DE)
Oral presentation: Tidal disruption events as a site of an evolving relativistic
spectral line

INTEGRAL/BART Workshop, 2019 (Karlovy Vary, CZ)
Oral presentation: Tidal disruption events as a site of an evolving relativistic
spectral line
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A. Additional tables

For completeness, below we add the Tables [A.1} [A.2] [A.3] and [A.4] representing
the fit results in Scenario I, the altered Scenario I and the Scenario II, respec-
tively. The mock data were generated using the list of detectors from Table |3.6],
whereas we replaced the GALEX’s FUV and NUV filters by QUVIK’s. The as-
sumed additional instrumental error is up to 2% an 10% in the measured flux,
respectively.

We conclude that the fitting based on the implementation of either GALEX
or its substitute - QUVIK - show effectively consistent results, with only small
changes in the magnitude of the uncertainties of the fit parameters (for reference
see the Tables , and . The changes are, however, expected to be
caused due to the slight change of the values of central wavelengths for the FUV
and NUV filters (for comparison between GALEX and QUVIK see Tables

and [3.6] respectively).

assumed values fit values
. Ripar . Rapar 2
T (R " (By) | ™
z=0
0.4 11 042 +003|13+3 1.3
0.4 25 042 +£003|27+3 1.5
z=0.5
0.4 11 0374+002] 9+1 | 1.2
0.4 25 041 +£003|25+2 1.3
z=1
0.4 11 040400211 4+1]1.1
0.4 25 040 +£003|25+1 1.3
z=1.5
0.4 11 041400211 4+1]1.1
0.4 25 039 +003|244+1115
z=2
0.4 11 0394002 114+1 |12
0.4 25 0384+002|25+11]1.1

Table A.1: Best fit results for the Scenario I from the sect. The accretion
rather has been frozen as indicated in the first column; two values of the inner
coronal (ADAF) radius are shown. The remaining fixed parameters are identical

to those of the Tab. on p. 54
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assumed values

fit values

.| Rapar . Rapar 2

EB-V)| m (R,) EB-V) m (R,) X5
z=0

0.15 0.4 11 0.13+£0.04 | 0374+ 003 | 12+9 | 1.5

0.15 0.4 25 0.134+ 003039 £003 |28 +8|1.2
z=0.5

0.15 0.4 11 0.14 +0.02 041 +0.03 | 11 +3 | 1.2

0.15 0.4 25 0.174+0.02 | 043 £ 0.03 | 22 £ 3 | 1.2
z=1

0.15 0.4 11 0.134+001]0384+003|144+1| 1

0.15 0.4 25 0.14 4+£0.02 0394004 | 25+ 2| 1.3
z=1.5

0.15 0.4 11 0.154+ 0011041 +£0.04 | 11 +£1 | 1.2

0.15 0.4 25 0.15+0.01 | 0414004 |25 +1 1.1
z7=2

0.15 0.4 11 0.16 +0.01 {043 +£0.04 | 11 +£1 | 1.2

0.15 0.4 25 0.154+ 001037 +004|24+1 1.2

Table A.2: Best fit results for the altered Scenario I from the sect. [2.4] The fixed

parameters are identical to those of Tab. on p. 53}
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List of Figures

(1

An artist’s rendering of a supermassive black hole inside Active

(Galactic Nucleus. '1'he enigmatic rotating supermassive black hole

resides 1n the centre of the system, where 1t 1s surrounded by an

accretion disc feeding 1t with gas. 'l'he apparent color of the ac-

cretion disc material imdicates the mward-growing temperature in

the mner region due viscous forces of magnetic turbulent heating

acting on 1t. A layer of light-blue pictures the radiation originat-

mg from the hot corona (the image credits: E>O, ESA/Hubble,

M. Kornmesser)! . . . . . . . .

M1

A schematic drawing of Kerr black hole horizon structure, with a

non-vanishing value of spin 0 < a < 1 (Misner et al.l [1973). In

the Kerr-ochild coordinates the curvature singularity takes torm

of a ring and 1s surrounded by a set ol four regions that are sepa-

rated by characteristic surtaces. both the outer and inner surfaces

ol mnnite redshiit represent the static limit surfaces; test parti-

cles crossing the surtaces are unable to stand still with respect to

mnnity. Once crossing the outer or inner event horizon the test

particles are unable to stand still with respect to mnnity and ad-

ditionally unable to escape the gravitational pull of the central

object. 'l'he area between the outer surface of innnite redshiit

and the outer horizon 1s called the ergosphere, where the possible

Penrose effect takes place (Penrose and Floyd, |I971). The altered

image has been adapted from (Guan et al| (2022)] . . . . . . . ..

M2

Recent evidence about SMBHs from the electromagnetic domain.

Lett panel: M&7", the SMBH located 1n the centre ot the Messier

s( galaxy. Right panel: Ser A", the SMBH located 1n the centre

of the Milky Way galaxy. 1'he 1mages of the mner accretion How

were obtained due to the usage of the following observational 1n-

struments: the Event Horizon Telescope (EH'1), a global network

of radio telescopes including the Atacama Large Millimeter/sub-

millimeter Array (ALMA) and Atacama Pathfinder Experiment

(APEX). Image credit: EH'1 Collaboration) . . . . . .. ... ..
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https://www.eso.org/public/images/eso1644b/
https://www.eso.org/public/images/eso1644b/
https://www.eso.org/public/images/eso2208-eht-mwd/

3

Left panel: The sketch of accretion disc’s material layers (marked

by grey color) illustrating the viscous processes in the top view.

'T'he interchanging of the material from inner and outer layer (marked

by the white and black point particles, respectively) causes the an-

gular momentum to be transported outwards, whereas the material

1s spiralling down onto the central object. However, this type ot

ditions of accretion discs (Frank et al. [2002)). Right panel: Edge on

view of the accretion disc immersed 1n the non-zero poloidal mag-

netic field causing the shift of the point particles (marked by red

and blue color) between the layers ot the accretion disc (marked by

vellow color), a direct result ot the magnetorotational instability.

|
I
I
I
|
|
viscosity appears to be tar too low 1n astrophysically realistic con- |
I
|
I
I
I
|

‘IT'he latter mechanism 1s considered to be the origin ol efective

viscosity that drives accretion (Balbus and Hawley|, [1991)] . . . . 14

T4

Temporal evolution of an accretion ring surface density treated as a

solution of diffusion-type equation (1.28). Left panel: A numerical

0,7) = 2(Hopyer,t) = 0. Right panel: As in the lett panel but

|
I
solution to eq. ([1.28]), eiven the boundary condition > (R, ... = |
I
|

for the boundary condition (1%, .. = 60,,1) = L(H, e, t) =0

(adapted from Stolc and Karas (2019))). . . . . . . . .. . . ... 15

5

Four fiducial geometries have been proposed to explain the origin

and properties of UV and X-ray emission from accreting SNV bHSs.

Proceeding ifrom the top-leit panel to bottom-right panel, the

lamp-post scenario 1s the frequent simplification to account for the

basic properties of an 1rradiated, cold, equatorial accretion disc.

More elaborated schemes consider diffterent variants of the coro-

nal location and size above the disc plane or ofi-equatorial cloud

distribution that adds Comptonization as an important factor con-

tributing to the line formation (Karas et al., |2000). As explained

turther i the text., our present work considers several versions ot

the lamp-post scheme combined with the central spherical corona

and an equatorial gap caused by a secondary orbiter (Stolc et al.L |

[2023)). Image credit: |Collin et al.| (2001)) . . . . . . . ... .. .. 19

6

The illustration of continuum luminosity profile of the thermal |

component from an accretion disc. 1he accretion disc 1s parametrized |

by the ratio R ../ R:.... corresponding to 10~, 10°, 10* and 10°, |

whereas the [3; 1s fixed to O£, (Higco for the Schwarzschild

mner

black hole; and with the mass 10° M_,). The plot shows the size of

the disc plays a crucial role 1n the shape of the thermal component |

profile. A more detailed study can be found in |[Frank et al. (2002)] 20
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R1

Left panel: The schematic drawing shows the initial system setup

with a satellite body or mass VI, orbiting the central body oI mass

M. '1'he central body lies at the centre ot the elliptical trajectory ot

the orbiter, with the inclination 2 and the argument ol pericentre w.

1'he accretion disc medium 1s highlighted by the yellow color. lhe

image has been adapted from Subr and Karas (1999). Right panel:

On the other hand, at subsequent stages of the orbit evolution,

the trajectory becomes mclined mto the disc plane. Then 1t may

or may not open a gap and produce speciic spectral signatures

i the emerging continuum and spectral lines, which reflect the

parameters of the system including the central black hole and the

secondary orbiting perturber. In case ot secondary perturber being

a star, the red dashed line marks the terminal radius below which

the star gets tidally disrupted) . . . . . . . . . . . . . . ... ...

R.2

Phenomenology of different states of accreting black holes and the

corresponding accretion rate m (relative to the Eddington rate).

'I'he hot, diluted phase (captured by dots) encircles a section of

the equatorial thin accretion disc. 1he 1llustration represents el-

tects on the accretion disc structure surrounding the central object.

Moving from the very high accretion to the quiescent state (from

top to bottom) we observe the ADAF region (marked by the black

dots) changing its structure, increasing in size, and moving its po-

sition with respect to the section ol the standard accretion disc.

Image Credit: [lsin et al. (1997)) . . . . ... ... ... ... ..

2.3

The broken quasar extinction curve described by the eq. (2.8]) is

based on obscuring medium belng composed of amorphous carbon

grains. 1 he resulting intrinsic reddening of the optical/UV spectra

can possibly exhibit somewhat similar features as 1n the ADAF

INNET gap SCENATIO] . . .« « v« v e v e e e e e e e

P4

Sketch of our system setup showing the red color medium — the

accretion disc surrounding the central black hole of mass M. l'he

picture shows two potential perturbers: the ADAEF region, marked

by yellow color, and secondary black hole or mass M,, alongside

their effects on the SED and emission line i comparison to the

unperturbed SED, which are marked by the red dotted and black

solid lines, respectively. '1'he bottom right corner of the figure 1l-

lustrates the system setup 1n the 1ace-on view. Further parameters

such as inclination 2, ftyecn, fiapar, d and AL serve to illustrate

the system geometry, scale and the respective ratio representation;

this drawing has been adapted from |Stolc et al. (2023)] . . . . . .

B

The sketch illustrates the system setup for Scenario [ with ADAF

component (top panel), Scenario 1 with secondary black hole com-

ponent (middle panel), and Scenario III with both, ADAF and

secondary black hole component (bottom panel). For the altered

versions of the dcenario | and Scenario 11l (top and bottom panel,

respectively), we add the dust components replacing the presence

of the ADAF component, unless stated otherwisel . . . . . . . ..
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B2

The broad band SED from the disc and assuming the varying

ADAF plasma emission, caused by the corresponding power law

contribution scaled using UV /X-ray relation given by eq. (2.7]

with the power law 1mdex 1 set to 1.Y. lhe £ _. was calculated

at 2500A, corresponding to ~ 5 eV. Top panel: Solid and dashed

lines show oED with and without ADAE contribution, respec-

tively. 'I'he dotted lines show the respective ADAF contribution

in form of power law. 'l'he solid red vertical line marks the up-

per edge plot window assumed In our simulations. bottom panel:

helative ratio of SE) with and withont ADAF contribution. Both

panels: '1'he 1inclination angle 7 1s set to oodeg. 1 he mass of the

primary is set to 10° M) . . . . . . . .. ... L

B3

Top panel: SED simulations for the mass of the secondary com-

ponent spanning from 102 (marked by solid colored lines) up to

10~ (marked by a dotted line). Black dashed line marks the

unperturbed SHED. Lottom panel: Ratio oif the perturbed to the

unperturbed SkD. both panels: 'I'he inclination angle 2 1s set to

35deg. The mass of the primary is set to 10° M. The distance d

of the secondary from the primary is set to 4004t,. | . . . . . . . .

B

Left panel: SED simulated corresponding to the model with vary-

Ing relative accretion rate, assuming strong ADAE principle. Col-

ored dashed lines mark the respective unperturbed SEDs. Right

panel: SED simulated corresponding to the model with dust com-

ponent present, varying with the extinction £ (5 — V). The fixed

parameters are as follows: the relative accretion rate m set to 0.4.

black dashed line marks the unperturbed SkD. both panels: '1'he

mclination angle 7 1s set to 9o deg. I'he mass ratio ol the secondary

and primary is set to 10™° with the mass of the primary 10" M.,

and the mass of the secondary set to 10°M.| . . ... ... ...

B5

Left panel: SED simulated corresponding to the model with vary-

g gap width m case of secondary component located 1n the mid-

dle of the gap. l'he ixed parameters are as follows: the relative

accretion rate m set to U.4. Bblack dashed line marks the unper-

turbed SHED. [ight panel: SED simulated corresponding to the

model with varying relative accretion rate 1n case ol secondary

component present. lhe fixed parameters are as follows: the dis-

tance between the primary and secondary body a set to 4001,

corresponding to the gap width ot 120/,. Colored dashed lines

mark the respective unperturbed SEDs. Hoth panels: '1'he inclina-

tion angle 7 1s set to oodeg. The mass ratio ol the secondary and

primary is set to 10~* with the mass of the primary 10° M, and

the mass of the secondary set to 10°M| . . . . . . . . ... ...
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3.6

Simulated SED corresponding to secondary black hole scenario

coupled with the assumption of strong ADAF principle. Lejt panel:

‘I'he nxed parameters are as follows: the relative accretion rate m

set to 0.4, the gap width varies with the distance o the secondary

component located 1n the middle of the gap, corresponding to 200,

400 and sUUfi,, respectively. black dashed line marks the unper-

turbed SED. Right panel: '1'’he ixed parameters are as follows: the

distance between the primary and secondary body set to 4001,

corresponding to the gap width ot 120/i,. Colored dashed lines

mark the respective unperturbed SkEDs. Hoth panels: 1'he inclina-

tion angle 7 1s set to sodeg. IT'he mass ratio oif the secondary and

primary is set to 10~ with the mass of the primary 10” M, and

the mass of the secondary set to 10°M~| . . . . . ... ... ...

B7

Simulated SED corresponding to secondary black hole scenario

coupled with the presence oi the dust component. Left panel:

‘T'he nxed parameters are as tollows: the extinction parameter

E(B—V) set to 0.1, the gap width varies with the distance of

the secondary component located 1n the middle of the gap, corre-

sponding to 20U, 40U and dSUUfi,, respectively. Black dashed line

marks the unperturbed SED. Right panel: '1'he fixed parameters

are as rollows: the distance between the primary and secondary

pody set to 40011, corresponding to the gap width ot 1204,. Col-

ored dashed lines mark the respective unperturbed SEDs. bHoth

panets: 1'he mclination angle 7 1s set to oodeg, the relative accre-

tion rate m 1s set to U.4. '1'he mass ratio of the secondary and

primary is set to 10~ with the mass of the primary 10” M, and

the mass of the secondary set to 10°M~| . . . . . . .. ... ...

B8

Simulated SED corresponding to the model with varying relative

accretion rate, assuming strong ADALF principle and for different

values of redshiit 1n range of U to 2. In each panel the changing

positions of points mark chosen instruments in the Photometry ta-

blels. 1l tor given redshiit, whereas the solid and dashed [ines mark

the 1dentical theoretical prediction tor perturbed and unperturbed

tull SED model, respectively. | . . . . . . .. o000

[3.9

Ratios of perturbed and unperturbed SED with varying relative

accretion rate, assuming strong ADALF principle and for different

values of redshiit in range of 0 to 2 (see Figure [3.8)). In each

panel the changing positions of points correspond to the ratios ot

chosen mstruments i the Photometry tableo. 1| for given redshniit,

whereas the solid lines mark the identical theoretical prediction

tor the ratios of the perturbed and unperturbed tull SED models. |

47

B.10

Simulated SED corresponding to the model with varying extinc-

tion parameter, and for different values of redshift in range oi U to

2. In each panel the changing positions ot points mark chosen in-

struments 1 the Photometry table|s.l] tor given redshirt, whereas

the solid and dashed lines mark the identical theoretical prediction

tor perturbed and unperturbed tull SED model, respectively] . . .
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B.11

Ratios of perturbed and unperturbed SED with varying extinction

parameter, and for ditfferent values oI redshiit 1n range or U to 2

(see Figure |3.8)). In each panel the changing positions ot points

correspond to the ratios of chosen instruments in the Photome-

try table |s.1| Tor given redshiit, whereas the solid lines mark the

1dentical theoretical prediction for the ratios ot the perturbed and

unperturbed tull SED models. | . . . . . .. .. ...

B.12

Simulated SED corresponding to the model with varying gap width

corresponding to the secondary’s distance 200, 400 and sUU [,

respectively, and Ior different values ol redshiit 1n range of U to

2. In each panel the changing positions of points mark chosen

mstruments i the Photometry tablels. l[Tor given redshiit, whereas

the solid and dashed lines mark the identical theoretical prediction

tor perturbed and unperturbed tull SED model, respectively] . . .
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313

Ratios of perturbed and unperturbed SED with varying gap width

corresponding to the secondary’s distance 20U, 400 and sUU I,

respectively, and for different values of redshiit 1in range ot U to 2

(see Figure |3.8)). In each panel the changing positions ot points

correspond to the ratios of chosen instruments in the Photome-

try table |o.1] tor given redshiit, whereas the solid lines mark the

1dentical theoretical prediction for the ratios of the perturbed and

unperturbed tull SED models. | . . . . . .. .. ...
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B.14

Theoretical spectral line profiles (background continuum subtracted)

tor two different forms of the initial emissivity with the reflected

radiation as ~ 1/R* (left panel) and ~ 1/R> (right panel), cor-

responding to the model with varying relative accretion rate, and

assuming strong ADAF principle (Scenario I). The energy units

are scaled to the rest energy ot 0.4 keV 1ron Fe Ko emission line.

‘T'he solid blue thin line marks the unperturbed scenario, whereas

the other solid colored lines mark the respective perturbed cases.

‘I'he bottom row shows the ratio between the perturbed vs. un-

perturbed model, as described turther i the text. lhe nxed pa-

rameters are as follows: the inclination angle 7 1s set to oodeg) . .
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[3.15 Theoretical spectral line profiles for two different initial emissivity

with the reflected radiation as ~ 1/R* (left panel) and ~ 1/R°

(r2ght panel), corresponding to secondary black hole scenario cou-

pled with varving relative accretion rate under the assumption ot

strong ADAF principle (bcenario I11). 'The energy units are scaled

to the rest energy ot 0.4 keV 1ron Fe Ko emission line. The black

dashed line marks the unperturbed scenario, whereas the other

solid colored lines mark the respective perturbed cases. 1'he bot-

tom row shows the ratio between the perturbed vs. unperturbed

model, as described further m the text. '1he nxed parameters

are as follows: the inclination angle 7 1S set to osodeg, the dis-

tance between the primary and the secondary body 1s set to oUft,,

corresponding to the gap width ot Iofr,. 1he mass ratio of the

secondary and primary is set to 10~* with the mass of the primary

10° M, and the mass of the secondary set to 10° M| . . . . . . .
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Values of selected constants

For convenience of the reader we select here several fundamental physics constants
that are frequently used throughout the calculations and we list their values as a
quick reference. For an authoritative overview with precise and updated values of
constants and conversion factors, see [Tiesinga et al.| (2021)). For reference we also
list the derived physical quantities with the corresponding transformation factor.

Quantity Value (CGS)

Boltzmann constant k=138 x 10710 em?gs 2K
Newtonian’s gravitational constant G = 6.67 x 1078 cm® g~ 's
Planck constant h =6.63 x 10727 cm? gs™!
Proton mass my, = 1.67 x 10724 g

Solar mass M, =2.00 x 103 g

Speed of light c = 3.00 x 10'° cms™!
Stefan-Boltzmann constant o =567x1075 ergem 25 1K™
Thompson cross section op = 6.65 x 1072% cm?

Physical quantity Notation Transformation factor (CGS) *)
Gravitational radius R, 1.48 x 10™ cm

Eddington accretion rate  Mpyq 6.74 x 1026 gs!

Eddington luminosity Liga 1.26 x 10%7 erg

*) Assumed primary mass was set to 109M®.

CGS to geometrized units

Geometrized units are well adapted to the equations of gravitational physics,
General Relativity in particular. Also, normalization of the variables to suitable
dimensionless form is often introduced in order to reduce complexities of numeri-
cal factors, enhance the clarity of formulas and avoid the risk of trivial mistakes.
We refer the reader to the most useful and detailed overview in [Misner et al.
(1973). After setting ¢ = G = 1 the transformation factors between CGS and
geometrized units are based on the following relations

1g < 7.41 x 107%° cm,
1s < 3 x 109 c¢m.
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Abbreviations and acronyms

For convenience we provide a list of abbreviations and acronyms used throughout
the text (alphabetic order):

ADAF - Advection dominated accretion flow
AGN - Active galactic nucleus

EHT - Event Horizon Telescope

EMRI - Extreme-Mass Ratio Inspiral
FWHM - Full width at half maximum

GRB - Gamma-ray burst

IMBH - Intermediate-mass black hole

ISCO - Innermost stable circular orbit
LMXB - Low-Mass X-ray Binary

LSST - Legacy Survey of Space and Time
MAD - Magnetically Arrested Disc

MHD - Magnetohydrodynamic

QPE - Quasi-Periodic Eruption

QPO - Quasi-Periodic Oscillation

QPOut - Quasi-Periodic Outflow

QUVIK - Quick Ultra-VIolet Kilonova surveyor
RIAF - Radiatively inefficient accretion flow
RNT - Repeating Nuclear Transient

SED - Spectral energy distribution

SMBH - Supermassive black hole

TDE - Tidal disruption event
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