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Preface

Astrophysical black holes in nuclei of galaxies are of indisputable relevance to the current
research. These extreme objects are of immense interest to pure relativists as well as
observational astronomers. This diversification is reflected in varied approaches that
people adopt to the problem. Mathematically minded theorists take more interest in
analytical solutions to Einstein’s equations and idealized systems where the role of strong
gravity can be exposed. Observers want to actually see the gas flows swirling in the form
of an accretion disk or a torus. Astronomers often invoke disk-type accretion to explain
spectral features observed in galactic nuclei, although the detailed physics of accretion
Sflows still remains incomplete.

Despite that the processes in strong gravity govern only the innermost regions of accretion
disks, their role is quickly diminished with the distance from the source. Non-gravitational
physics plays a crucial role and it often dominates the acceleration and emission processes.
In order to see where the limitations of our models are, it is useful to discuss simplified
and general analytical models along with particular astronomical objects.

These lecture notes present an overview of selected aspects of physical processes occurring
in the inner regions of Active Galactic Nuclei (AGN). Observational evidence strongly
suggests that strong gravitational fields play a significant role in governing the energy
output of AGN and their influence on the surrounding medium due to the presence of a
supermassive black hole (SMBH) or a system of SMBHs undergoing a merger. We begin
by an account of observational properties of AGN, their basic structural components
and unification scenarios, and the arguments for the presence of SMBHs in their cores.
Subsequently, in more detail, we discuss selected phenomena that are related to black-hole
accretion and relevant for the emerging radiation signal and the acceleration of matter in
AGN cores.

In order to reduce an unnecessary overlap with numerous reviews and textbook chapters on
the similar subject, we focus on just a few topics, such as the launching scenarios of nuclear
outflows and jets that start and pre-collimate in the immediate vicinity of black holes, at
distance of only a few gravitational radii, and then can reach spectacular length-scales
of ~Mpc, extending far beyond the host galaxy. We also discuss the interaction between
magnetic and gravitational fields in the strong-gravity regime of General Relativity. Some
more recent aspects of the AGN unification scheme are included and quite a large number
of references are provided to relevant papers and textbooks at the end of the volume. The
interested reader is invited to consult the original works, which can provide an exciting
context to the lively research on Active Galactic Nuclei.
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4 Lecture Notes

1. Defining properties of Active Galactic Nuclei

“Do not undertake a scientific
career in quest of fame or money.
There are easier and better ways to
reach them. Undertake it only if
nothing else will satisfy you, for
nothing else is probably what you
will receive. Your reward will be
the widening of the horizon as you
climb. And if you achieve that
reward you will ask no other.”

— Cecilia Payne-Gaposchkin

Active galactic nuclei (AGN) are compact cores of a special category of galaxies that
are characterized by high luminosity of non-stellar origin. They are distinguished also
by the spectral energy distribution (SED) of the emerging radiation which spans a wide
range of electromagnetic spectrum — from low-frequency radio waves across millimeter,
infrared, and optical light, and further up to X-rays and high-energy gamma-rays. Most
AGN are characterized by a strong emission in UV, known as the Big Blue Bump, and
emission in X-rays much exceeding the typical X-ray luminosity of normal, non-active,
galaxies. Some AGN exhibit powerful jets, collimated to a very narrow cone and moving
by strongly relativistic velocities up to the intergalactic space. There is a plenty of different
observational evidence of the nuclear activity in various sources that lead to classification
of several different kinds of AGN (occasionally referred to as an AGN zoology). This
various appearance strongly depends on the orientation of the AGN with respect to the
observer (as we will more discuss in sect.[I.3]). Our aim is not to fully describe all observed
kinds of AGN, but rather introduce the main characteristic features.

Based on a broad spectrum of observational evidence it has been generally accepted
that the common denominator for AGN activity is the presence of at least one supermassive
black hole (SMBH) that accretes the surrounding matter. A variety of physical processes
must operate and a wide range of physical conditions must occur, namely, density, pressure
and temperature of the diluted environment, and intensity of the magnetic field and of
the radiation field pervading the SMBH neighborhood. Accretion rate and the spin of
the black hole appear to be the main parameters influencing the intrinsic properties of
active nuclei. Whereas numerical simulations are necessary to model the evolution of the
system, it turns out that idealized scenarios can reflect underlying physical mechanisms in
their mutual interplay. We will attempt to supplement the vast literature that deals with
the subject of AGN by the context of simplified toy-model approaches, where the number
of degrees of freedom are reduced and only selected ingredients are taken into account.

Let us mention a subtle mystery that governs seemingly different and unrelated objects:
the mass scaling and the corresponding length scales. An appropriate change of the scale
by many orders of magnitude can bring us from one type of object to another, from SMBH
in the cores of galaxies to their bulges and even beyond. This fact has been extensively
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investigated in the context of feedback mechanisms and even the impact on the large-scale
structure of the Universe.

We will summarize arguments for the presence of such a giant black hole in AGN.
The multiple convincing evidence has also been found in our own Galaxy. Unlike the
cores of active galaxies, the 10° solar mass black hole in the center of the Milky Way
(Sagittarius A*) is, however, currently inactive; we will discuss this in section @ In the
following chapters, we will review the main radiation processes relevant for black-hole
accretion (Chapt. 2)) and jet-launching mechanisms (Chapt. [3)). Finally, in Chapter 4] we
will compare accretion on SMBH in AGN with the case of stellar-mass black holes in
X-ray binaries. Readers are referred to numerous monographs and review articles [e.g.,
3635, 1482, 505, 586] for further information about physics, observational properties and
rich phenomenology of different kinds of AGN. A very recent exposition can be found
in [513]]. The importance of coevolution of SMBHs and their host galaxies, processes of
SMBH growth and the resulting relation between the black hole mass and the bulge mass
in AGN have been reviewed by Kormendy and Ho [358]].

1.1. AGN across wavelengths

The subject of AGN has grown enormously over recent three decades of intense investi-
gation. Nowadays, it is an arena of a far too vast and interconnected observational and
theoretical research to be covered in a single review. Even if we concentrate our attention
on a restricted volume of the inner regions near SMBH, we have to omit many topics,
including those ones that are of immense importance. We will attempt to formulate a
compromise and provide a very limited introductory overview supplemented by several
less-discussed aspects of current interest.
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Figure 1. Left panel: Optical image of quasar 3C 273 adopted from SDSS optical survey [619].
Right panel: The radio counterpart of 3C 273 at the frequency of 1.4 GHz. Figure from the FIRST
survey [50].

Active galaxies differ from normal, inactive galaxies, such as our Milky Way, by
significantly broader wavelength range of their electromagnetic spectrum, which can
extend over the entire observable interval from radio wavelengths, through infrared, optical,
UV, X-ray, up to gamma-ray wavelengths. Each wavelength puts a different piece into
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Figure 2. An illustrative view of the AGN spectral energy distribution (SED) based on the actual
observational data of radio-quiet AGN [see references 211,567 for more details]. The total AGN
SED is depicted with a solid black line, while individual components (accretion disc, hot corona,
reflection component, soft excess, dusty torus, and non-thermal radio component) are coloured.
Towards sub-mm/FIR and radio domains, the non-thermal radio component depends on the jet
activity (radio-loud vs. radio-quiet). For comparison, the SED of an extremely low-luminous
AGN, represented by Sgr A*, is shown using a dot-dashed line. Sgr A* exhibits flares in the
NIR/X-ray domains, which can increase the X-ray flux density by as much as several orders
of magnitude. The solid grey line depicts the SED of a starburst galaxy, which peaks in the
sub-mm/FIR domain [based on the SED of M82 adopted from the GRASIL library; 609]. The
image was adopted from Harrison [282]] and modified to add the SED of Sgr A* according to Yuan
and Narayan [694].

the mosaic. An example of an AGN is quasar 3C 273, whose image in optical and radio
is shown in Fig. [l While the optical image reveals bright emission from a point-like
source (nucleus of the galaxy), the radio image reveals two spatially separated knots of
the relativistic jet. However, the jet as a thin faint line can also be identified in the optical
image, which is due to the broad-band synchrotron emission that can also extend from the
radio to the optical domain. Multi-frequency observations are therefore necessary to fully
understand the AGN structure and physics.

The SED of normal galaxies can be understood as the superposition of thermal spectra
produced by stars of different surface temperature. Since the range of the stellar tem-
perature is rather narrow, Teg > 3000K and T < 40000 K, most of the bolometric
luminosity of normal galaxies is emitted in the infrared, optical, and ultraviolet parts of
the electromagnetic spectrum. AGN therefore require a different mechanism from the
stellar thermal emission to explain their prominent radio, X-ray, and even gamma-ray
emission. Furthermore, the enormous radiation output of AGN cannot often be detected
directly; instead it is obscured by a lot of gas and dust that absorbs, modifies and reemits
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much of the characteristic observational signatures [289]. This reprocessing challenges
observational methods to uncover the complete population and understand the evolution
of SMBHs.

Within a limited energy range, the AGN SED can often be described as a power-law
function,

Ly oy, ey

where « is the spectral index. A schematic view of an AGN SED is shown in Fig. [2|
Different physical components and mechanisms contribute to the SED and produce a
more complicated spectrum, namely, a broken power-law with multiple values of the
spectral index, or even a superposition with additional components and cut-off at a certain
maximum energy. Thermal emission from the accretion disk, non-thermal emission from
the hot corona, X-ray reflection, and reprocessed emission by the dusty torus, they all
contribute to the SED. When the jet is present, the AGN SED extends to radio and
gamma-rays and the jet contribution can even dominate the signal when pointing along
the line of sight towards us (the case of so-called blazars). The AGN SED often peaks in
the ultraviolet domain due to the multi-temperature thermal emission of an accretion disc,
which is referred to as the big blue bump. In contrast, the spectrum of starburst galaxies
(shown by a grey curve in Fig. [2) is limited mainly to the infrared and optical frequency
bands, and peaks in the sub-mm/FIR domain. For comparison, in Fig. 2] we also show
the SED of Sgr A*, the compact radio source in the center of the Milky Way. Sgr A* is a
typical representative of extremely low-luminous galactic nuclei that accrete several orders
of magnitude below the Eddington limit, see Eq. (22)) for the definition. Low-luminous,
quiescent galaxies are typically powered by optically thin and geometrically thick hot
accretion flows [694] that are in contrast to optically thick and geometrically thin accretion
discs that are present for highly-accreting AGN. The result is that for Sgr A*, the peak of its
SED shifts towards longer wavelengths to the sub-mm/mm domain. In comparison with
the thermal big blue bump, the sub-mm/mm peak arises due to the synchrotron emission
of thermalized electrons of the magnetized hot flow.

Radio band

The radio band was the first band to discover AGN and quasars. The normal stars are very
weak in radio band. Thus, the discoveries of optical point sources that have also strong
radio emission led to the first identification of quasars. The quasar discovery was made by
Schmidt [585] who noticed a very large redshift (z = 0.158) of emission lines in a star-like
source from the 3C (The Cambridge 178 MHz radio survey) sample [201]].

The AGN radio luminosity can enormously span the range over several orders of
magnitude, and therefore, AGN are distinguished into radio-loud vs. radio-quiet sources.
The majority of AGN are radio-quiet, while only about 10% are radio-loud [40, 339]. The
reason for this dichotomy is the presence or absence of the strong relativistic jet launched
by the SMBH. However, the radio-loud/quiet distinction and the reason behind it is not yet
a settled problem. Different ideas were proposed to explain this dichotomy, including the
spin paradigm [455, |606]], observational selection effects [133} 1677] or evolution of the
spectral states [349,1630]]. In the study of radio dichotomy, it is also important whether the
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total radio luminosity or only the core radio luminosity is taken into account [101]. This
distinction is obviously possible only for local AGN but not for unresolved distant quasars.
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Figure 3. Distribution of sources with different radio spectral index in the narrow emission-line

diagnostic diagram, also known as the Baldwin—Phillips—Terlevich (BPT) plot [39], where three

spectral classes of galaxies are denoted: star-forming (SF), Seyfert, and LINER. From the left to

the right, we see that steep sources have a tendency to group towards the Seyfert sources, i.e. a

higher ionization potential, while inverted sources peak in the LINER region, i.e. towards a lower

ionization potential. Figure adopted from Zajacek et al. [705]; see also Zajacek et al. [[701]] for a
detailed analysis and a discussion.

The radio luminosity, spectrum and morphological classification depends on how
bright the jet core is versus extended radio lobes created by the jet dissipation into the
intergalactic matter. The original morphological classification by Fanaroff and Riley
[224]] distinguishes between the radio-core (FR type I) and radio-lobes (FR type II)
dominated sources. Later on, radio point sources were categorized as FR type 0. The
radio spectral slope differs accordingly. The core-dominated spectra are typically radio-flat
with @ = 0+0.5, while the radio lobe-dominated spectra are steep with @ < —0.5. A special
class of inverted radio spectra was established for indices @ > 0.5. Many more classes
were introduced based on the radio spectral slope, e.g., Compact Steep Sources [225]],
Giga-Hertz Peak Sources [498]], etc. The spectral index distribution is also correlated with
the optical properties of host galaxies, specifically their ionizing potential traced by narrow
emission-line ratios. In particular low-ionization narrow emission region (LINER) sources
have a tendency for a flatter spectral index and a lower ionization potential expressed by
the narrow emission-line ratio [OIII]/HB, while Seyfert sources have a steeper spectral
index and a larger ionization potential, see Fig. [3] for the graphical representation in the
optical diagnostic diagram and Zajacek et al. [/01] for a detailed analysis. This distinction
could be related to the duty cycle of the sources [[160, 633], with Seyfert galaxies being
active long enough to develop radio lobes, while LINER sources lack large radio lobes
due to their old age or because of just recently restarted activity. In both cases, a compact
self-absorbed radio core with a compact jet would dominate the total radio output, which
would result in a flat or a potentially inverted radio spectral index due to the self absorption
of the synchrotron emission.

The high-resolution radio observations using very-long-baseline interferometry (VLBI)
have played a major role in understanding the jet kinematics, collimation, and the launching
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Figure 4. A collage of multi-wavelength images during the 2017 observing campaign of M87.
19 different instruments on the ground and in space had to be used to obtain the presented
images. In the upper left corner, the ALMA image at 1.3 mm (orange) shows a large-scale
jet structure, with a clear core region and knot A. This is comparable in projected scale to
the optical HST image in the center as well as to the X-ray Chandra image in the upper right
corner. Image credits: The EHT Multi-wavelength science working group; the EHT Collaboration;
ALMA (ESO/NAQOJ/NRAO); the EVN; the EAVN Collaboration; VLBA (NRAO); the GMVA; the
Hubble Space Telescope; the Neil Gehrels Swift Observatory; the Chandra X-ray Observatory; the
Nuclear Spectroscopic Telescope Array; the Fermi-LAT collaboration; the H.E.S.S. collaboration;
the MAGIC collaboration; the VERITAS collaboration; NASA and ESA. The multi-wavelength
composition by J. C. Algaba. (Based on the M87 multi-wavelength analysis by EHT MWL Science
Working Group et al. [204].)

mechanism [see 87| for a review]. Starting initially at centimeter wavelengths, the VLBI
technology made it possible to resolve out the jet kinematics on parsec scales. The launch-
ing mechanism and initial plasma flow acceleration remained largely unresolved, since at
longer wavelengths (smaller frequencies), the plasma is optically thick for non-thermal
synchrotron radiation due to self-absorption. The onset of mm-VLBI observations miti-
gated this problem and the high-resolution VLBI studies at mm wavelengths has brought
unprecedented view into the inner portions of jets, including the black hole shadow of
MS87* [203], which is at the center of the giant elliptical galaxy M87 (Virgo A, NGC4486)
at the center of the Virgo cluster of galaxies, having a distance of ~ 16.4 million parsecs.
Combining eight radio telescopes all around the world (Arizona, Hawai’i, Mexico, Chile,
Spain, and the South Pole) that observed M87 simultaneously in 2017 at the wavelength
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of 1.3 mm as a part of the Event Horizon Telescope (EHT), the angular resolution of a few
10 pas was reached as well as a sufficient coverage of the observer’s uv plane in the Fourier
space [203]. This enabled the astronomers to make use of Van Cittert—Zernike theorem to
produce the intensity distribution in the source/sky plane out of the visibility distribution,
or rather a mutual coherence function, in the observer’s plane, or the uv plane, which is
defined by the telescope baselines. Mathematically, van Cittert—Zernike theorem can be
formulated as,

io(u,v,0) ://I(l,m) exp [ =223 (ul + vm)|dl dm, (2)

where ([, m) is the intensity distribution as a function of direction cosines, / and m, in
the source plane, and "1, (i, v, 0) is a mutual coherence function between two observing
stations as a function of u and v coordinates (in units of the observing wavelength), or
x- and y-direction, in the observer’s plane. At these scales, the dominantly elongated
morphology of a collimated jet changes into the ring-like feature with an asymmetric
surface-brightness distribution due to an emitting plasma orbiting at the fraction of a light
speed around the supermassive black hole of (6.5 +0.7) x 10° M, which results in a mild
Doppler beaming in the observer’s frame [203]]. Combining the cm- and mm-VLBI, it is
thus possible for M87 to connect the small-scale acceleration region with the large-scale jet
structures. In Fig.[d] we show the multi-wavelength image of M87 during the observational
campaign in 2017, combining images at mm wavelengths, UV/Optical, X-ray as well as
v-ray domains. In this sense, M87 serves as a unique example of an active galactic
nucleus, which plays a crucial role in terms of comparing the results of general relativistic
magnetohydrodynamics and general relativistic ray-tracing models with observational
data.

Infrared band

Most AGN emission in the infrared band is not a direct emission of the accreting black hole,
but a reprocessed emission in the dusty environment. Because of the strong photoionizing
effects of AGN emission, the dust can hardly survive in the innermost region. Instead, a
large reservoir of dust occurs at a distance > 1 pc from the black hole. This dust structure
is not spherically symmetric, but in overall shape it concentrates around the equatorial
plane and creates a toroidal structure with an opening angle of ~ 30 — 60 degrees, the
so-called dusty molecular torus.

The inner radius of the dusty torus is set by the dust sublimation temperature 7gyp,.
According to Barvainis [47], the dust sublimation radius depends primarily on the dust
sublimation temperature (here scaled to 1500 K), the AGN UV luminosity (scaled to
10" ergs~!), and the UV optical depth, which is generally set to zero in the first-order
estimates,

28 1/2
Tsub ) ( LN )/ ( Adust

12
e - 2) pc. 3
1500K 10% erg s~! 0.05 ,um) exp (~7uv/2) pe 3)

Ry = 0.37 (

The sublimation temperature depends on the composition, we mainly distinguish silicate
and graphite grains, with graphite grains having a larger sublimation temperature in the
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range ~ 1500 — 1900 K, while the silicate grains sublime at ~ 1000 — 1400 K. Kishimoto
et al. [348] also explicitly add the grain size in Eq. (3)), which can be of relevance.
The dependency on the grain size arises due to the grain absorption efficiency, which is
proportional to the dust grain size in the near-infrared domain. The outer radius of the
torus is expected to be located at Riorys ~ ¥ Rgyp, where Y ~ 5 — 10 [206] 480].

The contribution of the infrared emission is particularly large for the type-II AGN, a
class of AGN that are heavily obscured in the optical emission by the dusty torus. The
absorbed radiation heats the dust whose reprocessed emission appears in the mid-IR band.
There are some AGN classified solely based on their excess in this mid-IR band, while
their optical and X-ray emission would not distinguish them from normal galaxies.

The infrared emission is essential to understand the nature and geometry of the torus.
Based on the infrared observations, it is now getting more and more evident that the torus
is composed of many individual clouds and is clumpy rather than having a homogeneous
structure [300, 1479, 5535, as originally proposed by Krolik and Begelman [366]. It was
also realized that the inner radius of the torus as well as its opening angle depends on
the AGN luminosity [see, e.g.,1644, 1645]. For a recent review on AGN torus physics and
structure, see, e.g., Netzer [483]], or an overview by Burtscher et al. [109] of the results
achieved by recent most-advanced infrared-interferometry measurements.

Optical/UV

The optical spectrum of AGN is distinguishable from normal galaxies mainly due to their
strong broad-band continuum and strong emission lines often with large line widths that
can be explained by the Doppler broadening due to the motion of the gas around the
centre with a supermassive black hole. Not all AGN have similar properties of their
emission lines, and according to the width of the lines, AGN have been classified into
two main types: type-I with very broad lines and type-II with only narrow lines. Several
intermediate types (such as type-1.2, type-1.5, 1.9) were also identified [see, e.g., 504].
The explanation of the absence of the broad lines in type-II galaxies is due to the
obscurer along the line-of-sight. Most of the AGN emission is absorbed in these galaxies,
and the observer only sees very dimmed continuum, the reprocessed emission and the
narrow emission lines from the polar regions, i.e. a narrow-line region on the scale of
~ 100 pc. The broad line wings appear only in the polarized emission. The first type II
source where the broad lines represented by the Balmer lines and the permitted Fell line are
revealed in the polarized light was NGC 1068 using spectropolarimetric measurements, see
Antonucci and Miller [235] for details. This discovery led to the so-called AGN unification
scheme, i.e. that AGN have the similar emission components and the morphology with a
various detected strength because of being viewed at different viewing angles [23| 648]].
The AGN SED peaks in the UV band (near 10eV or 1240 A). This peak, known as
the big blue bump, is traditionally associated with the expected peak of the accretion-disk
thermal emission [154]]. In some quasar spectra, the big blue bump was indeed well
modelled by the Shakura—Sunyaev accretion disk model [156]. However, for most AGN
and quasars, the peak in the SED is not as sharp as would be predicted by an accretion-disk
thermal emission, and other model components are needed to explain SED towards infrared
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Figure 5. Schematic view of AGN X-ray spectrum in the energy range 0.1 keV < E < 300 keV
[216,217]. Customarily, the ordinate shows the radiation flux scaled by E2, so that the central part
of the power-law component (see the green line) becomes approximately horizontal.

and X-ray band. The observational obstacle is the fact that at the energy range of 13.6 eV
—0.1keV, the emission is so obscured by the Galactic interstellar gas.

X-rays and y-rays

The AGN X-ray emission comes from the closest neighborhood of the supermassive black
hole and possesses the most relevant evidence about the central source. The primary
X-ray emission has a power-law like shape and it is dominated by the inverse Compton
scattering of accretion-disk thermal photons in radio-quiet AGN, while the boosted jet
emission prevails the spectrum in radio-loud sources (see Sec.[2.2). The X-ray power-law
radiation is partly reprocessed at the accretion disk surface. The main imprints of such
X-ray reflection are the iron line and the Compton hump, for a review, see e.g., Reynolds
and Nowak [563]], Turner and Miller [646]. A schematic figure of the typical AGN X-ray
spectrum is shown in Figure 5]

The soft X-ray part of the AGN spectrum often exhibits an excess that can be due to
ionized reflection [[148]] or due to Comptonization of thermal photons in a warm corona
in contrast to the hot corona that creates power-law going to harder X-rays [[181]]. The soft
X-ray emission is very often subjected to a mildly ionized absorption due to the so-called
warm absorber. The absorption lines are often observed blueshifted, indicating an outflow
of the warm absorber. In the most extreme cases, the outflow reaches vouaow = 0.3¢C
[643]]. Such outflows are referred to as UFOs (ultra-fast outflows).

The very hard X-ray emission of radio-quiet AGN is very weak. The primary X-ray
power-law is diminished by an exponential decrease of the flux around the so-called cutoff
energy, as predicted by the Comptonization models. The first measurements of the cutoff
energy suggest it to differ from source to source, usually it is over 100 keV [218].
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AGN with significant y-ray emission are typically radio-loud objects, indicating the
origin of the y-rays in relativistic jets. The mechanism producing y-rays is most likely
the inverse Compton upscattering of either low-frequency synchrotron photons of the jet
emission or thermal photons of an accretion disc. The most luminous y-ray sources are
blazars. These sources have their collimated jets pointed towards us and the emission
is strongly boosted by the Doppler beaming effect. Depending on the strength of broad
emission lines, blazars can further be distinguished into BL Lac sources that lack optical
emission lines (or they are only very weak) and flat-spectrum radio quasars (FSRQ) that
exhibit prominent broad emission lines in their optical spectra. The y-ray emission of
blazars is variable on short timescales of the order of days and even hours, which suggests
the compact size of y-ray emitting zones, see e.g. Britzen et al. [98]]. In addition, several
sources exhibit a significant correlation between the radio and the y-ray emission, with the
radio emission lagging behind the high-energy emission, suggesting a spatial separation
of y-ray and radio-emission unit opacity zones as disturbances propagate downflow the
jet [418]], but also vice versa in some cases [97, 547]], which implies the existence of two
separate emission zones for the low- and high-energy radiation production.

1.2. AGN variability

AGN were found variable across all wavelengths with different amplitudes [651,16531655]].
In general, when the source is observed in a certain waveband over time, the simplest way
to represent its variability is to show its light curve, i.e. display N flux densities f; at
specific times t;.

The variability is mainly related to primary sources of the radiation, in particular,
the thermal emission of the accretion disk or the non-thermal emission of the jet. In
addition, there is also variability of secondary emission sources that are powered by the
emission of primary sources, for instance, the free-free emission of photo- or collisionally
1onized broad-line region clouds (see Subsection |1.4). In that case, the light curve of the
secondary emission is significantly correlated with the primary emission light curve, and
can be used to derive the scales of the emission regions, such as the extent of broad line
region. The method is known as the reverberation mapping ans is discussed in more detail
in Subsection 1.4l

The AGN variability can be studied using different formalisms, each of which has
its strengths as well as weaknesses. One of them is the structure function (SF), which
transforms the light curve to the variability amplitude-timescale space and SF can be
constructed in the following way. For each flux density f; at time #;, we calculate the
difference of logarithms for each flux f; at later times ¢;, 6log F(6t) = log (F;/F;)
where 61 = t; — t;. The structure function is then defined as the mean absolute value of
2.56 log F(6t), in other words the mean absolute value of the magnitude difference over
different time intervals. A more precise definition of the structure function is based on
the decomposition of the flux into the signal and noise components, f; = s; + n;, with the
corresponding variances o2 and o2. The definition stems from the covariance cov(s;, 5;)
of the light curve with its time-shifted copy by time At = #; — ¢; (in the rest frame of the
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source). In particular [360],
SF;(A)? = 2[0% — cov(si, ;)] + 207 . 4
Using the measured light curves, the structure function is commonly estimated as,

N Arpairs

D =1 (5)

Atpairs =1

SF(At)? =

where SF;(Af)? = SF2(At)? — 2072, i.e. one needs to subtract correctly the noise variance
o 2. If this is not done properly, the structure-function slope may be flatter than it should
be from basic theoretical and modelling principles, see Koztowski [360] for details.

The variability level can also be characterized using the mean fractional variance,
which is defined as,

Fogp = ——%F7—, (6)

where ( f) is the mean flux density of N measurements,
| &
=— ;. 7
=5 ; fi (7)
The flux density variance o~ can then be calculated as,

1 N
#=N;w—vw, ®)

while the mean square flux uncertainty is simply expressed as,

&:%Z#. ©)

The mean fractional variance expressed by Eq. (6) corrects for the flux measurement
uncertainties, and in this sense, it estimates the true intrinsic AGN variability. It is also
referred to as the excess variance.

The AGN variability is aperiodic and driven by a stochastic process in most cases
[655]]. However, there are a few cases when on top of the stochastic variability, one can
also detect a quasi-periodic flux density changes. Such a periodic process can be driven
by the accretion-flow perturbations due to a bound perturber, in particular a secondary
supermassive or an intermediate-mass black hole, a neutron star, or even a wind-blowing
main-sequence star. Sukova et al. [622] present a general relativistic magnetohydrody-
namic model for the accretion-disc perturbations driven by a bound companion and discuss
the connection to several observed sources, both active galactic nuclei and quiescent
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SMBH, such as Sgr A*, where stars with pericenter distances of a few 100 gravitational
are already detected [526, 527].

The power spectral density (PSD) allows one to study the nature of the stochastic
mechanism as well as on which timescales most of the variability occurs. To construct the
PSD, we need to obtain the Fourier transform of the light curve C(#), which is by default
in the time domain. C(v) in the frequency domain is:

Clv) = ‘[+°° C(t) exp (—i2nvt)dr. (10)

(o)

The PSD is then obtained by the multiplication of C(v) by its complex conjugate C*(v).
Over a certain temporal frequency range (v is expressed in Hz or day~!), the PSD can be
well fitted by a single power-law function, i.e.,

PSD o v¥, (11)

where @ < 0. Over a broader frequency range, from the smallest frequencies (longest
timescales) to the highest frequencies (shortest timescales), PSD is generally described as
a broken power-law function with one or two break frequencies. This stems from the fact
that the total power is obtained by integrating over all frequencies and it needs to be finite.
In particular, by integrating from a fixed frequency to the highest frequencies, it is required
to have @ < —1 for convergence, while integrating towards the smallest frequencies, the
power-law slope needs to increase, i.e. @ > —1. Hence, at least two power-law frequency
breaks are expected. The general PSD shape is sketched in Figure [f] From the general
shape, PSD o 1/ 172, it is evident that most of the variability occurs on longer timescales
(small temporal frequencies). At intermediate frequencies, between the PSD frequency
breaks at v,; and vpp, the PSD shape is mostly driven by the “red-noise” process with
the PSD slope of —1, while at higher frequencies, it gets steeper with the slope of -2,
which is described well by the damped random walk process [DRW; (340, 400]. At low
frequencies, the PSD is nearly independent of the frequency, which is typical of the “white
noise". Mock light curves can be generated from the assumed PSD broken power-law
shape using the Timmer—Koenig algorithm (see Timmer and Koenig [640] for details).

The two PSD breaks are difficult to capture observationally, as at low frequencies, the
timescales are too long, which requires a long monitoring program. On the other hand,
at high frequencies, the short timescales are difficult to capture because of the constraints
on the signal-to-noise ratio, i.e. the shorter the timescale is, the larger the observational
noise. The break frequency between ~ v~! and ~ v=2 is generally observed for both AGN
and stellar-mass black holes, with the typical characteristic timescale of 73 = 1/vp of
days for SMBHs and seconds for stellar-mass black holes. The second break indicated in
Figure |§I between ~ v~! and ~ v has been mainly confirmed for stellar-mass black holes
at low frequencies (long timescales).

The characteristic variability timescale 7Tg has empirically been determined to be
proportional to the black hole mass and indirectly proportional to the accretion rate
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Figure 6. An illustrative power spectral density (PSD) shape described as a broken power-law

function with two spectral breaks, vy; and vpy. At low frequencies, the PSD is dominated by the

flat “white”-noise process, while at the highest frequencies, the slope steepens to —2 and the PSD is

modelled well by the damped random walk (DRW) process. At intermediate frequencies, between
vp1 and vyy, the PSD is dominated by the “red” noise process with the slope close to —1.

(422, 16501,

1.12
MBH
0.98 ~’
/lEdd

Ty o (12)

where Agqq = Lpoi/Lgda 1s an Eddington ratio, i.e. the ratio between the bolometric
luminosity Ly = nM c? and the Eddington accretion rate Lgqq = 471G Mgumpc /o,
see also Eq. (22)) and the related text for the derivation. The Eddington ratio can then
be expressed Aggqq o< M /Mgy, which leads to the relation between the characteristic
variability timescale Ty, the black hole mass Mgy, and the accretion rate M,

2.1 2
MBH MBH

T o MO098 g

; (13)

which is valid for accreting SMBHs as well as quiescent stellar binaries [422] 650] and
can be referred to as “variability fundamental plane”.

Since Ty o« Mpy the variability timescale (break frequency) has been associated with
the standard timescales of an accretion disc. However, the orbital dynamical timescale
tayn 18 too short for AGN, of the order of hours, while the viscous timescale ty;s for
an efficient accretion tends to be too long, of the order of years given H/R < 1. The
association of the break frequency with the thermal instability timescale is more promising
[422]. In addition, radial accretion flow fluctuations propagating from outer radii inwards
have also been successful in interpreting the PSD frequency break [132} 398]. Another
interpretation is the association of the characteristic variability timescale with the viscous
timescale at the truncation radius, tyis ~ tdynas_sl (H/R)™2, where as; is the a-viscosity
parameter of the geometrically thin, optically thick Shakura—Sunyaev disc [599]. At the
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truncation radius, the optically thick disc transitions into geometrically thick and optically
thin adiabatically dominated accretion flow [710]. The viscous timescale depends on the
accretion rate, which determines the position of the truncation radius and in this sense the
dynamical timescale. The height-to-thickness ratio (H/R) also depends on the accretion
rate, in particular, for accretion rates close to and exceeding the Eddington rate, the flow
is geometrically puffed up and transitions into the slim disc solution with H/R ~ 1
[374,421]. In this way, the viscous timescale can be altered by the accretion state. Finally,
the characteristic variability timescale could be determined by the characteristic timescale
of the production of hard X-rays, specifically, by the cooling timescale of electrons in the
Comptonization radiation process that is responsible for the production of the hard X-ray
power-law spectral distribution. According to the derivation by Ishibashi and Courvoisier
[309]] based on the first principles, the cooling timescale of hot-corona electrons that are
responsible for the upscattering of soft seed photons follows the same dependency as

indicated by Eq. (13).

1.3. AGN structure and the unification scenarios

A large and stable luminosity that is comparable and often outshines the whole galaxy is
best explained by an infall of matter — gas and dust — through the potential well of a very
compact concentration of matter. For an object with mass M and radius R, on which a
matter of mass m falls from infinity onto its surface, the released gravitational potential
energy is,

Mm
AEgrav =G T . (14)

This energy source can be compared to other relevant source of energy — the ther-
monuclear fusion. For the conversion of hydrogen of mass m into helium, the released
energy would be

AE e = 0.007mc? . (15)

The ratio of the gravitational and nuclear energies is essentially the function of the
dimensionless mass-to-radius ratio GM | Rc?, which is also denoted as compactness pa-
rameter, defined by

GM
€ = ReZ’ (16)
where R is a typical length-scale of the system. This compactness parameter can be
expressed also as

AE grav
AEqyc

~ 143 €. a7
For black holes, the typical length-scale is given by the gravitational radius,

M
Rg=—5 = 15X 10" Mg cm (18)
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(Ms=M/108M,). For high compactness, the release of gravitational potential energy
can be even two orders of magnitude larger than the energy available via thermonuclear
fusion. For black holes, the compactness ratio is naturally the largest. For neutron stars
with the mass of M ~ 1 Mgy and radius of R =~ 10km, the compactness parameter is
€ = GMys/(Rnsc?) = 0.1, which yields AEqray /| AEyy of the order of 10. In case we fix
the mass of the gravitating object to one solar mass, M = 1 M, the ratio AEgay /AEp is
equal to unity for the radius of R = 200km, i.e. for all other stable astrophysical objects
the thermonuclear fusion is more efficient source than the release of the gravitational
potential energy [} For sun-like stars, the ratio AEgay/AEqye = 1074, i.e. the accretion
yield is several thousand times smaller than the thermonuclear yield. Nevertheless, even
for main-sequence stars the accretion can be of importance in symbiotic systems where
the matter is transferred from one star to the other.

On the other hand, in binary stellar systems that contain a white dwarf, a fast ther-
monuclear fusion on the surface can be visible as a bright nova and generally outshine
the luminosity due to the accretion. The important quantity for all energy-generation
processes is the timescale 7, on which the energy AE is released. The total bolometric
luminosity across the whole electromagnetic spectrum can then be defined as,

_AE
_T

L 19)

Let us note that another dimensionless quantity can also be denoted as the compactness
parameter in the theory of accretion onto compact objects [[120],

(20)

with Thomson cross-section for electrons is o = 6.65 246x 1072 ¢cm?; & has an advantage
of taking the effects of radiation pressure into account.

Considering the symmetric stationary accretion on a compact object — assuming a
supermassive black hole (hereafter SMBH) of mass M, — it is possible to derive a use-
ful analytic expression for the maximum accretion luminosity, for which the stationary
symmetric accretion stops to proceed. Let us assume that the black hole is surrounded
by the ionized hydrogen gas. In that case the radiation pressure force mainly acts on
electrons via the Thomson scattering, since for protons the scattering is smaller by a factor
of (me/ mp)z. Since the electron and the proton are bound by a Coulomb force, the radial
outward radiation force acting on the whole pair can be calculated as Fi,g = 015/ c (rate of
momentum absorption), where S is the bolometric radiation flux, § = L/(4xr?), and ¢ is
the speed of light. The Coulomb pair is attracted inwards mainly due to the proton-black
hole gravitational interaction Fyray = GM,e(mp + me)/ P2~ GM.m,/ r2. Finally, the total
inward force acting on the electron-proton pair can be calculated as,

”TL) . Q1)

1
Fioi~— |GM, - —
o2 ( " 4re

1 For white dwarfs, we get € = 10~* and € ~ 107° for the Sun.
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The total force is zero when the term in parentheses disappears, which is for the
luminosity,

AnGMomyc M,
Lgqq = SR ) 1.3 x 1046 (—

o 108 M,

) erg s7h. 22)

Expression given by Eq. (22)) is referred to as the Eddington luminosity, ak.a. the
Eddington limit. This limit was derived under the assumption of the steady spherical
accretion, which is in real systems quite unrealistic since the accretion proceeds in the
axially symmetric disks in the first approximation as will be discussed in Section [2]in more
detail.

Altitude
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-14.00

Cylindrical Radius

Figure 7. The geometrical profile in the azimuthal (¢ = const) section and the distribution o

density (color coded in arbitrary units) within the accretion torus feeding a M, = 108 M, SMBH

[figure adapted from [305)]. The black hole is located in the center of the matter distribution. The

gaseous environment becomes weakly self-gravitating beyond the radius ~ 6 x 10> GM,/c?, as

characterized by the Toomre criterion and indicated by the numerically constructed { = 1 contour
[for further details, see ref.|323]).

However, the Eddington limit still serves as a useful value with which the observed
bolometric luminosity Lyo is compared. The ratio of the observed luminosity to the
Eddington luminosity is called the Eddington ratio, Agqq = Lyo1/Lgdq- In order to calculate
the Eddington ratio, one first needs to convert the luminosity in a given wavelength
(frequency band) to the bolometric luminosity, using the SED of a given AGN spectral
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class, see also Fig.[2] The calculation of the Eddington ratio also requires the determination
of the supermassive black hole mass M,, for which more methods can be employed,
depending on the AGN host type and the redshift of the source. These methods will be
summarized later in this Subsection.

In general, the observations show that the AGN luminosity in most galaxies is
sub-Eddington, Agqq < 1. For low Eddington ratios, Agqq < 0.3, the optically thick and ge-
ometrically thin accretion disks provide good fits to the SED of the AGN [79,1169,1356]]. For
higher accretion rates, the disk turns into the geometrically thick or “slim” mode, with the
effects of photon trapping and advection becoming relevant [see Fig. [/} 3, 187,579, 1671].
The slim accretion disks with super-Eddington luminosities, Agqq > 1, have different SED
properties than standard thin disk, mainly the high-energy cut-off and the strong anisotropy
in the emitted radiation, which is expected to arise due to the self-shadowing of the inner
parts of slim disks [673].
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Figure 8. A schematic picture of AGN unification. Radio-quiet sources are divided into two
groups of Seyfert 1 (a.k.a. Syl) and Seyfert 2 (Sy2) types, as shown at the bottom, while
radio-loud galaxies (shown in the top) are distinguished also according to the kinetic power of the
jet and its orientation with respect to the observer. Notes: FR I and II are radio galaxies with
the morphology according to the Fanaroff-Riley classification. NLRG are Narrow-Line Radio
Galaxies, BLRG are Broad-Line Radio Galaxies, and FSRQ are Flat-Spectrum Radio Quasars.

AGN have various appearances of their electromagnetic spectrum. The most prominent
distinction among different AGN kinds is at the radio band, where the flux of radio-loud
and radio-quiet AGN differs by several orders of magnitude. The radio-loud AGN are
associated with sources launching a powerful and collimated relativistic jet from the close
vicinity to the supermassive black hole (see Section [3). The other major distinction of
different AGN kinds is the presence/absence of the broad emission lines and suppressed
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continuum of the obscured sources. The suppressed continuum and the absence of broad
emission lines are related and caused by a large obscuration of the central region by a
dusty circumnuclear structure, called torus.

The optical polarization measurements reveal that the broad wings of the lines are not
completely absent in type-II objects. The broad lines that are otherwise hidden in the total
spectra have appeared in the polarized spectra because the polarized emission originates
by the scattering of the central-region photons at the polar region. The polarization thus
served as a tool to view the central region of type-II AGN like via a periscope. These
measurements proved that the obscured type-II sources have also the same central region
as unobscured type-I AGN, which led to the first AGN unification explaining the difference
between different kinds of AGN based on the various viewing angle [23, 648]]. Type-I
AGN are viewed from “above”, while type-II AGN are viewed from the edge and thus
with the line-of-sight intercepting the torus.

Figure |8, adopted from Beckmann and Shrader [52], schematically shows the uni-
fication scenario for radio-quiet (bottom) as well as radio-loud AGN (top). The figure
displays the main constituents of AGN. There is a supermassive black hole in the centre
surrounded by an accretion disk and electron plasma. About 10% of the sources also have
a strong relativistic jet and are radio-loud sources. The emission lines originate in the
broad-line and narrow-line regions. The narrow-line region is more distant and is always
visible. However, the broad-line region can be hidden at some high-inclined orientations.
The direct emission from the central region is visible in type-I objects, while this radiation
is absorbed and only partly transmitted through a torus in type-II objects. The dominant
emission in type-II sources might be the reflected emission at the torus and the scattered
emission in the narrow-line region. The broad-line region is thus well visible only for
low-inclined sources.

A special class of AGN are blazars that are pointing their jets directly towards the
observer. Due to the strong relativistic beaming, the whole SED of blazars is dominated
by the emission from the jet. The blazars can be divided into two groups — BL Lac
and FSRQ (Flat-Spectrum Radio Quasars). The difference between these two classes is
in radio properties (FSRQ having a flat spectral index), but mainly in the presence of
the prominent broad optical emission lines in FSRQs, while they are missing in BL Lac
sources. The most accepted explanation for the difference between these two classes is
the difference between their accretion rates. While BL Lac sources are supposed to be
in an inefficient accretion mode with not enough radiation to photoionize and create the
broad-line region clouds, FSRQs are highly-accreting luminous sources with a significant
thermal emission from accretion disks sufficient to create and photoionize the broad-line
region [234,407].

The accretion rate is clearly another factor playing a significant role in the AGN
classification. Similarly to the absence of the broad emission lines in BL Lac sources,
also some Seyferts show the lack of the broad emission lines in their spectra, while they
do not show any evidence of obscuration due to the torus blocking the view to the central
region. Such sources are known as true-type-1I Seyferts [68, 518]], and may represent
low-accreting AGN with absent or not sufficiently illuminated broad-line region clouds.
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Let us note that the radio-loud AGN can be divided according to their jet power.
Their morphological classification was proposed to correspond to FR-I type according
to Fanaroff—Riley when the radio emission arises from a compact region. Oppositely,
the high-power sources were proposed to correspond to FR-II type, where the most radio
emission origintace from extended radio lobes. Alternatively, it hes been proposed that
the FR classification might be related to the properties of the intergalactic medium rather
than the intrinsic properties of the jet.

The circumnuclear obscurer is not a homogeneous body (as was already discussed in
previous Section reviewing the infrared observations of AGN), but is rather formed by
individual clumps. Therefore, it can happen that a clear view of the central region is
possible in some sources also from a relatively high inclination, depending on the actual
distribution of the obscuring clouds. And because the whole structure is dynamic (the
clouds are in a motion), AGN types can vary from one type to the other. The change of the
spectral type of an AGN was indeed observed several times, most prominently by sources
called changing-look AGN [372,401]]. However, it was argued that variable absorption
due to passing clouds can hardly explain variability seen in the large extended optical
region of AGN emission and the intrinsic changes of the accretion flow were suggested to
be more credible interpretation [372, 492].

The basic AGN classification on type-I and type-II sources is not ubiquitous at any
wavelength. Although the obscuration in the optical and X-ray energy domain was found
to be related [108, 261], it was shown by Merloni et al. [431] on a large AGN sample that
only about 70% AGN in fact agree on the optical and X-ray classification. The rest 30%
can be divided in two sub-groups: (i) to low-luminosity objects that are X-ray unobscured
but lack the broad lines, and (ii) luminous AGN with the broad lines but with prominent
X-ray absorption.

The presence of the supermassive black hole in AGN cores was historically proposed
to explain large megaparsec scales of jets in quasi-stellar objects (QSOs) as well as the
measured emitted large energies and the variability on very short-timescales. Let us briefly
summarize here the main arguments:

»  Forseveral radio sources, the measured jet sizes reach several megaparsecs, L ~ 10% pc.
Taking the upper limit of the expansion speed as the speed of light ¢, we obtain the lower
limit for the age of the central engine, 7 > L/c ~ 10°pc/3 x 108 ms™! ~ 3 x 100 yr.

 Luminous quasars can reach bolometric luminosities of Loso ~ 1047 ergs™'. Then
the minimum emitted energy over the engine lifetime is, Egso ~ LQsoT = 10%! erg.

» Typical AGN are variable sources on all timescales, even as short as one day and
less; Tyar & 1day. This timescale sets an upper limit on the emitting region since
the maximum velocity with which the changes can take place is the speed of light ¢
in order for the whole emitting region to be causally connected. Then the maximum
length-scale can be inferred from a light travel time of the order of a few days,
Remit S Tyar€ = 1day x 3 x 103 ms™! ~ 2.6 x 10 m ~ 1mpc = 170 AU.

Hence, the central engine has the length-scale of the Solar System and needs to be
stable enough for at least millions of years and be able to produce luminosities of the order
of 103 L,. However, the mechanism of transferring the gas from the outer parts of the
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galaxy towards the nucleus and then feeding the central black hole remains the subject of
many debates [618]. It appears that the estimated rate of mass inflow, about 0.01 to a few
solar masses per year, is often higher by three orders of magnitude than the mass accretion
rate onto the central SMBH. A question arises what the actual mass of such a compact
and energetic system is. The mass estimates may be derived from the assumption of the
virial theorem that should hold for the self-gravitating systems of gas, dust and stars in
hydrostatic equilibrium. i.e. those that neither contract nor expand.

The virial theorem may simply be derived for bound orbits of gas and stars that orbit
black holes in the centre of galaxies. The characteristic Keplerian velocity is given from
the Newtonian theory by setting the centripetal force (mv?/r) acting on an object equal to
the gravitational force (G M.m/r?):

vk = VGM.r . (23)

Accreting matter forms a disk-like structure, which consists essentially of many indi-
vidual elements; we can imagine them as discrete blobs of plasma, each one moving along
an (approximately) Keplerian orbit with the characteristic velocity v(R) = vk. Due to the
viscosity of the disk, blobs gradually lose the angular momentum and the gravitational
potential energy while gaining the kinetic energy:

Ex = %mv%( = %GM.m/r. (24)

The gravitational potential energy of the blob is Ep = —GM.m/r and the corresponding
kinetic energy during the accretion process is equal to

Ex = %GM.m = —%EP . (25)

The total mechanical energy reads
Ew=Ex +Ep=1Ep. (26)

Finally, the virial theorem for the self-gravitating system in hydrostatic equilibrium (with-
out taking time-dependency into account),

2(Ex)r +{Ep)r =0, 27)

where the brackets (...)r denote the averaging over the whole dynamical system of the
length-scale R.

The importance of the virial-theorem for the accretion onto black holes is that one-half
of the loss of the potential energy is converted into the gas kinetic energy while the
other half is available for the gas heating, which leads to the emission of electromagnetic
radiation in the X-ray, ultraviolet, and visible domains.

The Keplerian velocity profile of the emitting material bound to the central supermas-
sive black hole directly implies that the emission lines of the hot gas should be significantly
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Doppler-broadened. The observed line profile is given by the summing of the flux of all
orbiting blobs or clouds around the central black hole. For some AGN, not all, very broad
lines with the line widths corresponding to < v >= 10°~10%* kms~! have been detected —
these are AGN of type 1. Given the compactness of the emitting region obtained from the
variability timescale, we can infer the total mass in this region from Eq. (23),

(v) R

~ 10°-10" My, . (28)

M center —

Based on the virial theorem, Eq. (27)), the accretion luminosity can be expressed as,

1 GM My

acc — 2 RO (29)

where Ry is the initial radius, from which the matter falls onto the compact object. In
case of black holes, naturally infalling matter does not hit any surface but passes through
the event horizon. In accretion disks around black holes, hot gas spirals in due to the
extraction of the angular momentum, until it reaches the innermost stable circular orbit
(ISCO). Subsequently, the matter falls into the black hole since no stable orbit exists inside
the ISCO. Therefore, we can set Ry = Risco. For a non-rotating black hole, we have
Ry=6GM,/ ¢? and the accretion luminosity becomes,

Lacc = 771"4accc2 , (30)

where n = 1/12, i.e. the efficiency for a non-rotating black hole is 8.3% and the correct
relativistic calculation would give ~ 5.7% for an accretion from a thin accretion disk.
For a maximally rotating black hole, Risco = GM,/c?, which yields n = 1/2, however
the general relativistic calculation again gives a smaller value of ~ 29%. We see that
the accretion efficiency n can reach values as large as ~ 10%, which is one order of
magnitude larger than the efficiency of the energy release via the thermonuclear fusion,
€ < 0.8%, where the uppermost limit corresponds to the the conversion of hydrogen into
iron. In other words, the energy released through the thermonuclear fusion of hydrogen
is ~ 6 x 10° eV per hydrogen atom, while the accretion from a thin disk on a non-rotating
black hole yields the energy rate larger by one order of magnitude.

If we take n = 0.1, then the accretion rate for typical quasar luminosities of Ly =
10% ergs~! s,

Mo = 1.8 [ ) (L) pgpyect G31)
T T 10% ergs—1) \0.1 oyt -

This means that quasars must accrete close to the Eddington limit Lgqq, see Eq. (22),
when considering black holes of mass M, = 108 M. The Eddington accretion rate is
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derived by setting the accretion luminosity, Eq. (30), equal to the Eddington luminosity,

Eq' ’

dnGM.m,
MEdd:—
norc
n A\ M. -1
~2.6 —) Moyr". 32
(0.1 (108M@) oyt 52)

The stable and very compact configuration of the order of million Solar masses can
be explained by the presence of supermassive black hole. Other compact objects, white
dwarfs and neutron stars, are too light — white dwarfs, which are prevented from further
gravitational collapse by the pressure of degenerate electrons, have the upper mass limit
given by the Chandrasekhar limit,

My, ~ mg[he/(Gm3)]? ~ 1.4 My, (33)

and neutron stars have a slightly larger, but still too small upper limit given by the
Tolman—Oppenheimer—Volkoff limit, Mtoy < 3 M.

Main-sequence stars can theoretically reach the masses of the order of 100 M when
they consist purely of hydrogen and helium plasma, but they are too short-lived, less than
million years. Hence, classical relativistic theories of stellar structure and evolution allow
only one stable configuration to explain the characteristics of the AGN — supermassive
black holes. However, quantum theories of gravity could explain the compact large
concentrations using models of quantum nature (boson stars, macroquantumness). In
general, the presence of the event horizon is difficult to prove by observations of the
emerging electromagnetic waves [6]].

The reader may consider it as strange and mysterious that black holes of 106-10'° M,
reside in the cores of luminous quasars and following the Soltan argument [614], in the
nuclei of most nearby galaxies. The classical stellar theories and numerical studies show
that stellar black holes are the final end-states of the stellar collapse with the remnant
mass of > 3 M. The initial stellar masses have to be in excess of 45 M, depending on
the stellar metallicity. Numerical studies that employ Cold Dark Matter (CDM) models
show that the first stars in the early Universe were very massive, > 100 Mg, with very low
metallicities [391]. The first baryonic structures started to form at the redshift of z ~ 30
based on the principle of the Jeans gravitational instability and they started to reionize the
neutral hydrogen in their surroundings. This so-called reionization era finished at z ~ 6,
i.e. the Universe was fully ionized at that redshift based on the quasar observations and
the detection of the so-called Lya forest in their spectra. The formation of first baryonic
structures, such as stars and black holes, provides a transition from a rather simple, smooth
state of the Universe with small, primordial density fluctuations to the current, coarse state
that is full of different structures and large differences in the mass density. Necessary tools
to study this transition include computationally demanding cosmological hydrodynamic
simulations [2,102] as well as the observations in the mid-infrared bands, in particular by
the James Webb Space Telescope [391]].
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The Ly« forest is a set of absorption lines in the spectra of distant quasars short of the
Lya line at the corresponding redshift. Due to the presence of a small amount of neutral
hydrogen along the line of sight, Lya photons are effectively scattered and suppressed,
which yields a set of absorption lines at the blueshifted part of the actual Ly« line. In case
the ratio of neutral to ionized hydrogen in the intergalactic medium reaches larger values
than 1073, the absorption lines become largely blended and a so-called Gunn—Peterson
through is formed. The Gunn—Peterson through was detected for a quasar at z =~ 6.28,
but not for quasars at smaller redshifts [49]. This indicates that at redshift z ~ 6 the
reionization of the Universe by the radiation of first stars and the activity of first black
holes is largely completed.

So far two basic channels of the formation of black hole seeds have been investigated.
One includes very massive hydrogen-helium stars (Population III) that started to form after
the recombination epoch (~ 380000 years after the Big Bang, which corresponds to the
redshift z = 1100) during the first hundred million years after the Big Bang. These very
massive stars of ~ 100 Solar masses produced seed black holes of 10 — 100 Solar masses
that accreted from the local environment. The first stars formed in gaseous molecular disks
that cooled mostly via H, cooling and fragmented subsequently and formed stars. The
second scenario starts with a gaseous disk again, but instead of cooling through molecular
hydrogen, it contains mainly atomic hydrogen, which is not such an efficient coolant.
This scenario also includes external irradiation, which prevents molecular hydrogen from
forming. The gaseous disk then becomes gravitationally unstable as a whole and the
matter is channeled into the centre where the black hole is formed directly — a so-called
direct collapse black hole [see also475/for an overview and a popular account]. Natarajan
[475]] describes the two scenarios, (i) on one side the formation of seed black holes from
Population IIT stars, and (ii) the direct collapse of an externally illuminated gaseous disk
on the other side. The problem of the scenario that involves Population III stars as the
origin of black-hole seeds is that the black holes are not massive enough at ~ 770 million
years after the big bang when the first quasars are expected to appear. This “under-weight”
problem is solved by the model of the direct collapse of a gaseous disk, which can lead to
the much faster growth of the first black holes. We illustrate both scenarios in Figure [0]

The basic model of the black hole growth by accretion can be constructed from the
first principles. Let us assume that the black hole accretes with the efficiency of € and the
rate of M,.., which yields the accretion luminosity of

Loace = 61\.4accc2 . (34)

The complementary fraction of the accretion rate contributes to the black hole mass
increase,

Mo = (1 — €)My . (35)

which can be rewritten in terms of the Eddington luminosity and the Eddington ratio using

Egs. (29),

1—€L
= iy N (36)

M
° € (2
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Figure 9. Two formation channels of the first massive black holes residing at the cores of the first
quasars at ~ 770 Myr after the Big Bang: (i) the first scenario, depicted on the left, shows the
formation of seed stellar black holes from Population III (Pop III) stars; (ii) the second scenario
shown on the right involves a neutral, irradiated disk of hydrogen that collapses directly into a
more massive black hole seed. This larger seed then merges with a cluster of Population III stars
and gets quickly more massive by a rapid accretion. The second scenario is more consistent with
the occurrence of the first quasars ~ 770 Myr after the Big Bang. This visualisation was adapted
from an inspiring article on the feedback processes by Natarajan [475]].

Using the Eddington luminosity, the relation (36]) can be rewritten in such a way so that
the mass is on the left side and the time on the other in a differential form. Subsequently,
one can integrate the left side with the limits (M, (0), M,) and the right side with the limits
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(0,1),

Mo qpm - 4nGmyc
/ ;= / e, 37)
M.0) M. 0o € oTc

which after the integration yields an exponential growth model,

M. (1) = M. (0) exp (1 ; E/lEddL) : (38)

TSal

Hence the black hole mass grows exponentially with time, M, o exp (¢/7sa), Where the
e-folding timescale 7g, is the Salpeter time,

M,c?
€ - T L 45x108yr. (39)

TSal = =
LEdd 4 Gmp

Apparently, 75, depends on the fundamental constants only.

The black hole growth via the accretion close to the Eddington limit, i.e. the quasar
stage, is not a continuous process. This is mainly due to the feedback process, which
we understand here as depositing the momentum onto the surrounding cold gas as well
as its heating and ionization by intense radiation. This leads to the decrease of the
amount of dense cold gas, which is needed for both the accretion as well as star-formation.
This is a so-called negative feedback. Occasionally, the propagating jet leads to the
shocks and the compression of the ambient gas, which can trigger star-formation (positive
feedback). This complicated interplay among the cold gas reservoir, accretion/jet activity,
and star-formation is illustrated in Figure [[0] The negative feedback on the cold-gas
reservoir can be in the form of radiative mode (wind or quasar), where the gas is expelled
due to quasar winds, jet and radiation and this mode is typical of luminous AGN, or in the
form of kinetic mode (radio or jet), where the cold gas is heated up and this mode occurs
for low-excitation radio-loud AGN [14].

The star-formation rate is globally related to the density of gas in galaxies via the
Kennicutt—Schmidt law, which expresses the star-formation rate surface density, expressed
in Mg yr~! pc™2, as a power-law function of the gas surface-density, expressed in g pc™>
(5841,

Zsrr = AZgy (40)
where A is an absolute star-formation efficiency. Initially, according to the analysis
of Schmidt [584], n was found to be ~ 2 close to the Solar neighbourhood based on
the abundance of helium and the occurrence of white dwarfs. Using the sample of
HI, CO, Ha spiral galaxies and CO and far-infrared starburst galaxies, Kennicutt [341]
demonstrated that the Schmidt law expressed by Eq. (40) applies globally for one-zone
models of galaxies, i.e. for a disk-averaged star-formation rate, and the power-law index
was constrained to be n = 1.4 + 0.15.
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Figure 10. Illustration of the AGN feeding and feedback processes. From the top, we show the

main sources of gas in an AGN host — intergalactic accretion, gas-rich mergers, and galactic sources

(supernovae, stellar winds). The cold gas is formed via the radiative and the adiabatic cooling.

Subsequently, it fuels the black hole accretion as well as star-formation. Both processes lead to

the mechanical and radiation feedback, which both remove the cold gas and cause the drop in the

accretion and the star-formation rate. This illustration was inspired by Harrison and adapted
from Zajacek et al. [703]. .

1.4. AGN circumnuclear medium: the interplay of gas and stars

In this subsection, we focus on the interstellar medium in the central parts of active galactic
nuclei in the context of the mutual interaction among gas, stars, and the supermassive black
hole. The motion of the gaseous-dusty circumnuclear medium in the potential dominated
by the central supermassive black hole (SMBH) is necessary to account for broad emission
lines with line widths of the order of several 1000kms~'. Such large line widths arise
due to the Doppler-broadening of the ionized gas emission due to the dominantly orbital
motion of cloudlets around the SMBH. The gas can flow in towards the SMBH inside
the Bondi radius, where its gravitational potential prevails over that of the thermal gas
pressure of temperature 7,

GM, M. T, \™'
Oy , 41
PBondi = 7 2 (2 % 108 M@) (108 K) pe “h

which eventually sets the basic length-scale of the region of our interest. Whether in
free-fall as in the spherical Bondi accretion, for which the matter has lost its angular
momentum, or already circularized gas with the initial angular momentum, the velocities
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of the order of ~ 1000kms~! are reached already well before reaching the innermost
stable circular orbit (ISCO) of the central black hole,

GM. M. VK -2
= 27 086 ( ) ~ 45000f R, . 42
rBL,kln f v[z( f (2 % 108 M@) 1000 km S_l pC f S ( )

where f is the kinematical/geometrical factor of the accreting gas and Ry represents the
Schwarzschild radius of the SMBH, R, = 2GM,/c? = 1.9 x 107>(M,/2 x 103 M) pc.
This gives a basic estimate of the mean kinematic radius of the broad-line region, which
is comparable to the Bondi radius in Eq. (41).

We will refer in the following analysis to both the interstellar and the circumnuclear
medium of active galactic nuclei (AGN) interchangeably. This stems from the fact that
stars as members of dense nuclear star clusters (NSCs) typically do not appear as one of the
components in the unified AGN models [24,1648]]. However, they are expected to be present
and can actually provide a fraction to both the accreted matter and the outflow [60, |689]
or at least they are expected to influence hydrodynamics in the central regions of galaxies.
In fact, nuclear star clusters have been detected at the photometric as well as dynamical
centers of a significant fraction (60%-75%) of both early-type and late-type galaxies in the
local Universe [89, 118} [145,486]. In general, they are thought to co-evolve with massive
black holes at galactic centers, where they mutually influence their growth [485]]. Having
typical effective radii of a few parsecs and the total masses of a few 10°-108 M, NSCs are
one of the densest stellar systems in galaxies [90,1587,1666] with the mean surface densities
up to ~ 10°> Mg pc™2, similar to globular clusters and other compact stellar systems, but
brighter. In addition, there is an evidence of co-existence with active massive black holes
at their centers [263, 1485, 1597]. Also, kinematically resolved NSCs show a Keplerian rise
in velocities in their inner portions, oy r~1/2. The influence radius of SMBHs Riuf 18
often estimated by the radius at which the Keplerian circular velocity of stars around the
SMBH is equal to their one-dimensional (line-of-sight) stellar velocity dispersion,

GM. M. o )
Kini = ~ 86 43
" oy (2><108Mo)(100kms—1) pe (43)

which can be larger than the NSC effective radius for massive black holes, but only as
small as ~ 2 pc for the Galactic centre black hole of Mg 4. =~ 4 X 106 My, [587].

To what extent the NSC as a whole influences the standard parameters of AGN (black
hole mass, accretion rate, accretion disc structure, broad- and narrow-line region clouds)
is still not known. A self-consistent treatment of the influence of stars on the accretion
disc was done by Wang et al. [670,672], who build on the earlier models of [532} 658]].
They show that stars that form beyond the self-gravitation radius in the accretion disc
drive outflows of hot gas beyond the disc plane through supernova explosions. This hot
gas leads to the cyclic production of broad-line region clouds as well as the metallicity
gradient in the accretion disc. The general picture is more complex as the NSCs themselves
experience recurrent in-situ star-formation [S70]], possibly depending on the cycles of cold
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gas inflows from larger scales. Although NSCs are spheroidal, Seth et al. [598] show
that for some galaxies there are younger flattened subsystems embedded within the older
spheroidal structure. Subsequent dynamical mechanisms [resonant and non-resonant
relaxation processes; are required to turn young stellar disks/rings into spheroidal
stellar systems. Seth et al. [598] estimate the timescale of ~ 0.5 Gyr between individual
star-formation episodes.

The prominent broad emission lines associated with the broad line region (hereafter
BLR) are generally observed in AGN [64}, 274, 337, [534], i.e. about ~ 10% of galactic
nuclei with the high accretion rate of the order of 1 Mg yr~! in comparison with the
majority of quiescent sources, such as our Galactic centre. The strength of BLR lines
implies the high covering fraction, up to ~ 30 — 50% [357]], of the AGN disc continuum
emission. On the other hand the BLR absorption lines are rare, which points towards
the generally flattened structure, potentially linked to the disc, but not entirely in the disc
plane as this would lead to the lower covering fraction, see general BLR reviews by Krolik
[365], Netzer [482]. We illustrate the flattened BLR geometry in Fig. [I1] in which the
spatial scale at the bottom is based on the reverberation-mapping program that monitored
the broad MgII line for the luminous quasar HE 0413-4031 [[703]
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Figure 11. Illustration of the flattened distribution of the broad-line region clouds based on the
Mgll reverberation-mapping of the luminous intermediate-redshift quasar HE 0413-4031 (z =
1.38). Adopted from Zajacek et al. .

The basic length-scale of the BLR region is given by Eq. (#2)), and it was only
recently kinematically resolved out on sub-parsec scales using the Very Large Telescope
Interferometer (VLTI) GRAVITY in the quasar 3C273 [272]. They reported a spatial
offset of 0.03 pc between the red-shifted and blue-shifted photocenters of the broad Paa
emission line along the direction perpendicular to the jet. The detected velocity gradient
implies the Keplerian rotation of the emitting gaseous material. The data are well-fitted
by a thick disc of BLR cloudlets, which is in a Keplerian rotation around the black hole
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of Maca73 ~ 3 x 108 M. The inferred BLR radius is 150 light days ~ 0.126 pc, which
is consistent with the general Keplerian estimate for the comparable black hole mass in
Eq. @2).

It was shown that the size of the BLR region is linked to the monochromatic luminosity
and the BLR flux from a given emission line is mainly produced at a region with a specific
combination of the gas density and the density of ionizing photons [38]. This locally
optimally emitting cloud model (LOC) explains the observed variation of the BLR size with
the monochromatic luminosity, which is also known as the BLR “breathing”. The BLR
“breathing" has been apparent from early reverberation mapping studies of broad Balmer
emission lines [mainly HS line centered at 4861A; 44, (111, (174 255 1357, 1520}, 1574
see the details below] that belong to recombination lines. The basic feature of the BLR
breathing can observationally be described as follows. As the central ionizing luminosity
increases, so does the BLR radius approximately as Rgir o L'/?, since more distant BLR
clouds are photoionized and produce a given BLR line. In relation to that, the width of
the broad line decreases approximately as Avgy g o R];f oc L™1/*, which holds under the
assumption that the corresponding BLR emitting material is virialized. The LOC model
is physically motivated in a sense that the line emission is given by the sum of the emission
from individual clouds with different densities and distances from the central source of
ionizing continuum. The whole system has an axisymmetric geometry [38|]. The clouds
are characterized by the distance distribution f(r) o 't and the density distribution
g(n) o« n’, where I'; * —1 and y,, ~ —1 [38]. Then the line luminosity is given by,

ROU[
Line o // P F(r) f(r) g(n) drdn, (44)
Rin

where F (r) is an emission-line flux of a single cloud at the distance r. Using the integration
scheme according to Eq. (d4), the largest contribution comes from the clouds with the
most efficient response to the continuum, i.e. clouds of a certain density range and at
a distance where the ionizing photon flux reaches an optimum value. The LOC model
implies that the overall BLR region is in fact much larger than the most emitting region
that is observed.

The standard, powerful method to infer the length-scale of the BLR for a given source
is the measurement of the time-delay between the observed variable continuum emission
and the emission of one of the broad lines, typically Balmer lines (Ha, HB) or lines of
some ions (Mgll, CIV, CIII], Fell). This so-called reverberation mapping is possible since
the variable continuum and line emission are significantly correlated, which in other words
means that the ionizing continuum powered by the accretion disc is the main driver of
the BLR variability and the BLR emission revealed in the form of emission lines is just
the reprocessed UV/optical emission of the disc [83]. Mathematically, the reprocessing
of the continuum flux by the BLR material located further away can be expressed via the
so-called transfer function y (7) [83,534], which is a function of the rest-frame time-delay
that depends on the distance of reprocessing clouds from the source r as well as on the
polar angle 6 with respect to the line of sight,

T:£(1+0050). 43
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The observer then sees the delayed line emission originating in all the clouds that are
intersected by the iso-delay surface given by Eq. (43).

The transfer function ¢ (7) can then be determined as follows. Let jj(¢) be the
emissivity of a broad line. In general, it responds in a non-linear way to the continuum
flux changes F.—(F.) with respect to the mean value. If we approximate the line emissivity
as a function of the continuum flux via the Taylor expansion around the mean value (F.),
assuming the small changes of F. above the mean value, we obtain,

ey D
JI(FC)_]1(<FC>)+6FC(FC (Fo) +.... (46)

The change in the line luminosity dL;(#) can then be expressed as the convolution of the
transfer function with the continuum line curve,

SLi(1) = /0 U0 Le(t - 7) - (Lo)|dr. “7)

where the transfer (or response) function is defined via the relation,

() 9j
s 4nr? OF;

Y(t)=c dA, (48)

where the surface of integration is the isodelay surface for the time-delay 7, as given by
Eq. (45) and f(r) is the local volume filling factor at the position r from the source. The
determination of the transfer function ¢ (7), which is centered at the mean time-delay 7,
is generally time-consuming. This is related to the fact that to obtain ¢ (7) one needs to
make an inversion of the convolution in Eq. (d7), i.e. to perform the following Fourier
transform

U(r) = / e_iZ”VT—él((i)) dv, (49)

where Li(v) and L.(v) are Fourier transforms of the line-emission and continuum light
curves. To map out ¢ (7) with a sufficient precision, the Fourier-transforms of the light
curves that are functions of o« 77! need to be determined using the time-step smaller than
At < 7/2. In case the broad line is divided into several wavelength bins, in particular the
line center and at least two line-wing regions, which correspond to different line-of-sight
velocities vios = Vorb Sin @ of the emitting gas, one can determine the transfer function
Y (vLos, T) as a function of the line-of-sight velocity and the time delay, which is also
referred to as the wavelength-resolved reverberation mapping.

The observed time-delay can be determined using the interpolated cross-correlation
function (ICCF), its discrete version (DCF), z-transformed DCF (zDCF), damped random-walk
modelling of the continuum emission using the JAVELIN module, the )(2 method, data
regularity/randomness estimators (von Neuman, Bartels), see e.g. Rakshit [554]], Zajacek
et al. [702/[703/704] for the application of several methods and references therein. Once
the time-delay was determined in the observer’s frame, it is straightforward to obtain the
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estimate of the rest-frame time-delay using the source redshift, Tyt = Tops/(1 + z). For
the mean distance of the BLR line-emitting material, we can simply use R R = CTrest-
From the series of spectra, one can obtain the length-scale of the BLR Rpy r as well as
the line width, which serves as a proxy for the gas orbital velocity in type I AGN. Using
the full width at half maximum (FWHM) of the broad line expressed in km/s, one can
obtain the gas orbital velocity as vgir = fcvrwnMm, Where the factor f. depends on the
BLR viewing angle, geometry, and the kinematics. Assuming that the BLR cloud motion
is virialized, we can use the virial theorem given in Eq. to obtain the virial black hole

mass,
2
RBLRVBLR
vir = T )
CT, V2
_ 27 'restYFWHM
C G °
2
CTreStvFWHM
= fir—(e (50)

where we have denoted fi; = fcz, which is a so-called virial factor. It depends on the
BLR geometry, kinematics as well as the viewing angle approximately in the following
form [[138, 426],

Jfuir = [4(sin® c + (HpLr/RpiR)D] ', (5D

where ¢ is the viewing angle of the BLR plane with respect to the line of sight. In case fyi;
depends only on the viewing angle, fiir ~ (4sin?¢)~!, fvir = 1 fort ~ 30°. However, fixing
the virial factor to a single value of the order of unity, which is usually done in single-epoch
spectroscopic mass determination [688]], can introduce an error by a factor of ~ 2 — 3 in
the virial black hole mass determination measurements [426]]. By comparing the SMBH
mass inferred from the spectral energy distribution fitting and the reverberation mapping
Mejia-Restrepo et al. [426] found out that the virial factor is inversely proportional to
the FWHM of broad lines, fyi. « FWHM™!, which reflects the dependence on the BLR
viewing angle or the effect of the radiation pressure on the BLR geometrical distribution.

Furthermore, it was found out that the size of the BLR or the rest-frame time delay
are correlated with the monochromatic optical/UV continuum luminosity of the AGN
(63, 158, 1336, 337, 1693, [704]]. For instance, the HB time delay is proportional to the
~ 5000 A luminosity, while MglI time lag is larger for larger 3000 A luminosity. This is a
so-called radius-luminosity relation (RL), which has a simple power-law form, 7yeq oc LY,
where a ~ (0.5 based on the simple photoionization theory. The power-law slope of 0.5
stems from the definition of the ionization parameter of BLR clouds,

Q(H)

" 47R2 ©2)

BLch(H) ’

where Rppr is the cloud distance from the source of ionizing continuum, n(H) is the
cloud hydrogen density, and Q (H) = /V * L,/ (hv)dy is the hydrogen-ionizing photon flux
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2571, where v; is the lowest frequency of photons that can ionize the hydrogen

in cm
atom. Under the assumption that Un(H) is approximately constant for BLR clouds across
different sources, we obtain Rgir o« Q'/2(H) o L'/2.

In low-luminosity AGN, specifically the extremely low-luminous Galactic centre, ~
200 massive OB stars [46, 1523] can provide essentially all the material that is partially
accreted at the corresponding Bondi radius of M, =~ 4 x 10° Mg, but > 99% forms
an outflow that flattens the density profile of the accretion flow, n o r~3/%*P where
p =~ 1[674]. The mass-loading by stellar winds supplied by point sources or a spherical
matter distribution was dealt in both semi-analytical and numerical approaches [[149, 245,
553, 1562, 1689]. Steady-state 1D inflow-outflow solutions of the mass-loaded accretion
flows contain a stagnation radius where the bulk velocity of the flow goes through zero
Generozov et al. [see e.g. 245]. Inside the stagnation radius, inflow takes place, while
outside it, the gas escapes the system. Under certain circumstances, both the inflow
and the outflow reach supersonic velocities [689]. The stagnation radius is proportional
to the gravitational parameter of the SMBH as for the Bondi radius, but it is inversely
proportional to the square of the terminal wind velocity instead of the sound speed, under
the assumption that stellar winds are faster than the stellar velocity dispersion, vy > 0.
Depending on the power-law slope I" of the stellar brightness profile, the stagnation radius
can be expressed as [2435]],

13 +8I" 3v )GM.

442 2+T) w2

Rstag ~

-2
Mn Vw _
15 (2x108A4@) (500kn1§4) pc ,core ('=0.1),

~2
Mn Vw _
8 (2x108A4@) (500kn1y4) pc ,cusp (I'=0.8),

<

&

(53)

where we considered the core and the cusp stellar brightness distributions for the power-law
slope I'. The gas density slope v = —dp/dr|g,,, at the stagnation radius can be approx-
imated using the stellar brightness slope v ~ 1/6(4I" + 3). In general, the ratio of the
stagnation radius to the Bondi radius is of the order of unity,

RStag N 13 +8I'
Rg  (2+D)(3+4D)°

(54)

The basic length-scales inside the sphere of influence of the SMBH are depicted in
Figure [I2] where we assumed quasi-spherical distribution of stellar sources sources as
well as the spherical distribution of hot plasma.

Extending the analysis above for AGN would require certain modifications, namely
the extra radiation field (non-thermal continuum from the very centre and the thermal disk
emission) and the gravitational influence of the disk and the dusty torus. In the AGN, there
needs to be extra material available for the accretion apart from the stellar wind supply.
For quasars, the accretion rate is of the order of Maec ~ 1 Mg yr~!, for Seyfert galaxies it
is about two orders of magnitude smaller. In comparison, in the Galactic centre, based on
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Figure 12. Illustration of the basic scales in the quasispherical Nuclear Star Cluster (NSC), inside

the sphere of influence of the SMBH. Stellar outflows influence the hydrodynamics in such a way

so that the hot flow develops a stagnation radius where its radial velocity reaches zero. Inside the

stagnation radius, nearly radial Bondi flow can develop and power the accretion on the low-luminous
SMBH, such as Sgr A*. Drawn not to the scale.

the polarization measurements of sub-mm emission, the accretion rate is much smaller,
Maee ~ 1077 =102 Moyr~! [412]]. In general, the structure of the central parts of galaxies
differs quite significantly between quasars and low-luminosity nuclei, depending thus on
the accretion rate and thus the overall supply of the material.

Nevertheless, stars, stellar clusters and supernovae are expected to influence the circum-
nuclear medium in AGN and stars have been employed to explain some of the observables
in the broad line region [532,1658]].

Observational signatures of the broad line region

AGN show prominent emission lines in the UV as well as the optical part of the elec-
tromagnetic spectrum on the top of UV and optical non-stellar continuum. According
to the full width at half maximum (FWHM), these lines are generally classified as broad
(FWHM~ 1000 — 25000 km s™!) and narrow (FWHM= 200 — 1000 km s™!), but there are
AGN sources that do not exhibit any emission lines or only during a low-state of the central
variable continuum source (in particular blazars, [624]]). The unified model of AGN can
generally explain the presence and the absence of broad emission lines in their spectra for
type I and II AGN, respectively, depending on the inclination of the system with respect
to the observer and hence the blocking of UV/optical photons by an optically and geomet-
rically thick dusty torus that is clumpy, which leads to the disappearance of broad lines
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for type I AGN when observed in the total, unpolarized intensity (see e.g. [24,25,1648]]).
Narrow-line components are mostly due to forbidden transitions, they are emitted by a
low-density gas (n ~ 10° cm™3), which is spatially extended and partially resolved for
nearby AGN [62]. While the broad lines are dominantly caused by permitted transitions in
the denser medium with the number density of n > 10% cm™3. Furthermore, narrow lines
are often superposed on the broader component, which resulted in the subclassification of
Seyfert galaxies into intermediate classes depending on the relative strength of the broad
and narrow components (hereafter BC and NC, respectively; [502} 503}, 506, 683]]). BC
emission lines respond to the continuum variation, but with a shorter time delay, which
indicates that broad-line emitting region is photoionized and optically thick to ionizing
continuum. On the other hand, NC emission lines do not show a correlated variation
since they are emitted by a spatially extended region where the ionizing continuum is
geometrically diluted and the recombination time scale is very long.

Broad lines led to the identification of quasars [583]] and remain essential in studying
accretion processes, outflows from the nuclear region as well as the effect of the central
variable continuum source on the circumnuclear medium as well as the host galaxy as
a whole. The AGN cover a large redshift range from the local sources such as M81 at
d = 3.2 Mpc or the brightest AGN in the X-ray domain Cen-A [468] at d = 4.4 Mpc up
to z = 7.1 (ULAS J1120+0641; [460]), at which the first quasars started to contribute
to the reionization of the intergalactic medium. Therefore different broad lines from the
rest-frame optical and UV part of the spectrum are suited for their monitoring in the
observer-frame optical domain depending on the source redshift: HI Ha, z = 0.0 — 0.5;
Hp, z = 0.0 — 1.0; MglI12800, z = 0.3 — 2.6; CIII] 41909, z = 0.8 — 4.2 (semi-forbidden
line); CIVA1549, z = 1.2 - 5.4; HI Lya, z = 1.9 — 7.2 [624]].

A two-component model was proposed for the BLR region [[141] that consists of low-
and high-ionization lines, see Figure[I3|for the illustration. The emission lines that belong
to the low-ionization lines (LIL, with an ionization potential <20 eV), such as most of
Balmer lines as HB, CII 11336, and MglIl12800 and the pseudo-continuum of Fell, form
in the mildly ionized, higher density regions (n > 10'! cm™>) close to or directly in the
extended parts of the accretion disc with no inflow/outflow signatures. However, when
the accretion rate is close to the Eddington limit, low ionization lines show the presence
of outflows (e.g. [478]]). The high-ionization lines (HIL, with an ionization potential >40
eV), such as Lya, CIV 11549, Hell 11640, and NV 11240, form in the highly ionized,
lower density regions (n < 10'cm™) associated with an outflow beyond the disc, but
still close to the central black hole, as inferred from the reverberation mapping studies.
Blueward asymmetries and blueshifted peaks with respect to the rest-frame of the HIL
indicate the existence of disk winds in AGN [243] 467, 623]. Considering the general
behavior of the LIL, observations indicate the coexistence of virial and radiation forces
in the BLR. The disk wind model also supports the existence of the broad absorption
outflows in the UV and X-ray domain of the AGN spectra, which are generally blueshifted
(549, 1610].

Around 1% of the type-1 AGN show a double-peak profile mainly in the Balmer
lines. Due to the variation in the peak profiles of months to years, this effect is due to a
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lines used for the reverberation-mapping and high-ionization lines.
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rotating disk [213]], where the line-emission of the disk has a small optical depth and/or
the line-emitting annulus of the disk is narrow [2331251]].

Formation and stability of BLR clouds

The BLR is generally envisaged as a collection of clouds with a certain geometrical
distribution and a velocity field, which is determined mainly by the potential of the SMBH
since the BLR clouds are located well inside its sphere of gravitational influence, see
Eq. (43), as well as by radiation pressure of an accretion disc and potentially other effects,
such as gas pressure gradient and magnetic field. Already early models of the BLR
propose that its dynamics and ionized emission correspond to that of the clumpy, cloudy
medium (see e.g. Netzer [481]). The intercloud medium is of a lower density and higher
ionization and therefore does not contribute significantly. The photoionization equilibrium
is attained when the photoionization rate is balanced by the recombination rate, which can
be expressed by an ionization parameter Uiy,

Qion (H)

Uion = ) s
drrscne

(55)

which reflects the ratio of the density of hydrogen-ionizing photons and the electron
density that stands for the recombination rate. The number of ionizing photons Qjon(H) =
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fv TOO(LV /hv)dy is obtained by integrating the ratio L, /hv over the photon spectrum that

can ionize hydrogen and L, is the ionizing luminosity of the AGN. The BLR emission line

strengths require the photoionization equilibrium at the temperature of 7 ~ 10* K similar

to plasma in HII regions and planetary nebulae [481) 1624].

It has been recognized early on that the BLR region consists of two distinct components
with a likely different origin [[141]:

(1) the low-ionization line (LIL) component, revealed by lines with a low ionization
potential (<20 eV), such as HB, Mgll, and Fell, which does not reveal a significant
inflow-outflow motion, and that likely forms in the denser region closer to the accretion
disc,

(ii) the high-ionization line (HIL) component, whose lines (e.g. Lya, Hell, CIV) with a
higher ionization potential (>40 eV) exhibit an outflow motion revealed via blueward
asymmetries and blueshifted line peaks, that forms in the lower-density, outflowing
gas, but still close to the SMBH as revealed via the measured time-lags of HIL lines.

For an illustration of the LIL and HIL components of the BLR, see Fig. [I3] and the

corresponding more detailed discussion. In the following text, we focus on the formation

mechanisms and the stability of the LIL component.

Rare detection of broad absorption features in type-I AGN (AGN with broad emission
lines) suggests a flattened structure of the BLR. On the other hand, the clouds cannot be too
close to the disc or within the disk since the covering factor of the irradiating continuum
flux needs to be ~ 30 — 50% [357] to account for the observed significant correlation
between the continuum and the broad-line emission. Therefore, the BLR clouds are more
likely distributed in a torus-like or a ring-like geometry.

The BLR inner radius is set up by a specific formation mechanism, such as the dust
formation within the disk that can lead to a dust-driven wind [[155]. When such a wind gets
high enough above the equatorial plane, the dust is exposed to intensive UV irradiation
from the AGN and eventually destroyed. The dust-driven wind fails to further expand
and the gas cloud drops back to the disk plane. This mechanism can well explain the
appearance of the BLR clouds at the distance of roughly the same temperature around
1000 K in the accretion disk, as well as the turbulent velocity field due to the mixture
of inflowing and outflowing components. The accretion disk self-shielding or the inner
accretion disk wind can provide more shielding from the central irradiation, allowing the
gas clouds to get further above the equatorial plane. This can explain the observed X-ray
absorption by BLR clouds observed in intermediate AGN types [628].

The BLR outer radius can be considered to coincide with the inner radius of the dusty
molecular torus — i.e. the dust sublimation radius, which can be estimated based on
Nenkova et al. [480],

I 2 g )26
Ry ~0.4 : 56
‘ (1045 ergs—l) (15001() pe (56)

which is almost identical to Eq. in terms of the normalization, but with a small
difference of the power of the dust sublimation temperature Ty, i.e. 2.6 instead of 2.8,
which stems from more detailed radiative transfer calculations of Nenkova et al. [480].
The mean rest-frame distance of the BLR is given by the measured time-delay between
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the continuum and the specific line-emission light curves, Rgir ~ cTgLr, Where TR
depends on the specific line emission. It was revealed that there is a power-law relation
between g r and the monochromatic luminosity of the accretion disc, Luyon, With the
expected dependence Tg r o« L}r{(?n based on the constant photoionization parameter and
the cloud density as we discussed in Subsection [[.4] see Eq. (52). This is a so-called
radius-luminosity (RL) relation. For the broad Hp line, the RL relation is consistent with
the square-root law with a scatter of 0.13 dex for the initial sample, see Bentz et al. [63],

T, L
log (—1 — ay) = 1.527*993! +0.533%9.933 log (—10 - zlrogos_ 1) . (57)
As the number of sources increased, especially including less variable and highly accreting
sources, the scatter along the RL relation became more prominent. It was shown that the
departure from the best-fit RL relation is correlated with the accretion rate, i.e. it tends
to be larger for the high-accretion rate sources, see Martinez-Aldama et al. [413] and
references therein. One of possible interpretations is that at higher accretion rates, the disc
becomes geometrically thicker, i.e. it is a slim disc instead of a thin Shakura—Sunyaev
type, and shields the radiation from its inner parts [673]. In this sense, the radiation field
that the BLR clouds see is modified and generally anisotropic. In particular, the measured
time-delay corresponds to a smaller luminosity and is thus effectively shorter [673]].

The relevance of the RL relation lies in the fact that it is essential as a secondary black
hole mass estimator using just a single spectrum, without the necessity to measure the
BLR time delay for each source [376] 424, 1656, 1669], which is challenging to determine
for fainter AGN towards higher redshifts. From Eq. it is possible to determine the
rest-frame time delay from the monochromatic luminosity and the line FWHM can be
obtained from the same spectrum. The virial black hole mass can then be calculated from
Eq. (50) under the assumption of a virial factor. In this way, the RL relation is crucial for
studying black-hole mass evolution across the cosmic history [424]]. While the RL relation
for HB line has been verified for ~ 100 sources [413]], it is essential to test the dependency
LR o« LY, for other lines for which the correlation and the time delay is detected.
In particular, it is of interest to compare the best-fit slopes @ between different broad
emission lines. Towards higher redshifts, MgII line moves into the optical bands and the
reverberation mapping using MgllI can be performed with optical monitoring telescopes.
Czerny et al. [158] showed the RL relation also exists for Mgll line, with the further
confirmation by Zajacek et al. [/03]] using eleven sources, who showed that the scatter and
the time-delay shortening for high-accreting sources is also present in the MgII RL relation.
Using in total 69 sources, including the Sloan Digital Sky Survey Reverberation Mapping
data [SDSS-RM; 299], Zajacek et al. [[/04]] determined the intercept of 1.67 + 0.05 and
the slope of 0.30 +0.05 for the MglII RL relation, i.e. smaller than the canonical value, but
with a large scatter of ~ 0.30 dex. In summary, the RL relation can be used for estimating
the characteristic length-scale of the BLR region once the luminosity of the source is
known.

The direct confirmation of the flattened structure of the BLR was provided by the
first images of the BLR obtained using broad infrared lines resolved by the infrared
Very Large Telescope Interferometer GRAVITY [265]. The flattened geometry and the
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velocity field is consistent with an orbiting gas bound to the central black hole, see in
particular observations of 3C273 using broad Paa line by Gravity Collaboration et al.
[272], NGC3783 using broad Bry line by Gravity Collaboration et al. [270]], and IRAS
09149-6206 analyzed using broad Bry line by Gravity Collaboration et al. [271]. For
NGC3783, observations are consistent with the thick, rotating ring of clouds, whose radial
distribution peaks close to the inner edge. The temperature of the BLR clouds is kept at
~ 10000 —-20000 K due to the atomic-transition, radiative heating/cooling in the partially
ionized plasma, independent of the ionizing flux across different sources. The very intense
irradiation by a hard ionizing continuum of the AGN leads to the complete ionization and
the heating/cooling balance is established at ~ 10’ K due to Compton heating/cooling.
In the plasma irradiated by an AGN, thermal instability is expected to develop and the
partially ionized clouds having ~ 10* K are in an approximate pressure equilibrium with
the hot and diluted phase at ~ 107 K [367]], i.e. the clouds are confined by a hot intercloud
medium. At this two-phase balance, the evaporation timescale of the colder plasma
due to thermal conduction is comparable to the timescale, during which the hot phase
cools down and condenses onto clouds, see also the discussion and the estimates of the
evaporation/condensation timescales below. Hence, the lifetime and the stability of BLR
clouds is difficult to determine, but supposedly it is of the order of the orbital timescale or
its fraction as we will demonstrate based on the evaporation/condensation as well as tidal
timescales.

For the estimate of the basic timescales, we assume the column density of the BLR gas
of Ny ~ 10%* cm™2 and the volume number density of n¢ ~ 102 cm™3, from which the
basic length-scale or a cloud radius can be estimated as R¢] ~ N¢/ne ~ 10'2 cm [see e. g.
10, 153]]. The average mass of BLR clouds is thus of the order of M. ~ 4/ 37TR31mpf’lc1 ~
7.0x 102 g ~ 7.5 Mceres, Which is comparable to the mass of a large asteroid (a few times
of the mass of Ceres). The basic intrinsic dynamical timescale of BLR clouds is given by
the perturbation propagation timescale, which can be estimated as the ratio of the cloud
radius to the sound speed inside the cloud, where we assume the isothermal sound speed
for T, ~ 104K,

Tdyn = &
n Ccl
-1/2
Rcl Tcl
~ 13 (1012 cm) (104 K) days . (58)

Due to the coexistence of two fluids with different densities in the BLR region (hot diluted
intercloud medium and colder, denser BLR clouds) as well as the likely existence of the
velocity shear vgheor between the two phases, the BLR cloud will be significantly perturbed
or disrupting on a crushing timescale that is equal to a shock-propagating timescale [see
e.g.419],

Rcl

Terush =
Vshear

R rear | \ -1 1/2
:3.7( cl )( Vshea ) (r—p) days, (59)

102cm/ \ 1000 kms™!
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where r, = nq/np denotes the density ratio between the cloud and the hot intercloud
medium. Assuming the pressure equilibrium and the confinement of the BLR clouds by
hot diluted intercloud medium, we obtain r, ~ n¢/ny = Ty /Tey ~ 103. The development
of the Kelvin-Helmholtz instability due to the velocity shear as well as the Rayleigh-Taylor
instability due to the centrifugal acceleration in the shock propagating through the cloud
occurs on timescales comparable to the crushing timescale expressed by Eq. (59). This
timescale related to the hydrodynamical instabilities would imply the BLR cloud lifetime
of at least a few days.

However, the lifetime of clouds is plausibly longer than indicated by Eq. (59)) due to sta-
bilisation mechanisms that prevent the quick development of large-scale hydrodynamical
instabilities. In the BLR region, these mechanisms contribute:

(1) slow cooling or warm circumnuclear medium, see e.g. discussion in Decin et al. [[173]],
(ii) ionizing radiation from external sources, in particular X-ray/UV emission of the inner
accretion disc [277], which heats up the surrounding gas content, which is linked to

point (i),

(iii) circumnuclear magnetic field [652].

In the BLR region, all the conditions (i), (ii), and (iii) are present to a smaller or a
larger extent. The ionizing radiation, which keeps the circumnuclear medium warm,
increases the thermal gas pressure that suppresses the growth of Rayleigh-Taylor fingers
and other instabilities in BLR clouds. This is confirmed by numerical hydrodynamical
simulations. In Vieser and Hensler [657]], authors present dynamical models of cold
clouds moving through the hot interstellar medium. Such a set-up is common in several
astrophysical settings, including cooling flows in galactic halos, star-forming regions where
cold molecular clouds are surrounded by young massive stars, and it is also applicable to
the BLR region in the gravitational influence of the SMBH. They demonstrate that heat
conduction smooths steep temperature as well as density gradients at the cloud boundary
since the heat conduction timescale is shorter than the cooling timescale. As a result,
there is a decrease in the shearing velocity between the cloud surface and the hot medium.
According to Eq. (59), this results in the prolongation of the crushing timescale as well
as the timescale for the development of the Kelvin-Helmholtz instability and colder BLR
clouds can survive the passage through the hot intercloud medium, at least for a significant
fraction of their orbital period.

The BLR region, as described earlier, can be envisaged as a multiphase medium similar
to other astrophysical set-ups [423]. It consists of at least two phases — cold, dense BLR
clouds and hot, diluted intercloud medium — that are approximately in pressure equilibrium
since the circumnuclear medium is externally heated by an AGN. The BLR clouds cool
down radiatively via atomic transitions in the partially ionized plasma, while the hot,
diluted intercloud medium that is fully ionized cools down via Compton cooling. This way
the two phases can stay in pressure equilibrium with BLR clouds having ~ (10-20)x 103 K
and the intercloud medium with ~ 107 K [367]. The BLR region is certainly not stationary
but dynamic. There is a certain velocity shear between the clouds and the hot intercloud
medium. The basic estimate of the velocity difference is given by the broad line FWHM
of a few 1000kms~!. If we consider the value of vewpm = 5000km s~ for a circular
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velocity, this is associated with the characteristic BLR radius of

GM.
IBLR =
FirViwim
M, 2 fuir\ !
= 0.017 ( VEWHM ) Jur) oo (60)
108 My ) \5000 kms—! 1

The BLR distance can also be expressed in terms of gravitational radii,

2
FBLR _ .| ( c )
_fvir

g VFWHM

=3600f:!

. (M)z 6D

5000 km s™!

Since according to Mejia-Restrepo et al. [426] the virial factor fy;; is inversely proportional
to the line FWHM, the dependence of rg1 r /7 On VEwHM 1S expected to be formally weaker.
However, for the broad component of Hg line, the virial factor dependency on the line
FWHM is [426],

fH,B _ ( VFWHM ’ (62)

—-1.17+0.11
vir = 14550 + 1000 km s—l)

which for FWHM close to 5000 km s~! yields fvir & 1. We note that the typical BLR
region length-scale given by Eqgs. (60) and (6] is comparable to the S cluster size in the
Galactic center [194,[195]], see also Subsection [I.5] for further details.

The orbital timescale can be expressed as, under the assumption of a circular motion,

2nGM,
Torb = —3
VEWHM
M. 3
~21.1 ( VFWHM ) yr. 63)
105 Mg ) \5000 km s

The relative velocity of BLR clouds with respect to the intercloud medium vy 1s essentially
between zero (clouds comoving with the dynamical hot medium) and vpwpm (the hot
medium is stationary). In case we assume the stationary hot medium, the BLR clouds
move supersonically, i.e. M = vy /cg > 1, within the radius,

< GM.,umH
rm>1 -
kgTh
-1
M. T
< 2.6 , 64
(108M@)(107K) pe (©4)

which is essentially the whole BLR region, since the light-travel time in the rest frame for
the maximum rys~1 is 7. = ry=1/c ~ 3100 days, which according to the radius-luminosity
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relation for the broad HS line [63]] would correspond to the very large monochromatic
luminosity at SIOOA,.

T _ +0.031 +0.035 Ls100
log (llt—day) = 1.5277 431 + 0.5337 533 log (Wrgs‘])

Lsop = 10*+(logmir=1.527)/0.533

erg S—l — 1047.69 ergs™! ) (65)
The bolometric luminosity can be estimated from Lsjoo using the bolometric correction,
Lyo = BC X Lsjoo. According to Netzer [484], the bolometric correction factor is a
power-law function of the observed luminosity based on thin-disk calculations and X-ray
properties of AGN,

L -0.2
BC=40x [—2% | 209, (66)
10*2 ergs~!
which is estimated for Lsjgo = 10%7:6 erg s~!. The bolometric luminosity then is Lyo =

2.9x10%79 erg s~! = 10*815 erg s7!. The Eddington ratio can be estimated using Eq. (22),

Lol

/1Edd = ~ 112 5 (67)

Edd
which is two orders of magnitude above the Eddington limit. In this sense, the limitation
for the supersonic motion of BLR clouds, expressed by the relation (64)), is met by a
majority of AGN unless the hot intercloud is dynamic and partially comoving with the
BLR clouds.

The shock propagates through the BLR cloud on the dynamical timescale, see Eq. (58)),
which is much shorter than the orbital timescale. Therefore the BLR cloud is shaped by
stripping off the material that is located at the cloud-medium border, which results in the
formation of the tail behind the denser head. This is also consistent with the detection of
comet-shaped absorbers of the X-ray emission along the line of sight [403]].

Since BLR clouds are confined by the hot intercloud medium, their evolution is affected
strongly by the heat conduction. One can adopt in the first approximation the results of
Cowie and McKee [146], who studied the effect of heat conduction on spherical clouds
embedded in hot plasma. In the diffusion approximation, the heat flux due to the heat
conduction can be expressed as [657]],

qaift = —kn VT, (68)
where the conductivity of the hot phase can be calculated as

1.84 x 10757/
T Y

erg sT'Klem™, (69)

where the Coulomb logarithm can be estimated as follows,

Te,6
In¥Y =29.7+1In , (70)

\/n_e
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where the electron density 7. is expressed in cm™ and the electron temperature T ¢ is
scaled to 106 K.

Cowie and McKee [146] derive a classical mass-loss rate due to heat conduction, in
other words the evaporation rate,

167 pumpkn Ry

Hlevap = T ok (71)

from which we can derive the evaporation timescale under the assumption of a constant
cloud density, m¢ = 4/ 37TR21p01. Then the evaporation rate can also be expressed as
Mevap = 4TRLRapnamy. After plugging in Eq. (71), specifically on the left side, we
obtain the expression for the evaporation timescale,

25kgnc R

72
S (72)

Tevap =
which depends on the cloud density, a square of its radius, and the temperature as well
as the density of the surrounding hot medium. The conductivity for the hot medium is
kn ~ 2.69x 10" erg s™! K~! cm™! under the assumption of the pressure equilibrium. Then
the evaporation timescale of the BLR clouds can be estimated as follows,

2 -1
Mel R Kn
w =51 ({oems) : 73
e 1012 cm-3 (1012cm) (2.69><1011ergs—1 Klemt) " (73)

which is significantly larger than the hydrodynamical crushing timescale that is of the

order of days, see Eq. (59).

The quasi-Keplerian motion of clouds in the potential of the SMBH can lead to the
formation of broad emission lines with the FWHM of a few 1000 km s~!. The smooth line
profile implies the high abundance of such dense clouds. The physical origin of the BLR
line-emitting gas has remained largely unknown despite a large number of theoretical,
observational, and computational studies. The BLR clumps may generally be formed in
the inflow, in-situ in the disc via the gravitational instability, as a part of the irradiated
accretion disk surface, or in the outflow. Reverberation mapping measurements imply
that the Keplerian motion dominates but inflow or outflow signatures are also seen [273].
A more complicated picture involving all of these processes is also plausible [670, 672].
These scenarios are separately discussed below:

* Inflow models. Accretion onto the central black hole can, perhaps partially, proceed
in the form of the BLR infall. Circumnuclear material/interstellar medium contains
colder clouds embedded in a hotter intercloud medium. Colder material is more likely
to accrete since its thermal velocity of gas particles is much lower that the escape
velocity, and the infall will happen in the absence of the angular momentum barrier.
Numerical simulations of the multi-phase medium show the infall of the cold clouds
and the outflow of the hot X-ray emitting gas in the gravitational field [42, 209].
Convincing observational arguments for the inflow has been found by Hu et al. [304],
and the consequences of this discovery to the BLR structure were discussed by Ferland
et al. [230]. Since the force multiplier in the Fe II emitting region is very large, the
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infall is possible only if most of the clouds are actually shielded from the central source.
We thus observe predominantly non-irradiated faces of the optically thick clouds, and
this solves the long-standing problem of modelling Fe II to HB ratio. On the other
hand, observational determination of Fe II shifts is very complex and the shift claim
might still be the artefact of the data analysis method [92]. The analysis of CIV line
emission in NGC 5548 has indicated a large 2D or 3D random motion on the top of
the radial infall, see [182]. In the context of inflow models, Elvis [210] presented
the model of the “quasar rain”, which involves a hot disk outflow, from which colder
clumps can condense via the thermal instability [367]. These heavier and cold clumps
than fall back towards the disk since they are not supported enough by the radiation
pressure.

In-situ cloud formation via gravitational instability — affect of the nuclear star cluster.
AGN typically host massive and extended accretion disks that at larger distances are
gravitational unstable due to the decreasing temperature and the increasing surface
density. Hence, eventually the Toomre stability criterion drops below one and the
disk fragments. At intermediate scales it can be supported against fragmentation by
the turbulence, spiral waves or the magnetic field. The fragmenting self-gravitating
disks have extensively been studied by several authors, see Collin and Zahn [139],
Collin and Zahn [[140] and references therein. More recently, Wang et al. [672] studied
the complex processes taking place in the fragmenting star-forming AGN disks. In
particular, supernova explosions lead to the ejection of gas above the disk plane. They
can also contribute to the high, supersolar metallicity observed in quasars. There can
generally be several cycles of BLR formation depending on starburst phases [670]. In
the broader text, once the nuclear star cluster has formed and a fraction of stars has
evolved over the billions of years, the stars as such could give rise to the BLR clouds.
Alexander and Netzer [16] and Alexander [15] proposed the “bloated-stars” model
where the broad lines could be produced by the collective emission of the extended
envelopes of several 10* stars located deep inside the sphere of influence of the SMBH.
This model has, however, failed to explain some of the BLR characteristics, e.g. line
profiles and the flattened geometry now detected by the GRAVITY instrument. For
the evolved stellar population, we expect the orbital randomization by stellar resonant
and non-resonant relaxation processes over the course of billions of years.

Irradiated disk surface. In the context of the HIL and LIL components of the BLR
[141]], some LILs could be formed within the accretion disk on its surface since their
velocity field is mainly given by the orbital Keplerian component. This is mainly
the case of double-peak low-ionization lines [67, 212]. The velocity field of BLR
clouds has the orbital Keplerian component as well as the turbulent component [353],
which becomes more prominent for high-Eddington sources. The double-peak sources
are generally associated with lower Eddington sources, where the orbital velocity
component is dominant. From stationary models of the BLR associated with the
accretion disk, Baskin and Laor [48]] showed the formation of the puffed-up stationary
dusty atmosphere or rather “dust-inflated accretion disk" within the range where the
dust opacity dominates. Nayakshin [477/] proposed that the accretion disc warping and
precession due to an axisymmetric potential created by the previously formed stellar
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disk can be held responsible for lifting off some material above the original disk plane.
This material can then obscure the AGN and contribute to the inclination-dependent
emission of AGN.

*  Qutflow models. Outflow scenario is the most frequently adopted hypothesis, since a

strong blueshift seen in high ionization UV lines, like for example CIV, is observed
in numerous quasars [e.g. [103]. This outflow has been interpreted as an accretion
disk wind Murray et al. [467]], or bi-conical ejection along the symmetry axis [718].
The bi-conical structure was motivated by observations of the elongated Narrow Line
Region (NLR), well seen for example in [OIIl] emission, and the NLR has been
hypothesized to be the extension of the outflowing BLR, see e.g. [98].
The common prediction of the outflow models of the BLR is that the broad lines are
present only as long as the classical cold accretion disk extends all the way to the
BLR launching radius or rather the range of radii. In other words, the BLR lines
are present only as long as the Big Blue Bump is present. For sources with the low
Eddington ratio, such as also true Seyfert 2 galaxies (no broad lines, no obscuration),
the broad lines disappear. This is also the case of low-luminosity Sgr A* and M87
where the accretion flow is represented by hot Advection-Dominated Accretion Flow
or ADAF, see Yuan and Narayan [694] for a review. Hot flows are accompanied by
radially dependent outflows but these are fully ionized and not capable of producing
broad lines. However, for at least one candidate true Seyfert 2 (NGC3147) with a
low accretion rate of Agqq ~ 107%, a double peak broad Ha with the base width
of as much as ~ 27000kms~! was detected, see Bianchi et al. [67]. This finding
to some extent questions the existence of true Seyfert 2 sources and the presence
of the classical cold disc below ~ 100 gravitation radii for such low accretion rates
is also beyond theoretical expectations. Below we list basic outflow models that
are distinguished based on the driving force of the outflow: magnetically driven,
thermally driven, and radiation-pressure driven winds. For a general overview of
the disc-outflow mechanisms, see also Proga [548]] and Czerny [153]]. The formation,
structure, and the evolution of the outflow is generally given by the equation of radiation
magnetohydrodynamics [548]]

Dv

P Dr

+pCD:—VP+$(V><B)><B+pFrad, (74)
where p, v, and P are the fluid density, velocity, and pressure. Furthermore, ® denotes
the gravitational potential, B stands for the magnetic field, and F;,q is the radiation
force per unit mass. To generate outflow, at least some of the terms on the right need
to overcome the gravitational force, which can lead to the true outflow (escaping gas)
or also a failed wind, for which some of the material returns back to the accretion disk.
The mechanisms to generate the outflow are represented on the right-hand side: (a)
the gas pressure gradient, (b) Lorentz force, and (c) the radiation-pressure force due to
the radiation-pressure gradient. We discuss these mechanisms in more detail below.
1. Thermally driven winds. Spontaneous thermal outflows can be initiated when the
outer parts of the disk are heated to approximately the virial temperature. The
virial temperature can be derived assuming the virial equilibrium, see Eq. (27)), for
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2.

3.

the rotating gas with the thermal kinetic energy of Kerm = 3/2NkgTyir, Where
we assumed the ideal monoatomic gas with N = Mg,/ (um,) particles. Then the
virial temperature can be approximated as,

GMoumy ump 5 /lmpc2

Tyir = = = , 75
v 3kgr  3kg & 3kpf (73)

where 7 is expressed in gravitational radii. For 7 = 10*, we obtain Ty, ~ 1.8x108 K
or kgTyir ~ 16 keV, which corresponds to X-ray emitting plasma. The colder outer
parts are heated by the warmer inner parts of the disc, mainly by X-ray irradiation.
Specifically the Compton heating can bring the diluted cooler gas in the upper
parts of the disc to the inverse Compton limit of ~ 108 K, see Begelman et al.
[56] and Begelman and McKee [535] for details. This balance is achieved by the
Compton heating by hard photons and inverse Compton cooling by softer photons.
In addition to the inverse Compton heating/cooling balance, a viscous dissipation
close to the disk surface could be another source of heating [161]. Depending
on whether the gas thermal speed exceeds the local escape speed from the disc,
which is a function of radius, two solutions are possible — in case the escape speed
is not exceeded, which is more likely in the inner disk parts with large escape
velocities, a stationary puffed-up hot atmosphere forms above the disc (corona). In
the opposite case, a thermally-driven wind is launched when the thermal gas speed
exceeds the escape velocity, which is more likely in the outer disk parts. This wind
is almost fully ionized and hence it is not efficient in producing lines. In some
cases, if launched from the outer BLR or the dusty torus, it could be responsible for
the observed low-velocity intervening warm absorbers, see Chelouche and Netzer
[127]]. Thermally driven winds operate at high temperatures of ~ 107 — 108 K; for
lower temperatures, the other terms in Eq. dominate.

Magnetically driven winds. In case the accretion disc is threaded by a large
scale magnetic field with a significant poloidal component, a magnetically-driven
wind can be launched via the magneto-centrifugal force [84]. For this model to
work, the magnetic field needs to be transported inwards from the circumnuclear
medium further out. Models of magnetically-driven winds predict the concave
shape of flow lines and the gas escape speeds can achieve large velocities. The
magnetically driven wind is also employed to explain the high-ionization UltraFast
Outflows (UFOs) that are detected as absorption features in the X-ray spectra
[238]. Fukumura et al. [238] constrain from the X-ray spectra the launching radius
of UFOs at ~ 200 risco, where risco is the innermost stable circular orbit.
Radiation-pressure driven winds. There are two potential sources of the opacity
that we discuss further below — (i) absorption lines of various ionized species in
the gas, for which the force multiplier M that is introduced as the ratio of the total
radiation pressure to the radiation pressure attributed to the Thomson scattering,
can reach values of a few hundred, and (ii) the dust opacity, which is relevant
for the distance where the disk temperature drops below the dust sublimation
temperature and the dust can coexist with the gas. Case (i) — line-driven wind—
is also responsible for driving fast and diluted stellar winds of hot OB stars,
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Figure 14. The illustration of the Failed Radiatively Driven Dusty Outflow or FRADO model. In
the disk zone where dust can form, i.e. where the effective disk temperature drops below the dust
sublimation temperature, the dust opacity is high enough so that gaseous-dusty clumps are lifted
off the disk plane due to the scattering of disk photons on dust grains. Once these BLR clouds
are directly irradiated by external UV and X-ray photons, dust evaporates and clouds fall back
to the disk since they are not supported by radiation pressure anymore. The dominant velocity
component of the FRADO clouds is still orbital, i.e. Keplerian, but there is also an extra turbulent
component due to the outflow-inflow of the BLR clouds. See also Czerny and Hryniewicz [[155]]
and Naddaf et al. [470] for details.
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Figure 15. The instantaneous surface-density distribution of the BLR clouds based on the dynam-
ical calculations of the FRADO model, see Naddaf et al. [470] for details.

which is also known as the CAK theory or Castor—Abbott—Klein, see Castor et al.
[119], while case (ii) — dust-driven wind- is relevant for slower and more massive
outflows of late-type evolved stars, see Sedlmayr and Dominik [592]] for a review.

Line-driven winds. The CAK-like mechanism was first applied to the AGN winds

by Murray et al. [467]. In the follow-up paper by Chiang and Murray [128],
line profiles were calculated — both double-peak and single-peak lines could be
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produced by line-driven disk outflows. The inclusion of the large radial shear
in the line-driven wind was necessary to reproduce the single-peak line-profile
as well as the response (transfer) function of lines consistent with observations,
including their red- and blue-wing responses, see also Murray and Chiang [466]].
Murray and Chiang [4635]] also applied the disk wind driven by UV resonance lines
to interpret broad absorption features in spectra. In recent years, there has been a
large progress in hydrodynamical models of AGN winds. Waters et al. [675]] used
these simulations to calculate echo images, line profiles and response functions
of BLR lines for different viewing angles. The wind hydrodynamics and the
ionization state were not calculated simultaneously, instead the radiative transfer
was performed a posteriori. A general consistency is found with observations
as well as previous BLR model calculations. Previously, Proga et al. [550] and
Proga and Kallman [549] found from hydrodynamical simulations of AGN winds
that the outflowing gas is virialized across a large range of radii, which allows to
reliably measure black-hole masses using the reverberation mapping. In addition,
the outflowing gas can shield itself from the central X-ray irradiation and it can be
pushed up and accelerated above the disc plane just by the photons from the disk
photosphere. Two wind modes are found — a fast narrow-angle outflow closer to
the SMBH and a slower wind close to the disk plane at larger radii.

Dust-driven winds. A dust-driven outflow as an origin for the BLR was proposed
later than line-driven winds, specifically in the letter by Czerny and Hryniewicz
[155]]. The basic set-up is similar, i.e. the disk radiation field is capable of pushing
off some gas above its plane. However, in case of dust-driven winds, the scattering
of disk photons on dust grains is the main source of opacity. The gaseous-dusty
clumps are accelerated upwards where they are exposed to harder UV and X-ray
photons from the inner parts of the disk. The dust in the clumps evaporates and
since the radiation force is diminished, the clouds fall back onto the disk surface.
For this reason, the dust-driven wind as the origin for the BLR is also referred to as
Failed Radiatively Accelerated Dusty Outflow or FRADO for short, see also Czerny
et al. [157]] and Naddaf et al. [470] for details. In this model, the inner radius of
the BLR coincides with the thin disk radius, where the effective temperature drops
below the dust sublimation temperature, which is in the range of ~ 1000 — 1500 K.
For different sources, this radius is a function of monochromatic luminosity only,
and does not depend on the SMBH mass or the accretion rate, which provides an
elegant qualitative and quantitative explanation for the RL relation. The radius
where the dust can form within the disk is still closer than the inner radius of the
dusty molecular torus, which is set up by the direct illumination by UV photons, see
Eq. (3). The illustration of the FRADO model is in Fig.[I4] The dominant velocity
component of the FRADO clouds is still orbital, i.e. Keplerian, following the
disk rotation, but there is an extra turbulent component due to the outflow-inflow
of clouds, see also Fig. [I1] for a spatial 3D view of the model. Here we draw
the attention to the predicted appearance of the BLR, which is strikingly different
from the usually assumed appearance of a quasi-spherical structure of cloudlets
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or a flattened system of orbiting gas clouds. As calculated by Naddaf et al. [470],
the instantaneous structure of the BLR towards the inner radius is thicker due to
a reached higher altitude of the clouds, with some of them forming an outflow.
Towards a larger distance, the BLR vertical profile is progressively narrower since
the clouds reach only a relatively small altitude above the disk surface before
falling back onto the disk at roughly the same radius. This is captured by the
Gaussian-smoothed surface distribution of the BLR clouds in Fig.

1.5. AGN vs. inactive galaxies: the context of Milky Way’s center

About 2.5 billions of years after the Big Bang (redshift ~ 2 —3), the Universe went through
the period of ‘quasar era’, when most large galaxies were accreting at rates close to the
Eddington limit, see Eq. (22). Quasars were 10000 times more common than in the
nearby Universe. In other words, only about 1 quasar in 500 galaxies can be detected
today. In the local Universe, quasars and even medium-luminosity Seyfert-like sources
are rare and > 90% of galaxies are inactive or show only little activity. Since massive
black holes cannot be destroyed or evaporate during the Universe lifetime, the argument
is that massive black holes of ~ 10® — 10'° M, powering quasars are inactive or dormant
in nuclei of most current galaxies, mainly massive ones [ ‘Soltan argument’, |614]].

The pioneering works of Lynden-Bell [395] and Lynden-Bell and Rees [397]] attributed
large quasar luminosities to the conversion of the potential energy of infalling material
into radiation — they pointed out the large efficiency of the accretion mechanism in pro-
ducing thermal and radiative energy. The inclusion of the SMBHs into the centre of
most large galaxies led to solving many questions related to the quasar activity, mainly
they could explain large luminosities and the jet generation. However, a more direct
dynamical evidence for the presence of massive black holes was still missing. For such
an experiment, nearby nuclei are much better suited because of instrumental resolution
limits. In other words, it was necessary to look for the evidence in ‘dead quasars’ of the
local Universe where the activity of black holes is none or little at best. Therefore the
previous discussion concerning the accretion in AGN manifested by the accretion disk and
the jet and their radiative signatures has little relevance for inactive galaxies. In addition,
broad-line region clouds disappear for low-luminous galactic nuclei with the bolometric
luminosity of Lps < 5 X 10 (M, /107 M@)Z/ 3 erg s~! [209] as expected based on the
disc-wind scenario of the BLR formation. With the Eddington ratio Aggq ~ 4 X 1079,
the accretion flow is hot, advection-dominated and radiatively inefficient [694]. Therefore
the reverberation-mapping technique and the associated virial-mass determination is not
feasible for quiescent galaxies. This is also the case of both Sgr A* and M87.

Massive black holes in galaxies are not isolated. Like observed for the center of the
Milky Way, SMBHs are embedded in the dense stellar cluster, see Fritz et al. [236], Lauer
et al. [379], Schodel et al. [S87]. The cusp-like stellar cluster surrounding the SMBH is
also expected from a pure theoretical treatment, see Bahcall and Wolf [33/34] and Young
[692]]. Therefore, the best dynamical probe of the black hole presence are bound stellar
orbits inside the sphere of gravitational influence of SMBHs. Stars have significantly
larger ratios of their mass to their cross-section than orbiting gas clouds. Therefore they
are not sensitive to non-gravitational forces, which makes the potential mass determination
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reliable. However, the length-scale on which the potential of the SMBH prevails over the
stellar cluster potential is rather small in comparison with the typical galaxy size. One
can derive the radius of the influence of the SMBH in a galactic bulge by considering a
typical Keplerian velocity at the distance » from the SMBH of mass M,, vk = \GM,/r.
By comparing the Keplerian velocity to the average one-of-sight velocity dispersion of
stars o, one arrives to the critical length-scale, below which the gravitational potential is
dominated by the point mass of M,,

GM,

2
0%

r < Rinr = (76)

If we consider for the numerical evaluation the black hole mass of M, = 10’ M, and
the average velocity dispersion of stars in the bulge (on large scales), oy = 100kms™!,
the influence radius typically extends on the scales from a fraction of a parsec to several
parsecs,

M. 2
r < Rint ~ 4.3 ( Tx ) pe. 77)
107 Mo ) \100kms—!

Therefore it depends on the angular resolution of instruments in order to resolve
the sphere of influence in our Galaxy as well as in other galaxies. Considering the
eight-meter class telescopes in the infrared bands, which are frequently used for the
imaging of the Galactic centre, a typical angular resolution given by the diffraction limit
is 6 ~ 1/D ~ 57 mas, which was evaluated for the wavelength of A = 2.2 um (infrared K
band) and the telescope aperture of D = 8 m, such as the aperture of unit telescopes at the
European Southern Observatory in Chile.

The angular size of the influence radius, when scaled to the distance of 1 Mpc, reads

M., or \2( D \!
Ot = 887.2 : 78
inf (107M@)(100kms‘1) (lMpc) mas (78)

which implies that the Keplerian rise inside nuclear star clusters can be resolved to the
distance of D < 17 Mpc for the SMBH mass of 107 M. This corresponds to the redshift
range of z < 0.004. This limits the studies of the sphere of influence of the SMBH to
nearby galaxies depending also on the mass of the SMBH, which directly influences the
length-scale of the sphere of influence. For the most massive black holes of M, ~ 10'° M,
the maximum distance, for which the influence radius can be resolved out, is D < 15.6 Gpc
that corresponds to the redshift of z < 2.

For the Galactic centre SMBH and the averaged one-dimensional stellar velocity
dispersion of o ~ 100 km s~! we get [see e.g. 245, 1434],

M. (o -2
Rint ~ GM.Jo2 = 1.7 ( ) , 79
inf /o (4><106M@) 100kms—1/) P° 79)
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which corresponds to the angular scale of 8i,r ~ 44”. With eight-meter class telescopes
in the NIR-bands, one can thus map the potential up to as small scales as of ~ 52 mas ~
2.1 mpc or ~ 11000 gravitational radii. With the mass of ~ 4 x 10% M, the compact
radio source Sgr A* is at the lower end of the observed black-hole mass spectrum [358]].
This is in agreement with the M,—0, relation, where the SMBH mass is related to the
bulge stellar velocity dispersion via the power-law relation, M, o« o-f where 8 ~ 4 -5
[231]. In addition, the bulge mass of the Milky Way is lower, which is in line with the
SMBH mass—bulge mass “Magorrian” relation M, = €, Mpyige, Where €, = (1 —2) X 1073
[402]]. For an overview of the SMBH mass — the bulge characteristics correlations, see
Graham [262] and Busch [110] for reviews. The Galactic center SMBH is clearly the
nearest SMBH, closer by a factor of ~ 100 than the SMBH in the Andromeda galaxy
M31 and closer by a factor of ~ 2000 than SMBHs in the nearest galaxy cluster in
the Virgo constellation. Therefore, Sgr A* has played an irreplaceable role in mapping
out the gravitational potential as well as in studying mutual interactions among different
components (stars, molecular, neutral, ionized gas, dust, SMBH) in the vicinity of the
SMBH.

It is only inside Rj,r that one can expect to measure the Keplerian rise in orbital
velocities of stars, v, oc r~1/2. The Galactic centre played a key role in confirming
the presence of the black hole since the Keplerian rise was not only detected but for
several closest stars their orbits were determined. The first proper motions of stars were
detected by Eckart and Genzel [194/195]], Ghez et al. [252]], who also introduced the
notation of fastest stars closest to the compact radio source Sgr A* beginning with “S”
(representing the infrared point source). Subsequently, the measured proper motions and
relative velocities have been used to derive accelerations and stellar orbits for several S
stars [88},1196,1253,1256,257,1590]. In the future, this will allow to test the General Theory
of Relativity based on the determined orbits of S stars (mainly using the brightest S star
S2) and potentially stars that will be found on even tighter orbits [[197, 522} 1665, [707]. In
fact, the NIR-observations of the S2 star moving around Sgr A* on a highly elliptical orbit
with the period of ~ 16 yr led to the successful measurements of two relativistic effects
— the combined gravitational redshift and special relativistic transverse Doppler shift of
~ 200kms™! [266] based on the measurement of stellar absorption lines as well as the
prograde Schwarzschild precession consistent with the general relativistic prediction of
~ 12’ per period [268]], which can simply be estimated using the relation,

6nGM, ) .
A¢ = n—“ +0(v*/c*) ~ 11.6 per orbital period, (80)
asz(1 —eg,)c

where the semi-major axis asy and the orbital eccentricity eg, for the S2 star were adopted
from Gravity Collaboration et al. [260].

An indication of the prograde general relativistic periastron shift for the S2 star was
determined earlier [522], being consistent with the predictions. The detection of the
prograde relativistic periastron shift of the S2 star implies the negligible extended mass
inside its orbit in comparison with the point-source mass of Sgr A*. This allows to place
an upper limit on the extended mass, at most ~ 0.1% of the Sgr A* mass inside the
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S2 orbit, as well as on the potential second massive source within the inner arcsecond,
my < 1000 Mg, such as an intermediate-mass black hole [268]).

The observational and technical effort that resulted in the confirmation of the compact-
ness of the central massive object of 4 million Solar masses based on the monitoring of
orbiting stars was distinguished with the Nobel Prize in Physics in 2020, whose one half
was awarded jointly to Reinhard Genzel and Andrea Ghez (the other half was awarded to
Roger Penrose “for the discovery that black hole formation is a robust prediction of the
general theory of relativity"). The concise summary of the development of the Galactic
center high-precision observations with the focus on the near-infrared domain can be found

in Genzel [246].
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Figure 16. An illustration of the multi-component stellar and gaseous-dusty environment around
the compact radio source Sgr A*. The stellar population consists of older, late-type stars whose
density appears to decrease towards the centre, at least for bright red giants, forming a distinct flat
core. The density of young, massive OB/Wolf-Rayet stars, on the other hand, increases towards
Sgr A*, creating a cusp. In the same region, where the Nuclear Star Cluster is located, the
interstellar medium is filled with hot, ambient plasma. Denser and partially neutral minispiral
arms orbit around Sgr A*, while some of the wind-blowing stars move supersonically through
them and form extended bow shocks that are more prominent at longer infrared wavelengths. The
population of compact remnants is observationally unexplored in general. Its presence is, however,
expected based on the history of massive star-formation in the Galactic centre [458]]. The heaviest
members — stellar black holes — are expected to sink towards the very centre due to the dynamical
friction and kinetic energy equipartition, where they might have formed a steep cusp-like dark
cluster.

Although the number density of stars towards the Galactic centre increases as n, =
no(r/ro)~° for 6 > 0, the total number of stars inside the radius r, N, (< r), falls off with
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the deprojected radius for 0 < § < 3 since the volume shrinks with 3. The observationally
determined value of the power-law slope of the stellar density is 6 < 3, see e.g. Schodel
et al. [S88] or Genzel et al. [247], with bright late-type stars forming a flat core and
early-type stars forming a steeper cusp towards the centre, see Fig. [16] for an illustration.
The number of stars can thus fall below one at a certain radius, which marks the volume
which lacks stars or one can refer to it as a sparse region, see also Zajaek and Tursunov
[707] for a detailed discussion. As a consequence, it is quite implausible to detect a cluster
of stars in the strong-gravity regime, i.e. below 100 Schwarzschild radii. To quantify
the length-scale, on which the number of stars is expected to fall below one for a certain
stellar type 7', it is straightforward to calculate the radius rj7 at which this is expected to
happen. One can obtain the radius r7 from the integral Ny(< r) = for 4nr’n,(r)dr by
setting Ny (< r) = 1 [see also 301} [707]],

17 = Rint (CpNigg) "/ G700 | (81)

where Rjys is the radius of gravitational influence, see Eqs. @3), (79), Ninr is the total
number of main-sequence stars inside Rjf, CTNipr 1s the total number of stars of type T
inside Rj¢ and Ot is the power-law slope of the stellar population of type 7. Hopman
and Alexander [301] analyzed the inner radius of the stellar cluster for different types of
objects, namely main-sequence stars (MSs), white dwarfs (WDs), neutron stars (NSs),
and stellar black holes (BHs). They analyzed the properties of the nuclear star cluster and
determined that there are in total Niys ~ 3.4 x 10° main-sequence stars inside the influence
radius. In Table [T} we list the inner radii of other stellar components of the cluster as
calculated by Hopman and Alexander [301]. According to Table [} below a few 100
Schwarzschild radii, it is quite unlikely to detect a star that can be used for high-precision
tests of general theory of relativity in the highly relativistic regime. This is in particular
bad news for the chance of detecting a pulsar around the supermassive black hole in the
Galactic center, since it could be used as a precise clock for probing the space-time metric
around Sgr A* as first put forward by Paczynski and Trimble [S11]. However, the inner
radii listed in Table [I] refer to the stellar cusp in a statistical sense — there could still be a
pulsar approaching Sgr A* on the scale of ~ 10— 100 gravitational radii that was deflected
into a highly eccentric orbit due to e.g. dynamical scattering on a massive perturber
[S31], a binary-star disruption close to the SMBH [/06], or a natal velocity kick during
the supernova type II explosion in the clockwise stellar disk containing massive OB stars
(95, [700].

Table 1. An overview of inner radii of the nuclear stellar cluster for different stellar types T
calculated according to Eq. (81)) using the dynamical model of Hopman and Alexander [301]].

PopulationT Cr ot rir[pe]l rirlrs]

MS 1 14 2x10% 523
WD 107! 1.4 7x107* 1831
NS 1072 1.5 2x1073 5231

BH 103 2 6x107% 1569




56 Lecture Notes

The set-up of the sparse region is illustrated in Fig. Since inside the S cluster
with the radius of 1 arcsecond (~ 0.04 pc) the gravitational potential is dominated by
Sgr A*, stellar orbits can be approximated with an ellipse as shown in Fig. Although
statistically stars are not expected in this region, they can be scattered into high-eccentric
orbits by gravitational encounters with massive perturbers, such as molecular clouds or
stellar clusters on the scale of a few parsecs from Sgr A* [331]]. The filling of the inner
arcsecond by stars via the dynamical scattering on massive perturbers is faster by a factor
of 10-107 in comparison with the classical two-body dynamical relaxation, which takes
place on the timescales of a few billion years [434],

o 0.3407;
" G2pumy log A
3 ome 7! log A !
= 0.95 x 1010 (—T* P * 82
(ZOOkm s—l) 106 Mopc—3 | \ 1Mo 5 ) (82)

where p, is the stellar mass density, m, is the mean mass of a single star, and log A
is the Coulomb logarithm, which can be estimated as log A ~ log (M./my) ~ 15 for
Mo =4x10°Mg and my = 1 M.

The non-resonant two-body relaxation normally proceeds slowly and after ~ 10 Gyr,
the relaxed, steady-state star cluster around a massive black hole is characterized by a
cusp-like number density distribution with the slope of ngw o r~"/* for equal stellar
masses, see Bahcall and Wolf [|33]], and ngw o r=312 for unequal stellar masses Bahcall
and Wolf [34]]. In the Galactic center, the cusp-like relaxed distribution appears to be the
case for faint late-type stars, while bright late-type stars have a flatter core-like distribution
[S89]], which was first recognized based on the drop in the CO bandhead absorption feature
inside ~ 0.5 pc from Sgr A*, see also Sellgren et al. [593]]. This can be attributed to various
depletion mechanisms of red giant envelopes that will be described later on.

However, there are faster dynamical processes which can induce plunging, highly-eccentric
stellar orbits that refill the “sparse” or “loss-cone” region. First, the non-resonant two-body
relaxation timescale expressed by Eq. (82) can be shortened, for the fixed stellar density,
by either (i) increasing the perturber mass m, (molecular clouds, stellar cluster), see the
scattering by massive perturbers analyzed by Perets et al. [S31]], or (ii) decreasing the 1D
velocity dispersion 0. The second scenario occurs in stellar disks where the velocity
dispersion is small due to nearly corotating orbits in a certain radial bin, see Subr and
Haas [663]]. For instance, in the clockwise disk of young OB/Wolf-Rayet stars having
the estimated age of ~ 6 Myr [45] 46, 393, 523]], the two-body relaxation could have
already affected the radial power-law density distribution, and hence the relaxation time is
effectively shortened by two-three orders of magnitude in comparison with the spherical
cluster of late-type stars.

Once on a tight eccentric orbit, the star gradually descends down the potential well
due to gravitational radiation [extreme-mass ratio inspirals — EMRIs; see(19 for a review].
Due to the loss of the orbital energy, the semi-major axis decreases - its time derivative is
negative. In addition, the gravitational radiation from the system decreases the eccentricity
of an inspiralling star, making the orbit more circular [533]]. The characteristic timescale
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for an EMRI inspiral, given the initial semi-major axis ao and the eccentricity ey, is given
by the Peters’s relation [S33]],

5 S(1+q)* ag
256 G3gM3 f(eo)’

6w (ao, eo) = (83)

where g = m, /M, is the mass ratio that we set to g = 2.5 x 107 for m, = 10 M. For
the initial distance of ap = 10007, and zero eccentricity, we get 7w (10007, 0) ~ 5 Gyr.
The non-zero eccentricity can significantly shorten the inspiral time, e.g. for ey ~ 0.9, we
obtain 7gw(10007,,0.9) ~ 4 Myr, i.e. three orders of magnitude shorter inspiral time.
The eccentricity evolution during the gravitational-wave inspiral can be quite complex in
realistic scenarios. There are two competing effects as analyzed by Cardoso et al. [117]: (1)
due to the gravitational-wave radiation and other vector or scalar backreaction effects, the
eccentricity decreases, i.e. the orbit becomes more circular; (ii) the environmental effects,
in particular the accretion onto the star or the dynamical friction, lead to the eccentricity
increase. The incorporation of these effects is necessary to correctly estimate the EMRI
rate for different types of galaxies, in particular the AGN and the quiescent black holes
are expected to differ in this regard, and the redshift-dependency of the EMRI rate is also
anticipated.

On the scale of a few 10 Schwarzschild radii, the presence of stars and compact
objects can be revealed by a quasi-periodic variability due to the regular perturbations
of the accretion flow [381} 1622]. Quasi-periodic eruptions (QPEs) in the X-ray domain
that are present in both AGN as well as quiescent sources [29] are potentially caused
by either a matter Roche-lobe overflow from a stellar companion [346, 436] or by the
regular passages of a perturber and the associated induced density waves [622]]. The
inspiral timescale due to the gravitational radiation given by Eq. (83) indicates that two
EMRIs can in principle approach each other since for e.g. a twice heavier star the inspiral
timescale is shorter by a factor of approximately two. This can lead to gravitationally and
even physically interacting pairs of EMRIs of uneven masses, which could be detected
via the quasi-periodic pattern in the X-ray light curves, similar to the detected QPEs
(435 1436].

Recently, fast-moving stars were also detected with either orbital periods or pericenter
distances smaller than the archetypal S2 star. In terms of the orbital period, Meyer et al.
[439]] identified SO-102/S55 star using W. M. Keck telescope (K-band magnitude of 17.1)
with the orbital period of ~ 11.5 years, see Fig. |18 for the best-fit orbits, including radial
velocities that are colour-coded according to the colour bar on the right. More recently,
S62 (K ~ 16.1 mag) with the orbital period of ~ 9.9 years was identified by Peillker et al.
[526]]; see also Gravity Collaboration et al. [269] and Peiflker et al. [525]] for updated
analyses. Peillker et al. [527]] discovered so far the shortest-period star S4711 (K ~ 18.4
mag) with the orbital period of only ~ 7.6 years. In addition to S62 and S4711P] several

2The nomenclature of S stars is not very organized. The “S” stands for the infrared source and the
original numbering system is based on Eckart and Genzel [[194] and Eckart and Genzel [195]]; the UCLA
numbering generally differs, see e.g. Ghez et al. [252]]. The star S4711 and the other stars studied in Pei3ker
et al. [527] are named after the house number 4711 in Cologne, Germany, (now Glockengasse 4) where the
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Figure 17. An illustration of the sparse region according to Zajacek and Tursunov [707]. The star
on an eccentric orbit spends the time Az inside a certain region around Sgr A*. The probability of
the detection Pp can be estimated according to Zajac¢ek and Tursunov [707]. Adopted from [707].

other faint S stars were identified, whose orbital fractions are at least partially inside the
S2 orbit. We compare the orbital solutions of these fainter stars, including S62, S4711,
and S4712-S4715, with the orbits of S2 and S55/S0-102 in Fig. [I8] The most promising
candidates for studying relativistic effects are S62 and S4714, which have the smallest
pericenter distances of only ~ 17.8 AU (~ 450.5 gravitational radii) and ~ 12.6 AU
(~ 320.1 gravitational radii), respectively. This results in the highest potential pericenter
orbital velocities of ~ 20000km s~ (~ 6.7% of the light speed) and ~ 24 000km s~!
(~ 8% of the light speed) for S62 and S4714, respectively. These pericenter velocities are
at least a factor of two larger than the pericenter velocity of the S2 star, which amounts to
~ 7600 kms~! or ~ 2.5% of the light speed.

The lack of stars on the scales of 10 Schwarzschild radii is, however, complemented
by orbiting hot spots that orbit Sgr A* close to the innermost stable prograde circular
orbit (ISCO) of a nearly Schwarzschild black hole or alternatively, at the retrograde
ISCO of a highly-rotating Kerr black hole [267]. These observations were performed by
the near-infrared GRAVITY @ESO interferometer, which can resolve out the offset of an
emission centroid from Sgr A* with an angular resolution of ~ 20-70 pas. The instrument
detected the continuous shift of the centroid position on the length-scales of 150 pas with

Original Eau de Cologne (perfume) was founded and produced. The numbering of houses in Cologne was
introduced by French officers in 1794. In this sense, as an allegory, the naming of S4711 symbolizes the
“numbering” of newly discovered stars in the Galactic center (Andreas Eckart, a private communication).
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Figure 18. Best-fit orbital solutions of short-period S stars in the Galactic center, including S2
[266], SO0-102/S55 [439], and new faint S stars S62 and S4711-S4715 [526, 527]]. The sky plane
is represented by the right ascension and the declination offsets from Sgr A* in arcseconds. The

colour axis on the right represents radial velocities in kms~!. The positions next to text labels

depicting individual fast-moving stars correspond to the epoch of 1990.0.

the periodicity of 10—30 minutes. The detected clockwise shift of the emission centroid is
consistent with the nearly face-on orbital motion of a denser blob of relativistic electrons
that emit non-thermal synchrotron NIR emission. According to the detected positions of
the blob, the motion takes place on the scale of 6 — 10 gravitational radii (GM./c?). In
general, due to uncertainties, the observations suffer from a spin-degeneracy, hence the
hot spot orbits Sgr A* close to the prograde ISCO of a nearly Schwarzschild black hole
(low-rotating Kerr black hole) or close to the retrograde ISCO of a highly-rotating Kerr
black hole. Based on the modulated light curves, flares of Sgr A* modelled by an orbiting
hot-spot model can be employed to probe the potential of Sgr A* in a strong-gravity
regime, which is currently inaccessible for stars. Light curves of X-ray flares were used
to obtain an independent estimate of the mass of Sgr A* [335], which is consistent with
the mass determined from stellar astrometry.

The connection between the multi-wavelength variability of Sgr A* and blobs or Kot
spots orbiting on ISCO scales was already proposed and studied more than a decade before
the actual detection of an orbital motion by the GRAVITY experiment [99,(100, 438]]. The
orbiting hot-spot may result from shocks or magnetic reconnection events in the innermost
parts of the hot, magnetized accretion flow [[198], 13821696, 7/08]. These plasma instabilities
can produce a blob of relativistic electrons with the Lorentz factor of y ~ 10° — 10°, which
can explain the multi-wavelength variability of Sgr A* that occurs on hourly timescales.
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The flares also exhibit the time lags of about one hour between the NIR/X-ray domain and
flares at lower frequencies (submillimeter and radio domains), which can be explained
by cooling via an adiabatic expansion [198} 696]]. In addition, some NIR flares have
simultaneous X-ray counterparts which implies the synchrotron-self-Compton (SSC) or
inverse Compton process to explain the NIR/X-ray connection [191} 192} [199].

The NIR flares exhibit a correlation between flux modulations and changes in the
polarization angle and degree [708]]. Zamaninasab et al. [/08] showed that the changes in
the polarization angle during flares are consistent with the orbital motion of a compact hot
spot rather than with the extended emission. This was also confirmed by the GRAVITY
experiment [267]], which detected a continuous swing of the polarization angle connected
with the centroid shift with the same periodicity of 45 + 15 minutes as that of the orbital
motion. Such a gradual change in the polarization angle may be explained by the hot spot
motion in the poloidal magnetic field, i.e. which is perpendicular to the orbital plane.

There are several indications that the magnetic field in the Galactic center is dynam-
ically relevant and ordered on both large and small scales [267, 459]]. Concerning the
larger scales, the Faraday rotation measurements of the radio emission of the magnetar
PSR J1745-2900 [190] put a lower limit on the line-of-sight component of the magnetic
field, B > 8 mG, which is at a deprojected distance of > 0.12 pc. Eatough et al. [190] also
confirmed the ordered structure of the magnetic field at the scale of 0.1 pc that is at the
intermediate distance between the ordered magnetized filaments in the Central Molecular
Zone [459] and the ordered, poloidal magnetic field close to the innermost stable circular
orbit of Sgr A* [267,1313]]. Since the hot plasma is magnetized and its fraction accretes
towards Sgr A*, it is expected to lead to the accumulation of the magnetic flux as the
magnetic field lines are dragged inwards by the flow. At a certain distance, at the so-called
magnetospheric radius Ryvap, the accretion flow becomes unstable and fragments since
the gravitational potential energy of the flow is comparable to the electromagnetic pressure
[471]]. Following the energy equipartition, we can approximately derive Ryap based on
the equality for the axisymmetric flow [471}1647],
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where ¥ = M /(2w Revg) is the surface density of the flow, which depends on the accretion
rate M and the radial velocity vg = evy that is smaller than the free-fall velocity and their
ratio is expressed by the parameter € ~ 0.01 — 0.001 [471]]. While deriving Eq. (83), we
assumed Bg ~ B; ~ By Below Rviap the accretion proceeds discretely and diffusely
through the poloidal magnetic field, which is refereed to as the magnetically arrested
accretion disc [MAD; [76,[77,1471]]. For the Galactic center, we estimated Ryap ~ 68 R
using M ~ 1078 M yr~!, which is based on the Faraday-rotation measurements [412],
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and B, ~ 10 G based on the near-infrared flare observations and modelling their timing
and spectral properties [193},1685]. Inside the magnetospheric radius Ryap, the accretion
flow fragments and proceeds at the radial velocity two to three orders of magnitude smaller
than the free-fall velocity [471]]. The accretion continues diffusively through the ordered,
poloidal magnetic field via magnetic interchanges as well as magnetic reconnection events.
The fragmented flow consists of magnetically confined islands. The released energy heats
up the surrounding gas, which could observationally be detected as the hot spot orbiting
Sgr A* close to the innermost stable circular orbit or just below it, when the heated and
outflowing gas spirals in towards the event horizon. This is illustrated in Fig. which
connects larger spatial scales, where the hot plasma is fed by stellar winds of ~ 100
mass-losing OB/Wolf-Rayet stars, and smaller scales, where the hot flow fragments and
proceeds as the clumpy MAD flow below Ryap.

The MAD flow — Magnetically Arrested Disk — has a different dynamical set-up
than the so-called SANE disk (Standard and Normal Evolution). For the SANE flow,
which is only weakly magnetized, the angular momentum is transported outwards via
the turbulence generated by the magnetorotational instability [37]. The expected radial
division between the SANE and the MAD flow for Sgr A* is given by Eq. (86). Another
important length-scale for the Sgr A* accretion flow is the circularization radius Rcyg, i.e.
the distance where the hot flow that possesses an initial angular momentum circularizes.
We assume that a circularized thick flow forms with the outer radius of Rcr and that
the initial stellar wind material was provided by a star orbiting at r, with the wind total
velocity of v, (including the orbital and the terminal wind velocity). The circularized gas
at the outer disk radius has the largest angular momentum, which initially corresponded
to the wind material that had at most the escape velocity with respect to Sgr A* at the
distance r4, vo S (2GM./r4)'/?,

1/2 1/2
GM, 2GM,
Rcr ( ) R Arevg < Ary ( )
CIR T'x
Rer S 24774, (87)

where A is the retained fraction of the initial angular momentum of the stellar wind.
The parameter A can be estimated from a few observational indications. Young massive
OB/Wolf-Rayet stars with powerful winds are located beyond the S cluster at r, ~ 0.1 pc,
i.e. the wind material is captured at the Bondi radius. The circularization radius as such
is quite uncertain, however, there is an indication of the colder disk containing ionized
~ 10*K gas orbiting around Sgr A* as revealed by Murchikova et al. [464] using the
hydrogen recombination line H30a at 1.3 mm. For such a disk with Rcir ~ 0.004 pc,
the retained fraction of the angular momentum is A > (Rcir/2rx)/? ~ 0.14, i.e. at least
~ 14%. In the case of the stellar winds, the angular momentum is expected to be removed
by shocks, wind-wind collisions, and the magnetohydrodynamical drag.

Localization of Sgr A and Sgr A* — the historical perspective
The first radio source ever observed was the Galactic centre by Karl G. Jansky in 1932 at
the frequency of 20.5 MHz and the angular resolution of 25° x 35° while he was working
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Figure 19. Illustration of the hot accretion flow feeding the variable radio, near-infrared, and
X-ray source Sgr A* in the Galactic center. On the larger scales, the cusp of ~ 100 mass-losing
OB/Wolf-Rayet stars provides the material, a fraction of which is accreted at the Bondi radius
(112, [137, 150, 1602L 6741, rgondi ~ 0.14(M./4 x 10® M) (Ty/1.5x 10" K) ™! pc, see Eq. (©4). The
actual accretion rate of Sgr A* within 100 gravitational radii, M, = 1070 =107 Mg yr~! [412], is
< 1% of the Bondi rate, Mpong; ~ 107> Moyr~!, which is supplied to a large extent by stellar winds
[112]]. The poloidal magnetic field frozen in the plasma is dragged inwards, which leads to the
accumulation of the magnetic flux in the inner regions. This can result in the development of the
magnetically arrested accretion flow [MAD; [76,[77,'471]], which is characterized by a slow, diffusive
accretion consisting of magnetically confined blobs accompanied by magnetic interchanges and
reconnection events. Observationally, the heated expanding gas due to reconnection events could
be detected as orbiting “hot spots” that are visible for about one orbital period or its fraction close
to the innermost stable circular orbit (ISCO; positioned at 6 gravitational radii for a non-rotating,
Schwarzschild black hole), see the figure inset in the right bottom corner. The background image
portrays the globular cluster NGC 288 to represent the dense stellar field in the Galactic center; the
stellar field of NGC 288 was adopted from the Hubble Space Telescope’s Wide Field Channel of
the Advanced Camera for Surveys (credit: ESA/Hubble & NASA).

at the Bell Telephone Laboratories. Grote Reber continued in his effort and developed
his own radiotelescope and receivers between 1938 and 1948, partially during WWII. He
detected the emission from the plane of the Milky Way at the frequency of 160 MHz (1.9
m), which was peaking towards the Galactic center. Piddington and Minnett [539] detected
a prominent source of radio emission at 1.2 GHz and 3 GHz. The radio emission of the
source appeared to be flat between 100 MHz and 1210 MHz, similar to another radio source
Taurus A. They proposed that optically thin thermal gas is responsible for the emission
and the source became to be known as Sagittarius A (Sgr A). In the mid-1960s Barry
Clark and Dave Hogg used the two-element Green Bank interferometer in West Virginia
to analyze the small-scale structure of the radio emission with the angular resolution of
10”. They detected a smaller structure inside the Sgr A complex with the flux density of
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0.3Jy at 2.8 GHz (11 cm). However, the source was confused with the thermal emission
of Sgr A West [134].

These early observations of the Galactic centre region were essentially simultaneous
with the discovery of quasars by Schmidt [385]] in 1963 and the realization that they are
extremely distant and luminous thanks to the identification of the redshifted Balmer series
of hydrogen in the optical spectra of 3C273. The enormous energy in extragalactic sources
—which amounted to 4x 10'? L, for 3C273 in the optical bands — was proposed to originate
in large concentrations of mass in their centers and the proposal of ‘giant stars’ powering
Seyfert galaxies and quasars, see Hoyle and Fowler [303]]. It was obvious from the first
principles that the sudden collapse of mass into relativistic dimensions can yield enough
energy to explain the power output of the AGN. Such a mechanism was proposed in the
early 1960s by Vitaly L. Ginzburg in the context of the contraction of the central regions
of galaxies and the subsequent formation of protostars [258]. Similar and other ideas
and theories were presented at the First Texas Symposium on Relativistic Astrophysics
in Dallas in December 1963. This event, which is often considered as the “landmark”
in the rebirth of relativistic and gravitational astrophysics, brought together theorists and
observers of the time. Although the Symposium did not provide final clues to the problem
of quasar energetics, it triggered new enthusiasm and pointed astrophysicists in the right
direction.

The first original theory of the accretion of gas and dust onto a collapsed object, which
releases the thermal and radiative energy due to the conversion of the gravitational potential
energy of the infalling matter, was proposed by Yakov Zel’dovich and Igor Novikov [712].
Independently, essentially the same process was described in 1964 by Edwin Salpeter at
the Cornell University in the context of massive objects with the mass of M > 10% M,
powering quasi-stellar objects [S777]]. Donald Lynden-Bell generalized the quasar accretion
mechanism to other galactic nuclei [395]. Subsequently, Lynden-Bell and Rees [397]
discuss the Galactic centre specifically as a potential location of the “old-quasar” black
hole and suggest to use the Very Long Baseline Interferometry (VLBI) to infer its flux
density and the position. They also suggested to use objects in the surroundings of the
black hole — specifically line-emitting gas — to determine its mass. Soon afterwards,
Shakura & Sunyaev presented the solution for an accretion disc where the macroscopic
turbulence is responsible for the viscosity [599]. They introduced the a parameter, which
relates the viscosity to the sound speed and the disc scale-height, v = ac H, and takes
values between zero (no accretion) and one. The Shakura & Sunyaev disc is in local
thermal equilibrium and radiates away the accumulated viscous heat, cools down, and
becomes geometrically thin and optically thick. The general relativistic solution for the
thin disc was presented by Novikov and Thorne [497]]. In both works, it is assumed that
the viscous torque vanishes at the innermost stable circular orbit (ISCO).

In the same year as the First Texas Symposium, Roy Kerr found the axisymmetric
solution to the Einstein field equations [342]. The Kerr solution is applicable to any
rotating uncharged mass, including compact objects. Two years later, Ezra Ted Newman
generalized the Kerr solution to rotating charged bodies, which is nowadays referred to
as Kerr-Newman solution [488]], which is the most general asymptotically flat, stationary
solution to Einstein-Maxwell field equations. These two solutions followed nearly 50 years
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after the first static solution of Karl Schwarzschild [591]] and the non-rotating charged case
of Reissner-Nordstrom [494),|559]]. The overview of all fundamental solutions to Einstein
field equations is in Table [2]

Table 2. Overview of fundamental black-hole solutions including the year of their discovery.

Charge/Spin Non-rotating (J = 0) Rotating (J # 0)
Uncharged (Q = 0) Schwarzschild (1916) Kerr (1963)
Charged (Q # 0) | Reissner-Nordstrom (1916,1918) | Kerr-Newman (1965)

Before the identification of the supermassive black hole in the Galactic center, other
compact objects were envisaged and discovered, both theoretically and observationally, in
parallel with the development of general relativity and quantum mechanics. First, these
were the hot and small companions of some visible stars — such as 40 Eridani A, Sirius
A, and Procyon. In 1783, William Herschel discovered the two companions of 40 Eridani
A — 40 Eridani B and C, where 40 Eridani B was in 1910 spectroscopically identified
to be of spectral type A by Williamina Fleming, despite being too faint for spectral type
A, which indicated the size of the Earth. Sirius B, which is the nearest white dwarf to
the Earth (~ 2.64 pc) was discovered by Alvan Graham Clark on January 31, 1862 in
Cambridgeport, Massachusetts. Sirius B as well as other similar faint objects (40 Eridani
B, Van Maanen’s star) were later identified as white dwarfs (the name white dwarf was
introduced by Willem Jacob Luyten in 1922.), i.e. stellar remnants of low-mass stars
supported by degenerate electron pressure with the mean mass density of ~ 10° gcm™.
The internal structure of white dwarfs, where are effectively cooling off due to the lack of
any thermonuclear fusion, was investigated by Ralph H. Fowler, Edmund Clifton Stoner,
Wilhelm Anderson, and Subrahmanyan Chandrasekhar at the end of 1920s and early
1930s using the non-relativistic and relativistic equations of state of degenerate Fermi gas.
Solving the hydrostatic equilibrium equation for the relativistic Fermi gas, Chandrasekhar
also derived the limit on the mass of stable white dwarfs, which is a function of fundamental
constants only,

~ 1.4 My, (88)
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the average molecular weight per electron (here u, = 2), and my is the hydrogen atom

mass. Since Mp; = \/lic/G is the definition of the Planck mass, the Chandrasekhar limit
can also be roughly estimated using the expression Mcy ~ My /mj; ~ 1.9 Mo. Then
in 1963, Allan Sandage and Thomas A. Matthews found the first optical counterpart for
the bright radio source 3C48 using the 5.1-m Hale telescope atop Mount Palomar, see
Matthews and Sandage [417]. In the same year, also using the Palomar telescope, Maarten
Schmidt identified the similar quasi-stellar source 3C273 [5835)], which is characterized

where w 2 is the constant related to the solution of the Lane-Emden equation, u, is

by the radio-optical emission, with a distant extragalactic source with a relatively large
redshift of z = 0.158. As we mentioned, large luminosities of quasars exceeding the
host luminosities by two orders of magnitude started to be interpreted by the accretion
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onto massive compact objects — black holes. However, many experts still considered the
concept of black holes purely mathematical. When the first pulsar (PSR B1919+21) with
the periodicity of only 1.33730 seconds was discovered on August 6, 1967 by Jocelyn Bell
[288], it was clear that even more compact objects than white dwarfs do exist. The concept
of fast-spinning neutron stars having the mean densities of ~ 10'*gcm™ and with the
radius of only ~ 10 km was already theoretically laid out by Baade and Zwicky [31] and
Landau [373]. Neutron stars provided a natural explanation for periods of the order of one
second since any larger object than Rjjpi; ~ [GMChPrZOt /(47%)]'/3 ~ 1700 km would be
unstable and break up at the rotational periods of P, ~ 1s. Later discovered millisecond
pulsars, the first of which with the period of 1.558 ms (PSR B1937+21) was discovered
by Backer et al. [32], constrained the radius to less than ~ 170 km. Hence, the concept of
the continuing collapse, or rather of the inevitable formation of space-time singularities
beyond certain threshold, later called the event horizon, see Penrose [530], and hence the
concept of black holes became rather realistic after the consecutive discoveries of white
dwarfs, the first quasars, and pulsars. The mass limit for the formation of neutron stars
during the stellar collapse is given by the Chandrasekhar limit, see Eq. (88)), i.e. stellar
end-products heavier than the Chandrasekhar mass will end up as neutron stars supported
by the pressure of degenerate neutrons. The mass limit separating neutron stars from black
holes is less clear but it has followed from the work of Richard C. Tolman, who developed
the method for solving nonlinear Einstein’s field equations for static spheres filled with
fluid [642]. Shortly before the WWII, in 1939, J. Robert Oppenheimer and George Volkoff
derived the equation describing the static state of spherically symmetric spacetimes filled
with fluid with pressure P(r), now known as the Tolman-Oppenheimer-Volkoff (TOV)
equation, which is essentially the general relativistic equation of hydrostatic equilibrium,

dr 2
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where m(r) is an enclosed mass within the distance r, P(r) is the pressure, and p(r) is
density. When relativistic corrections are too small, the terms with 1/ ¢? can be neglected,
which leads to the Newtonian equation of hydrostatic equilibrium describing static, spher-
ically symmetric structure of matter, dP/dr = —Gm(r)p(r)/r?. In the paper from 1939
titled “On Massive Neutron Cores" [S0O0], J. Robert Oppenheimer and George Volkoff
derived the maximum mass of a neutron star, using the TOV equation and an equation of
state of a degenerate Fermi gas of neutrons. They arrived at the value of 0.7 M, too low
given the current values for the maximum or the TOV mass limit, which is in the range of
Mtov =~ 1.5 -3 Mg [91,1601]. Kalogera and Baym [315]] found a slightly smaller range
towards larger masses, Mtov = 2.2 — 2.9 M. This discrepancy can be explained by the
usage of an inadequate equation of state by Oppenheimer and Volkoft, which neglected
the short-range nuclear repulsive force among neutrons. The value of the TOV limit was
recently constrained based on the gravitational-wave detections of neutron star-neutron star
mergers as well as based on the follow-up electromagnetic detections, mainly associated
with the first such detection GW 170817 [1]. The analysis of GW170817 data constrained
the TOV limit to Mtov < 2.3 My [604] for cold spherical neutron stars. Hence, the
existence of the Chandrasekhar and TOV limits implies the three stable end-states of the
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stellar matter — white dwarfs, neutron stars, and black holes. Black holes as such occupy
the largest mass range from Moy up to essentially ~ 10'° M. In general, the division into
stellar, intermediate-mass, and supermassive black holes is often introduced depending
on the mass. These three classes of black holes likely have the common origin in stars or
cosmologically in collapsing gas clouds and the further increment in mass depends on the
dynamical and magnetohydrodynamic state of the surrounding medium where the black
hole is located.

Finally, a compact radio source later denoted as Sgr A* was discovered by Bruce Balick
and Robert Brown on February 13 and 15, 1974, which showed a brightness temperature
in excess of ~ 107 K and was unresolved at < 0.1”. To resolve such a compact object
among the extended radio emission of the angular size of < 20” was made possible thanks
to the newly commissioned interferometer Green Bank — Huntersville (National Radio
Astronomy Observatory — NRAO) with the longest baseline of 35km. It consisted of
three 26-meter telescopes in Green Bank, which were separated by < 2.7km and the
newly-installed 14-meter radio telescope on the mountaintop in Huntersville separated by
35km from Green Bank. The Green Bank—Huntersville interferometer could observe at
11 cm and 3.7 cm simultaneously.

The compactness of the source, its high brightness temperature, and the association
of the radio source with the Galactic center made Sgr A* a suitable candidate for the
Milky Way supermassive black hole as hypothesized by Lynden-Bell and Rees [397]]. The
basic properties were confirmed by higher-resolution Very Long Baseline Interferometry
(VLBI) radio observations at 3.7 cm by Lo et al. [390], who resolved out Sgr A* down
to < 0.02” using the 242 km baseline. The measured flux density of F37 = 0.6 £ 0.1Jy
implied the brightness temperature of
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that is based on the Rayleigh-Jeans approximation, hv <« kgTg, which is certainly valid in

Ty

the radio domain (hv ~ 5.4 x 10717 erg while kgTg ~ 1.38 x 107" erg, i.e. thermal energy
per particle is 8 orders of magnitude larger). In addition, based on the comparison with
the previous radio data, they inferred that the source is variable.

In parallel to the first radio observations of the Galactic center, there had also been the
first attempts to detect Sgr A* and its surroundings in the infrared domain. Infrared light
can penetrate through the dust along the line of sight much better than the optical or the UV
radiation that is either absorbed or scattered. The first attempts to detect the Galactic center
in the infrared domain were performed in 1945, but due to a lack of sensitivity as well
as a coarse sampling , these observations conducted at 1 micrometer were not successful
in detecting the Galactic center complex without confusion [615]; see also Moroz [457].
However, Stebbins and Whitford [615]] found an indication for the infrared source behind
the dust clouds and suggest to perform observations at 2 um. This was followed up by
Eric Becklin and Gerry Neugebauer [S1]], who used the military infrared photometer with
the PbS detector mounted at the Mount Wilson and the Palomar observatories with the
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Infrared photometer scans f-3'—
(Becklin & Neugebauer 1968)
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Galactic Center Y Sagittarii

Figure 20. The infrared photometer scan along the right ascension at the wavelength of 2.2 ym.
To the left, the Galactic center brightness profile is shown, while to the right, the star y Sagitarii is
shown for comparison. The strip-chart image was taken from Becklin and Neugebauer [S1].

angular resolution between 1.8’ and 0.08” that corresponds to the linear scales of 4.2 and
0.2 parsecs, respectively, at the distance of the Galactic center. They managed to resolve
out the nuclear star cluster that was characterized by a sharp symmetric peak in the 2.2 ym
flux density along the Galactic plane, see Fig. 20l In addition, they also resolved out
individual stellar complexes within the cluster using individual bolometer scans. They
interpret the central emission seen in the right-ascension scan as a stellar emission of the
central cluster with the effective photosphere temperature exceeding ~ 4000 K. However,
a non-thermal contribution to the thermal stellar emission cannot be excluded, especially
in the central part.

The infrared observations using the fine-structure Nell line at 12.8 um detected in
emission revealed the supersonic and ordered motion of the ionized gas, with the centroid
of the Nell line of +75 + 20kms~! and the velocity dispersion of 200kms~" [686]. In
particular, Wollman et al. [687] detected the preferentially redshifted neon-emitting gas
in the eastern part of Sgr A West that could have been separated from the blueshifted gas
in the western part. Based on the Doppler velocities in the range from +250kms™! to
—~350km ™!, the total enclosed mass within 1 pc was estimated to ~ 4 x 10° M. A more
detailed spatial distribution as well as the dynamics of Sgr A West inferred from the Nell
line were presented by Lacy et al. [370] and Lacy et al. [371]]. They revealed that the gas
is kept ionized by stars with T.g < 35000K and that Sgr A West or minispiral clouds
are transient in nature with the lifetime of 1 000 — 10000 years. With the inauguration of
the Very Large Array in 1980, it was possible to produce the 5 GHz radio map of Sgr A
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West with the comparable angular resolution of 2” x 8” as that of the infrared images
at 10 um [105)]. Both the radio and the infrared images exhibited the similar structures,
in particular the infrared thermal emission peaks corresponded to the peaks in the radio
continuum. The ratio of the flux densities of the discrete sources between the infrared
and the radio domains was high, ~ 100 — 1000, which indicated the ionization by the soft
thermal spectral energy distribution corresponding to ~ 25 000K, i.e. by the OB stars in
the central stellar cluster.

The designation Sgr A* was adopted for the first time by Robert Brown [104] to
distinguish the variable non-thermal compact source from the more extended thermal
region Sgr A West.

Sgr A* and the environment of its SMBH
The detection of stellar proper motions, the measurement of radial velocities and mainly
the fitted quasi-Keplerian orbits of stars in the innermost arcsecond from the compact
radio source Sgr A* led to the very reliable determination of the mass of the central dark
object, M, ~ 4 x 10° M, [88, (194, [195] 252, 256, 257, 522, [590].

Under the assumption that Sgr A* is a black hole, the corresponding Schwarzschild
radius is Rsepw = 1.2 X 102 cm(M, /4 x 10° M) and the expected mean density is,
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If the measurements of the orbiting matter (stars and hot gas) approach this value,
we can consider Sgr A* to be a black hole in a classical relativistic sense for simplicity,
excluding extended configurations such as a cluster of old compact remnants. On the
other hand, it is experimentally very difficult to distinguish a black hole from other very
compact configurations of matter that lack an event horizon, such as boson stars, fermion
balls, and other options [for a general discussion and the notion of “macroquantumness’,
read more in [197]].

Among the determined stellar orbits in the innermost stellar cluster [so-called S cluster;
see the pioneering works by (194, 195, 252], the tightest constraint for the density of the
dark mass comes from the monitoring of B-type star S2 (or SO-2) with the pericentre
distance of rp ~ 5.8 x 107 pc [256, 257, 522 590]
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The largest density constraint is given by 30~ Very Long Baseline Interferometry (VLBI)-
measured source size of ~ 37uas [178]], which in combination with the lower mass limit of
Msgiax 2 4 X 10° M, based on the proper motion measurements [558]], yields the density
lower limit of pggra« = 9.3 X 10?2 M, pc™3. This is only about two orders of magnitude
less than the density expected for a black hole of ~ 4 x 10° M, see Eq. (91). When
taking into account the overall stability of this dark concentration of mass over the Galaxy
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lifetime of ~ 10'? yr, the most plausible stable configuration that can explain such a large
concentration of mass within a small volume emerges within the framework of general
relativity: a singularity surrounded by an event horizon — a black hole, ruling out most of
the unstable alternatives [[197]], such as dense stellar clusters and boson stars.

From multi-wavelength observations over the past fifty years, ranging from radio,
millimeter, sub-millimeter, through infrared, X-ray, up to gamma-ray wavelengths, see
Genzel et al. [247] for a review, it has become clear that the supermassive black hole
associated with the compact radio source Sgr A* is not surrounded by vacuum. Instead, it
is embedded in the Nuclear Star Cluster (NSC), which is one of the densest stellar clusters
in the Galaxy [587]], as well as in the multi-phase gas and dust environment [461]].

In Fig.[I6] we illustrate different components of the inner portions of the Galaxy. The
figure captures the clumpy Circum-Nuclear Disk (CND), which is mostly composed of
warm (~ 100 K) neutral and molecular gas of the total mass of Mcnp ~ 10° Mg and the
number densities of nenp ~ 10* — 107 cm™ [131] 249, 276, 443 447, (5611, [596]]. The
peak of the molecular emission is at ~ 1.6 pc from Sgr A*. However, the outer edge of the
CND at ~ 4 -7 pc approximately coincides with the outer edge of the Nuclear Star Cluster.
The inner edge of the CND is rather sharp at ~ 1.5 pc, where the gas density drops below
~ 10* cm™3 [86]. This inner part is also denoted as the central cavity, which is composed
mostly of rarefied gas ionized by hot massive OB stars in this region, see Blank et al. [[86]
and references therein. The central cavity is considered to be refilled with the gas from
the CND due to the interaction between its inner rim and an almost spherical outflow from
the central stellar cluster, see Fig. [21] for an illustration.
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Figure 21. Projected positions of the Circum-Nuclear Disk (CND) and the Minispiral arms. The
Minispiral is color-coded to express radial-velocities of the emitting ionized gas along the three
arms according to the quasi-Keplerian model of Zhao et al. [716]. The inner rim of the clumpy
CND is located at ~ 1.5 pc, where the region of rarefied ionized gas — the so-called Central Cavity —
is located. The central outflow from the central stellar cluster centered at Sgr A* plausibly interacts
with the inner rim of the CND, whose material fills the cavity. This region is, however, not quite
homogeneous and spherically symmetric. Several gaseous phases — ionized, neutral, molecular —
as well as dust grains are located in the central region.
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However, the medium in the central cavity is in general multi-phase, with the three
Minispiral arms (also denoted as thermal Sgr A West) reaching larger gas densities of a few
of ~ 10*cm™ [716, [717] in comparison with the hot plasma in their surroundings. The
gas in the arms is mostly ionized and has the electron temperature of ~ 5000 — 13 000 K
[369, [7/16]. The Minispiral arms have a total gas mass of ~ 100 M and the Northern
and the Western arms are considered to be ionized inner parts of the CND [[131]. The
dynamics of the three arms can be fitted by three bundles of quasi-Keplerian ellipses with
Sgr A* at the focus [716]. Molecular gas is detected in Sgr A West as well [461], mostly
outside of the Minispiral arms that are predominantly ionized. In Fig.[22] three different
phases are depicted: ionized gas (blue; based on 250 GHz continuum observations with
ALMA, 0.75” beam), molecular gas (green; CS(5 — 4) line-emission observations with
ALMA, 0.75” beam), stars and warm dust (red; 3.8 um observations with VLT).

Because of the presence of other bodies in the vicinity of Sgr A*, the classical
general-relativistic solutions derived for vacuum, i.e. Kerr-Newman metric in the most
general form (which turns into the Kerr metric for the assumed zero electric charge
and subsequently the Schwarzschild case for an uncharged non-rotating black hole), are
basically not valid. However, since typical stars and gas clouds have negligible masses in
comparison with Sgr A*, they can be treated as test particles in most relevant cases. In
many cases, it is sufficient to treat the motion of stars in the post-Newtonian framework
[S73]]. When necessary, the motion of test particles can be calculated for the Kerr metric
with relevant perturbation effects of the stellar cluster and the gaseous-dusty structures.
In particular, general-relativistic treatment of self-gravitating disks and rings made up
of stars and gas was analyzed [323) 1594, 595! 684]. Such structures can be detected in
the standard AGN model (standard thin Shakura-Sunyaev accretion disk) as well as in the
Nuclear Star Cluster around Sgr A* in the form of the Clock-Wise stellar disk [46] between
0.05 and 0.5 parsecs. The analysis of the 3D dynamical state of the S cluster revealed
that it consists of at least two nearly perpendicular stellar disks, i.e. the stellar distribution
deviates significantly from isotropy [17].

Koyama et al. [359] suggested that the X-ray emission, and in particular the intensity
of 6.7 keV iron line speak in favour of presence of interstellar medium shock-heated by
an energetic explosion. Although Sgr A* appears to be very quiet and underluminous
in its present state, there is circumstantial evidence for much more vigorous activity
in the relatively recent history over past few hundred years. The evidence has been
accumulated for at least two high-luminosity phases during which the SMBH environment
was illuminated by intense X-rays [306, 5435, 1625]. Going back in the history, the activity
can be recognized in the early broadband (15 arcmin resolution) images from Granat
satellite [626]. Indeed, in order to probe the enormously crowded field surrounding Sgr A*,
an excellent imaging capability is essential. But in addition to it, the imaging polarimetry
can constrain the physical processes with much higher confidence. Especially the scenario
of centrally illuminated distribution of clouds orbiting the SMBH automatically suggests
a possibility of a polarized signal (the reflection component) and the polarization angle
and degree can be used to trace the 3D positions of the clouds [408]].

Every few million years the Galactic center is expected to significantly increase its
activity by several orders of magnitude in terms of the bolometric accretion luminosity.
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Figure 22. Combined near-infrared, sub-mm, and inverted X-ray image of the innermost 5.6 X
5.6 parsecs of the Galactic centre. Colors represent different structures and phases of matter:
ionized gas (blue; based on 250 GHz continuum and H39« recombination line observations with
ALMA, 0.75” beam; Moser et al.,2017)), molecular gas at the inner rim of the circumnuclear disk
(green; CS(5 — 4) line-emission observations with ALMA, 0.75"" beam; Moser et al.,[2017), stars
and warm dust (red; 3.8 um L’-band observations with VLT NACQO; Sabha et al., 2012)). On the
larger scales, the extended white ring marks the footprint of the circumnuclear disk that is seen
as a depression in the X-ray diffuse emission, see Mossoux and Eckart [462] for the detection
and the detailed analysis. The stellar background consists of yellow point sources and it is the
combination of ISAAC 1.19, 1.71, and 2.25 yum narrow-band images, see Nishiyama and Schodel
[490] for details. The cyan patches along the circumnuclear disk stand for Ny H* (1 —0) molecular
complexes [461]], the largest of which coincide with the dark extinction regions in the near-infrared
domain (encircled regions). These are dense molecular clouds that are candidates for star-forming
regions in the central ~ 10 pc from Sgr A*. Figure adopted from Eckart et al. [200], courtesy of
Moser et al. [461]], Mossoux and Eckart [462]].

During this Seyfert-like stage, Sgr A* was surrounded by a dense accretion disk that
could also have powered a bipolar jet with the kinetic luminosity of 10*! — 10* erg s~! for
~ 0.1-1.0 Myr, see Zajacek et al. [698]] and references therein. One of the traces of such an
enhanced activity could be large-scale y-ray Fermi bubbles [621] and even more extended
eRosita bubbles [546]] that could have been inflated by the nuclear outflow or a collimated
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Figure 23. Positions of the molecular clouds around Sgr A* [[116}456] can be reconstructed with

improved precision of future X-ray imaging polarimetry, assuming that the primary radiation signal

from the SMBH accretion has been scattered towards the observer [409]]. Left panel is oriented

along the edge-on view (as seen from Earth), whereas the right panel shows the perpendicular
view, i.e. from the perspective of the pole-on direction.

jet. The alternative theory of their inflation is the recent nuclear starburst accompanied by
supernova explosions, but this seems to be currently ruled out based on energetic grounds
[80]. The X-ray eRosita bubbles with the length-scale of ~ 14 kpc are larger than the y-ray
Fermi bubbles (~ 9kpc), see Fig. [24] for the comparison of both large-scale structures.
Another signature of the enhanced accretion and jet activity of Sgr A* in the past million
years could be missing bright red giants. Evolved late-type stars can form CO molecules
in their atmospheres and inside ~ 0.5 pc, these is a drop in the CO bandhead absorption,
which indicates that there is a decrease in the number of red giants close to Sgr A* [593].
More precisely, bright red giants exhibit a flat stellar surface-density distribution while
fainter late-type stars have a cuspy surface-density profile [389], which indicates that a
preferential depletion of larger, brighter red giants took place. The jet activity fits into this
scenario of the preferential destruction of bright red giants since it can effectively ablate
the upper layers of diluted and extended red-giant envelopes [S10]], which would lead to
its decreased infrared luminosity [698]], see Fig. 25| for the illustration. The jet-ablation
can complement other mechanisms of the red-giant depletion in the Galactic center: on
smaller scales, the tidal disruption of red giants operates, while further away the red giants
suffer ablation and mass loss while passing through the denser parts of the accretion disk.
In addition, star-star and star-compact remnant collisions can contribute to the red-giant
destruction, see Fig. @] for the illustration of different mechanisms.

Sgr A* and hot accretion flows

The compact radio source Sgr A* is a very faint source in comparison with active galactic
nuclei, with the bolometric (accretion) luminosity several orders of magnitude below its



1. Defining properties of Active Galactic Nuclei 73

~14 kpc

A
Y

EBs

\ / Solar
\ System
)

FBs —

Figure 24. A schematic comparison of the size of the X-ray eROSITA bubbles (EBs) surrounding

the previously discovered y-ray Fermi bubbles (FBs) above and below the Galactic plane. The

inflated bubbles seen in the X-ray domain have the length-scale comparable with the whole Galactic

disk and they are clearly larger than the more compact y-ray Fermi bubbles. For a detailed

description of the observational analysis of eROSITA data; see Predehl et al. [546]. Image credit:
Max Planck Institute for Extraterrestrial physics.

Eddington limit. With the measured bolometric luminosity of Lggr A+ < 10%7 erg 57!
[197, and the mass of M, ~ 4 x 10° M, the Eddington ratio for Sgr A* is,

Lsgra« - 1037 ergs™!

< ~1.9x 1078, 93
Lgad 5.2 x 10* ergs~! ©3)

Agdd =

i.e., Sgr A* is eight to nine orders of magnitude below the Eddington limit for 4 x 10% M,
black hole. From the Faraday rotation measurements of Sgr A*, Marrone et al. [412]
inferred the upper and the lower limit of the accretion rate, My = 2 X 1077 Mg yr~! and
Mace = 2 x 1072 Mg yr~!, respectively. The source of the material are potentially the
stellar winds of ~ 100 massive Wolf-Rayet (WR) of spectral types O and B that orbit the
black hole in the innermost one parsec [46,[393]. The gas from stellar winds is captured
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Figure 25. A scheme of the jet-ablation mechanism that likely operated in the Galactic center

during the previous Seyfer-like state. As the red giant with a loose, expanding atmosphere enters

the jet, its envelope is shocked and partially detached. After the interaction, the giant is truncated

and has a higher effective temperature and a smaller infrared luminosity. For details, see Zajacek
et al. [698]. Adopted from Zajacek et al. [699].
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Figure 26. Illustration of different mechanisms that likely contributed to the observed dearth of

bright red giants in the Galactic center. At smaller scales, the tidal disruption dominated, while

further away the loose red-giant envelopes were ablated and removed via the collisions with the

denser parts of the accretion disk. At intermediate scales, the jet-ablation likely contributed to the
depletion of the brightest red giants. Adopted from Zajacek et al. [699]].
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by the gravitational pull of the black hole within the Bondi radius rg [93], at which the
gravitational potential of Sgr A* overcomes the thermal pressure of the ionized plasma,

2GM, M, pam\ (Y U T\
~ ~0.15 - : 94
BT (4><106M@)(0.5)(1.4) (107K pe O

where the mean atomic weight is set to uyy = 0.5, which corresponds to the fully ionized
plasma or HII region.
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Figure 27. An illustration of the orientation of a bipolar outflow — a radio jet with respect to the

Galactic plane and other structures in the Galactic center according to Yusef-Zadeh et al. [693]].

In particular, we depict the parallel orientation of two prominent bow-shock sources X7 and X3,

which are located ~ 0.8”" and ~ 3.4” from Sgr A* in projection, respectively; see also MuZic et al.
[469], PeiBker et al. [524/528]).

Inside the Bondi radius expressed by Eq. (94)), the accretion flow towards Sgr A*
is currently well-explained in the framework of radiatively-inefficient accretion flows
(RIAFs). One of the models of RIAFs is an optically thin advection dominated accretion
flow (ADAF), which is characterized by advective cooling in comparison with standard
accretion disks (see Chapter [2)), which cool efficiently down radiatively. By advective
cooling it is understood that the energy released via the flow viscosity is stored as entropy
and essentially is transported inward by accretion. If we look at the flow element at
the fixed radius from a rest frame, the material with larger entropy moves inward and
is replaced by the lower-entropy material from an adjacent outer part of the flow. This
way the ADAF flows can be become much hotter than standard thin disks, which leads to
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high-energy emission. The peak of the spectral energy distribution of Sgr A* hot flow is in
the sub-mm/mm domain, which is in contrast with the spectrum of the thin, optically thick
disks typical of AGN that peak in the UV domain, which is known as the Big Blue Bump,
see also Fig. [2] for comparison. The submm/mm bump of Sgr A* spectrum divides the
optically thick part of the spectrum towards lower frequencies and the optically thin part
towards the higher frequencies. The optically thin part of the spectrum is characterized
by order-of-magnitude flares in the near-infrared (NIR) and the X-ray domains. There are
about ~ 35 flares in the NIR domain, while about one X-ray flare a day. In addition, there
is a correlation between the two domains — every X-ray flare has a NIR counterpart, while
the opposite is not true, see Witzel et al. [[685] for a detailed analysis and multi-wavelength
modelling of the flares.

Another property of hot flows is the radial dependency of the accretion rate, M;, ~
Miy(r) [694]. In other words, at the Bondi radius, the accretion rate is as large as
Mg ~ 1073 Mg yr‘l, while Sgr A* accretes less than 1% of the Bondi rate as inferred
from Faraday-rotation measurements [411,412]. Hence, most of the accreted matter at the
Bondi radius is lost via the outflow, which can be collimated and form a bipolar outflow or
a radio jet close to the Galactic plane [695]. This outflow can interact with the minispiral
streamers, and the minicavity region is speculated to have been formed by the interaction
with the nuclear outflow. In addition, there are several comet-shaped stellar bow-shock
sources — X7 [469, 524]], X3 [469]] and X8 [528]] — whose axis of symmetry is oriented
along the candidate collimated outflow, see also Fig. 27| for the illustration. Alternatively,
this outflow could originate from the stellar cluster and not from the accretion flow. Either
way, stellar bow shocks are powerful probes of the ambient circumnuclear medium in
terms of the ambient-medium flow [302] 578, 1697].
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2. Accretion onto supermassive black holes

“The key inspiration which
determined my future life came
with the series of lectures by
Bohdan Paczynski. His lectures
showed astrophysics as a
dynamically developing new
branch, with plenty of things to do.
This was something completely
new, like opening a window and
letting in fresh air.”

— Bozena Czerny

2.1. Strong gravity and accretion tori

The gravitational field is described by the Kerr metric, which can be written in the
well-known Boyer—Lindquist coordinate system (z,r, 6, ¢) [125,453]. This spacetime is
asymptotically flat and it obeys the axial symmetry about the rotation axis and stationarity
with respect to time; the singularity is hidden below the event horizon. The mass M of
the black hole is concentrated in the origin of the coordinate system. The spin parameter
a of the Kerr metric describes its rotation; the condition about the presence of the outer
event horizon at a certain radius, » = R, (where the horizon encompasses the singularity)
leads to the maximum value of the dimensionless spin rate: |a < 1|. The solution can be
then written in the form of the metric element [[125, 1453, 668]|

(d¢ - wdr)?, (95)

) 2 X .5 , Asin?6
ds =—7dt +Kdr +Xdo° + 5
where A(r) = r? = 2r + a2, 2(r,0) = r? + a®>cos? 0, A(r,0) = (r* + a®)® — Aa®sin? 6,
w(r,0) = 2ar/A(r,60) (geometrical units are assumed with the speed of light ¢ and
gravitational constant G set to unity).

Despite the fact that the Kerr metric is only axially symmetric (it does not obey
spherical symmetry unless a = 0) it is interesting to note that free spherical R = const
orbits are possible with the radius above the ISCO at an arbitrary inclination with respect to
the equatorial plane (even residing within the polar plane) as shown in Fig. 29| [637, 1678]].

The plasma forms an accretion disk or a torus residing in the equatorial plane, so that
the axial symmetry is maintained on the overall scale (Fig. [28). In a non-magnetized
(purely hydrodynamical) limiting case one can find the classical solution for the density
distribution p = p(r, z) and pressure P = P(r, z), and geometrical shape H = H(r) of a
non-gravitating polytropic torus, P = Kpk [4, 5]. Introducing enthalpy of the medium,
W(P) = f dP/p. By setting Pj, = Py, = 0 at the inner and the outer edges of the density
distribution, Abramowicz et al. [5] find

Rou [(R)? = Iep(R)?
Wout — Wip = / (R)” = hepR)” e, (96)
Rin

R3
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Figure 28. An illustration of an active galactic nucleus. The main components of the system are
shown: the supermassive black hole is hidden within the bright accretion region in the centre,
surrounded by orbiting clouds and stars. The origin of clouds is probably due to disruption of
the accretion torus by instabilities; they are irradiated from the centre and the primary X-rays
are reprocessed on the clouds surfaces. The intrinsic spectrum is determined mainly by the
Comptonization, depending sensitively on the ionization level. An almost clean line of sight to the
central source temporarily emerges. This illustration has been adapted from [Karas et al.|[322].

where liep(R) is the radial profile of the Keplerian angular momentum density in the
equatorial plane. Several properties of this solution are worth mentioning [122] 662]:
(i) The level surfaces of functions P, p, and W coincide; (ii) If the torus boundary P = 0
forms a closed surface, the torus center is defined by where dP/dR = 0, the pressure is
maximum; (iii) The shape of the torus can be found by integrating the vertical component
of the Euler equation (Fig.[30).

Above a certain critical value, W > W,, the torus forms a stable configuration (see
the shaded region), while for W < W, matter overflows onto the central object even
if we neglect viscosity. This behaviour resembles the Roche lobe overflow in binary
systems, however, here it is a consequence of the non-monotonic radial dependence of
the Keplerian angular momentum in the relativistic regime near the black hole. Whereas
the material inflowing from the atmosphere of a primary component of the binary system
concentrates near the equatorial plane and naturally forms the torus, in the case of a single,
isolated central black hole matching the inner (toroidal) structure to the outer reservoir
of matter depends on many circumstances at the outer boundary region. This is also
the case of supermassive black holes residing in nuclei of galaxies, which are fed by the
interstellar medium from a surrounding (spheroidal) nuclear star cluster and the galaxy
bulge; flattening of the structure is a parameter that can vary from disk-type equatorial
inflow up to perfectly spherical (Bondi-type) solution [[608] at large radius. Let us note that
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Figure 29. Example of three spherical orbits of free particles moving along different inclination

angles near a rapidly spinning Kerr black hole in the center of the coordinate system. Axes are

labeled with dimensionless length units of GM/c?; the blue circular trajectory resides in the
equatorial plane (the plot was drawn by Ondfej Kopacek).

the assumptions about constancy of /(R) (angular momentum density along von Zeipel
cylinders) and vanishing magnetization in Fig. [30]are astrophysically unrealistic but they
are useful to simplify calculations and allow an analytical insight.

Even in the case of a strongly magnetized environment the contribution of an astro-
physically realistic magnetic energy to the space-time curvature is negligible. We can thus
neglect its effect on the metric terms and assume a weak-field limit on the background of the
Kerr black hole. In order to initiate the numerical code, we can employ an initially uniform
magnetic field [667]], which is described completely by two non-vanishing components of
the four-potential,

A, = Ba [rZ_l (1 + cos? 9) - 1], 97)
Ay = B[%(r2 +a?) — a*r=7 (1 + cos? 0)] sin® 6, (98)

in dimensionless Boyer—Lindquist coordinates and B is the magnetic intensity of the
uniform field far from the event horizon. The magnetic field and the associated electric
component are generated by currents flowing in the accreted medium far from the black
hole, as the latter does not support its own magnetic field (for further discussion, see below
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Figure 30. Schematic sketch of meridional sections across the equipotential surfaces W = const.

Possible shapes are shown of non-magnetized polytropic tori with constant angular momentum

density (k = 4/3, | = const) near a black hole (denoted by black circle). The fluid can overflow

over the critical, self-crossing surface C (dashed line). Top panel: all material is confined within

a closed, stable configuration; bottom panel: accretion of material overflowing across the critical
surface.

in the text). The set of two non-vanishing four-potential vector components defines the
structure of the electromagnetic tensor, F,, = A[,,,]; by projecting onto a local observer
frame, one then obtains the electric and magnetic vectors. However idealized the initial
configuration may be, the numerical solution rapidly evolves in a complex entangled
structure, with field lines turbulent within the accreting medium and more organized in
the empty funnels that develop outside the fluid structure.

2.2. Main components of the radiation spectrum from black hole accretion

The AGN SED differs from normal galaxies mainly by the large luminosity across the
electromagnetic spectrum from radio to gamma-rays, both extreme long and short wave-
lengths being present particularly when the AGN produces significant emission from the
outflowing, relativistically fast jet. The large AGN luminosity (typical AGN luminosity is
by more than eight orders of magnitude larger than the luminosity of Sgr A* in our Galactic
centre) can be well explained by accretion onto a supermassive black hole. Depending
on the accretion mode (see the chapter [ for more details), the total emission is either
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dominated by thermal emission from an accretion disk or by non-thermal emission from
the accretion disk corona and/or relativistic jet.

Accretion disk thermal emission

The thermal blackbody radiation is described by the Planck radiation law. The sponta-
neous radiative distribution of the entropy emerges radiation with the specific intensity B
[Wm~2Hz ! sr™!], given by the Planck function:

2m3 1

B(v,T) = 2 E

; 99)

where v is the emitted frequency and 7 is the temperature of the blackbody surface.
The blackbody emission is radiated by an optically thick matter, in which the thermal
photons emerge multiple scattering with particles and the temperature possesses a value
corresponding to the kinetic energy of the particles.

The peak frequency vpeai is the frequency at which B(v,T) given by Eq. reaches
its maximum. It is proportional to the temperature:

hvpeak = 2.82kT, (100)

which was known before the Planck’s law as the Wien displacement law. For frequencies
well below the peak, its course is well described by:

2v2kT
2

B(v,T) ~ (Rayleigh—Jeans’s law), (101)

and for frequencies well above the peak by:

2hv _ny
B, T) ~ et (Wien's law). (102)
C

It is straightforward to derive both, the Rayleigh—Jeans’s approximations from Eq.
by the Taylor expansion eff =1+ Z—; + - -+ (and the Wien’s approximation by neglecting
unity against the exponential in the denominator of Planck’s law).

The energy flux of blackbody radiation is given by

F =oT* Stefan-Boltzmann’s law, (103)

213k
15¢2h3 "
An accretion disk does not emit blackbody radiation with a single temperature. The

where o is the Stefan—-Boltzmann constant o =

temperature at each position is determined by the particle’s kinetic energy. This energy
decreases with the radius and thus also the temperature drops. The radial dependence of
the temperature for the accretion disk surface around a black hole can be determined by
Shakura and Sunyaev [599] standard-disk scenario:

1

T(r) = (3GMM [1 _(@)%])Z, (104)

8nor3 r
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where rj, is the inner edge of the disk.

The total thermal emission from an accretion disk is the composition of contribution
from multiple radii with different surface temperatures, known as the multicolor blackbody
emission. This multicolor blackbody was successfully applied to thermal X-ray spectra of
X-ray binaries [454], confirming the general validity of the temperature radial dependence
given by Eq.[I04] More sensitive X-ray data have later revealed deviation from the perfect
blackbody emission, mostly caused by the Comptonization of thermal photons in the upper
layers of the accretion disk [[154} 569, 1605]]. Taking into account the vertical structure of
the disk leads to the spectral hardening and the local specific flux is diluted blackbody
emission:

T
F, = TBv(fcol, Teff)a (105)

col

where B, is the Planck function (Eq. [99), T.r is the effective temperature, and f.o is the
hardening factor. The value of the hardening factor is a function of the accretion rate and
may vary depending on the accretion state [see, e.g.|168]].

Equation (T04)) can be re-written to have a useful formula for estimating the temperature
of accretion disks around black holes with various mass or accretion rate in terms of

Eddington units:
M _zlt M % _231
T(i) z6.3><105K( ) ( . ) (L) f(r), (106)
R, 103 Mo Mgaa) \Rg

1
i
where R, is the gravitational radius (defined by Eq. , and f(r) = Ll - (%“) 2] *. For
the same accretion rate in Eddington units and the inner edge of the disk, the temperature

scales with mass as:
T o M4, (107)

Note that Eq.[I07]is valid when the accretion rate is expressed in units of Eddington values,
otherwise the temperature would be 7' ~ M M. However, for comparison of accreting
black holes of different mass but with a similar Eddington ratio, Eq. is the most
useful and we can immediately estimate where the peak of AGN thermal emission should
be based on the knowledge of measured accretion disk temperatures in X-ray spectra
of XRB. The thermal emission of accretion disks in AGN thus peaks in the UV range
(T =~ 10°K), while the temperature peak occurs at the soft X-ray band for stellar-mass
black holes in X-ray binaries (T ~ 107 K).

The observed spectrum of AGN has indeed typically a peak in the UV band, the big
blue bump [567]. Some UV spectra of quasars can be well fitted by the thermal disk
emission [156], but it is not the case in general [211]. The UV and especially the range
between far-UV and X-rays is heavily affected by the interstellar absorption, preventing
astronomers from a detailed study of spectral properties of the thermal accretion disk
emission in AGN.
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Thermal bremsstrahlung radiation
Thermal bremsstrahlung is radiated in a hot plasma due to the Coulomb collisions of the
ions. The electrons are accelerated by the collisions to high velocities and emit radiation
that can escape the plasma if it is optically thin. Therefore, the AGN corona produces
not only up-scattered emission from the accretion disk but also its own thermal emission.
This is, however, very different from the thermal emission of the blackbody emission of
the optically-thick accretion disk and is, therefore, sometimes not accurately referred to as
a non-thermal component of AGN.

The temperature of the plasma is defined by the ion velocities, which have in thermal
equilibrium the Maxwell-Boltzmann distribution. The temperature is proportional to the
average kinetic energy of ions:

3 1
5kT = <§mv2>, (108)

where m and v are the ion mass and the thermal speed, respectively. In the thermal
equilibrium, the average kinetic energy is equal for ions and electrons. Therefore, the
ions can be considered stationary with respect to the fast moving electrons. Different
situations can happen in the collisions. The free-free transition occurs when the electron
freely passes near the ion and is not kept. Such radiation yields the continuum spectrum
without lines, and is called bremsstrahlung.

The radiated power per unit photon energy and per unit volume is given by:

2 _ _
Efreo—froe = 2\/5 nenjaorcZ* @12 g(@,E) e EIHT, (109)

where n; is the ion density, n, is the electron density, « is the fine structure constant,
Z is the effective charge of the ion, ® = kBT/mecz, and g is the Gaunt factor, which
is a dimensionless quantity of order of 1 and slightly changes with the spectral energy
(frequency).

When the electron is captured by the ion and fills one of the ion vacancies, the transition
is free-bound and the continuum emission is associated also with spectral-line emission
corresponding to the transition. The process of free-bound transition is called radiative re-
combination. How often the ionization and recombination of atoms is happening depends
mainly on the plasma density but also on the nature of equilibrium. More recombinations
occur at the photoionization equilibrium than in the collisional ionization equilibrium since
the temperature at the photoionization equilibrium is lower for comparable ionization.

Non-thermal AGN emission

The thermal emission of AGN accretion disks contributes mainly to the UV domain,
but AGN are very bright X-ray sources as well and the thermal bremsstrahlung of the
corona is not sufficient to produce the observed X-ray intensity. The X-ray emission
can be, therefore, best explained by scattering of the thermal emission in the corona, as
illustrated in Figure [31] The very high temperature causes that the electrons in the corona
possess very high velocities. Their kinetic energy is partly transported to the low-energy
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Figure 31. Left: a schematic picture of the main radiation components of an accreting black hole:
thermal radiation from the accretion disk, up-scattered in a hot corona and reflection emission.
Light rays are distorted by strong gravity of the central black hole. Right: a schematic view of
the inverse Compton effect in the local frame frame where electrons have energy high enough
compared to the ambient light, so the mechanism up-scatters the ambient photons.

photons scattering on the electrons, and the photons thus gain energy and increase their
frequencies. The resulting radiation dominates in X-rays, more energetic than UV. This
effect is known as the inverse Compton scattering. Further, we will show that this
effect can be understood in terms of the special-relativistic transformation in relations for
Compton scattering.

The initial and final energy of a photon can be written in the units of electron rest
energy:

hv,- th
= , 110
er e (110)

e; = ,
" omgc?
where m, is the mass of electron, £ is the Planck constant, and v;, v are the initial (before
collision) and final (after collision) frequencies of photon, respectively. Based on the law
of energy and momentum conservation, the final energy of the photon after the Compton
scattering is:

€;

T e’

(111)

where A = 1 — cos# and ¢ being an angle between the direction of photon before and
after the collision. The final frequency of the photon can be obtained by multiplying the
equation (TTT) by factor m,c?:

meCZVl'

=— 112
Y mec? + hviA (112)

Equations (IT1)) and (IT2) are valid in the electron rest frame. But now, let us assume

that the electron is in the relativistic regime with the Lorentz factor y = 7 L e = \/11 =
—2/c —
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and rewrite the equation for Compton scattering in the laboratory frame. We further
denote laboratory frame by an index "L" and the rest frame by an index "R". The final
energy of the photon in the laboratory frame can be written as:

ey = ey (1 +ﬁﬂf5)’ (113)

where u = cos y and y is the angle between the direction of electron and photon before
the collision. Using Eq.[ITI] we get:

R
L ¢ ( R)
e, =——vy 1+ 114
f l+elRARy ﬁﬂf ( )

1 1
Using transformations YT pal =y (1 +B/J?) and ef = ely (1-puk), we get a
A :uf

formula for the final energy of the photon in the laboratory frame as:

oL or L2 PH !
fFo 1—ﬁu;1+eiLy(l—,8,uiL)AR

(115)

Assuming photons with a low initial energy, so that the condition yel.L < 1 is fulfilled, the
equation can be simplified to:

1 — Buk

P L. (116)
1 _ﬁﬂf

which can be rewritten to:

et xeiLyz(l —ﬁﬂ?) (1 +ﬁp§). (117)

From the last equation, it follows that the final energy of the photon in the laboratory frame
must be larger than the initial energy and lower than the product of the initial energy and
a factor of 4y? that is larger than 1 and is the higher the higher velocity of electron is:
el-L < e; < 4y2eiL . (113)
Other source of the AGN non-thermal emission is the synchrotron emission from
the relativistic jets. The synchrotron emission comes from the accelerated electrons in
the magnetic field. Its power (in the observer’s frame) increases with the second power
of electron’s energy and magnetic-field intensity. Therefore, it is strong especially in the
black-hole jets where the electrons are highly relativistic (see Chapter [3). This causes a
strong beaming effect and most of the energy is radiated into a narrow beam. Therefore,
the synchrotron emission is the most dominant radiation component in blazars, i.e. in
AGN with strong jets pointing towards us, while it is negligible for radio-quiet AGN. We
refer to standard books, Rybicki and Lightman [e.g., 575], to read more about different
mechanisms of thermal and non-thermal radiation.
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Another important component of the AGN emission is reprocessing of the primary
radiation. This happens very close to the black hole in the accretion disk, as it is illustrated
in Fig. 31] (left panel), as well as at more distant structures, such as AGN tori. The
reprocessing at tori usually produce a large fraction of infrared emission because the
AGN radiation heats the dust there. The reflection at the innermost disk is particularly
interesting in the X-ray domain, because the reprocessed emission there can even overcome
the primary radiation that is declining at high energies. The most prominent features of the
innermost X-ray reflection are the broad iron line and the Compton hump. These spectral
features can be used to derive the basic parameter of the central black hole, its angular
momentum (spin), as it is shown in the next chapter.

Figure 32. A computer-generated image of a black hole accretion disk, as seen by a distant observer

at Oipc = 80 degree inclination view angle [107]. A black hole shadow develops in the central

part of the image, surrounded by a set of narrow rings of photons encircling the black hole along
indirect, highly bent rays.

Strong-gravity effects in radiation signal from accretion disk

Accretion disks may be seen as axially symmetric and stationary at the zero approximation.
However, a variety of non-axisymmetric perturbations are known to develop, grow and
influence their structure. This leads to the fluctuating observed signal with characteristic
imprints of the black hole strong gravity in continuum and spectral-lines [2335) 338]].
Relativistic effects can be described within the geometrical optics, where photons follow
null geodesics towards a distant observer. The radius of the emission site and the viewing
angle (inclination) of the observer with respect to the disk plane are the main parameters
for the signal arising near the inner edge, supplemented by the black-hole spin [217,1324].
These imprints can be characterized in several steps.

Each pixel within the detector plane corresponds to a photon ray arriving from the
source, namely, the accretion disk surface z = z(R). Photon trajectories are not straight
lines in space, leading to a distorted image (Fig. [32). Radiation intensity transforms
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from the local disk frame, IR(R,z(R);vR, u®), to the observer’s (laboratory) frame,
I"(R, z(R);v", u"), and propagates to the detector plane (here, u is the directional cosine
of the emerging photon measured from the normal to the disk surface.).

The gravitational field of the central object and the disk modify the shape of spectral
features coming from the disk [[151} [152] 375]]; this is apparent especially at high view
angles and with fast-rotating black hole, where photons experience large line-of-sight
velocity and the radiation is produced mostly at very small radii near the black hole.
Finally, Laor and Netzer [378] studied continuum spectra produced by self-gravitating
disks, whereas Karas et al. [329], Schee [582]], and Usui et al. [[649] calculated the predicted
profiles of spectral lines within the framework of exact general-relativistic solutions. These
approaches give an improved (consistent) picture where the matter of the accretion flow
generates radiation and, at the same time, the accretion disk mass modifies its internal
structure and acts back on the emerging photon rays as they travel toward the observer.
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Figure 33. Left panel: contour lines of three governing functions in the equatorial disk plane
(r, ¢) that determine effects of strong gravity of the central black hole onto observed radiation
from a Keplerian disk: (i) the overall (Doppler and gravitational) energy shift g(R, ¢) (red); (ii)
local emission angle (in degrees) with respect to disk, affected by the relativistic aberration (green);
(iii) time-delay (in geometrized units) due to light travel time from the disk plane to the distant
observer located at large radius. Parameters of the plot: view angle 6, = 60 deg, spin a/M =0
(Schwarzschild black hole — the black circle). The grid extends up to 70GM./c?; ISCO radius
Rms = 6GM,/c? (yellow circle). Right panel: the resulting (computed) profiles of the relativistic
spectral line. Effect of the overall broadening and skewness are apparent (more profoundly for
edge-on view angles). Different power-law radial profiles of the intrinsic emissivity J(r) o r™"
have been laid on the accretion disk with several view angles u = cos i,c. Energy on the horizontal
axis is normalized to the line intrinsic energy; the radiation flux on the vertical axis is in arbitrary
units. For a direct comparison with previous papers we selected the case of a rapidly rotating Kerr
black hole a/M = 0.998 and an accretion disk extending from the innermost stable circular orbit
[ISCO; other parameters as in|375].
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In order to reveal the spectral profile, we calculate the total observed flux of radiation
by collecting photons,

FY ") 0=, = / I (V") R 00,626, dS.- (119)

(Over observer’s plane)

A typical double-horn skewed profile arises in the observed spectral line [219} 414, 415].

Doppler factor, g = g(r;a/M,60inc) = 1+ 2z = Eqps/Eem, characterizes the redshift
function z between the emitted (subscript “’em”) and observed (“obs”) of photons orig-
inating at different sides of the source (increase of the energy at the approaching side,
and vice versa at the receding side of the disk). This relates to the change of radiation
intensity by the corresponding factor g3. The effect tends to enlarge the width of the
spectral features and to enhance the observed flux at its high-energy tail. In addition
to the special-relativistic effect, the overall gravitational redshift of General Relativity
contributes to the g-factor and affects mainly photons coming from the inner parts of the
source in the deep potential well. Finally, the gravitational lensing enhances the emerging
flux from the far side, i.e., the section of the accretion disk at the upper conjunction with
the black hole; this leads to the enhancement of the observed flux around the centroid
energy (see Fig.

Let us remind the reader that the central (Kerr) black hole is assumed to be the only
source of gravitational field in and there are no secondary bodies influencing gravitationally
the inner disk. This may not be true in the case of binary SMBHs that can warp the disk;
furthermore, an alternative description of gravity, if viable, could modify the standard
picture described here.

Light rays of the geometrical optics approximation are determined by Maxwell’s
equations for the electromagnetic field tensor. In the vacuum we can write

F*, =0, *FM, =0, (120)

where the asterisk denotes a dual tensor. The associated electric field components are
projections onto observer’s four-velocity, E¢ = F "ﬁuﬁ, and an electromagnetic wave is
defined as a solution of the form

Fop = Re [uaﬁ eﬁ‘w(x)] . (121)

Two scales are introduced at this point. The phase y(x) is a a rapidly varying function,
while the amplitudes u,p vary slowly. We can thus define a wave vector, ko, = ¢4,
which obeys parallel transported along the null geodesics, kq.g kP =0, kok® = 0. The
propagation law in the empty curved spacetime thus reads [202, 207]]

DFop = 20F a5 =0, (122)

where 0 = —%k“;a describes the expansion of null congruences, D = u®*V,. Superposi-
tion of the above-described influences is modeled and explained with Fig. [34435] where

3 See also https://astro.cas.cz/karas/papers/ky/default.htm for further details.
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Figure 34. Explaining the formation of relativistic spectral line profiles originating from a range
of radii within a geometrically thin, planar, Keplerian accretion disk that resides in the equatorial
plane of a moderately spinning Kerr black hole (a/M, = 0.4). Left panel: intrinsically, the line
has a narrow (8-type) profile centered around the rest-frame energy 6.4 keV. The composite profile
(black) consists of contributions from four azimuthal segments in the disk, as indicated by different
components and described in the figure legend. The approaching side of the disk creates the
amplified high-energy wing (blue), whereas the receding part is weaker and shifted toward the less
energetic part of the spectrum (red). Right panel: Examples of the line profile broadening that
arises from different radii and observer inclinations, as indicated within the plot.

we show the dependence of the predicted profiles on the parameters in comparison with
simulations in the original works [334, 1352, 375]]; we notice an excellent agreement and
give the values that can be useful especially for tests of new numerical codes. Furthermore,
in Figs. we explore dynamical spectrum expected to be seen from an orbiting spot
or a similar kind of a feature of enhanced emission on the accretion disk surface; time
resolution offers a significant improvement to constrain the line-producing region but the
observation requires much longer duration and sensitivity to capture enough photons.
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Figure 35. The dependence on the black hole spin and the inclination angle for the predicted
profiles from a ring extending between (6—10) GM /c? [other parameters as in[352].
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Figure 36. An artistic sketch of spiral patterns on an accretion disk as another physically motivated

origin of quasi-periodic modulation of the incoming radiation signal. Spiral-wave structures

produce a rich variety of spectra and light curves, broader than what we can explain with the help

of strictly localized spots. This scheme is complementary to the idea of instant off-axis flares

inducing the observed line variations and it enables us to restrict the geometry of the source by
means of the reverberation technique. Figure adopted from Karas et al. [330].

Let us make an obvious but important remark, notably, that the above-mentioned
idealized scheme must become more complex in realistic astrophysical circumstances.
This leads to additional degrees of freedom of the system and causes some kind of
degeneracy between parameters (they cannot be constrained in a unique way, instead,
the best-fit procedure can find during the minimization process different local minims).
Hence, one needs more accurate observations and improved signal-to-noise resolution in
order to constrain the models. This complication is demonstrated in Fig. [38] where we plot
exemplary profiles of a spectral line influenced by additional diverse effects, including the
self-gravity, which have been ignored in previous models [649]. Likewise, a geometrically
thick (flaring) vertical profile of the accretion disk surface and/or the presence of warps
need to be taken into account especially at higher luminosity [162] [636], but these have
been neglected in the past mainly for the sake of simplicity of calculations.

In the presence of a refractive and dispersive media the approach of relativistic geo-
metric optics in curved spacetimes was extended [20, [70] and then implemented numer-
ically for practical computations [e.g. [541]]. The effects of gravitational lensing in the
curved spacetimes combine with refraction as light rays propagate through the medium.
Kinch et al. [345]] have matched general relativistic magnetohydrodynamic (GRMHD)
simulations with a Monte Carlo radiation transport code; this allows the authors to de-
termine the X-ray flux irradiating the disk surface and the coronal electron temperature
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Figure 37. A time-dependent model spectrum produced by a non-axisymmetric pattern (spiral
wave) orbiting within a black hole accretion disk. Left panel shows the predicted radiation as
detected by a distant observer (moderate inclination angle i, = 50 deg). The energy-integrated
light curve and time-integrated spectrum are shown as projections of the full dynamical spectrum.
In a typical situation of an AGN accretion disk, and especially for small radii and intermediate to
large inclination angles, most of the line emission arises from only a small fraction of the orbit.
Right panel: observed energy of the spectral line vs. orbital phase of the pattern. The color scale
of the diagram encodes different levels of the observed flux (red corresponding to the maximum
enhancement, blue the minimum flux; Karas|2006). This can be compared with an early evidence
in Iwasawa et al. [310].

self-consistently, leading to self-consistent predictions for the relativistic Fe Ka spectral
profiles. Having in mind the applications to present-day X-ray observations, the energy
shifts, gravitational lensing and time delays are the principal effects which originate from
general relativity and can be currently tested with data that are in our disposal. Polarimetric
information is more complete [556] and the relevant technology is available, however, it
reaches beyond capabilities of present observational instruments available in the orbit [58]].

The relativistic polarization tensor is defined as Jo 8,5 = % (FupFys), andits projections
Japys u” u = (EwEﬁ) are introduced. Four parameters S, are then given by
(kou®)*F,, where F, (A =0, ... 3) are constructed by projecting the polarization

Jop =
S, = %
tensor [21]. These quantities satisfy the relations Jaﬁuﬁ =0, Jaﬁkﬁ =0, w = uyk® and
can be connected with the traditional definition of the Stokes parameters [94, [123]].

The normalized Stokes parameters are defined s; = S1/So, so = S2/S0, and 53 =
S3/So. The degree of linear and of circular polarization is I1; = 1/s% + s%, I, = |s3],

and the total degree of polarization IT = /le +I12. By propagation through an arbitrary,
curved (but empty) spacetime, the radiation flux obeys the relation, F, . dS, =F,  dS
from which the redshift z relates the photon energy at a point of emission with that at a
distant observer,

_ (kaua/)em kA

l+z= , =5 o
: (KaUa)obs 4 (1+ Z)ZdS

(123)
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Figure 38. Examples of synthetic emission-line profiles from an accretion disk, taking into account
a variety of relativistic effects (Doppler and a gravitational shift of frequency, lensing of the
observed radiation flux due to gravity of the central black hole) as well as the self-gravity of
the accretion disk. The latter influence should be taken into account in realistic models of AGN
spectra (in case of the fluorescent iron line in the X-ray domain) because it must inevitably be
present. The disk material orbits at a speed that is different from the Keplerian velocity due to
self-gravity of the disk matter. Different curves illustrate effects of the black-hole rotation a/M,,
observer’s inclination 6;y., and different disk models (typically, Myisx / Mo ~ 10‘2). The inclination
angle varies over different panels from a small value (pole-on view — top left, narrow line) up to
Oinc = 80 deg (almost edge-on view — bottom right, relativistically broadened and skewed profiles).
In each panel, contributions from different radial regions of the disk are indicated by different line
styles, while the total flux from the entire disk is plotted by the solid line (background subtracted
and normalized to the maximum). Figure adapted from Karas et al. [329].

For example, in the case of a thin rotating disk near Kerr black hole, the redshift factor
z and the local emission angle © are given by

3/2 _3,1/2 49 1/2
l47=" r q cosp=21_. (124)

P2 ya—¢ r
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¢ and n are constants of motion.
The gravitational field of a Kerr black hole @]) can be written in the form [453]]

sinZ @

ds® = —%(dt—asin20d¢)2+%dr2+2d92+ [a dt—(r* +a?) d¢]2 (125)
in Boyer-Lindquist spheroidal coordinates, where A(r) and X(r, ) are known functions.
The horizon occurs at A(r) = 0. Assuming sub-maximal rotation, |a| < 1, the outer radius
is found at the dimension-less radius r = 1 + (1 — a%)'/? and it hides the singularity from
a distant observer. As a purely GR effect, as soon as a # 0, all particles and photons are
dragged by the rotation of the black hole (the frame-dragging effect).

Eq. (123) shows that the polarization properties of the disk emission are modified by
the photon propagation. As the reflecting medium has a disk-like geometry, a substantial
amount of linear polarization is expected because of Compton scattering. In order to
compute the observable characteristics (i.e., different polarization modes), one has to
combine the reflected component with the primary continuum. The polarization degree of
the resulting signal depends on the mutual proportion of the different components. Future
X-ray satellites will be essential to study GR in the neighbourhood of accreting black holes
with outstanding precision, including the polarimetric information.

It is worth noting that the precise shape and variability of the spectral features reflects
the intrinsic microphysics of the emitting medium and parameters of the black hole (spin),
but it also depends on the gravitational theory that determines the photon propagation.
Therefore, this opens a promising way to verify (or reject) the predictions of Einstein’s
theory vs. alternative viable theories [for reviews, see|135,1682]]. It has been proposed that
the detailed features in radiation spectra from accreting black holes and the morphological
features shaping the black hole shadows bear tiny signatures that could reveal departures
from General Relativity [35, 141, 312 and further references cited therein], although the
effects are far too small to be seen at the available resolution of present-day data. In
this context an exciting new avenue has been recently opened with the prospects to apply

the currently available advanced technology of X-ray polarimetry during the forthcoming
decade [364,1613,1676, [715]].

2.3. X-ray reprocessing in accretion disk coronae

The X-ray emission produced in AGN is widely accepted to originate via the inverse
Compton scattering of thermal UV photons that are scattered in a hot plasma consisting
of relativistically moving particles [278, 279, 600]. Such spectrum can be described as
a power law from the range ~ 3 kTyp to kT, [627], where kTyp is thermal black-body
emission from the accretion disk and k7, is the electron temperature of the corona. For
typical parameters of an AGN super-massive black hole, this range corresponds to energies
from a few tens of eV up to a hundred of keV.

It was originally proposed that the AGN corona can originate due to vertically trans-
ported heat from the accretion disk by convection [75,1384] or in magnetically confined
loop-like structures similar to the observed structure of the solar corona [240]]. The major
difference between the solar and AGN corona consists in the amount of power that can be
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released into radiation. While the solar corona contributes to the total flux by less than
one percent, the contribution of the X-ray corona in AGN can be any depending on the
exact physical and geometrical conditions. The fraction of the corona emission mainly
depends on the accretion state that is determined by the accretion rate. Low-accreting
sources are accompanied with much stronger corona than highly accreting sources, as
seen mainly from the spectral-hardness changes observed in accreting stellar-mass black
holes in X-ray binaries [437/,/560]. But a similar trend is also observed for AGN. The ratio
between the optical and X-ray flux, the aox parameter, increases with the UV luminosity
(394,442, 1616].

Nature and geometry of the X-ray corona

Despite large theoretical and observational attempts in the last decades, the basic questions
about the nature and geometry of the corona still remain open. Different heating mech-
anisms have been proposed from convection of the heat through accretion disk surface
to include magnetic reconnection and flares that instantaneously heat the corona. From
different considered heating mechanisms, different geometries have been proposed. The
corona might be extended, “sandwiching” the disk like its ionized plane-parallel atmo-
sphere [278},1384, 13871405, 571,572, 722], or “patchy”, related with the single flares due
to magnetic reconnection [159} 176, 240]. Even for the sandwich-structured (also often
called as two-phase corona), the importance of the magnetic dissipation of energy as the
heating mechanism was noticed [[177, 388 603].

Another often considered geometry of the corona is the so-called “lamp-post” model
(185,415, 416,489]. This model approximates the corona to be a point-like source above
a black hole on its rotational axis. The advantage of this setup is mainly the simplicity of
the model that can be used for calculating the spectral shape of the primary as well as the
reflected radiation from black hole accretion disk. Thus, it can be easily used for fitting
the observed X-ray spectra [[165, [184]], on contrary to e.g. a patchy corona where many
additional parameters would be present. The physical motivation of such a model is that
it can well approximate a base of the jet [410] or a collision of shocks in an aborted jet
[254]], or simply a very compact corona.

The high compactness of the X-ray corona is suggested from X-ray observations. The
first indication came from measuring steep radial-emissivity profiles of X-ray reflection
spectra of several AGN, such as MCG -6-30-15 [220), 1449, 1654]], 1HO707-495 [167, 222,
679, [720], IRAS 13224-3809 [544], and Mrk 335 [680], as well as X-ray black hole
binaries, such as XTE J1650-500 [450]], GX 339-4 [446], and Cyg X-1 [221]]. The radial
emissivity describes the function of the reflection emissivity on the radius from the centre.
The measured indices reach values up to ~ 7 (i.e. the reflection emissivity ~ r~’), which
can be hardly explained without requiring a compact X-ray source and strong light-bending
effects [166,1185,1629]. Another independent indication of high compactness of the corona
comes from the gravitational microlensing of quasars. Recent results from monitoring
observations of lensed quasars [126]] showed that the X-ray corona can indeed be as
small as 30 R,. In some cases, such as RXJ 1131-1231, the region producing the X-ray
continuum is suggested to be even smaller, about ~ 10 R, [[163]].
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Nevertheless, any realistic corona cannot be obviously just a point-like source, but has
to have some spatial extension. Dovc¢iak and Done [183] have investigated the minimum
size of the corona to be still able to up-scatter enough photons to produce the observed level
of Comptonized emission. The authors found that any plausible corona has to be at least
a few gravitational radii in size and showed that some extreme cases of low height mea-
surements, such as & < 3 R, in 1H0707-495 [167], would require large super-Eddington
intrinsic flux. Therefore, a strict lamp-post scenario of the corona with no spatial extension
needs to be considered only as an approximation that allows us to make rough ideas of the
corona compactness and how important could be the relativistic effects in spectra, such as
light bending, gravitational redshift and aberration [[185, 448]].

Moreover, if the corona represents the base of the jet, also the kinematic properties of
the corona would affect the resulting X-ray spectrum including the reflection component
[166,237]]. A dynamic spatially extended corona was studied by Wilkins and Gallo [680]
who reported a dynamic evolution of the corona in a Seyfert I galaxy Mrk 335. The
changes in flux, power-law photon index and reflection emissivity profiles were explained
by changes of an X-ray primary source from an extended flat corona to a vertically
collimated structure during high-flux states and finally to a compact region (explained as a
failed aborted jet) during low-flux states when the flux dropped by an order of magnitude.
Such low-flux states are not explained due to a sudden decrease of seed thermal photons
(e.g. by a rapid drop of the accretion rate) but rather in the context of the light-bending
scenario where a large fraction of radiation is captured by a black hole or bent from the
direction towards the observer when corona gets too close to a black hole [[164, 448]].

On the other hand, when the low-flux state is due to the low accretion rate and a lack
of the thermal seed photons, a large extended corona can be built on top of the accretion
disk. Such geometry is often called as a “two-phase” or a “two-temperature” accretion
flow [278, 1387] where the cold phase is the accretion disk and the corona represents
a hot accretion flow. If the accretion rate drops below a certain value, the accretion
disk may evaporate and the whole accretion flow comprises only the coronal hot flow
[389]. Such an accretion flow is advection-dominated (ADAF) and radiatively inefficient
[474]]. Observationally, it corresponds to a low-hard state in X-ray binaries when the X-ray
spectrum is hard and the thermal emission is diminished.

In the two-phase accretion flow, when the disk becomes luminous, many photons
are Comptonized in the corona, which implies cooling of the hot flow and thus signifi-
cant weakening of the X-ray emission from the corona [441]. Therefore, the Compton
cooling prevents ADAF-like coronae to exist in high-luminosity states, which also nat-
urally explains the observational fact that the large powerful coronae are not present in
high-accreting sources [442]].

The ADAF-like coronae are geometrically thick and optically thin. However, a
two-temperature accretion flow may still exist when the heating mechanism is via magnetic
dissipation through thin active regions on the thin disk [177]]. Most of the magnetic energy
is acquired by protons that transfer the energy via Coulomb collisions to electrons and
compensate the energy losses due to cooling via inverse Comptonization of photons. Such
model would allow the existence of a plane-parallel corona above the accretion disk in
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standard AGN. The Comptonizing effects of the corona do not apply only to the thermal
emission but also to the X-ray reflection [617, 1681]].

Measurements of the X-ray corona temperature
The main physical characteristics of the corona is its temperature. From the virial theorem,
the temperature of particles near black holes can be expressed as:

GM, 2
KTy = ——200 o B (126)
r r/Ry

and thus it does not depend on the black hole mass but only the mass of the particles.
The proton temperature is of order of a few MeV, while the electron temperature is
Tyir = 25(r/ IOrg)‘1 keV. The radiation is produced mainly by scattering on electrons and
thus the electron temperature determines the resulting spectrum. The X-ray power law is
exponentially decreasing as:

A(E) = KE Te"E/Ea) (127)

where I" is the power-law photon index and E; is the high-energy cutoff. The high-energy
cutoff is related to the electron temperature as:

Eew ~ 2 —3KkT,, (128)

where the lower value is appropriate for the optical depth 7 < 1, while the higher value is
for T > 1 [536l]. The optical depth can be determined from the electron temperature and
the measured photon index I'.

The advancement of hard X-ray detectors onboard NuSTAR space mission [284]] lead
to the first precise measurements of high-energy cutoffs in AGN [218]. The authors
conclude that AGN coronae are hot and radiatively compact and the pair production and
annihilation play important role in forming the spectral shape.

Relativistic effects on the cutoff energy measurements
In previous chapters, we discussed the relation between the spectral high-energy cutoff and
the corona temperature. The observationally constrained cut-off energy can thus determine
the physical nature of the corona. However, such measurements can be strongly affected
by relativistic effects, namely by the gravitational redshift when the corona is compact, or
by the Doppler shift when the corona is highly rotating, or by the combination of both.
The relativistic redshift of the high-energy cutofts was first considered by Fabian et al.
[218], who employed the geometry of the corona from the lamp-post height constrained
by the reflection models of the soft excess, the iron line, and the Compton hump. The
energy shift of the emission from a point on the black-hole rotational axis at a given height
h from the centre can be calculated as:

/ h* = 2h + a?
8= Eopserved/ Eintrinsic = W . (129)
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Figure 39. The energy-shift factor plotted as function of an outer radius of a flat disk-like rotating

corona, emitting a cutoff-powerlaw (I' = 2) spectrum, for various inclination angles, assuming

constant emissivity for extreme Kerr and Schwarzschild BH (solid and dashed lines, respectively)

and a r~3 emissivity profile for the case of the disk-corona around Kerr BH (dotted lines). The

black solid line shows the energy-shift factor in the case of the lamp-post geometry (in this case,
the roy¢ values on x-axis correspond to the height). Adapted from Tamborra et al. [635]].

The observed power-law emission with a high energy cutoff has the form:

-E
Fobs = NE_FGXP (gET) . (130)

cut

The lamp-post corona represent, however, a static and dimensionless model. Tamborra
et al. [635] considered also the other extreme case — a flat disk co-rotating corona, and
noted that a realistic corona should be something in between. In such geometry, the energy
shift g is not a single value but is an integrated value over the corona extent. Tamborra et al.
[635]] showed that the resulting profile of the corona emission can still be approximated
by Eq. with a g-factor being not a precise value but the fit of the intrinsic integrated
emission by a model defined by Eq.[I30} Such g-factor is shown in Figure[39|for different
considered cases.

The energy shift of the cutoff energy in the disk co-rotating corona model is a function
of an outer radius of such corona. If the corona is compact and the outer radius is
within a few gravitational radii, then similarly to the lamp-post model, the cutoff energy
is more redshifted the more compact the corona is. However, the energy shift in the disk
co-rotating corona model strongly depends also on inclination, as it is shown in Figure[39]
When compared to the lamp-post model (black solid line in the plot), the larger redshift
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is obtained for inclinations lower than 30 degrees, and vice versa for higher inclinations.
The higher redshift is mainly caused by integration of the corona emission down to the
innermost stable circular orbit, but also the transverse Doppler shift contributes to the total
redshift in the low-inclined systems. On the other hand, the Doppler boosting of emission
coming from the matter moving rapidly towards the observer dominates for highly-inclined
systems. As a consequence, the measured cutoff energy may become even blueshifted for
inclinations as large as 80 deg.
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3. Processes relevant for outflows and jets

“Science progresses best when
observations force us to alter our
preconceptions.”

— Vera Rubin

3.1. Strong-gravity and electromagnetic fields

The electromagnetic field is governed by Maxwell’s equations, the set of first-order dif-
ferential equations for the electric and magnetic intensity vectors. When expressed in
the equivalent (perhaps more elegant) four-dimensional tensorial formalism, the mutually
coupled equations can be unified; the electric and the magnetic field components are then
comprised in a single quantity. The latter approach is particularly useful in the framework
of the Special Theory of Relativity. Whichever of the two equivalent formulations is
preferred, one has to tackle differential equations and, therefore, the appropriate initial
and boundary conditions must be specified in order to fully determine the structure of the
field. As the original literature, review articles and textbooks are numerous on the subject
of astrophysical applications of magnetized plasma embedded in combined, mutually
interacting gravitational and electromagnetic fields [e.g. 425, 1428]] we will add to this the
context of idealized analytical solutions that allow us to gain some additional insight into
physical mechanisms.

The cosmic environment is often ionized and the local electric field component is
thus efficiently neutralized in the frame comoving with the highly conducting medium
(force-free approximation). On the other hand, magnetic fields are abundant throughout
the interstellar and intergalactic space and their intensity can grow to enormous magnitude
especially near rotating compact stars and pulsars [65) 264]].

Maxwell’s equations are not directly coupled with Newton’s gravitational law; one
could thus conclude that there is no immediate relation between the electromagnetic field
of the body and its gravitational influence. Not so in General Theory of Relativity. Energy
density of the electromagnetic field, as of any other field, stands explicitly in Einstein’s
equations for the spacetime structure, contributing as a source of the gravitational field.
Einstein’s and Maxwell’s equations must be thus considered simultaneously and this
makes the whole system of equations difficult to solve in full generality. Fortunately,
the energy density contained in realistic electromagnetic fields turns out to be far too
low to influence the spacetime noticeably. Test-field solutions are adequate and accurate
enough under such circumstances. Here, by test-field solutions one means the solution of
Maxwell’s equations in a fixed (albeit generally curved) spacetime, whose structure can
be pre-determined by solving Einstein’s equations with no electromagnetic terms present.
Maxwell’s equations are solved afterwards and, by assumption, they have zero impact on
the gravitational field. This is also an approximation which we will adopt to start our
discussion, but we will abandon it later to see the difference and understand the interaction
between Einstein—Maxwell fields.
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We first assume the spacetime of a rotating black hole, namely, Kerr metric; see
Misner et al. [453]]. Different arguments can be put forward to demonstrate that magneto-
hydrodynamic effects often dominate the behaviour of cosmic plasma and must be taken
into account even very close to the black hole event horizon. On the other hand, in the
immediate vicinity of the black hole, in particular within the ergosphere of a fast rotating
black hole, the gravitational effects must eventually prevail. Also near compact stars
the gravitational terms cannot be ignored, and so the general-relativity MHD has to be
employed. Here we will confine ourselves to the basic arguments in circumstances where
gravitational effects cannot be ignored. The main intention is to describe the assumptions
and to suggest selected references that would help entering the complex subject. We will
start with axially symmetric and stationary flows, so that the system is further simplified
by the presence of the additional symmetries.

The aim of this chapter is to outline the basic equations governing the coupled
Einstein—-Maxwell field and to mention different limits: the electro-vacuum case vs. MHD
case with plasma connected to the evolving magnetic field; and test (weak) electromagnetic
fields vs. exact solutions of the full set, where the energy density of the electromagnetic
component contributes to the space-time curvature. We will also mention the generating
techniques that have been developed in order to find new solutions. These approaches
have been found particularly useful in adding the magnetic terms (“‘magnetizing”) to
originally unmagnetized black-holes and to reveal the impact of mutual interaction of
Einstein—-Maxwell fields. Indeed, this interplay is interesting and non-trivial: asymptotic
flatness is lost, singularities develop even outside the event horizon, solutions change their
topological classification, etc. We will give references to selected useful works but the
limited space does not allow us to present a complete overview; we do not aim to give a
comprehensive list of the literature. An extensive pedagogical exposition can be found in
textbooks [[114, 1552, 1566].

Let us note that the influence of large-scale magnetic fields upon the space-time
metric can be characterized by dimensionless parameter § = BoM, where By is the
field strength and M is the mass of the object in geometrized units. Considering the
above-mentioned limit on the field strength near a one solar-mass compact body, we
obtain 8 ~ 10 B5(M/My) < 1, where Bis = Bo/(10°G). Such magnetic terms
contribute very substantially to the spacetime metric on spatial scales of » ~ 8~! which
in physical units, corresponds to the length-scale of ~ 10° km. In the case of intergalactic
fields the magnetic intensity is small, typically below 1 uG, but near the supermassive
black hole the fields frozen into accreting plasma become amplified by many orders.
Specifying M = 10° M, and By = 10* G we have 8 = 1077 and the critical length-scale is
= 106Rg. Let us note that the transformation to physical units is achieved by relations
M = GMppys/ ¢2 for the mass and By = G/ 2Bphys /c? for the magnetic field parameter.

Historically, the field of astrophysical MHD has been covered in textbooks and review
articles; see, e.g., Cowling [147]]; Melrose [428]; Zeldovich [711]; Lynden-Bell [396]. The
applications range from solar physics to accretion disks in galactic nuclei; in our context,
the original motivation comes from the studies of particle acceleration near neutron
stars where strong electromagnetic fields and inertial effects are present [259, 1444, 509],
and where the strength of the magnetic intensity is maintained and further enhanced by
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accretion. Magnetic fields can be amplified by the dynamo action in the disk (Balbus and
Hawley [137]; Krause et al. [363]]; Balbus [36]).

The set of coupled Maxwell’s and Euler’s equations are the essential prerequisites to
start with in the classical framework of non-vacuum equations. We can follow a highly
simplified exposition with

4r . 10D
vxB = ZLj+-2 v.B =, (131)
c c Ot
1B
VXE = ———, V-E = 4rnp. (132)
c Ot

with p. and j being density of all electric charges and currents (e.g., Karas [318]). Euler’s
equation adopts the appropriate form:

p)
pa—:+pv.Vv - _VP+ f (133)
with
f=fL+fe=pE+c'jxB-pg (134)

being the Lorentz and gravitational terms, respectively. Mainly for the sake of simplifi-
cation the assumptions about axial symmetry and stationarity are imposed. Although the
general relativity effects have not been taken into account, a straightforward reformulation
is possible in which the form of the field equations remains almost identical even if strong
gravitational fields are present [3+1 formalism; 399, 639].

The primary distinction between the models with and without a black hole consists in
different boundary conditions imposed upon the electromagnetic field, which threads the
black hole horizon. The relevant Maxwell equations describing the field outside the black
hole horizon can be solved by introducing appropriate imaginary currents flowing on the
surface of the horizon. These are defined in such a way that the boundary conditions are
satisfied. Currents flowing along the field lines can thus close a circuit and the energy
extraction is then described in an analogous way as in the discussion of magnetized disks
or as in the theory of pulsar emission [82, [113]].

Let us first employ the three-vector formalism in the classical form. The above-given
equations can be simplified by assuming the force-free approximation,

peE+c'jxB=0. (135)

The physical interpretation and consequences of the above relation require a thorough
discussion. Equation (I33) tells us that inertia of the material is neglected. In other
words, the influence of the Lorentz force acting on plasma in the comoving frame gets
neutralized immediately by induced electric currents; perfect conductivity is thus assumed.
A dimension-less condition for the validity of the force-free approximation is pI'v?/B? <
1. This corresponds to a similar assumption of ideal MHD,

E' =E +c'vxB =0; (136)
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where E’ is the electric field in the local system attached to plasma, and the two forms
become equivalent if the current density is proportional to the velocity of the medium,
J = pev. A more general formula for the current density that still satisfies the force-free
assumption (I35) has a form j = pev + uB; u is a scalar function to be determined.
Both the force-free and the perfect MHD fields are degenerate, i.e. E - B = 0. The
approximation of ideal MHD can be understood as an assumption about perfect electric
conductivity of the material. Substituting

j=cE (137)

for the vector of electric field from Ohm’s law (o~ designates specific conductivity of the
medium) and assuming perfect conductivity (o0 — o), we find

Vx(vxB) = 6_B (138)
ot

Equation expresses the freezing of the magnetic field in plasma material. The reason

for this denomination is evident upon realizing that the magnetic flux across an imaginary

loop ¢ flowing together with the medium can be written as a sum of two terms, the first

one being determined by motion of the loop,

/ Vx (v X B)-dS = %(v X B)-df = — fB-(vxdt). (139)
S 4 14

The term 0 B/dt on the right-hand side of (138)) corresponds to the change of the magnetic
flux due to the explicit time-dependence of B,

0B
—.ds. 140
=7 (140)

Equation (138) thus expresses the fact that the magnetic flux across any arbitrary closed
loop remains constant. As we have seen before, one can also understand this equation as
a condition for the electric field to vanish in the rest frame of plasma.

Now we can examine the basic relations valid of axially symmetric magnetohydrody-
namic equilibrium configurations under forces of (weak) gravity. The relevant equations
are capable of describing, for example, magnetospheres and collimated outflows from
aligned rotators and magnetized accretion disks, as derived in detail by Camenzind [113]]
and Lovelace et al. [392]]. To remind the reader about the assumption, we adopt the axial
symmetry and stationarity: we set 9/0¢ = 0, d/dt = 0 in all formulae. Starting equations
are the mass conservation law (the continuity equation); the momentum conservation law
(Euler equation, supplemented by the relation for the external force f = % JXB - pg,
where we assume an electrically neutral plasma, p. = 0); and Maxwell’s equations with
the perfect MHD constraint. The gravitational acceleration g is linked to density via the
Poisson equation, V2® = 471G p, and, finally, it has to be supplemented by the first law of
thermodynamics and the equation of state to close the set of equations.



3. Processes relevant for outflows and jets 103

It follows from Faraday’s law together with the conditions of axial symmetry and
stationarity (V X E = 0) that the toroidal part Et of electric field vanishes,

Eé =Ep-ET=0. (141)
The condition of perfect MHD implies the relation for the poloidal flow velocity
vp = £Bp, (142)

where £(R, z) is a (yet undetermined) scalar function. It is advantageous at this point
to introduce into the Maxwell equations the vector potential A and the scalar magnetic
flux function, ¥(R,z) = RAs. Components of Bp in terms of ¥ read Bx = -V /R,
B, = Y /R, where the coma denotes partial differentiation. It is now evident from

equation (142)) that
4npé = Fi(¥), (143)

where F;(¥) is an arbitrary function to be specified by the boundary conditions and
symmetries of the required solution. (We have applied the Maxwell equation V- B =
V - Bp = 0, and the continuity equation.) We will see that there is a set of such functions of
¥ that determine a specific solution. Each function can be identified with some conserved
quantity (derivation of Fj utilizes the mass conservation equation). The existence of
flux functions, which remain constant on magnetic surfaces ¥ = const, is crucial in
investigating axisymmetric hydromagnetic flows (see Chandrasekhar [124]]).
It follows from vp = ¢ Bp [Eq. (142)] that

vy —EB
va:vTpr+vprT:¢T§¢V‘P. (144)

Curl of the last equation vanishes in accordance with the perfect MHD condition and
Faraday’s law so that another stream function, F;, can be introduced in the following way:

V¢ - §B¢

= =R, E= —c 'R (P)VY. (145)

Further relations are obtained by projections of the Euler equation and can be derived via
straightforward but lengthy manipulations. The toroidal part reads

BP'V (RB¢ - FlRV¢) . (146)

For analogous reasons as those that have been presented with equation (I42)), the term in
parentheses is also a function of ¥ only, say F3(¥). Other two independent relations can
be obtained by projecting the Euler equation into the poloidal plane. The projection along
Bp yields the Bernoulli equation

dp
%v2+‘/ — +® - RvyF3 = Fy(P). (147)
y

=const P
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Compared to the hydrodynamical form of the Bernoulli integral, in which electromagnetic
effects are not considered, the additional term Rvg4F3 corresponds to the electromagnetic
(Poynting) energy transport. The projection of the poloidal component of the Euler equa-
tion to the direction parallel to VW serves as a Grad—Shafranov master equation that can
close the set of independent equations (for the application to black hole magnetospheres,
see e.g. Blandford and Znajek [85]]; Beskin and Kuznetsova [[66]]; Ioka and Sasaki [307];
Contopoulos et al. [143]). This is a non-linear differential equation for ¥, the explicit
form of which naturally depends on the equation of state and on stream functions Fy.
For example, we set F; = 0 if no poloidal flow of material is required a priori (the case
of disks). Force-free approximation to the Grad—Shafranov equation is equivalent to the
self-consistent form of the pulsar equation from the astrophysical literature (Cohen et al.
[136], Scharlemann and Wagoner [580]). Within the general relativity framework, its
applications to rotating compact stars and black holes have been examined by various
authors (see e.g. Kim et al. [344]). On the other hand, laboratory plasma in tokamaks are
often described within the approximation of a vanishing material flow, F; = F> = 0, and
negligible gravity, ® = 0.

Electromagnetic forces act on charged particles and may substantially modify the
structure of accretion disks. These have been originally explored in a series of papers
by Michel [444], Michel [445]. The inclusion of electromagnetic effects makes the disk
theory much more complex. A simplified approach is possible in terms of self-similar
solution of axially symmetric MHD equations [353]].

Let us consider a magnetized accretion disk in the equatorial plane and assume that
the magnetic field is frozen into the disk. The toroidal part of the field arises from
the dragging of the magnetic field by the disk material. It follows that By = By ey,
Bp :B—BTZBR8R+BZ6’Z.

Now the basic relations adopt the following form. The Maxwell equation V- B = 0
together with the consequence of axial symmetry, V- By = 0, yield V- Bp = 0. This
means that both the poloidal and the toroidal components can be separately associated
with unending field lines. The value of Ep follows from the force-free condition,

0=E =Ep+c ' (Qxr)xB, (148)

where Q = QF e means the angular velocity of each field line and r is the radius vector.
Charged particles move along field lines. Using VX Ep =0 and V - Bp = 0 we find

Bp-VQF =0. (149)

In other words, the angular velocity of each field line remains constant along its curve;
thus QF does not change along poloidal field lines. This result is called Ferraro’s law of
iso-rotation [232]].

The light surface is the locus of points where the velocity of the field lines approaches
the speed of light. Charged particles cannot corotate with field lines beyond the light
surface; instead, they are forced to move away and this is the basis of particle acceleration
around pulsars and possibly formation of jets in extragalactic sources. On the other hand,
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the accretion disk itself can serve as a source of particles. Assuming the perfect MHD
condition inside the disk, we obtain for the particle density

3 1
B 4nqe

1 1
n V.-E = V(v x B) = ~-QB;. (150)
C

_47rqec

Non-zero charge-density generates an electric field, which pulls charged particles out of
the disk.

Magnetic field lines threading the disk exert a torque on its material, G = R X (j X B),
and are thus a source of effective viscosity. Such a disk does not radiate (remember that we
are considering axisymmetric stationary configurations). Consider now a circle of radius
R centered on the symmetry axis. Ampere’s law yields Bt = 2J/cR. We have already
mentioned that in the force-free region currents flow along magnetic surfaces, but in the
disk and in the far region the force-free condition is violated and dissipation occurs. The
density of the electromagnetic energy flowing through the force-free region is given by
P =cE x B ~ ¢ Ep x By. Substituting for Ep from Eq. (148) we estimate the magnitude
of this vector as P ~ QRBpBr. Finally, Bp and Bt are to be determined in accordance
with the boundary conditions.

Magnetohydrodynamic equations are only applicable if the medium can be treated as
a continuum. This assumption does not hold in case of highly diluted, in which case the
mean free path of particles is comparable with other characteristic length-scales of the
system; small-scale turbulence may save the MHD approximation even at low densities but
large-scale magnetic fields break it in regions of strong magnetic dominance [311]. There
are various possibilities for extending the validity of the description in terms of continuum
beyond the ideal limit towards to include effects of finite resistivity. For example, unequal
directional action of the magnetic field on charged particles can be accommodated by
replacing the scalar conductivity o in Ohm’s law by a tensorial quantity. Eventually, the
extreme situations of highly rarefied magnetized plasma can be adequately described only
by adopting the kinetic theory.

In the guiding-center approximation one assumes that local gyrations and slow-drift
motions can be neglected [380]. This restriction requires the radius of the gyrations be
much less than a characteristic length-scale of the field inhomogeneities, and the period
of the gyrations to be much less than a characteristic time-scale of the field evolution.
If the conditions are satisfied one can average out gyrations and drifts. Instead of the
exact trajectory, one follows an imagined path of the center of gyrations. Flow lines of
plasma coincide with the common direction of electric and magnetic fields in the plasma
co-moving frame. The equation of motion of a particle of rest mass m( and electric charge
q then reads [332]

d 1
= (Tmgv) :Fmog+%(E+Ev x B), (151)

where I' is the Lorentz factor and g is the gravitational acceleration.
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3.2. General Relativity framework

Let us now generalize our discussion to the case of General Relativity (GR) framework for
axially symmetric MHD flows. In this section, very naturally, we will employ the standard
GR notation with geometrized units (¢ = G = 1) and the signature of metric —+++. First
we will still maintain the approximation of electromagnetic test fields (albeit in the curved
background), so that the spacetime metric is not electromagnetically influenced. The
set of equations of perfect magnetohydrodynamics can be written in the following form
(22, 1385].

Let us note that the environment of diluted cosmic plasma, accretion flows in particular,
has been permeated by magnetic fields of diverse magnitude and topology. In the context
of black-hole accretion the field lines can be either turbulent and highly entangled (on
length-scales ¢ < Rg, or they can be organized on much larger scales, as various simu-
lations indicate in the evacuated regions along the symmetry axis. Also time-scales vary
wildly, from the fields that change explosively (compared to the light-crossing time across
the event horizon, 7, ~ £/c) to steady systems that evolve adiabatically over much longer
(viscous) period. In following, to reveal effects connected with the overall geometry of the
system and associated effect of gravitation, we will concentrated on large-scale, organized,
slowly evolving fields.

Conservation of the particle number reads (pou");a = 0, with pg = mn;, where m is
the particle rest mass, n numerical density, u® four-velocity. Here we do not consider a
possibility of creation of pairs, which would break this conservation law. Normalization
condition for four-velocity is written u%u, = —1. As originally shown by Znajek [719]],
by employing the explicit form of the energy-momentum conservation 7%, s = 0, and the
definition of energy-momentum tensor in terms of material density p and pressure P, one
finds [537]]

TP =T+ TS (152)

where the right-hand side contains the source term divided in two components,

Tower = (0 +p)uul + pg®®, (153)
1 I
s _ B
Tovg = 4ﬂ( HF) = P Fug® ). (154)

with F,, = A, ,, — Ay,
The axial symmetry and stationarity guarantee the existence of two Killing vectors,
k* = oy and m® = 5;, which satisfy relations

0=koT% 5 = (kaT“ﬁ).ﬁ, (155)

0= maT%.5 = (maT“ﬁ);ﬁ . (156)
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Let us note that the electromagnetic field may or may not conform to the same symmetries
as the gravitational field. Naturally, the problem is greatly simplified by assuming axial
symmetry and stationarity for both fields.

In the fluid rest frame, the electric field is assumed to vanish completely: Faﬁuﬁ =0.
It follows [85, 292 1343|1516, [719]

A, A
o 20— QF, (157)
Agr  Agg

The latter relation implies 95/ QFQ = Ay, /Agp. Indeed, Eq. is an analogy of Eq.
(148) with QF playing the role of angular velocity of magnetic field lines. A more detailed
exposition and derivation of these relations can be found in Phinney [537], where it is
shown that the latter equation implies that the two Jacobian matrices

F
0(A;, Ay) _o, 0(Q5, Ay) _ (158)
a(r,0) a(r,0)
vanish. Therefore, the mentioned functions are not independent: A, = A,(A4) and
QF = QF(A¢). The flow stream-lines and the magnetic field-lines lie in the level surfaces
of Ag,ie. ii-VAy = B- VA, =0, where B= (*F) - ii (the arrow denotes two-component
space-like vectors defined in the (r, #)-plane).
In order to find the possible geometry of flow lines, one can introduce the stream
function k(r, 6) satisfying [491}537]]

u" _ u? _ k(r,0) ) (159)
Ago Apr  Am\=gpo’

apparently, the functional dependence is constrained to k(r,0) = k(Ay). Two additional
stream functions can be obtained by inserting the explicit form of 7% into equations
—. Finally, we are still left with the two equations, 7" B .3 = 0 and T 8 =0,
but also these relations are not independent and they can be constrained by contracting
T, s = O with any poloidal four-vector which is linearly independent of poloidal projection
of u,. Theresultis anon-linear second-order differential equation which is a generalization
of the Grad—Shafranov equation within general relativity [as outlined by 344].

So far our discussion has been restricted to weak, electromagnetic test-fields in a given,
fixed background spacetime; we have neglected the influence of the electromagnetic field
on the spacetime metric. This approach was employed by a number of authors to address
the problem of electromagnetic effects near a rotating (Kerr) black hole [354, 1634, 1639,
664]. The Kerr solution is a suitable and astrophysically accurate approximation of the
space-time that captures cosmic environment relevant for the formation of jets [229]. On
the other hand, self-consistent solutions of coupled Einstein—-Maxwell equations for black
holes immersed in electromagnetic fields have been studied only within stationary, axially
symmetric, vacuum models [e.g., 179 215, 241}, 242, 293, [332].

It turns out that the test electromagnetic field approximation is fully adequate for
modelling astrophysical sources, however, the long-term evolution of magnetospheres of
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rotating black holes, consequences of non-ideal MHD and the effects of oscillatory motion
of the central body are still open to further work [368,, 1499, 521, 1564, 565].

Electromagnetic fields play an important role in astrophysics. Near rotating compact
bodies, such as neutron stars and black holes, the field lines are deformed by an interplay
of rapidly moving plasma and strong gravitational fields. Here we will illustrate purely
gravitational effects by exploring simplified vacuum solutions in which the influence of
plasma is ignored but the presence of strong gravity is taken into account. In fact, we
will restrict ourselves to purely electro-vacuum solutions for which we we will outline
the elegant formalism of null tetrads. We do not derive new solutions or technique in
these lectures, instead, we summarise useful relations with the focus towards the role of
large-scale organised fields interacting with rotating black holes.

Let us note that, with exact solutions of the coupled Einstein—-Maxwell electro-vacuum
fields, an aligned magnetic flux becomes expelled from a rotating black hole as an interplay
between the shape of magnetic lines of force (which become pushed out of the horizon)
and the concentration of the magnetic flux tube toward the rotation axis (which becomes
more concentrated for strong magnetic fields because of their own gravitational effect).
This is, however, important only for very strong magnetic fields. In the the latter case the
classical definition of the black hole [285] has to be modified by taking into account the
fact the spacetime is not asymptotically flat; instead, the electromagnetic effects contribute
to the gravitational field and they may even produce singularities outside the event horizon
(see Ernst and Wild [215]]; Karas and Vokrouhlicky [332], and further references cited
therein).

Now we are in a position to discuss weak test electromagnetic fields near black holes,
which will then lead us to the methods to generate exact stationary (axially symmetric)
solutions. We start with Einstein’s equations in the form of a set of coupled partial
differential equations [e.g., 125,

Ry — 1Rgyy = 81T, (160)

(¢ = G = 1), where the right-hand side (the source term 7},,) is assumed to be of purely
electromagnetic origin,

1 1
TP =T3P . = e FeHFl - TP Fug™ . (161)

The sources are constrained by the conservation relation, 7#”., = —F*®j,, where F*"., =
AdrjH, *F*., = 4n M*, and the dual tensor is denoted by *F),, = %SWWFW.

We assume that the electromagnetic test-fields reside in a curved background of a
rotating black hole (Kerr metric; see Thorne et al. [639]]; Gal’tsov [241]]). In other words,
we study magnetised spacetimes that possess a horizon within classical General Relativity.
Let us note that higher-dimensional black holes and black rings in external magnetic fields
have attracted a lot of interest in recent years and they have been explored by, e.g., Ortaggio
[501] and Yazadjiev [691]]. Also an extension to the case of naked singularity has been
discussed recently [8].
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The presence of Killing vectors corresponds to symmetries of the spacetime [125,1668]],
namely, stationarity and axial symmetry. Killing vectors satisfy the relation

Epy + &y =0, (162)

where the coordinate system can be selected in such a way that the symmetry generating
vector adopts a simple form with the only non-vanishing component: & = 65 Ina
vacuum spacetime, Killing vectors generate a test-field solution of Maxwell equations.
One can check that a sequence of relations is obeyed:

0=Euy+ & =Euy —~Théa+ & —Thén = Guvp. (163)

Eq. (I63)) states that the metric tensor, due to the symmetry, is independent of the selected
xP coordinate. In fact, the electromagnetic field may or may not conform to the same
symmetries as the gravitational field. Naturally, the problem is greatly simplified by
assuming axial symmetry and stationarity for both fields.

We define the electromagnetic field by associating it with the Killing vector field,
Fyy = 2&,;,. Then it turns out that Fy,,, = 2¢,., = -2¢,., = —F),, and hence the symmetry
vector generates the electromagnetic test field tensor in the form [668]]

F,uv :fﬂ;v_gv;u Eg[,u;v} (164)

By employing the Killing equation and the definition of Riemann tensor, i.e., the relations
'fy;v;O' - 'f/J;O’;V = _R/luvo'f/la and R/l[,uVO']cycl =0, we find

é:y;v;O' = R/w'/xvf/lv fﬂ;v;y = R#/lg/l- (165)

The right-hand side vanishes in vacuum, hence F*”., = 0. It follows that the well-known
field invariants are given by relations

E.B=1*F, F", B> - E* = 1F,,F". (166)

We start from the axial and temporal Killing vectors, existence of which is guaranteed
in any axially symmetric and stationary spacetime,

0 . 0

M= = 167
§h=on 8 =g s (167)
In the language of differential forms (e.g. Wald [668]]),

T dxt A dx” =&, dxt A dx”. (168)

F d¢

The above-given equations allow us to introduce the magnetic and electric charges in the
form of integrals over the horizon. Magnetic charge is defined by relation

4nM:/F:/d§, (169)
S S
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Figure 40. Artist’s conception of the Mach’s principle and its link to the frame-dragging in General
Relativity. A heuristic approach pictures the averaged motions of matter in the Universe as the
basis of local inertial systems. Particles as well as fields “feel” gravitational effect by matter in
rotation. This is the Lense—Thirring effect that influences the motion of Foucault pendulums,
which is shown at the top of the plot. In the bottom part, according to the General Relativity, in
analogy with the electromagnetic field of a rotating charged sphere, a rotating body creates the
gravitomagnetic field in its surroundings [43, [514]. The analogy demonstrates an inspiring role
that the Mach’s principle plays in gravitational physics, even if it is only partially incorporated
in GR. This drawing has been adopted from the Czech review article (J. Bi¢ak [78]]) dedicated
to the centenary anniversary of Ernst Mach’s death (*1838 11916); figure by Jana Musilovd was
presented by Jifi Bicdk during “Mach, Relativity and Cosmology” conference in Brno (2016). The
original drawing with a Czech legend indicates distant stars (yellow), a rotating charged sphere in
electromagnetism (green), and a rotating massive sphere according to gravitomagnetism (red).

which is identical to zero as expected, while the electric charge is defined

4nQ = / *F = / *dé, (170)
S S

which evaluates to Q = —2M = 4J, where M has a meaning of mass and J is angular
momentum of the source. Here, integration is supposed to be carried out far from the
source, i.e. in spatial infinity of Kerr metric in our case.
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In an asymptotically flat spacetime, 04 generates a uniform magnetic field, whereas
the field vanishes asymptotically for d;. These two solutions are known as the Wald’s field
(69,347,476, 1667],

F=1Bo(df+% dg). (171)

Magnetic flux surfaces are given by integration, 4r®p( = /S F = const. Magnetic field
lines in the axisymmetric case are then

dr B,
BB, (172)
This definition is in agreement with the natural expectation that the magnetic lines should
reside in the surfaces of constant magnetic flux.

This brings us to the spin-coefficient formalism [250, 487] as a special form of the
tetrad formalism. Although this should be a topic of an independent text beyond the scope
of the present chapter, we refer the reader to Appendix [5.1] for an introduction and the
basic notation related to the highly useful method of spin coeflicients.

An explicit form of the solutions can be constructed and illustrated by plotting the lines
of force where the Schwarzschild case is among the simplest examples, where the effects
of strong gravitational field persist [320 for further references].

(a) (b)

Figure 41. The poloidal (¢ =const) section across a system of the black hole (black circle)
embedded in an axially symmetric (weak) uniform magnetic field: (a) a = 0O (static black hole
— Schwarzschild solution for the space-time geometry) vs. (b) a = M (maximally rotating Kerr
black hole). In the left panel (a), magnetic lines of force are plotted for the non-rotating case
in Schwarzschild coordinates, where the gravitational effects on the homogeneous field lines do
not show up in the projection. On the other hand, the right panel (b) does show the effect of the
expulsion due to fast rotation that influences the spacetime and the magnetic field.
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Figure 42. Field lines of the gravito-magnetically induced electric field produced by the aligned,

asymptotically uniform (test) magnetic field in vacuum. (a) The case of a fast-rotating Kerr black

hole (a = 0.95M); (b) the maximally rotating black hole (a = M). Let us notice the specific form

of the induced electric field which becomes radial at the larger distance. Figure adapted from
Dov¢iak et al. [186].

Lorentz force acts on electric/magnetic monopoles residing at rest with respect to a
locally non-rotating frame (fig. 40,

du* du*
Rl ANd PR, (173)
dr dr

Magnetic lines are defined in the form [[130]

d F d F
dr_ _Zep  dr_Tep (174)
do Fry dgp Fug
whereas the magnetic flux (in an axially symmetric case) reads
2M
By = 7By |12 = 2Mr +a® + (- az)] sin%6 = const. (175)
r<+a= cos-6

The shape of field lines in the poloidal projection is associated with the coordinates,
whereas the magnetic flux is an invariantly defined scalar quantity that characterizes the
system. Notice: @, = 0 forr = r, and a — M. The axisymmetric flux is expelled out of
the horizon — a somewhat surprising but well-known effect that resembles the Meissner
effect in physics of (super-)conducting magnetized bodies [71, [72, 529]]. The analogy,
however, is not complete. While the true Meissner effects concerns the magnetic field
expulsion out of superconducting medium, its black-hole variant describes a strong gravity
influence on the field lines in vacuum spacetime with a specific high degree of symmetry.

Let us note that the mechanism operates not only in case of asymptotically uniform
magnetic fields but it similarly influences higher multipoles. Apparently, the effect does
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not operate in oblique (non-axisymmetric) or plasma filled (force-free) or non-stationary
magnetospheres (189, 260, 515]. There has been a continued discussion whether the
process of expulsion might operate in the case of Kerr black hole in extreme rotation
(a/M = +1); it turns out, however, that the mechanism is relevant just for electro-vacuum
fields and non-ideal MHD environments. In particular, the force-free condition (typically
satisfied in highly conducting cosmic environments) leads to magnetic field lines being
rapidly accreted together with the infalling matter, so that the magnetic flux tubes penetrate
the horizon in an almost radial direction.

On the other hand, we will demonstrate further below that the electro-vacuum case is
not limited to weak magnetic fields; it can be reproduced within the exact electro-vacuum
axisymmetric solutions of the coupled Einstein—-Maxwell equations if the notion of the
black hole is appropriately extended. This is in agreement with the view of the GR
Meissner effect as a purely geometrical effect that influences the vacuum structure of
the magnetic field lines around the event horizons, however, it neither enhances nor
counter-acts the competition from MHD processes when a conducting (non-vacuum)
environment is present.

The electric fluxes and field lines can be introduced in an analogous manner by
interchanging the electromagnetic field tensor and its dual tensor, and simultaneously
the magnetic charge by the electric charge, and vice versa wherever they appear in the
formulae. The induced electric field vanishes in the non-rotating case. Based on analogy
with a conducting sphere in rotation (within the classical electromagnetism), one could
expect a quadrupole-type component, however, here the leading term of the electric field
arises due to gravo-magnetic interaction, which is a purely general-relativity effect. This
electric field falls off radially as o =2 (Fig. .

Magnetic field lines reside in surfaces of constant magnetic flux, and this way the lines
of force are defined in an invariant way (see Fig. @I)). An electric field is induced by
the gravito-magnetic influence of the black hole. The resulting field lines are shown in
Fig.[42] An asymptotic form of the electric field-lines reads

% = BO:;M (3c0s29— 1) + 33&—;1‘4 sin® cos 0 cos¢+0(r_3), (176)
% - o(B.r), % = 0(B.7). (177)

As mentioned above, the magnetic field aligned with the rotation axis produces an
asymptotically radial electric field, rather than a quadrupole field, as could be expected
under similar circumstances in the classical electrodynamics. This difference is due to the
combined gravito-magnetic effect of rotation and strong gravity of the black hole.

Magnetic fields misaligned with respect to the rotation axis exhibit very complex
structure. Frame-dragging acts on the field lines and distorts them in the sense of black
hole rotation. Non-zero magnetic flux still enters into the horizon and, naturally, the same
magnetic flux has to emerge out of the black hole. Magnetic lines of an inclined (oblique)
field are progressively wound up and the conditions suitable for magnetic reconnection
are created [magnetic neutral points emerge in the ergosphere; cf.327]]. Let us emphasize
that these effects occur due to purely geometrical action of strong (rotating) gravity,
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Figure 43. Magnetic field lines of an asymptotically uniform (weak electro-vacuum) magnetic

field perpendicular to the black hole rotation axis [325[328]]. Left: the equatorial plane is shown

(xy Cartesian coordinates in units of GM/c?, the horizon radius is indicated by circle). The

magnetic intensity vanishes in two neutral X-type points near in the vicinity of a rapidly spinning

Kerr black hole (a/M = 0.99). Right: an enlarged detail of the structure around the magnetic null
point.

however, the presence of conducting (force-free) plasma of an accretion disk can lead to a
similar structure of anti-parallel, rotationally distorted field lines [351]]. The latter authors
demonstrate the possibility of magnetically driven energy extraction from the black hole
through the reconnection within the ergosphere.

We notice that magnetic null points emerge near the black hole, suggesting that mag-
netic reconnection can be initiated by the purely gravitomagnetic effect of the rotating
black hole (Fig. 43)). Indeed, this new mechanism has been proposed [325] in the context
of particle acceleration processes in the ergosphere of rapidly rotating magnetized black
holes. The induced electric component does not vanish in the magnetically neutral point,
and hence it can accelerate the particles efficiently.

As mentioned above, the magnetic field lines thread the horizon and become captured
by the black hole if the orientation is mis-aligned with the rotation axis. The capture of
magnetic field lines of the perpendicular field is seen in Fig. d4] where we plot the black
hole effective cross-sectional area. The oval-shaped region is formed by end-points of
those field lines at large spatial distance from the black hole (r/M — co) which eventually
cross the horizon and enter into the black hole. Starting from the circular shape for
a/M = 0 static case, the area in mention is increasingly deformed as the spin grows.

We can conclude that the frame/dragging effects on inclined magnetic magnetic fields
lead to the emergence of magnetic neutral points and the associated reconnection. At the
same time the magnetic flux is not rotationally expelled out of the black hole, so that the
energy extraction via the Blandford-Znajek mechanism is possible even from a maximally
rotating Kerr black hole. Finally, Fig. 45| shows the deformation imposed on the structure
of the magnetic lines by the translatory boost onto the magnetic field. Again, this exhibits
the purely geometrical effect which the black hole gravity has on the vacuum magnetic
fields.
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Figure 44. A cross-sectional area for the capture of magnetic flux by a rotating black hole. The
three oval-shape curves correspond to different values of the black-hole angular momentum: spin
a = 0 (the cross-section has a form of circle of radius 2M; its projection coincides with the
black-hole horizon, indicated by yellow color); a = 0.95 M; and an extremely rotating Kerr black
hole, @ = M. The enclosed area encompasses the field lines of the asymptotically perpendicular
magnetic field which eventually enters into the black hole horizon. This area grows with the black
hole spin and its shape is distorted by the gravitomagnetic interaction (figure adapted from |Dovciak
et al., [2000).

Surface charge can be formally defined by the radial component of electric field in
non-singular coordinates [639]],

B M
ou = 4ﬂ°§+ [r+ sin g — = (ri — a%cos? 9) (1 + cos? 9)] (178)
B M
+ 22 Ging cos 6 [ ™1 [asiny —rycosy], (179)
T2, 2.
with
U=+ — " i@ —ry). (180)
ry—r— r—r_
Fora < M,
OH = 16ZM [Bo (1 - 3cos? 9) + 3B, sin6 cosf cosy| . (181)

It should be noted that oy does not represent any kind of a real charge distribution. Instead,
it is introduced by analogy with junction conditions for Maxwell’s equations in classical
electrodynamics. The classical problem was treated in original works by Faraday, Lamb,
Thomson and Hertz, and more recently in Bullard [106] and Elsasser [208]. It is quite
enlightening to pursue this similarity to greater depth (see e.g. Karas and Budinov4 [321]],
and references cited therein) despite the fact that this is purely a formal analogy, as pointed
out by Punsly [552].

So far we discussed test-field solutions of Einstein equations which reside in a pre-
scribed (curved) spacetime. In the rest of this chapter we will briefly outline a mathematical
procedure to construct exact solutions of mutually coupled Einstein-Maxwell equations
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Figure 45. Two examples of organized (electro-vacuum) magnetic fields near a rotating black hole

in 3D projection. Left: the case of an asymptotically uniform magnetic field aligned with the

rotation axis (parallel to the direction of z-axis). Right: the effect of linear (translatory) boost,
where the black hole moves along the x-axis (figure from Karas et al., [2012a).

[362]. Because this task can be rather complicated, astrophysically realistic results can be
only obtained by numerical approaches. However, an important insight can be gained by
using the simplified analytic solutions. We defer a brief mathematical exposition to this
latter approach to Appendix

It can be shown that the only static magnetized Kerr-Newman black hole is the one
with the vanishing total charge Qy and total angular momentum Jy [as defined by Komar’s
integral relation; 332]. Let us remind the reader that these solutions are not asymptotically
flat because the magnetic field does not disappear at large spatial distance from the black
hole. Instead, the spacetime metric approaches the magnetic universe [429].

Fig. [46] shows the magnetic flux across the black hole hemisphere in the exact magne-
tized black hole solution. Four panels capture the topologically different configurations
arising for different combinations of spin parameter a and the electric charge e. By
setting & = /2, one obtains the flux across the entire hemisphere. The top-left panel
(a) corresponds to the case of magnetized non-rotating (Schwarzschild—-Melvin) metric
(a = e = 0) while (b) and (d) show two extreme configurations (a” + ¢ = 1). In Fig.
the flux reaches maximum of F = 2x for v = 0.5 [see also 241, 1321]]. In other words, the
flux is not a monotonic function of the magnetic-field parameter and it decreases when
the field strength exceeds a certain critical value, depending on the interplay between the
magnetic intensity, distribution of the flux across the horizon, and its surface. In terms
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Figure 46. Contours of magnetic flux across a cap on the horizon (latitude angle ¢ is measured
from the rotation axis) of a magnetized black hole: (a)a =e =0;(b)a=1,e =0; (c)a = 0.2,
e =0; (d) a = —e = 1/V2 (electric charge and spin of the black hole). Here, y = (1+8)7",
B = BgM. The horizontal separatrices (thick lines) correspond to extreme configurations, where
the Meissner-type effect causes a complete expulsion of the magnetic field out of the black hole
horizon. This figure (adapted from |[Karas and Budinova |2000) illustrates strong-gravity effects
on magnetic fields that do not occur in the weak-magnetic (test) field approximation, namely, the
expulsion of the magnetic flux as a function of the intensity of the imposed magnetic field (notice
the horizontal lines of separatrices, where the magnetic flux vanishes). Let us emphasize that,
unlike the original discussion of the Meissner effect on weak magnetic fields, here we consider
exact, asymptotically non-flat, electro-vacuum spacetimes of coupled Einstein—-Maxwell fields.

of its B-dependence, the flux first concentrates to symmetry axis 6 = 0 when S increases
from zero to unity, but than it spreads away from the axis of rotation. Let us note that this
is an exemplary behaviour that occurs in exact solutions with strong magnetic fields but it
diseappears in weak test fields.

3.3. Particle acceleration and jet launching near SMBH

Observations reveal that collimated outflows of matter are a generic phenomenon con-
nected with certain types of astronomical objects. These jets exist on very different length
scales and they are associated with sources ranging from stars to galactic nuclei — over
nine orders of magnitude in the mass of the central source [see 54, [81for authoritative
reviews]. The nature of jets and the associated mechanism of jet formation, acceleration
and disruption are very diverse, but they also exhibit common properties [142]]. Unifying
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schemes have thus been proposed, initially motivated by observations. It has been spec-
ulated about analogies between electromagnetic processes that accelerate particles near
pulsars [61] versus processes in magnetospheres of supermassive black holes [[85,292]. It
is tempting to ascribe (part of) the differences, at least in case of AGN jets, to an unequal
orientation of these objects with respect to the observer. The interest in this subject
has been amplified by the discovery of relativistic motion in microquasars in our Galaxy
(294, 451, 1641]] which have their well-known counterpart in extragalactic superluminal
jets [713]]. Excellent original articles reviewing the developments of our knowledge about
jets are available, both for relevant stellar-scale objects in the Galaxy [248, 512] and for
extragalactic jets [54,1648].

Different mechanisms have been proposed by which a black hole and its accretion disk
can launch jets [639]. Firstly, an outflowing wind from the gaseous disk may create a
bubble in an infalling rotating cloud; hot gas then makes the orifices and the jet is shot out.
Secondly, the surface of a geometrically thick rotating accretion disk may form funnels and
collimate the wind. Thirdly, magnetic field lines are anchored in the disk material, thus
spinning due to the overall rotation which pushes plasma to create jets. Finally, magnetic
lines thread the hole, which forces them to spin and push plasma outwards. The jets are
presumably formed in the innermost regions of the source (within a few or a few tens of
gravitational radii, R, from the centre) and then they emanate outwards along the rotation
axis of the central object. The initial phase of the jet formation is sometimes called
pre-collimation in the literature, in distinction to processes of subsequent collimation
that operate in more distant regions (magnetic fields play most probably a major role in
maintaining collimated outflows on their course; [84,113,392]. If we are interested in the
contribution to the total radiation that originates near the compact object, this still remains
beyond current observational limits (which are at about 103Rg for extragalactic sources).
However, this has recently been changed by the Event Horizon Telescope observations
[203] that have utilized the mm-VLBI technique [87].

Several mechanisms of the jet initial pre-collimation have been proposed to operate
at the launching site near SMBH, where strong gravity effects and the relativistic frame
dragging operate: Abramowicz and Piran [7] and Sikora and Wilson [607] consider
collimation inside a funnel of a luminous thick accretion disk. Material of the jet is in
mutual interaction with the disk radiation which determines its terminal speed [S38]]. Since
early 1980s the idea of the disk-like accretion flows at high accretion rates has evolved to
an intricate form but the general scheme of jets flowing along the disk axis under radiative
drag remains viable. The model has been advanced by detailed quantitative calculations
of the jet acceleration both within the framework of the hydrodynamic [383]] and the test
particle approximations [427,1660]. These calculations confirm the importance of the disk
radiation on the jet dynamics. de Felice and Curir [172]] constrained the rate of change
of energy and angular momentum of an interesting special family of particle trajectories
that spiral along the axis. They do find collimation but the physical nature of dissipative
processes that cause the loss of particle energy and angular momentum remains unclear.
Purely geodesic motion in the Kerr geometry does not contribute to collimation except
when the existence of a hypothetical naked singularity in the centre is accepted [73}583]].
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Figure 47. The particle acceleration operates across the shock discontinuity when a relativistic jet

interacts with a passing star. Left panel: a double bow-shock structure arises due to a stellar wind

interacting with a supersonic jet. The jet and the wind shocked regions are separated by a contact

discontinuity. The shocked matter flows downstream, i.e., away from the shock apex. D; and D,,

denote the size and thickness of the jet and the wind bow-shock downstream regions, respectively.

Right panel: the efficiency of the mechanism increases dramatically as a dense star-cluster happens
to cross the jet flow line (Araudo et al.[ 2013, 2017).

Furthermore, stars can occasionally transit across the jet and produce shocks [53]]. The
interaction provides a scenario to address non-thermal processes. A double bow-shock
structure forms and particles become accelerated via DSA mechanism. Individual en-
counters have a limited effect, however, dense clusters of massive stars can truncate the
jet as the cluster crosses the jet line near the jet launching region. Araudo and Karas [28]]
considered the effects of interaction of jets in Active Galactic Nuclei when they encounter
multiple obstacles, namely, stars in Nuclear Star Cluster surrounding the nucleus and
globular clusters passing across the inner jet (Fig. d7).

It may be interesting to note that the interaction between the accretion disk, jet, and
star of the Nuclear Star Cluster can greatly influence that mode of accretion, the jet
emanation, and the radiation produced by the two components. Collisions of the star with
an accretion disk can (quasi-)periodically modify the radiation flux from the source and
give us information about the evolution of the orbit. Its orientation with respect to the
observer will be affected by general relativistic effects (periastron shift, Lense—Thirring
precession) and corresponding modulation with specific periodicities may provide us with
the evidence of the black hole in the core [333]. The model of a star orbiting a SMBH
has been considered by several authors in different situations. A mechanism of the tidal
capture of a star by a black hole has been discussed [291}, 496, 557]].

Star-disk direct hydrodynamical collisions offer another possibility [542, 1632]]. Os-
triker [SO7]] proposed that the collisions could enhance the viscous drag on the accretion
disk. Zentsova [/14] calculated a temperature profile of a bright spot which is created
in the place were the star crashes through the disk. She estimates that the maximum
local intensity is in the UV band. The collisions are highly supersonic: Mach number of
the order 10>~10°. Assuming that the core of AGN is embedded in a dense star cluster,
Zurek et al. [721]] estimate that the amount of the disk material swept out of the disk
by stars’ passages is enough to form the gas clouds of the broad line region. Syer et al.
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[632] calculate time-scales for the evolution of the orbital parameters in the Newtonian
approximation: star-disk collisions result in circularization of the orbit, the inclination
is reduced and the star becomes a part of the disk. Vokrouhlicky and Karas [661] have
obtained similar results for a star moving in the field of a Kerr black hole. In contrast to
the Newtonian case, the probability that the star will be captured by the black hole is now
higher because subsequent collisions can set the star in an unstable orbit which ends in
the black hole. Let us note that the effective cross-section for star-disk interaction can be
significantly enlarged in case of a magnetic star. This may then lead an increased drag;
for a textbook account of the subject, see Lipunov [386]] and Romanova et al. [568].
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4. Unification of accreting black holes across the mass scale

“It’s a bit like playing chess with
nature as your opponent. You
make a good move, but nature
counters with half a dozen new
ones."

— Eleanor Margaret Burbidge

4.1. Fundamental plane of black hole activity

Processes related to black hole accretion, which we described in previous sections, are
not exclusively related to AGN physics only. Black holes themselves are very simple
objects characterised by their mass and rotational momentum (electric charge is probably
unimportant for astrophysical black holes in practice). That’s why it is widely believed
that similar processes occur around black holes across their mass range from a few masses
of Sun in stellar-collapsed black holes in X-ray binaries (XRBs) up to billions of Solar
masses in the most massive AGN.

The unification between the supermassive and stellar-mass black holes became first
evident from an empirical extension of the XRB relation between the radio and X-ray
luminosity to AGN, the so called fundamental plane of black-hole activity [433]]. Figure|§|
shows the dependence of the radio luminosity on the X-ray luminosity and the black-hole
mass for different kinds of objects, including XRBs (circles), low-accreting supermassive
black holes (Sgr A* and M 32, shown by squares) as well as highly-accreting Seyferts
(triangles) and quasars (stars). The color denotes the central black-hole mass (black
represents mass corresponding to stellar masses, i.e. lower than 100 Mg, while the other
colors represent ranges for masses of the super-massive black holes in galactic centres).
The found correlation from the multivariate regression analysis by Merloni et al. [433]]
was:

log Lr = (0.6 + 0.11) log Lx + (0.78%0: 1) log M +7.33*393. (182)

The radio luminosity plays an important indicator for the jet presence, while X-rays are
connected with the accretion. The fundamental plane of the black-hole activity thus obser-
vationally demonstrated the relation between the accretion physics and the jet launching
mechanisms. Moreover, it showed that the relation is similar for XRBs and AGN, i.e. for
objects with entirely different masses, suggesting that the jet models are scale-invariant,
as proposed, e.g., by Heinz and Sunyaev [286]. Moreover, the found correlation is
quantitatively consistent with the advection-dominated accretion flow (ADAF) rather than
the standard accretion disk scenario. This indicates that the jet is a prominent feature
mainly during this kind of accretion flow that is related with a sub-Eddington accretion
rate, and the fundamental plane is appropriate for sources in this so-called hard state.

The fundamental plane has shown similarities between XRBs and AGN and has opened
the way to the unification of black-hole activity across the mass range. Understanding
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Figure 48. Fundamental plane of black hole activity showing a relation between the radio and
X-ray luminosity with mass for different kinds of black holes [from 433].

what is common and what is inherently different between these two classes will allow
us to use the knowledge of one black-hole kind to the other and better understand the
black-hole physics in general. What is clearly different between the XRBs and AGN is
the characteristic time scale, at which the accretion flow evolves. While for XRBs several
changes of their accretion modes have been detected (and different associated spectral
states have been identified, see next Section for more details), AGN probably remain in
the same accretion state during monitoring over years and decades. Several observational
phenomena that are related with the XRB spectral states are, however, observed for AGN
as well, including large variability and outflows in the form of jets and winds. Also, in
the other way round, some XRB spectra revealed the features more typical for AGN. An
example could be V404 Cyg in its recent outburst, where Motta et al. [463] revealed the
presence of winds and large obscuration analogical to AGN spectra. The next sections are
devoted to describe the spectral states of XRBs and to discuss possible analogy of spectral
states in AGN.

4.2. Spectral states: AGN vs. microquasars?

The XRB spectral state can be quite well defined by the intensity and spectral hardness
(ratio between hard and soft X-ray flux) in the so-called hardness-intensity diagram (HID)
[227]. The soft X-ray band is dominated by the accretion-disk thermal emission. Thus,
sources in the “high/soft” state (HSS) produce most emission in the form of thermal
radiation. Oppositely, sources lacking the accretion-disk thermal emission are dimmer
and harder and the state is referred to as “low-hard” state (LHS). It is believed that sources
in the LHS have their accretion disk truncated at a further radius while in HSS the disk
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innermost edge coincides with the innermost stable circular orbit at 1-6 GM /c* depending
on the black hole spin. The X-ray corona is weak in HSS, while it is strong in LHS.

The spectral states of X-ray binaries evolve very rapidly [188]], they can change in order
of hours to days. An intriguing property is an observed hysteresis in HID. During a typical
outburst, the source gets brighter by several orders of magnitude, but its hardness does not
change significantly [see, e.g., 226]. Then, either the outburst fails and the source goes
back to quiescence, or the source very rapidly moves to the HSS and thermal emission
starts to prevail in the spectrum. The transition back from soft to hard always happens
when the luminosity is much lower. Several explanation of this hysteresis behaviour were
proposed [121} 144 440, 535, 611]], but none has been widely accepted as the unique
scenario.

With the XRB spectral states, several observational phenomena are related. Large
variability (rms of order of a few tens of percent) is observed in the hard state while it
diminishes in the soft state [298]. Interesting timing features occur during the spectral
transitions when the variability suddenly drops. The power spectra reveal different kinds
of quasi-periodic oscillations [see, e.g.,59]]. Also the jet production is closely associated
with the spectral states [227]]. A persistent jet is present in the hard state while it disappears
after the transition to the HSS. Ponti et al. [543]] showed that XRBs in the soft state produce
equatorial winds instead of the jets. Only sources in the so-called “very-high state” (or
“steep-powerlaw state”) can still produce blobs of relativistically accelerated matter ejected
from the source in the polar (jet) direction. These ballistic jets are highly relativistic (have
very large Lorentz factor) and unstable (they never built a persistent jet). Narayan and
McClintock [473] showed that the strength of the ballistic jets is correlated with the BH
spin, while the correlation between the spin and the radio power of persistent jets was
found to be dubious [228]].

The spin - jet power relation has significant implication also for AGN physics. From
large extragalactic surveys, it was shown that ~ 10% of AGN are radio-loud [339], while
the majority is radio-quiet. There have been long discussions what physical processes lead
to this distinction, the spin paradigm being one of the most favourite physical interpretation
(455, 1606]. However, in analogy to XRBs, it was suggested by Koerding et al. [350] and
Svoboda et al. [630] that the observed radio dichotomy may be explained by AGN spectral
states similar to those in XRBs.  Prominent jets extending to extra-galactic space are
observed in several nearby AGN, such as M87 [314]. Jet emission represents a significant
contribution in radiation observed from low-luminosity AGN, for which the radio loudness
was found to be anti-correlated with the Eddington ratio [see, e.g., 296, 1308, 517, 606,
qualitatively confirming the possible analogy with the jet presence in the XRB “low-hard”
state. Indeed, it was proposed in the past that different kinds of AGN may correspond to
different spectral states similar to XRBs [see, e.g.,1350, 1422, 1612].

Direct comparison of AGN with XRBs is difficult mostly because of the largely different
mass (M = 10°~'9 M) that determines both the size and the time scales. The size scale
affects the temperature of the accretion disk because the disk inner edge is located further
from the BH singularity in AGN than in XRBs. The AGN thermal emission thus dominates
in the UV band [377,1404]], which is, however, difficult to observe due to large interstellar
and intergalactic absorption. In addition, AGN are not isolated. They are surrounded by
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the whole galaxy whose hot stars significantly contribute to the total UV emission coming
from the active galaxy. Because of the observational difficulties, the UV spectrum is one
of the least understood part of AGN spectral energy distribution (SED). Although the
apparent excess (Big Blue Bump) is usually associated with the thermal emission from the
accretion disk. It was, however, noticed already by Elvis et al. [211]] that the quasar spectra
cannot be generally described by the thermal blackbody emission of a thin accretion disk.
This lead to the hypothesis that AGN UV and soft X-rays need to be explained by an
additional Comptonization component that is unique for AGN and not present for XRBs
(180, [181].

The other complication related to the mass is the different time scale of AGN and
XRBs. A complete cycle of an XRB outburst from quiescence through hard state to soft
state is of the order of a few hundred days [[188],560]. AGN with significantly larger black
holes have the time scales proportionally larger. It is therefore impossible to wait for a
spectral change in an AGN. Even the shortest independently estimated timescales for an
AGN phase is 10° years [581]. The only chance is thus to detect a source during the very
fast transition, such as the “hard-to-soft” transition, that takes only hours in XRB and that
would correspond to years in AGN. Some changing-look AGN were indeed proposed to
be candidates of spectral changes [372, 401, 420]], but in some cases other interpretations
have also been proposed [see e.g. 432]. Most AGN are not variable in X-rays by a factor
larger than a few over decades [620]], suggesting that they remain in the same spectral state.
Only a large homogeneous AGN sample can populate the HID with a sufficient number of
sources.

A seminal work on an AGN HID was done by Koerding et al. [350]. They generated
a disk-fraction luminosity diagram for a large sample of quasars from the Sloan Digital
Sky Survey [9]] and from archival X-ray measurements from the ROSAT All-Sky Survey
[659]. They showed that radio-loud AGN lack the thermal emission and their luminosity is
dominated by X-rays from non-thermal processes. However, the SDSS sample does popu-
late only high-luminosity part of the diagram with the sensitivity limit (L ~ 10* ergs™!),
not including the low-luminosity AGN. Their results could also be affected by the limited
bandpass of the ROSAT/PSPC detector, and by the non-simultaneity of the data if the
observed flux is significantly variable. However, a recent work by Svoboda et al. [630]
revealed the same trend for AGN sample based on simultaneous UV and X-ray observa-
tions obtained by XMM-Newton. The sensitivity of XMM-Newton measurements allowed
them to study low-luminosity sources as well. They found that their radio loudness is also
related with the UV/X-ray spectral hardness, but the precise measurement of the spectral
hardness is compromised by generally unknown host-galaxy contamination that affects
more UV than X-rays. Therefore, the low-luminosity sources appear softer than would
be their intrinsic nuclear emission. This is apparent from the comparison between AGN
and XRB HID (see fig.[49)), and was shown by Svoboda et al. [630] that the effect of host
galaxy is indeed the most likely reason for this discrepancy.

The host-galaxy decomposition is difficult in the absence of very high spatial-resolution
observations that are available only for the nearest galaxies. One possible way is a detailed
modelling of the AGN SED [see e.g. 295 297and references therein]. This has been
done so far for only nearby AGN, and there is not yet a fully accepted consensus on
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Figure 49. Comparison of hardness-intensity diagrams for an XRB sample in the left panel [18§]]
vs. AGN sample on the right [630]. Different colors in the XRB plot represent different sources.
The color in AGN plot denotes the relative radio loudness. The radio loudness per hardness bin is
shown in the upper histogram (for radio-loud sources only), revealing the increase of radio loudness
towards hard states. The side histogram shows the relative radio loudness per luminosity bin.

the UV emission. While Ho [297] concluded that these sources completely lack the
UV emission from the nucleus, Maoz [406] found a significant contribution that can be
associated with the nuclear activity. Other possible method could be employed for data
with available long-term monitoring. While the AGN flux is inherently variable, the
host-galaxy emission can be supposed as constant contribution to the total flux [493]]. The
proper decomposition of the host galaxy from AGN emission is crucial for a more detailed
study of low-luminosity (and thus very often low-accreting) sources.

Based on the qualitative agreement between the XRB and AGN spectral states, it was
suggested by Koerding et al. [[350] and Svoboda et al. [630] that AGN spectral states may
explain the observed radio dichotomy, i.e. a distinction between radio-quiet and radio-loud
AGN [339]. Previously, it was proposed that the black hole spin is the important parameter
[455,1606]. However, we know from XRBs that the jet production does not occur in the
HSS (when the matter gets to the innermost stable circular orbit), but the persistent jets
only appear in the LHS (when the accretion disk is believed to be truncated). In this sense,
the spectral state (accretion mode) might play a prime role whether the jet is launched or
not, and then the effect of the spin will be imprinted in the power of the jet.

If the jet is related to the spectral state, it should be then possible to track the
radio-morphology evolution in the HID. The previous morphological classifications, such
as one by Fanaroff and Riley [224]], distinguishing core- and lobe- dominated radio emis-
sion, may be related with the interstellar medium in the host-galaxy rather than to the
intrinsic jet evolution [244} 452]. This implies that high-resolution and high-sensitive
data from jet cores will be essential in understanding the fundamental physical parameters
of black hole activity [see, e.g.,519]. The planned extension of the VLA Sky Survey
(VLASS), ASKAP/EMU in the southern hemisphere or APERITIF/WODAN in the north
[for areview see e.g.4935], and finally the SKA radio interferometer [175]], will allow more
detailed studies of AGN jet morphologies.
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Figure 50. The spectrum of cosmic ray particles of different chemical composition is plotted

against several limits of particle accelerator experiments. Relatively small departures from the

uniform power-law dependence (the “knee” and the “ankle”) provide important clues about the
acceleration mechanisms and the composition of cosmic rays (figure from Hanlon [280]).

4.3. Very high energy particles and photons

The Earth upper atmosphere is continuously bombarded by very-high energy particles
and gamma-ray photons, which have been originally discovered in an indirect manner, via
balloon experiments performed at the beginning of 20th century [30, 287]. According to
the widely accepted scenario for explaining the cosmic-ray production, energetic nucleonic
particles are produced via diffusive-shock acceleration mainly in supernova remnants.
The particles remain trapped in the tangled Galactic magnetic field for 107 years (at
GeV energies) until they eventually escape or interact with other nuclei in the interstellar
medium.
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Highly energetic electrically charged particles of cosmic origin are usually denoted
as cosmic rays, and despite a great progress their exact origin still remains very puzzling
[223]]. Charged particles of cosmic rays and cosmic gamma rays are mutually connected
by physical mechanisms of their origin and propagation. To date there are multiple
candidates for the sources within the Galaxy and further out, however, it is believed that
violent processes in the vicinity of compact stars and supermassive black holes play the
main role in their production. At the very highest energies (> 10'° eV) these particles are
mostly extra-galactic in origin, and possibly correlated with the structure of active galaxies
(316} 1540].

Active Galactic Nuclei are thus promising potential sources of Ultra High Energy
Cosmic Rays (UHECRs), which are particles having an energy of ~100 EeV. These
mysterious messengers arrive on Earth from outside the Galaxy, but their origin remains
unknown [540]. Radiogalaxies are a subclass of AGN where jets are detected at radio
frequencies, which in turn are classified as type I and type II Faranoff—Riley (FR) galaxies.
In this context high resolution radio data provide a very powerful piece of information
to study particle acceleration and to determine the nature of amplified magnetic field.
In both cases, jets moving in the intergalactic medium are believed to produce shock
waves where particles accelerate via the diffusive shock acceleration mechanism [DSA;
S7]. In fact, DSA appears to be the best established process to accelerate particles in
astrophysical sources where shock waves are present: particles diffuse back and forth
across the shock front and gain energy in each crossing. Therefore, extended time is
required to accelerate the most energetic cosmic rays unless the magnetic field around
the shock is amplified. The amplified turbulent field scatters particles, so that they cross
the shock more frequently and achieve high energy in the available time. The current
state of the art, however, is a mainly phenomenological scenario where the acceleration
process finishes at the moment when particles start radiating their energy (or when they
can escape from the source). The underlying assumption behind this scenario is that the
magnetic field persists over long distances all the way downstream of the shock. However,
it has been shown [26] that the magnetic field must be highly discrete to explain the thin
radio emission in the jet termination region of some quasars. This result has important
consequences for determining the maximum energy of particles accelerated up to about
1 TeV and the problem of UHECR acceleration remains open.

The observed energy spectrum of high-energy cosmic rays is a power-law that exhibits
a monotonic fall-off [280, [631]], as seen in fig. 50} The energy spectrum is an almost
precise, uniform power-law decay[¥ In order to gain sufficient Signal-to-Noise ratio at the
highest energies one needs enormous collecting area of the instrument. Multiplying the
flux by a power-law proportionality with the energy power about 2.7 flattens the spectrum
almost precisely below 10'6 eV. There are additional features at higher energies that we
can call the “knee” and the “ankle”. In fact, the cosmic ray spectrum resembles a leg; we

4See https://www.physics.utah.edu/” whanlon/spectrum.html. Here, the energy range for the
ground-based experiments has been corrected thanks to the updated information from W. Hanlon, with
kind permission. The cosmic ray primary particle energy is measured in the laboratory frame, whereas the
particle energy in accelerators is expressed in the center of momentum frame.
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can imagine the knee (in the second break of the power law), and the ankle (in the third
break in the power law) in the plot shape.

Ultra-high energy photons may arise by a number of processes and they likely con-
tribute to the total flux of cosmic rays. In 1966, Greissen, Zatsepin, and Kuzmin [273}709]
predicted that the interaction of charged particles with the low-energy relic photons of cos-
mic microwave background radiation will lead to the suppression of the cosmic ray flux
at energy above ~ 5 x 10'° eV for sources beyond the distance of a few Mpc (GZK limit).
However, see Bird et al. [74].

Very-high energy gamma-rays arise in non-thermal processes by interactions of accel-
erated, electrically charged particles with the surrounding environment in rather extreme
physical conditions, such as supernova remnants, and the immediate vicinity of black holes
in AGN. The radiation processes leading to gamma rays are associated with accelerated
charged particles, although gamma-rays could be potentially created also by more exotic
mechanisms, such as the decay of dark matter particles.

Below GeV energies the cosmic rays are predominantly of solar origin, however, the
cosmic ray spectrum extends much up to ~ 10%° eV. Because these are electrically charged
particles, cosmic rays become deflected by the Galactic and extragalactic magnetic fields,
which randomize their direction at the point of entry in the Earth atmosphere. On the other
hand, unlike the charged cosmic rays, gamma-ray photons are not affected by magnetic
fields, and so they can be traced back to their original sources at least in principle. It
has been proposed that TeV photons could originate from the decay of pions that arise in
interactions of protons > 10 TeV energies [239].

Neutrinos are a very interesting aspect of cosmic ray production even if they are
not considered as a separate component of this phenomenon (we do not have a neutrino
spectrum). They propagate along a straight path and, thanks to their small cross-section,
neutrinos can traverse enormous matter depth without experiencing any interaction or
absorption. They can thus serve as excellent messengers from extragalactic sources,
where they are produced by hadronic processes due to the acceleration of matter to high
energies [316]]. Neutrinos are also produced by cosmic rays interacting with the cosmic
microwave background. On the Earth, neutrinos can emerge in cosmic ray showers and
they can be detected via methods of particle physics, such as Pierre Auger Observatory
[115], and ANTARES and the Ice-Cube experiments [[11, [12]. The neutrino trajectory
between the source and the observer is straight and unperturbed for the neutrinos produced
within the Galactic and the extragalactic sources. This has enabled to associate the
neutrino with specific AGN and study the radio/gamma-ray properties of blazars, both BL
Lac sources [TXS 0506+056; 96] as well as FSRQs [PKS 1502+106; [98]]. However,
the cosmic neutrino background may be affected by the gravitational lensing within the
galaxy cluster and galaxy halos since a fraction of cosmic neutrinos has likely become
already non-relativistic with larger deflection angles. This can then induce anisotropies in
the cosmic neutrino background with the features including Einstein rings that, however,
behave chromatically for massive neutrinos depending on the cosmic neutrino momentum
spectrum [690]. In terms of the Galactic neutrinos that originate within core-collapse
supernovae, there is a curious possibility of the supernova neutrino lensing by the Sgr A*
SMBH in case the supernova is nearly aligned along the Earth—Galactic center connection
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Figure 51. The Hillas diagram constrains the possible sites of cosmic rays depending on the
characteristic size of the source and the magnetic field intensity confined within its volume.
Diagonal lines indicate the maximum energy above which the source is unable to accelerate cosmic
rays of a given chemical composition. In particular, the attainable energy for protons of 10%° eV (so
far the highest value reported observationally) is shown by two red lines corresponding to different
values of energy E (or the shock velocity 3; (see the text for further details). An analogous line
for the case of iron atoms would be placed parallel towards bottom left (green). Various cosmic
sources can produce cosmic rays above the limits of what current laboratory accelerators achieve
(the position of the Large Hadronic Collider (LHC) would be placed around the size 1 km and the
magnetic intensity ~ 10° G. Figure drawn by Murat Boratav.

[430]. However, these events are extremely rare: two orders of magnitude enhancement
of neutrino flux is likely to occur once every few billion years, and one order of magnitude
enhancement can occur once every 250 million years. A more probable event is the
detection of the difference in the arrival time by as much as 20 seconds in case the
supernova is not perfectly aligned with the Galactic center, but this is expected to occur
still only once 29 million years [430].

Besides supernova remnants, which appear to be highly probable sources in the Milky
Way, very-high energy gamma rays can be efficiently generated in pulsar wind nebulae,
in pulsar magnetospheres, and jets in microquasars. Among extragalactic objects, nuclei
of active galaxies and starburst galaxies are likely sources. Gamma-ray bursts (GRBs)
are expected to produce very-high energy gamma-rays in shocks via the synchrotron and
inverse Compton processes in jets.
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In 1984, Hillas [290] formulated an ingenuous and general criterion for the acceleration
of charged cosmic ray particles of atomic number A up to high energy Enax (see fig. [ST).
Namely, the characteristic condition that connects the intensity of the magnetic field B and
the acceleration region size L is determined by the Larmor radius, which can be visualized
in the Hillas relation [[18, (129,170, 171} 508]],

L B
Emax = 10182ﬁk—pCE ev, (183)

where Sc is the characteristic velocity. It turns out that only the most powerful AGN are
able to accelerate protons to ultra-high energies, nevertheless, the acceleration of heavier
nuclei is possible in more abundant Seyfert galaxies [S51]. The Hillas limit is thus an
upper limit on the energy that particles can achieve, quite independent of the particular

acceleration mechanism although the shock acceleration appears to be among the most
promising scenarios.
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5. Appendix

“The beauty of mathematics only
shows itself to more patient
Jfollowers."

— Maryam Mirzakhani

5.1. Mathematical formalism of spin coefficients

Tensorial variables are projected onto a complete vector basis at each point of the curved
spacetime [250} 487]]. It has proven to be extremely useful choice with a far-reaching
impact, also in the context of gravitational waves [638]], however, here we confine ourselves
to electromagnetism near black holes in vacuum [69, 347]. Besides other features the
spin-coefficient formalism is attractive especially because it leads to a set of first-order

equations.
The vectorial basis can be conveniently chosen as a complex null tetrad, ¥, n*, m*,
m#, satisfying the conditions /,n” = 1, m,m” = —1 (all other combinations vanish). A

natural correspondence with an orthonormal tetrad reads

l+n [—n m+m

m-—m
€)= —F—> €e1H=——> €2)= » €)= ——-
(0) \/i (1 \/5 (2) \/5 (3) 5\5

Although this seems to be more a topic of theoretical physics than astrophysics, we will
briefly expose the relevant mathematics; it has proved to be very useful in deriving and
elucidating the gravitational effects on electromagnetic fields in their mutual interaction.

(184)

Let us emphasize that our overview is highly incomplete and focused only to a few selected
aspects.

Let us note that the adopted definition of the null tetrad is not unambiguous; the
following three transformations maintain the tetrad properties:

I »> I, m—->m+al, n—on+am+am+aal; (185)
n - n m-om+bm, |—Il+bm+bm+bbn; (186)
I - ¢, n—>' m—e™m; (187)

with £, ¢ € R.
Instead of six real components of F,,, the framework of the null tetrad formalism
describes the electromagnetic field by three independent complex quantities,

Dy = Fyl'm’, (188)
®; = 1F, (I"n" +mtm), (189)
®, = F,,m"n". (190)

It can be checked that the backward transformation has a form

Fuy = @ (n[/,lv] +m[lun7t,,]) + Dyl my) + Pomun,) +c.c. (191)
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The Newman—Penrose formalism defines the following differential operators:
D=1"9,, §=m"d,, 6=m"d,, A=n"d,. (192)

Furthermore, Newman and Penrose [487]] introduce a set of spin coefficients (also called
Ricci rotations symbols), which have been customarily denoted as follows,

@ = =% (gt — my,mimY) (193)
B = % (Lusyntm” = myym¥m”) (194)
vy = —% (nusyl*n” = iy,mtm) (195)
€ = 3 (Lyntl” —my,mtlY), (196)
kK = Lgm"l, A = —nyymtm’, (197)
p = lm'm", o= —ny,mtm’, (198)
o = l;,m'm’, v = —n,m'n’, (199)
T = ly,ymtn’, T =—ny,m*l". (200)

Despite that this is large number of variables the notation has turned out to be extremely
practical. The best way is to demonstrate the usefulness of the formalism with examples.

We can write the null tetrad for Schwarzschild metric [seel69,347]]. The metric is then
written in the form

oM oM\ 7!
ds? = (1 - _) dr* - (1 - _) dr? - r*d6” - r* sin” 0 dg”. (201)
r r

The appropriate null tetrad is then given by

= ([1—2M/r]_1,1,0,0), (202)

= (%,%[1—2M/r],0,0), (203)
_ -

mt = E(0,0,1,13sm 9). (204)

An arbitrary type-D spacetime (e.g. the Schwarszchild metric) allows to set k = o =v =
A = 0. In particular, for the Schwarzschild metric the explicit form of non-vanishing spin
coefficients is:

1 1 1 0 M
=—, = =—-f=-V2rcot—, = —. 205
p . H 2r1 —-2M|/r @=—-p=-V2reo 2 VT2 (205)
Maxwell’s equations now adopt an elegant form
(D =2p+26)® — (6 +7m—2a)Dg = 2nJ;, (206)
(0 -21)D; — (A+u—-2y)Dy = 21y, (207)
(D-p+26)®— (6 +21)D; = 27Jz (208)

(6 —7+28)®y — (A+2u)D; = 27J, (209)
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with J; = [,(j* + IMH¥), Jy = m,(j* + IMH), Ty = m,(j* + IMH), and J, =
n,(j* + I MH). These are four equations for three complex variables.

Furthermore, Teukolsky [638] derived the following general form of Maxwell’s equa-
tions:

[(D - €+€E-20-p)(A+pu—2y)

—(6—,8—@—2T+7'r)(5+71—2a]d>0:277J0, 210)
[(D +oedi—p—p)(A+2p)
—(6+ﬁ—&—7+ﬁ)(5+2ﬂ]<b1:27rJ1, 211)
[(A + y-y+2u+@)(D - p+2e)
—(5+a/+,8_—7"+27r)(6—‘r+2ﬁ]<1>2:27112 212)
with
Jo = (6-B-a-2t+ra);—(D—€+€-2p—p)Jn, (213)
J1 = (0+B-a-1t+0)Jz—(D+e+é—p—p)Jy, (214)
Jo = (A+y—=9+2u+ip)Jm— S+a+B+2x—1)J,. (215)

Clearly this is an extremely useful form: the above-given differential equations are entirely
decoupled!
Within the Schwarzschild metric the equations are simplified to

o 2 1, -
— 4+ =D+ —"0DPy = 2nJ, 216
o tr| Ot P nJi (216)
1 1 2M\ 0 1
——Y0P + = |[1-—| = +=| Dy = 2nJ,, (217)
\2r 2 r |or r
0 1 1, -
— 4| Dy + —*0D; = 2nJ; 218
or r| ’ \V2r ! d (218)
1 1 2M\ |0 2
——*0®; + = (1 - —) —+—-|D; = 2nJ, (219)
V2r 2 r or r
where the edth operator acts on a spin weight s quantity 7,
0 J 9
*Op=—{sin® 0 | — +——|sin"* G} 7. 220
n {sm [60+sin98¢]sm }n (220)

Spin weight is defined by the transformation property  — ¢35 under the transformation
m— em. @y, O, P, have spin weights s = 1, 0, —1, respectively.
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5.2. The approach of Ernst potential
Let us first assume a static spacetime metric in the form [214} 281]]
ds? = ! [e2y (dz2 + dpz) + 2 d¢>2] — £ (dr - wde)> 221)

(with f, w, and vy being functions of z and p only) and the coupled Einstein—Maxwell
equations under the following constraints: (i) an electrovacuum case containing a black
hole, (ii) axial symmetry and stationarity [see |13} [71, 215} 1331, and further references
cited therein]. Let us note that the system is not assumed to be asymptotically flat; instead,
the energy in the magnetic field (extending to spatial infinity) ensures that the space-time
at infinity does not go over to asymptotical flatness.
As explained in textbooks [453] and in the above-mentioned works, one can proceed
conveniently in one of the following ways to find the three unknown metric functions:
* The standard approach that proceeds from the second-order derivatives of the metric
tensor: gy — I, = RE - — Gy

e The formalism of extericfry ialculus: e’(‘ B WSy = ng 5 Gan
* The approach of the variation principle: £ = —%pf_ZVfo + %p‘leVarVw.
Here we denoted the nabla operator, V- (o~ lesxVy) =0, Yo = ¢(p, 2).

Now, the vacuum field equations (without electromagnetic field) can be written in an

elegant form [214) 281]]
fV2f=Vf-Vf-p2f*Vw- -Vu,V- (p—2 fZVa)) =0. (222)

We will briefly summarize the formalism (originally developed in the late 1960s) and
employ it for exact magnetized black-hole solutions. Our aim here is to explore the
transition from weak magnetic fields to the strong-field case that would be more appropriate
to describe highly magnetized objects.

Let us define functions ¢(p, z), w(p, z) by the prescription

p PV = egxVo, 2V = —plesxVw. (223)

By applying V- operator on the both sides of the last equation, the relation for ¢ comes
out, V- (f72V¢) = 0. Let us further define & = f + J. Then, both field equations can
be written in the form

(RE)V2E =VE - VE. (224)
Now we can proceed to adding the electromagnetic field, for which
L =L+2pf Ay (VA = 2p7 (VA3 — 0V Ap)>. (225)

Functions f, w, Ag, and A3 are constrained by the variational principle. Define ® =
(Ao, A3), & = f — |O|* + Ty

(RE +|@[%) V2E = (VE +20VD) - VE,

(RE +|®|?) VD = (VE +20VD) - VO. (226)
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Let us assume & = &(®) to be an analytic function [214}281]] that satisfies the constraint

2
(9%8 + @2) %VCD VO = 0. (227)

Assume further a linear relation, & = 1 — 2®/q, g € C, and introduce a new variable &,
defined by the relation

_¢-1 _ 49
8=§+1, ®_§+1’ (228)
[£€ — (1 - q@)] V& = 26V¢ - VE. (229)

An interesting aspect of the adopted formalism is that it allows one to generate new
exact solutions based on the previously known solutions (the physical interpretation of
each newly generated spacetime needs to be explored, especially the regularity and the
presence of singularities have to be checked). We introduce new variables by relations

&0 — &= (1 - q§)éo and [&ofo — 1]V = 26)VE) - Vép, ie.

-1
(Re E0)V2Eo = VE - V&0, o = ?O’ —. (230)

where &g has a meaning of an “old” vacuum solution.

Let (@, &, vqp) be a solution of Einstein-Maxwell electrovacuum equations with an
anisotropic Killing vector field. Then there is another solution (@', &', 7& B)’ related to the
old solution by transformation that satisfies one of the following forms [361],

& = aa&, @ =a®, ... dualrotation, *F,, — \a/@*F,,
& = &E+3b, @ =0, ...calibration, no change in Fiy,
E = E-20-pB, & =d+p, ...calibration...,

& = 81+3c&7, =(1+3cE)7,
E = 81 -27®—y78)7, @ =(®+y8E)(1 -27D —y78)7".

A=1-By®-}B3&

E— & =AN'E, f— f = A2, w— o, (231)

® > @ = A (- 1BoE). Vo' = [APVw+ pf I (AVA - AVA). (232)

While the calibration transformations are not of interest for us here, the relations
involving the magnetic field By are relevant and they define a non-trivial magnetization



136 Lecture Notes

procedure. To illustrate the mechanism of the above-mentioned solution generating tech-
nique we can give three elementary examples where the well-know spacetime have been
reproduced. In fact, it is possible to start from the most trivial set-up, i.e. the Minkowski
spacetime. From this seed the outcome of the generating method leads us to the magnetic
Melvin universe.

ds® = [dz? + dp® — df*] + p* d¢™. (233)

with the metric functions f = —p%, w = 0, ® = 0, & = —p?, p(w) = 0, new metric
functions f* = —A72p% ' =0, @ = $A"'Byp?, the associated components of the
magnetic field B, = A2By, B, = B4 = 0, and the generated line element

ds? = A? [dz? + dp* — dr?] + A2 p? dg”. (234)

It is the A function that leads to asymptotically non-flat (cosmological) behaviour of the
new solution, where gravity of the magnetic field is in balance with the Maxwell pressure.
Cylindrical symmetry is maintained along z-axis.

Next, we start from the Schwarzschild black hole which as a result of the applica-
tion of the generating technique produces the Schwarzschild-Melvin black hole, i.e. the
spacetime that resembles the non-rotating black hole near its event horizon, however,
the solution lacks the property of asymptotical flatness and reach the above-mentioned
Melvin’s universe at large distance.

-1
42 = [(1 _ Z_M) 4 — (1 _ 2_M) dr2 + 12 62| + 2 sin? 0 dg?, (235)
:

7

with f = —r%sin?6, w=0,p = Vr2—2Mr sin0, B, = A"2Bycos 0, By = —A~2Bo(1 —
2M/r) sin @, and

ds? = AZ[ ] + A2 sin2 0dg? (236)

(the term within the brackets remains unchanged from the original metric form). The
following limits hold for the magnetized Schwarzschild-Melvin black hole solution: (i)
By = 0 — Schwarzschild solution, (ii) » > M — Melvin solution, (iii) |[BoM| < 1 —
Wald’s test field in the region 2M < r < B!

As an even more general example we mention the result of the magnetizing technique
when applied to the rotating, electrically charged black hole. The outcome in this case is
the spacetime of magnetized Kerr—Newman black hole.

¢ = |APY (A—l dr? + d6? — AA™! dtz)
+|A|72Z 1A sin? 0 (d¢ — w dr)?,

T=r2+a’cos?0,A =r>-2Mr+a*+e?, A = (r* +a?)? — Aa? sin? 6 are functions from
the Kerr-Newman metric.
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The characteristic function A = 1 + & — }1,828 of the magnetized solution is given in
terms of the Ernst complex potentials ®(r, §) and E(r, 0):

20

earsin> 6 — Je (r2 + az) cos 6,

28

—Asin? 6 — ¢? (a2 + 12 cos? 9)
+23a [Z (3 — cos? 9) +a’sin* 0 — re?sin® 0| cos 6.

The electromagnetic field can be written in terms of orthonormal LNRF (locally
non-rotating frame) components,

H(r)+iE(r) = A_l/zsin_IHCI):g,
Hgy +iE@ = —(A/A)*sinT'oa,,

where ®'(r,0) = A~! (CD — %,88). The horizon is positioned atr = ry = 1+\/Z1 —a’-eé?),

i.e., independent of 8. As in the non-magnetized case, the horizon exists only for a” +e? <
1.

There is an issue with this solution. Namely, by applying the above-mentioned solution
generating technique a conical singularity is produced. The problem arises from the
fact that the mathematical prescription guarantees that Einstein—-Maxwell equations are
satisfied locally; however, one still needs to check the global properties of the solution.
And indeed, the conical singularity can be removed by rescaling the range of azimuthal
angle to an enlarged interval 0 < ¢ < 27| Ag|* [293, 317], where

Aol = [A(sin 8 = 0) = 1+ 25%2 + 28%ae + B* (%e“ + az) : (237)

The effect of the rescaling operation can be revealed by calculating the (scalar) magnetic
flux threading the horizon. The total electric charge Qy and the magnetic flux ®,(0)
across a cap in axially symmetric position on the horizon (with the rim of the cap defined
by 6 = const),

~|Ao)* Im @’ (r,,0), (238)

2r|Aol? Re @ (14, ) ‘Z‘:o‘ (239)

On
D,
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Abbreviations and symbols

Here we provide a glossary of constants, symbols and abbreviations that have occurred
in the Lecture Notes. Because our text covers a variety of topics seen from different
perspective, it would be rather unnatural or even misleading to attempt a fully uniform
notation over all chapters. Instead, the partially overlapping definitions are exposed in the
following list.

Constants

1. [d

© N oL R W
NEE =E]E 8

The actual meaning of each of the above-listed constants can be searched by a clickable
hyperlink in the electronic pdf version of the text.

Glossary and various symbols

Ey ¢ component of the electric
, partial derivative. field.
; covariant derivative. F total radiation flux.
A(E) X-ray photon spectrum. FH electromagnetic field tensor.
Ag electromagnetic potential. F. centrifugal force.
By magnetic field strength. Foray gravitational force between ac-
B, perpendicular magnetic field creting object and particle.
component. Frad radial outward radiation force.
D total derivative D = u®V,,. Fiot sum of gravitational and out-
Dj,w size and thickness of the jet (j) ward radiation force.
and the wind (w) downstream G gravitational constant.
regions. Gy Einstein tensor.
E specific energy. H(r) PD shape.
E® electric field. I(v,T) specific intensity of radida-
Ex kinetic energy. tion.
Ecy high-energy cut-off. I* radiation intensity in the lo-
Egray gravitational potential energy. cal disc frame (x = R) or ob-
Eoue nuclear fusion energy. sever’s frame (x = L).
Eot gravitational and kinetic en- J angular momentum of the BH.
ergy. J(r) intrinsic emissivity.

Japys relativistic polarization tensor.



Glossary and various symbols

139

Jaop
L
Lo

Mgy
Mcy
Mrov

M center

Mo
MSgrA*
P

P,

PP

Q

0-

projection of J,gys.

total bolometric luminosity.
rate at which energy is de-
posited in the PD.

Eddington luminosity/Eddington

limit.

radio luminosity.
X-ray luminosity.
accretion luminosity.
advective losses.

jet length.

solar luminosity.

bolometric  luminosity  of
SgrA,.

black hole mass in dimension-
less units.

mass of a SMBH.

physical mass of a black hole.
Chandrasekhar limit.

Tolman—Oppenheimer—Volkoff

limit.

mass of the emitting region
(including central object).
mass of the Sun.

mass of SgrA,.

orbital period.

magnetic Prandtl number.
poloidal plane.

electric BH charge.

deposited energy per per time
and per surface between two
rings.

radius of the accreting object.
Ricci scalar.

radius from which the matter
falls onto the compact object
(cylindrical coordinates).
ISCO radius.

Schwarzschild radius.
compactness parameter.

Ricci tensor.

temperature.

observed (photospheric) tem-
perature.

T8

af
Temg

T

matter

Ty
Ty

Xem,obs
X;
Xout

Z
AE grav

AEHUC

r
A

energy momentum tensor.
electromagnetic energy mo-
mentum tensor.

matter part of the energy mo-
mentum tensor.

black hole temperature.
thermal black body emission.
effective temperature.
electron temperature of the
corona.

temperature calculated with
the virial theorem.

X measured in the laboratory
frame.

X measured in the rest frame.
emitted, observed value for
quantity X.

X at the inner edge.

X at the outer edge.

ion effective charge.

released gravitational poten-
tial energy.

thermonuclear fusion energy.
power law photon index.
angle between the photon di-
rection before and after the
collision.

angular velocity.

¢ component of the angular
fieldline velocity.

Keplerian angular velocity.
gravity potential.

magnetic flux.

Kluzniak & Lee potential.
Nowak & Wagoner potential.
Newtonian gravitational po-
tential.

total degree of polarization.
linear, circular polarization.
proportionality constant be-
tween pressure and internal
turbulant stress (@ prescription
model).

radio spectral slope.
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Tox

Kes,abs

A

AEdd
AL

ASgrA*
[Qk]pw

[Qk]scn

fine structure constant.

ration between optical and
X-ray flux.

large-scale magnetic field in-
fluence parameter.

accretion rate.

Eddington accretion rate.
rescaled accretion rate.

flux of angular momentum.
length scale.

specific angular momentum.
Keplerian angular momen-
tum.

specific angular momentum of
ring (7).

accretion efficiency.

Lorentz factor.

radial epicyclic
measured at infinity.

frequency

vertical epicyclic frequency
measured at infinity.

reduced Planck constant.
radial epicyclic frequency.
electron scattering and ab-
sorption factors.

Mino time.

Eddington ratio.

rescaled luminosity.
Eddington ratio of SgrA,.
Keplerian angular velocity for
the Paczynski—Witta potential.
Schwarzschild Keplerian an-
gular velocity.
electromagnetic vector poten-
tial.

magnetic field vector.
poloidal, toroidal part of B.
electric field vector.

poloidal, toroidal part of E.
differential form of the elec-
tromagnetic field.
electromagnetic energy flow-
ing through the force-free re-
gion.

Vp
Q
fi o

MHII
VX
V-X

VG

vE
Ve

Vpeak
WFD

Wry,0

frad

eff

PSgrAx
Pe

poloidal flow velocity.
angular velocity of fieldlines.
Lorentz and gravitational
force vectors.

gravitational acceleration vec-
tor.

electric currents vector.
radius vector.

total energy of ring (7).

total angular momentum of
ring (7).

Lagrange function.

magnetic four current.

total mass of ring (7).
magnitude of P.

Weyl’s coordinate.

torque.

effective potential.

mean atomic weight.
Gradient of a scalar X.
divergence of a vector X.
covariant derivative.
gravitational scale for the fre-
quency.

final photon frequency.

final photon frequency after
collision.

initial photon frequency be-
fore collision.

peak frequency.

frame dragging angular veloc-
ity.

radial and vertical oscillation
modes.

partial derivative.

local flux.

effective gravity.

coordinate in Kerr spacetime.
mass density.

mean density of SgrA*.
electric charge density.

mean density of x, e.g. a su-
permassive BH (x = o).
specific conductivity.
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o Stefan—Boltzmann constant.

oT Thomson cross-section.

Oy averaged onedimensional stel-
lar velocity dispersion.

T proper time.

T optical depth.

TSal Salpeter time.

Teff effective disc opacity.

Tvar variability timescale.

v non-azimuthal velocity.

& Killing vector in arbitrary
spacetime.

a dimensionless and  mass
scaled parametrisation of the
BH spin.

c speed of light.

Cs sound speed.

d semi mayor axis.

d, distance of mass x from the
center of mass in a binary.

e specific mechanical energy.

e specific energy of ring (7).

Jeol hardening factor.

g determinant of the metric.

g Doppler factor.

gef Gaunt factor.

h corona height.

i inclination angle.

Ja electric four current.

k(r,0)  stream function.

k® Killing vector in axially sym-
metric spacetime.

kg wave vector.

kg Boltzmann constant.

m particle mass.

m® Killing vector in axially sym-
metric spacetime.

Acronyms

ADAF advection dominated accre-

tion flow.

Vemit

’mb

Yms
Touts Rout

()
Tins Rin

$1,2,3

IG
u(y
uaﬁ
VK

R gsy
*T

AGN
BL Lac
BLR

rest mass.

(me) electron mass.

ion mass.

(mp,) proton mass.

mass of object x in a binary
system.

particle number density.
electron density.

ion density.

number denstiy of x.

pressure.

fixed mass ratio.

electric particle charge.

Bondi radius.

gravitational radius.
pericenter radius.

radius of the emitting region
of an AGN.

marginally bound orbit.
marginally stable orbit, also
referred to as ISCO.

outer edge (capital R in cylin-
drical coordinates).

radius of ring (7).

inner edge (capital R in cylin-
drical coordinates).
normalized Stokes parame-
ters.

gravitational time scale.

four velocity.

amplitudes.

characteristic Keplerian veloc-
ity.

accretion disc surface.
redshift.

Riemann curvature tensor.
dual of 7.

active galactic nuclei.
BL Lacertae.
broad line region.
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BLRG
CDM
CND
DIM
DSA

Broad-Line Radio Galaxies.
Cold Dark Matter.
Circum-Nuclear Disc.

Disc Instability Model.
diffusive shock acceleration
mechanism.

FR galaxy Faranoft—Riley galaxy.

FR type I radio-core

FR type II radio-lobes

FSRQ
GR
HFQPO
HMXB
HSS

IMS
ISCO

LFQPO
LHS

LMXB

dominated
sources.

dominated
sources.
Flat-Spectrum Radio

Quasars.

general relativistic / general
relativity.

high-frequency QPO.
high-mass X-ray binaries.
high luminosity - soft emis-
sion state.

intermediate state.
innermost stable circular or-
bit.

low-frequency QPO.

low luminosity - hard emis-
sion state.

low-mass X-ray binaries.

MHD
MRI

NLRG

NRAO

NS

NSC
PD
QPO
QSO
SDSS
SED
SMBH
TDS
UFO
UHECR

USS
Uv
VHS
VLBI

XRB

magneto-hydrodynamics.
magneto-rotational instabil-
ity.

Narrow-Line Radio Galax-
ies.

National Radio Astronomy
Observatory.

neutron stars (used only as in-
dex for M, R).

Nuclear Star Cluster.

Polish Doughnuts.
quasi-periodic oscillation.
quasistellar object.

Sloan Digital Sky Survey.
spectral energy distribution.
supermassive black hole.
thermally dominated state.
ultra-fast outflows.

Ultra High Energy Cosmic
Rays.

ultra-soft state.

ultraviolet.

very high state.

Very Long Baseline Interfer-
ometry.

X-ray binaries.

Finally, let us note that classical three-vectors are denoted by bold letters, i.e. for example
X. We employ Cartesian (x, y, z) and spherical (r, 8, ¢) coordinates. Within the often
used cylindrical system, spatial coordinates are denoted as (R, Z, ¢).
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“I think it’s amazing that the entire
community of astronomy has done
what it’s done. We’ve been able to
deduce the nature of time and
space and where we all came from.
It’s the most amazing detective
story in history."

— Sandra M. Faber

Active Galactic Nuclei as Relativistic Engines

Astronomy as a branch of natural science has developed from purely optical observa-
tions by classical telescopes that has been later equipped with the photographic techniques
to record the images, light curves, and spectra. Since the middle of the last century
the radio window has been added to astronomer’s portfolio and it greatly enlarged our
information channels. To date, the multi-wavelength (electromagnetic) astronomy has
been gradually developed by adding new spectral bands with the help of newly emerging
ingenious techniques, including the high energy X-rays and gamma rays from detectors
on-board satellites above the Earth atmosphere, which otherwise prevents us from receiv-
ing photons of various energies that do not reach the ground-based instruments, although
building high-altitude observatories helps to sharpen our view with adaptive optics and
broaden the range of accessible wavelength.

It has been realized during recent decades of astrophysical research that neglect of
information from some wavebands often leads to erroneous conclusions. Thankfully,
Nature offers us a lot more ways to “see” cosmic objects and “feel” the physical processes
that shape the violent Universe. The potential importance of non-electromagnetic astron-
omy was signaled by the detection of neutrinos from the SN1987A supernova, which
reached the Earth about four hours before the first photons could be seen. More recently,
the high-energy neutrino event from the BL Lac object TXS 0506+056 as well as other
candidate sources, such as PKS 1502+106, together with the radio images helped us to
localize the emission site in a unique collision of either two jets or a precessing jet with
the surrounding material on parsec scales, see also figure below.

In the very recent era, a new window has been opened by the first detection of the
gravitational-wave signal on September 14, 2015 (the event GW150914) by the Laser Inter-
ferometer Gravitational-wave Observatory (LIGO) detectors. Currently, the ground-based
gravitational-wave detectors LIGO and Virgo have been successful in detecting the mergers
of stellar black holes of a few tens of Solar masses as well as mergers of neutron stars.
As of mid-2021, there are 50 confirmed detections. Mergers of neutron stars as well as a
potential neutron star-black hole merger have also been detected and the event GW 170817
was the first simultaneous gravitational-wave and electromagnetic detection, which opened
up the new era of multi-messenger astronomy. In the future, the launch of the space-based
Laser Interferometer Space Antenna (LISA) mission will shift the detection limit towards
lower frequencies, which will enable to study mergers of binary supermassive black holes,
extreme mass ratio inspirals (EMRIs) of compact objects into massive black holes as well
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as perform simultaneous gravitational-wave and electromagnetic studies of these events
on parsec scales.

Clearly, different messengers can trace different parts of the source and proceed along
different path along the trajectory to the observer. Cosmic ray particles and gravitational
waves then have a great potential to provide complementary pieces of information about
unprecedented events of merging compact stars and black holes.

The traditional division according to energy (or wavelength) is not always useful and
meaningful. Somewhat arbitrary boundaries between high- and low-energy astronomy are
often smooth. Even those objects and effects which belong to the domain of high energies
by their nature must also be studied at low energy if our understanding is to be as complete.
The upcoming Cherenkov Telescope Array for Ultra-High Energy Cosmic Rays and the
Square Kilometer Array for interferometry at radio wavelengths on the low-energy side of
the electromagnetic spectrum are just two notable examples how the traditional techniques
of astronomy come in touch with the methods of detection and data analysis typical for
particle physics. The synergy of different approaches marks the great promise that the
new field of multi-messenger astrophysics can offer to explore Cosmos in the decade to
come.

Coordinated arrays of detectors, such as the Pierre Auger Observatory, turn the whole
atmosphere into a huge, sensitive device. Correlated arrivals of very-high energy gamma
photons and neutrinos recorded in the submerged IceCube detector impose new constraints
on the acceleration mechanisms operating in powerful blazar jets as the typical examples
of the extreme form of Active Galactic Nuclei.

The authors
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Relation between the disturbed jet in the BL Lac galaxy TXS 0506+056 (z = 0.34) and
the detection of a high-energy muon neutrino (£, > 290 TeV, IceCube-170922A) has been
explored by the IceCube collaboration from a site near the South Pole (image credits: IceCube
Collaboration, MOJAVE; see Britzen et al. [96] for further details).
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Active Galactic Nuclei as Fascinating Cosmic Phenomenon

Active Galactic Nuclei are at the very focus of present-day astronomy and will become
even more important within the foreseeable future. New and more powerful instruments
(ngEHT, eLISA, JWST, etc.) will provide even higher resolution and sensitivity with
regard to the observations in the electromagnetic spectrum as well as of gravitational
waves.

However, AGN are complex phenomenon as well. What makes these astrophysical
objects so rich are the many physical processes which occur on different length scales as
well as in different wavelength regimes. These processes can not easily be explained by
single theoretical models. Quite in contrast, for many processes, different viable models
have been developed which have to be tested against each other, and either ruled out or
confirmed.

Moreover, many processes governing the energy production are interlinked and interact
with each other. AGN research thus requires specialization and diversification at the same
time but also obtaining an overview over the many phenomena on pc- to kpc-scales and
from the radio up to the TeV-regime. Not to forget to keep an eye on the cosmic ray and
gravitational wave production. It is an immense task to review this rich field of research.
These Lecture Notes fulfill all the requirements -— going broad and going deep in a very
compact but precise style.

For students and lecturers, these notes present an important insight into and overview
over AGN science and the many fascinating aspects of multi-messenger observations
which have been obtained. It also provides a foresight on perspectives of this very active
scientific field. The very instructive figures and sketches illustrate and visualize the model
predictions as well as the interconnections between the different scales or energy bands.

These Lecture Notes provide a navigational system through the AGN zoo and AGN
machinery — which is of enormous help not only for colleagues working in AGN research
already but also for those students who would like to join the AGN community in the
future.

Priv.-Doz. Dr. Silke Britzen
Max-Planck-Institut fiir Radioastronomie
Auf dem Hiigel 69

D-53 131 Bonn

Germany
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