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A B S T R A K T

Centrum Mléčné dráhy je nejbližším galaktickým centrem a zároveň jediným centrem,
ve kterém je možné současnými pozorovacími metodami rozlišit objekty jako jsou
samostatné hvězdy hustých jaderných hvězdokup. Přímo se nabízí jeho pozorování
a detailní popis fyzikálních jevů probíhajících v tomto nehostinném prostředí okolo
supermasivní černé díry SgrA*. Tato práce popisuje pohyb hvězdy S2, jednou z nej-
jasnějších S hvězd blízkých k SgrA* s excentricitou dráhy 0.88, a jeho vývoj v plyno-
prašném prostředí s některými relativistickýmy vlivy. Stáří S2 a podobných S hvězd
je několik milionů let a během této doby se pohybovala v téměř sféricky rozloženém
horkém plazmatu. Příležitostně se mohl vytvořit hustší a tenčí akreční disk. Zkoumali
jsme, jaké otisky mohly tyto plynně-prachové struktury zanechat na hvězdné dráze a
zjistili jsme, že i při maximální pozorované hustotě těchto struktur dráha hvězd není
nijak zásadně ovlivněna.

A B S T R A C T

The centre of the Milky Way is the closest galactic centre and the only centre where
objects such as single stars in dense nuclear clusters can be resolved with current
observational methods. Its observations and a detailed description of the physical phe-
nomena occurring in this inhospitable environment around the supermassive black
hole SgrA* are directly available. This paper describes the motion of a star, such as
the bright star S2, one of the closest stars to the black hole with an orbital eccentric-
ity of 0.88, and its evolution in a gaseous-dusty environment, including most relevant
relativistic effects. The age of S2 and similar S stars is a few million years and dur-
ing that time it has been moving through nearly spherically distributed hot plasma.
Occasionally, a denser and thinner accretion disc could have formed. We investigated
what imprints these gaseous-dusty structures could have left on the stellar orbit and
we found out that even with the highest observed density of these structures the orbit
of stars is not substantially affected.
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I N T R O D U C T I O N

Over many centuries, mankind gazed into the skies with astonishment thinking about
our place in the universe. It was not earlier than in the twentieth century that we �nally
found our place at least in the nearby neighborhood. From there, the journey to the
discovery of the Galactic center took several more decades.

The center of the Milky Way galaxy is our nearest possible laboratory for testing
some of the processes that cannot be seen anywhere else. These phenomena include,
for example, some relativistic mechanisms, or fundamental processes important for the
formation and shaping of galaxies. The strongest in�uence on the evolution and for-
mation of galaxies are undoubtedly the black holes at their hearts. These environments
are crucial for expanding our knowledge of physics and can be a great opportunity to
enhance our understanding of the fundamental laws of the Universe.

The Galactic center is a region containing a vast amount of stars where we can ob-
serve the effect of extreme gravitational potential found nowhere else in the Universe;
one of the greatest motivation to study this inhospitable environment is to �ll the gap
in our knowledge of the gravitational potential physics. The S 2 star is a great candi-
date to explore this new region in parameter space of gravitational potential against
the mass of the gravity generator (Fig. 0.1).

Figure 0.1: A logarithmic parameter space showing the gravitational potential probed by different
potential-generating bodies. The S2 star extends the coverage of this space. Image taken from
Hees et al.,2017.
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2 introduction

The theoretical part of this thesis is divided into two chapters. Chapter one gives
a brief overview of the structures in the galactic center with their scales and a list of
observatories that were the greatest contributors to the exploration of this magni�cent
region. In Chapter two we present the most important section of celestial mechan-
ics needed for computing the orbits of the S 2 star with a short historical window. In
Methodology part we cover two methods for obtaining the orbits; the analytical ap-
proach and numerical methods with tests of our codes. Finally, in the Results part
of this work we present orbits computed with our codes for various scenarios in the
galactic center such as a dusty environment with several layouts or post-Newtonian
correction due to the strong gravitational potential.
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T H E O RY





1
G A L A C T I C C E N T E R

Figure 1.1: A MeerKAT mosaic of inner 6.5 square degrees of the Galactic Center of the Milky Way
(background), nuclear star cluster (top zoomed image), S star cluster (middle zoomed image) and the
black hole SgrA* (bottom zoomed image). To the left of the Sgr A complex (brightest region in the
center of the image) the Radio Arc (Sec.2.4.2) lies perpendicular to the Galactic Plane. Credit:
Heywood et al., 2022, UCLA Galactic group, Eckart group, Ph 1-UniKoeln, EHT Collaboration.

The long and fascinating journey that led to the discovery of the Galactic Center (GC)
spans over several centuries.

Even the ancient Greeks knew about the condensed belt of stars that they later
named the Milky Way, since the appearance reminded them of milk spilled over the
table. For many centuries the mysteries of the Galactic center (GC), however, remained
unveiled. It was in the late 18th century that Sir William Herschel started systematic
observations of globular star clusters and debated about the structure of the Milky
Way and the universe itself. He discovered that stars were more concentrated towards
the GC, and with increasing distance from the center the distribution decreased. Un-
fortunately for him, infrared and radio astronomy were not accessible at that time.

In early 20th century Harlow Shapley and Heber Curtis got into the "Great Debate"
on the nature of "spiral nebulae" and the size of the Milky Way. Shapley, whose work
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6 galactic center

was mainly focused on the size and structure of the Milky Way galaxy, used observa-
tions of the globular clusters to estimate the size of the galaxy and stated that the Sun
does not lie in the center of the Galaxy. He realized that around one-third of all the
globular clusters lay in the constellation Sagittarius, using the (newly discovered con-
cept) RR Lyrae stars to calculate the distances of the clusters. He discovered that all of
the clusters form a roughly spherical distribution whose center lies in the Sagittarius
constellation. He argued in favor of a disk-shaped galaxy with the Sun located in the
remote part of the galaxy.

On the other hand, Heber Curtis was well known for his work on nebulae and
novae. He opposed Shapley's view and proposed the idea that the spiral nebulae were
extragalactic systems from our Milky Way. The evidence needed for the determination
of the right opinion was presented by Edwin Hubble's discovery of Cepheid variable
stars in Andromeda Galaxy M 31 stating that it is, indeed, an extragalactic system.

Later in time, in the 1970s, radio, infrared, and X–ray astronomy became a crucial
part of many astronomical observations including those of the Galactic center. For
the �rst time, we observed some features that were obscured in the optical �elds by
interstellar dust.

There are many features in the Galactic nucleus - different types of stars, dust, gas
(both ionized and neutral), supernovae, and in the very center the black hole SgrA*.
In this thesis, we will mainly focus on the inner 1 arcsecond (in angular diameter) or
0.04 parsec (in linear diameter).

1.1 nuclear star cluster

Nuclear star clusters (NSCs) are compact luminous, dense, and massive objects located
at dynamical and photometric centers (Neumayer et al., 2011) of about 75% early- to
late-type galaxies of the local Universe (Böker et al., 2002; Côté et al., 2006; Neumayer
et al., 2011). NSCs are the most massive stellar objects known in the Universe, of the
order of more massive than globular star clusters (Böker et al., 2004; Neumayer et al.,
2020). They often also coexist with supermassive black holes that lie in their hearts
(Graham and Spitler, 2009).

To de�ne the size of the nuclear star cluster, the effective radius reff is used. Within
this radius, half of the cluster's light is contained. Another characteristic that can be
directly measured is the NSC's luminosity. Preferred method to measure the lumi-
nosity is to integrate the model parametrization of the surface brightness distribution
(Carollo et al., 2002; Côté et al., 2006). The last fundamental characteristic is the mass.
However, this quantity is not as straightforward to measure. Most mass measurements
come from photometric studies (mass is derived from the relations between the color
and the mass-to-light ratio).
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Most late-type galaxies NSC's consist of a mix of stellar populations. The mass of the
cluster is mainly dominated by the oldest stellar populations (ages in Gyrs), whereas
the luminosity is dominated by the youngest. Young stars are concentrated in the inner
few tenths of a parsec in most galaxies, including M 31 (Bender et al., 2005) and other
early-type galaxies (Nguyen et al., 2019).

How such clusters form is still a matter of research. Two main mechanisms are cur-
rently being discussed - the migration of the globular cluster to the centre of the galaxy
due to the dynamical friction (Lotz et al., 2001; Tremaine et al., 1975) was con�rmed
with N-body simulations of Oh and Lin, 2000; however Milosavljevic, 2004argued that
the infall of the globular cluster time scale is too long and instead proposed the in-situ
formation caused by very high gas density in the spiral galaxies. A combination of
both hypotheses is the most probable: the relaxation time is of the order of Gyrs at
the half-mass radius (Merritt, 2009) and close to the Hubble time beyond 1pc (Merritt
et al., 2010).

These astrophysical objects are of huge interest for tests of general relativity and
study of tidal disruptions, stellar collisions, stellar orbit's evolution in the immediate
vicinity of a black hole or a very exotic event – extreme mass ratio inspiral (EMRI). In
these rare phenomena, gravitational radiation is released with the infall of the mass
onto the black hole (Amaro-Seoane et al.,2007).

milky way ' s nsc . One of these structures was found in 1968 in the inner few
tens of parsecs of the Milky Way at a distance 8.0 � 0.25pc (Malkin, 2013) due to the
development of infrared cameras (Becklin and Neugebauer, 1968), along with several
components of neutral and ionized hot gas (Genzel and Townes, 1987; Reid et al.,2013).
The central parsec is dominated by mostly ionized HII region known as Sgr A West
(see section1.4.3. There can also be found a concentration of low-density gas found
by Lo and Claussen, 1983denoted as 'mini-spiral' surrounded by the orbiting, dense
molecular cloud, the 'circum-nuclear disk' (section 1.4.2) (Christopher et al., 2005).
Further away from the center, the young supernova remnant, Sgr A East (see section
1.4.1), forms a border and on a scale from 5 to 100 pc several molecular clouds reside
(Güsten and Downes, 1980; Mezger et al., 1996).

As discussed above, NSC in the center of our Galaxy also contains both stars of
young stellar population and a dominant old population which points to repeating
episodes of star formation (Walcher et al., 2006) with the latest episode in the last few
millions of years (Bartko et al., 2010; Krabbe et al., 1995). About 80% of the stellar mass
comes from old stars (more than 10 Gyr) – e.g. late-type giants, helium-burning stars
on the horizontal branch with lower masses, and a few more massive red supergiants
(two in the inner R � 0.5 pc and 15 within the radius of R = 2.5 pc) (Blum et al., 2003).

Apart from the old stars, there is a con�rmed presence of more than 200 mas-
sive young stars, dominated by Wolf-Rayet and O and B stars, in the central 0.5pc
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(Feldmeier-Krause et al., 2015; Ghez et al., 2003). Their ages fall within an interval of
3 � 8Myrs (Lu et al., 2013; Paumard et al., 2006). The presence of this young popu-
lation con�rms the in-situ formation scenario, because the time for their infall to the
Galactic center would take much longer than is their age. Another evidence for the
in-situ formation is the lack of these young stars further than 0.5 pc.

From the ratio v/ s (where v is the rotational velocity and s is the velocity dis-
persion), we can get a sense of whether the motions in the NSC are dominated by
rotation or random motion. The typical value of this ratio is between 0 and 0.5 for
early-type galaxies. The Milky Way nuclear star cluster has v/ s = 0.6 (Feldmeier et
al., 2014), leading us to the determination of a rotating object with rotation parallel to
the Galactic plane (GP). Schödel et al.,2014 showed for the �rst time that our NSC
appears intrinsically elliptical, rather than spherically symmetric, with an ellipticity of
e = 0.29� 0.02 elongated along the GP.

The whole stellar cluster exhibits a solid-body rotation in the sense of the rotation of
the Galaxy with a slow pace of around 1.4km/s/arcsec (Feldmeier et al., 2014; Genzel
et al., 1996; Schödel et al., 2009). The rotational velocity increases with the distance
from SgrA* while the velocity dispersion decreases.

Since galactic conditions do not allow for optical observations (because of the red-
dening, and a high extinction AV � 30mag), researchers have to operate in the range
between near-infrared and radio wavelengths, where the minimum of the extinction is
around l = 5mm with A4.5mm � 0.5 (Fritz et al., 2011).

From the work of Fritz et al., 2016; Schödel et al., 2014 the effective radius of the
Milky Way's NSC falls to the range between reff = 4.2 � 0.4pc and reff = 7.2 � 2.0pc,
depending on the wavelength of the observation. Mass derived from photometric and
dynamical measurements by Feldmeier et al., 2014; Fritz et al., 2016; Schödel et al.,
2014is between M = ( 2.1 � 0.7) � 107M � and M = ( 4.2 � 1.1) � 107M � , which is in
agreement with the �rst work on mass estimates of Galactic center's NSC of Becklin
and Neugebauer, 1968.

Altogether, the main characteristics of the nuclear star cluster that resides in the
center of our very own Galaxy are summarized in table 1.

– Spitzer 4.5mm K-band

Reference radiusreff 4.2� 0.4pc 7.2� 2.0pc

Luminosity L 4.1� 0.4� 107L� 5.2� 3.0� 107L�

Mass M (2.1� 0.7 – 4.2� 1.1) � 107M �

Ellipticity e 0.29� 0.02

Table 1: Characteristics of the Milky Way galaxy's nuclear star cluster derived from the Spitzer data and
in K-band. The mass range is the result of photometric and dynamical methods.
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stellar disks Galactic centers, including those of the Milky Way, frequently ex-
hibit disc-shaped morphologies, characterized by the presence of massive young O and
B stars exhibiting distinctive radial velocity shifts. This pattern logically suggests the
existence of a rotating disc composed of these massive stars. This hypothesis gained
further credence through proper motion measurements conducted in the late 1990s,
which revealed that the majority of bright early-type stars within the central arcsec-
onds predominantly follow a clockwise motion pattern (Genzel et al., 2000). Subse-
quent investigations have unveiled the likelihood of an additional stellar disc or ring,
moving in a counterclockwise direction. In particular, the clockwise system exhibits a
more de�ned structure and is seemingly encapsulated by this counterclockwise ring
of stars (Genzel et al.,2003; Paumard et al., 2006; Tanner et al., 2006).

Genzel et al., 1996observed that approximately 20 stars within the inner 12 arcsec-
onds display a clear rotational pattern, with their radial velocities being signi�cantly
blue-shifted north of the GC and red-shifted to the south of the center of gravity, pre-
senting a motion directly opposite to the general rotation of the Milky Way and its
NSC (Genzel et al., 1996; Schödel et al., 2014; Seth et al., 2006; Tanner et al., 2006).
This stellar structure was termed the clockwise (CW) disk. Over subsequent years, ad-
ditional research has expanded the catalog of stars con�rmed to participate in this
structure, simultaneously re�ning its orbital parameters (Genzel et al., 2000; Genzel
et al., 2003; Levin and Beloborodov, 2003a; Paumard et al., 2001). The inclination of the
CW disk relative to the plane of the sky was determined to be i = 12� � 7� , with its
line of ascending node positioned at W = 120� � 15� .

In a detailed analysis by Genzel et al., 2003, a counterposed system was proposed,
with an inclination of i = 40� � 15� and a line of ascending nodes at W = 160� � 15� .
This counterclockwise (CCW) disk is believed to encompass 10-12 stars.

A comprehensive dynamical study of roughly a hundred stars within the inner 1
parsec of the Milky Way, undertaken by Paumard et al., 2006, has elucidated further
details of these enigmatic structures. According to their �ndings, the CW disk com-
prises 40 stars, whereas the less densely populated CCW disk contains 17. This analy-
sis facilitated re�ned estimates of their inclinations and ascending nodes: i = 127� � 2� ,
W = 99� � 2� for the CW system and i = 24� � 4� , W = 167� � 7� for the CCW disk.

The distinguishing features of these two stellar disks are their markedly different
eccentricity distributions. The CW disk primarily features stars on low to medium
eccentricity orbits (< 0.5), indicative of near-circular trajectories. Conversely, the CCW
disk is predominated by stars on high eccentricity orbits, with a notable peak around
e= 0.8 (Paumard et al.,2006).

Moreover, Paumard et al., 2006have determined that a signi�cant majority of early-
type stars are associated with one of these two stellar structures, suggesting their
formation occurred within the past 2 million years.
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1.2 s-star cluster

On the smallest scales of the nuclear star cluster, just a few hundredths of parsec
around the supermassive black hole SgrA*, the cluster of high-velocity B-type stars
reside (Bartko et al., 2010; Do et al., 2013; Ghez et al.,2003; Paumard et al., 2006). Their
presence is a vital piece of the puzzle, con�rming the existence of a supermassive
black hole, Sagittarius A*, within the core of the Milky Way. Several of these bodies
trace paths within mere tens of light-hours from Sgr A*, achieving velocities close to
2% of the speed of light.

This spectacular array of stars constitutes a particularly dense cluster, occupying a
region less than 1 arcsecond in angular measure, or a mere0.04 parsecs across (Ghez
et al., 2008). This cluster boasts a mix of young B-type stars amidst aged stars — giants,
supergiants — and the energetic Wolf-Rayet class. These stars appear to reside in at
least one disk-like structure.

One of the disks is the inner edge of the clockwise disk described in section 1.1. The
second disk, not fully con�rmed yet, is orthogonal to the clockwise one and the stars
belonging to it are rotating in counter-clockwise direction (Ali et al., 2020).

Proximity of this cluster to such a destructive force poses a compelling paradox:
How did these young stars emerge or arrive so close to a black hole? This puzzle is
colloquially termed the 'paradox of youth'.

paradox of youth . The 'Paradox of Youth' posits a conundrum: stars are typ-
ically born in dense molecular clouds, yet such clouds cannot hold up against the
shearing tidal forces of a nearby black hole. They would, instead, spiral inexorably to-
wards the black hole long before star formation could commence. To remain unscathed
by tidal disruption, a molecular cloud's radius should theoretically exceed a certain
threshold, given by:

r >
�

MBH

mpn

� 1/3

, (1.1)

where MBH is the black hole's mass,mp is the mass of a proton, and n is the cloud's
density. With a black hole mass MBH = 4 � 106M � and cloud density n = 104cm� 3,
the safe radius turns out to be around 25 parsecs (Ghez et al.,2003).

To facilitate star formation in the vicinity of such tidal forces, one would expect the
gas cloud to have a density exceeding the critical Roche density, which outpaces the
observed molecular cloud densities by orders of magnitude.

One theory that explains the presence of these stars is that of in situ formation in
which intense star formation is triggered by the infall of a dense gas cloud into the
inner few parsecs (Levin and Beloborodov, 2003b; Paumard et al., 2006).
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On the contrary, the migration hypothesis considers the globular clusters to have
been gravitationally seized from a different locale and pulled inward by dynamic fric-
tion over time (Tremaine et al., 1975). The dynamical friction depends on the mass of
the cluster linearly, and thus the most massive clusters are most likely to be dragged
to form the NSC. As evidence for this theory we can consider the lack of globular clus-
ters in the central parts of many galaxies (Capuzzo-Dolcetta and Mastrobuono-Battisti,
2009; Lotz et al., 2001) that indicates many of these were driven to the nucleus.

Among the more unconventional proposals is one that implicates dark matter in star
formation. In this scenario, regions rich in dark matter could enhance the environmen-
tal density suf�ciently to support the birth of stars (Hassani et al., 2020).

the s cluster Turning our gaze to the S cluster itself, we �nd a spectrum of stellar
types: 16 (52%) lighter B-stars of about 3.5 to 20 M � , alongside three O stars and 12
late-type stars. The O stars, which hug tightly around the inner 0.9 arcsecond radius,
form part of a clockwise-rotating disk. The computed orbits of 19 such stars within an
arcsecond semimajor axis reinforce this structure (Gillessen et al., 2009).

Drawing from spectral analyses, the estimated lifespan of the S-star cluster �ts be-
tween 6 to 400 years, positioning these stars' spectral properties in close kinship with
the B2-9 types found in our solar neighborhood (Eisenhauer et al., 2005).

Incorporating all B stars outside the clockwise disk into our calculations suggests
that the distribution of their angular momenta resonates with an isotropic con�gu-
ration (Eisenhauer et al., 2005; Ghez et al., 2005; Gillessen et al., 2009; Schödel et al.,
2003). Meanwhile, their mean eccentricity soars around 0.8 (Ghez et al.,2005; Gillessen
et al., 2009; Schödel et al.,2003) —above thermal isotropic distribution levels—hinting
at a formative mechanism that favors the production of highly eccentric orbits.

Stellar motions within the black hole's sphere of in�uence adhere to near-Keplerian
dynamics. Although the precession periods far outpace the orbital periods, enabling
resonant interactions visible over numerous revolutions (Rauch and Ingalls, 1998), the
Lense-Thirring precession proximal to the black hole's axis of spin may hold sway in
this context (Levin and Beloborodov, 2003a).

s2 The star with the shortest orbital period, around 16 years, and the closest ap-
proach to SgrA*, is S2 / S 02. It is the brightest member of the B-star cusp, a main-
sequence dwarf of spectral type B0-2.5V and of zero-age main-sequence mass (ZAMS)
of mZAMS � 19.5M � (Martins et al., 2007) with an age estimated to be 6.6+ 3.4

� 4.7Myr
(Martins et al., 2007) and a highly elliptic orbit with an eccentricity of e = 0.88. The
He/H abundance is relatively high, around ( 0.25-0.5), which makes the star a member
of "He-rich" subclass of the B-stars. It also has a low rotational velocity of an O 9/B 0
young dwarf with an age less than 10 6yr and a mass of around 15M � (Eisenhauer
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et al., 2005). In the work of Davies and King, 2005 the possibility that the star is the
He-rich core of a stripped AGB star is proposed.

The S2 star orbits Sgr A* with a period of approximately 15.9 years (Sabha et al.,
2012); it follows an elliptical path with a semimajor axis of roughly 970 astronomical
units (au). At its pericenter, the point in orbit closest to the black hole, S 2 barrels to
within a mere 17 light hours of Sgr A*, subjecting it to some of the strongest gravita-
tional forces experienced by any star in our galaxy.

It is the brightest among the S-stars and a signi�cant subject of astrophysical study
due to its high velocity and close encounters with Sgr A*, which provide a unique
opportunity to test laws of physics under extreme conditions.

With a spectral type ranging from B 0 to B2.5V, S2 is a massive main-sequence star
with an estimated zero-age main-sequence (ZAMS) mass of approximately 19.5 solar
masses (M � ) (Martins et al., 2007). Observations have revealed an unusual abundance
of helium in its atmosphere, classifying it within the "He-rich" subgroup of B-type
stars and suggesting an advanced stage in its life cycle.

The unique characteristics and orbit of S2 have allowed astronomers to con�rm
predictions made by Einstein's general theory of relativity. Throughout its orbit, par-
ticularly during its close pass to Sgr A* in 2018, careful observations of its radial
velocity and positional displacement con�rmed the gravitational redshift predicted by
the theory. Moreover, the star's orbit has been seen to precess, an effect consistent with
the predictions of general relativity, providing further evidence for the presence of a
supermassive object embedded in spacetime at our galactic center.

Astronomers using facilities such as the Very Large Telescope (VLT) operated by the
European Southern Observatory and the Keck Observatory have collected extensive
data on S2. These observations have contributed not only to the study of gravitation
in strong �elds but also to our understanding of the complicated interactions and
evolution of stars in such an inhospitable environment.

1.3 sgra *

The conception of a "black hole" can be traced back to A.M. Sullivan (1896-1980) who
�rst used the term in "Music of the Spheres", while its formal acknowledgment as a
technical term occurred when John Wheeler introduced it within the scienti�c commu-
nity in 1967(Wheeler, 1968). The term refers to a body bound by gravitational forces so
strong that the escape velocity from its surface exceeds the speed of light and therefore
even the light particles (massless photons) are not able to escape; leading the object to
appear as a "dark" mass. The point of no return is known as the event horizon.

The �rst ones to study the escape velocities from very massive stars based on New-
ton theory of gravity were John Michell and Pierre-Simon Laplace in the late 18th
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Figure 1.2: Results of the S2 orbital data observations taken between 1992and 2019. The left panel shows
multiple observational instruments' astrometric positions of S 2 with best-�tting orbit. The
center of mass is denoted by the black cross. The red data points are of the infrared SgrA*
emission. Image taken from Genzel, 2021.

century. They noted that for a very massive and compact object, the escape velocity
exceeds the speed of light. Mathematically, black holes were described as a solution to
Albert Einstein's vacuum �eld equations from general relativity by Karl Schwarzschild
in 1916and Roy Kerr in 1963along with several others. Each of these precepts works
for different scenarios, as described below.

Black holes are de�ned by three critical parameters: mass (M), angular momentum
(J = cMa), and electric charge (q), adhering to the facets of the "no-hair" theorem. The
Kerr-Newman solution encompasses all three parameters, assuming nonzero values
for each, although the in�uence of the electric charge is deemed negligible in most
astrophysical scenarios. Empirically, the Kerr solution (Kerr, 1963), reliant solely on
mass (M) and spin (a), emerges as the most relevant. Characterizing a black hole
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necessitates observing the gravitational interactions in its immediate vicinity, which
presents the sole approach for determining these de�ning parameters.

The diameter of the event horizon is calculated as the so-called Schwarzschild radius
for a non-rotating black hole without a charge (Schwarzschild, 1916):

rS =
2GM

c2 , (1.2)

where G is the gravitational constant, M is the mass of a body and c is the speed of
light, whereas for Kerr's solution, a solution for spinning black holes, the horizon is
located at

rK =
GM
c2 +

s �
GM
c2

� 2

� a2. (1.3)

Everything within this radius is drawn towards the singularity (region where no
longer any physical equations hold) and trapped in an eternal dance with time.

Both these scenarios are, however, assumed to be highly symmetrical, leaving the
question whether the reality is the case. Roger Penrose suggested the cylindrical sym-
metry instead.

The diverse mass spectrum of black holes encompasses a broad astrophysical range.
Stellar black holes, typically ranging from � 3 to a few tens of solar masses, emerge
from the gravitational collapse of massive stars. In contrast, supermassive black holes
(SMBHs), prevalent in galactic centers, manifest masses spanning from millions to bil-
lions of solar masses. Intermediate-mass black holes, ranging from (102) to (105) solar
masses, represent a less common but signi�cant category. Notably, astronomical ob-
servations, as detailed by King, 2015, have established an upper limit to the mass of
astrophysical black holes at (5 � 1010) solar masses, underlining the diverse manifes-
tations of black holes and their in�uential role across cosmic scales.

Observation of these exotic objects became possible with the development of highly
sensitive, high-resolution telescopes. An important point in con�rming the existence of
a black hole in the center of our galaxy was the detailed observation of the orbit of the
star S2 around the gravitational potential, which indicated a mass of over 4 � 106M � .
From the star's orbit, there was con�rmation that the object could not be anything
other than a black hole; otherwise the mass would have to be extended, unstable, or
emitting much more light than observed (Maoz, 1998).

sgra * The circumnuclear gas (Crawford et al., 1985; Wollman et al., 1977) and later
the S2 star and its measured orbit (Plewa et al., 2015) were used to measure the en-
closed dark mass and proved the existence of a M � 4 � 106M � black hole with a
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Schwarzschild radius of 10mas. The size of 10mas is equivalent to 2 cm at the distance
of the Moon. It is indeed a very compact object with strong emission in the radio and
X-ray bands.

The �rst speculations on the existence of a black hole in our Galaxy were made by
Donald Lynden-Bell and Martin Rees in 1971and only three years later, in 1974, the
�rst detailed radio observation of the inner 1pc core of the Galaxy was made by Bruce
Balick and Robert Brown with the Green Bank interferometer (Balick and Brown, 1974).
Their �ndings (high brightness temperature, small angular diameter, association with
intense IR and radio continuum) indicated that there must be a massive structure on
a subarcsecond scale. However, due to the measurement dif�culties and complexity of
the instruments, the only experimental proof of the mass concentration are the stellar
motions.

Reinhard Genzel's and Andrea Ghez's teams played pivotal role in providing em-
pirical support for SgrA*, concerning the motions of stars around the central mass
condensation. Their goal was to detect the gravitational impact on the orbital dynam-
ics of the test particles (the S stars). These studies solidi�ed the idea that the central
"dark" mass concentration cannot be just a dense, long-lived cluster of white dwarfs,
neutron stars, or stellar black holes but that SgrA* is indeed a black hole (Eckart and
Genzel, 1996; Ghez et al.,1998).

Crucial to these revelations are the sensitivity and the angular resolution of the
observations. High-resolution VLBI observations (Very Long Baseline Interferometry)
in millimeter and radio wavelengths revealed its intrinsic radius between 20 and 50
mas which corresponds to 2 to 5 R� (Bower et al., 2006). Pioneering work by Wollman
et al., 1977 provided the �rst dynamical evidence, estimating a non-stellar mass of
2-4 millions masses that of the Sun through the infrared imaging spectroscopy of
interstellar gas clouds.

By the latest measurements, strong variability from radio through infrared to X-ray
was detected which can indicate that some energetic processes such as an accretion
onto a black hole can take place in that region now.

According to recent �ndings bolstered by the Event Horizon Telescope observations,
the accretion rate of Sgr A* is estimated to be in the range of (5.2� 9.5) � 10� 9M � yr � 1,
rather low rate for a supermassive black hole (Collaboration, 2022). This suggests that
Sgr A* is accreting at much less than the Eddington limit expressed by Eq. ( 1.4), which
is the theoretical maximum rate of accretion where radiation pressure balances the
gravitational attraction (hydrostatic equilibrium). At a higher rate, the radiation pres-
sure would overcome gravity and any material around the black hole would be blown
away.

�M Edd =
4p GMmp

sTce
(1.4)
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Radiative ef�ciency (fraction of the rest mass energy of the accreted material that
is released as radiation) of SgrA* is quite low. However, studies have found different
ef�ciency values; for instance, accretion models indicate that the radiative ef�ciency
can be as high as approximately 0.9 (Narayan et al., 1995; Quataert et al., 1999). High
ef�ciency implies that a signi�cant fraction of the accreted mass is converted into
energy, resulting in strong electromagnetic emissions even for small accretion rates.

These accretion rates and radiative ef�ciencies inform a wide range of associated
astrophysical phenomena. For instance, the low accretion rate of Sgr A* can explain the
relatively faint emission across the electromagnetic spectrum when compared to other
active galactic nuclei. Additionally, the suspected presence of an out�ow or jet from
Sgr A* complements the picture; an out�ow redistributes the accreted energy, carrying
it away from the black hole and potentially impacting the surrounding galactic center
environment (Narayan et al., 1998).

Although our Galaxy has a relatively quiescent core, observations have shown vari-
ability of this source in the X-ray and near-infrared regions (Do et al., 2009). In the NIR
region, we can observe about 4 �ares per day with a brightening factor of up to 160,
and in the X-ray region, about 1 �are per day occurs, which is brightened by a factor
of 27 compared to the continuum radiation (Baganoff, 2003; Dodds-Eden et al., 2011;
Eckart et al., 2006). The reason behind these �ares is probably a magnetic reconnection
in the region of the accretion disc around the SMBH.

The structures around the SMBH in the center of our Galaxy are still being observed
as they are a signi�cant contribution to black hole physics. It is a closest known super-
massive black hole which makes it an ideal candidate for studying accretion processes
in detail. With new possibilities and telescopes the astronomers anticipate more accu-
rate measurements and advanced theoretical models.

parameters of sgra * In this thesis, we will use the following values of some of
the characteristic parameters for SgrA*.

The distance to the Galactic center can be derived using two primary methods. The
�rst method utilizes the stellar populations, predominantly globular clusters, while the
second method focuses on the motion of stars, particularly the star S2. The approach
based on globular clusters assumes a spherical distribution around the galaxy, en-
abling the determination of the distance (or kinematic properties) of these clusters. By
leveraging the symmetry, the center of the galaxy and the position of SgrA* can be de-
termined. Using this approach, a distance of R = 7.4� 0.28 kpc was estimated by Fran-
cis and Anderson, 2014. The second approach combines proper motions and radial
velocities to derive the distance of the stars, resulting in a distance of R = 8.25� 0.02
kpc according to observations by Parsa et al., 2017, Abuter et al., 2021, Leung et al.,
2022.
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Figure 1.3: Evolution of the measured distance of the Galactic center. Black symbols with comments are
taken from Reid, 1993; the data from Genzel et al., 2010 are located in the region a, b; data
derived by Malkin, 2013are in the region g. Recent results obtained from the stellar orbital
analysis are shown by the blue points and labeled by numbers: 1. Horrobin et al., 2004, 2.
Ghez et al.,2008, 3. Gillessen et al.,2009, 4. Ghez et al.,2008, 5. Do et al., 2013. Results derived
from the stellar populations are shown in red: 6. Majaess et al.,2009, 7. Vanhollebeke et al.,
2009, 8. Do et al., 2013, 9. Dékány et al., 2013, 10. Francis and Anderson, 2014, 11. Branham,
2014, 12. Boehle et al.,2016, 13. Parsa et al.,2017. The image was taken from Eckart et al., 2017.

Figure 1.4: Mass measurements evolution of SgrA*. "G" denotes the mass estimate from the minispiral gas
by Wollman et al., 1977. Estimates derived from stellar radial velocities and proper motions
are shown with blue points: 1. Krabbe et al., 1995, 2. Eckart and Genzel, 1996, 3. Ghez et al.,
1998, 4. Genzel et al.,2000. Mass calculations derived from the stellar orbits are shown by red
points: 5. Eckart et al., 2002, 6. Schödel et al.,2002, 7. Ghez et al.,2008, 8. Gillessen et al.,2009,
9. Do et al., 2013, 10. Boehle et al.,2016, 11. Parsa et al.,2017. The image was taken from Eckart
et al., 2017.
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One of the three key parameters for determining the nature of the black hole is
its mass. The quest to derive this quantity began in 1977 with the analysis of the
12.8 mm NeII line emission from the ionized gas in the mini-spiral surrounding the
black hole by Wollman et al., 1977. Subsequently, with the detection of S stars and
their observations, the mass value was con�rmed in the work of Abuter et al., 2023,
revealing a mass of M = ( 4.297� 0.012) � 106 M � enclosed within 9 Rg, corresponding
to 0.38 AU (roughly equal to the radius of Mercury orbit).

1.4 other structures

Figure 1.5: Overview of the inner 15 parsecs of the Galaxy - the focus is on the Sgr A East source sur-
rounding the Sgr A West minispiral, at the centre of which lies the black hole SgrA*. The
boxes highlight the molecular clouds known as G-clouds with which the supernova remnant
interacts. Image adapted from Mills et al., 2011.

Along with the already described NSC in the heart of our Galaxy, there are several
other features, such as ionized or neutral gas and dust (Genzel et al., 1994; Genzel and
Townes, 1987; Reid et al., 2013).
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1.4.1 Supernova remnant Sgr A East

At approximately 10 parsecs in scale, the 104 years old (Maeda et al., 2002) Sgr A
East, thought to be the nearest supernova remnant to the center of our Galaxy (Jones,
1974), emits nonthermal (proposedly synchrotron) radiation in radio wavelengths. Its
shell-like con�guration lies adjacent to a belt of clusters of molecular gas clouds, dis-
tinguished by their velocity along the line of sight.

1.4.2 Circumnuclear disk

An asymmetric ring of dense (mainly molecular) gas clumps moving on a quasi-
Keplerian orbit around SgrA*, also called the circumnuclear disk (CND) or ring (CNR),
is a structure with an inner radius of about 1pc that spans several parsecs. The gas
within this disk or torus has signi�cant internal motion and is heated by the central
parts from both the old and the young stars' ultraviolet �ux.

In the spectrum of the CND, the lines of the carbon monosul�de molecules were
found, indicating that the gas clouds are dense enough to be able to form stars. How-
ever, such a phenomenon has not been observed. According to a team of researchers,
the clouds then have to be stabilized by some other factors such as a strong magnetic
�eld.

1.4.3 Mini-spiral Sgr A West

The �rst observation of a so-called mini-spiral extending over the inner 2 pc at the
center of the Galaxy was made with the VLA telescope ( 1.5.3) by Ron Ekers in 1983
(Ekers et al., 1983). The Lo and Claussen, 1983 image clearly shows the structure of
the mini-spiral, consisting of a �lamentary HII and neutral gas clouds, and the exact
position of SgrA*.

This formation has several distinguishable parts – Northern Arm, Western Arc and
Eastern Arm. Recent studies of gas motion suggest that all three arms orbit SgrA*
along Keplerian orbits. In addition, the Eastern Arm has been found to collide with
the �ow from the Northern Arm (Zhao et al., 2009).

The whole system is made up of several molecular clouds of gas and dust that
are ionized by massive stars in the central region. The total mass of all the matter
enclosed within this structure is estimated to be around � 60M � . From the study of
kinematics and morphology, Fridman et al., 1996 and Sanders, 1998 concluded that
some hydrodynamical instability occurred in the CND and that the fall of part of the
mass towards the core created the Northern Arm in the minispiral. The Western arc,
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Figure 1.6: A composite image of the circumnuclear ring with Sgr A West minispiral. The infrared emis-
sion from stars and ionized gas were observed with the NICMOS instrument on board of the
Hubble space telescope and the warm dust image was taken with the FORCAST camera on
SOFIA observatory. The stars are responsible for ionization of the gas (middle right image)
and heating of the dust (bottom right image). Credit: NASA/HST/NICMOS/DLR/USRA/D-
SI/FORCAST Team/Lau et al., 2013

Figure 1.7: Images of the Sgr A West acquired by the VLA at two wavelengths: 6cm (left) and 1.3cm
(right). Adapted from Zhao et al., 2009and UCLA, 2024
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visible in the 6cm VLA image below ( 1.7) is believed to be the ionized inner edge of
the CND (Ekers et al., 1983; Lo and Claussen, 1983).

A detailed study of the kinematics of this formation was provided by Paumard et al.,
2004. In their work, the arms are interleaved with several points for which motion is
modelled using a system of Keplerian equations.

The entire structure of Sgr A West is enclosed within the CND.

1.5 observations

As noted previously, the Galactic center is obscured by a high extinction in optical
wavelengths, leading to the need for alternative observational bands (Oort, 1997),
namely infrared, radio and X-ray. Each of the bands can detect different types of mat-
ter – infrared observations map cool dust and gas along with stars; radio wavelengths
detect hotter gas; x-rays detect extremely hot gas.

Figure 1.8: A multiwavelength image of the inner 0.5 � of the Milky Way galaxy. Yellow color is the image
received from near-infrared observation of Hubble space telescope showing the regions of
star formation. Red color represents the infrared observations of Spitzer indicating the dust
clouds coming from the stellar winds and radiation. Blue and violet colors from Chandra
X-ray observatory point out the gas heated to millions of Kelvins by stellar explosions and
out�ows from the supermassive black hole. The region covered in this thesis is the white
portion of the image markes as Sagittarius A. Credit: HubbleSite, 2024

A short list of several observatories that were or are being used to map the Milky
Way's nucleus is provided below.
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