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Abstract

In this Habilitation Thesis, I first recall how we have mapped the gas and the stellar content in
the central parsec of our Galaxy, which is the closest galactic nucleus to us, about 100 times
closer than galaxies in the Local Group and approximately 1000 times closer than the nearest
galaxy cluster. Around the compact radio source Sgr A* associated with the supermassive
black hole (SMBH), there are fast-moving B-type stars and dust-enshrouded stellar objects
that must have formed recently during the last hundred thousand to a few million years. This
indicates a recent period of star formation preceded by an infall of a large amount of cold
and dense gas. The amount of gas consumed by star formation is linked to the amount of gas
available for accretion. Hence, our Galactic center was likely much more active and luminous
a few million years ago, at the level of an active Seyfert galaxy. There are over a million active
galaxies, but in their case a similar spatial resolution is unavailable. Therefore, mapping of the
distribution of gas in active galactic nuclei (AGN) has traditionally been performed in the time
domain to replace the lack of a su cient angular resolution to resolve the inner regions. This
so-called reverberation mapping employs reprocessing of the variable X-ray/UV continuum
emission by more distant broad-line region clouds. In my work, I focused on the comparison
of the radius of H -emitting clouds with the distance of Mgll-emitting material as well as
the radius corresponding to the Fell pseudocontinuum. In contrast with the radius-luminosity
relations for H and the UV and optical Fell emission, the MglI radius-luminosity relation
is flatter, although it still exhibits a significant correlation. These correlations open a way to
measure supermassive black hole masses in distant quasars using just one-epoch spectroscopy.
One can also employ the MglI radius-luminosity relation to standardize quasars and use them
as alternative probes in cosmology. Finally, it is beneficial to combine the processes taking
place in AGN with the visibly rich and dense stellar content in the Galactic center to see how
an intermittently increased nuclear activity could have been impacting stars and vice versa.
In particular, we studied the interaction of red giants with the activate jet and found that a
large number of repetitive jet-star encounters can e ectively ablate the envelopes of red giants.
This can partially address the lack of large red giants in the innermost 0.5 pc of the Galactic
center. In summary, the spatial details accessible for the Galactic center complement the
temporal studies of mostly unresolved AGN. On the other hand, the study of a sample of AGN
with various accretion rates teaches us about the past and the potential future of the Milky Way.
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Chapter

1

Introduction

“Young people, especially young
women, often ask me for advice.
Here it is, valeat quantum. Do not
undertake a scienti c 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
(1900-1979)

Foreword

Understanding the structure of a galactic nucleus is closely linked to the understanding of the
structure of a galaxy, especially our own Milky Way. Since antiquity till the Middle Ages,
the center of the Universe or practically the Galactic Center was associated with the Earth
orbited by planets with a rather complex system of deferents and epicycles. “Non-changing”
stars were attached to the distant celestial sphere. The Milky Way or the apparent brighter
belt on the sky, essentially the largest object in terms of the apparent angular size observed
by a naked eye, was not always associated with distant stars. Aristotle and his followers
mostly interpreted it as an atmospheric phenomenon within the sub-lunar sphere created by
the interactions of celestial spheres with the terrestrial sphere as they revolved around the
Earth. However, there were alternative explanations during the “naked-eye” era as well, in
particular during the Middle Ages, especially proposed by Arabic medieval scholars (Eckart
& Idriz 2023).
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The geocentric system developed by Appolonius of Perga towards the end of the 3rd
century BC, Hipparchus in the 2nd century BC, and mastered by Claudius Ptoléimyagest
in the 2nd century AD could address mainly the apparent retrograde motion of planets, yet the
system became progressively more complex and impractical with too many auxiliary circles
(bigger ones called deferents and smaller ones called epicycles) with an additional correction
provided by an oset circle center oequantto account for the changing angular speed of
planets at the perigee and the apogee.

With the (re)introduction of the heliocentric model by Nicolaus Copernicus (1474-1543),
the center of the Universe, and thus also the Galaxy, was associated with the Sun (publication
De revolutionibus orbium coelestiupublished in 1543, shortly before Copernicus's death).
This paradigm shiftstanding on the shoulders of the ancient astronomer Aristarchus of Samos,
did not, however, provide much practical simpli cation of the calculations of planetary orbits.
On the contrary, the system became even more complicated than the Ptolemaian geocentric
model, with more and more epicycles needed to account feets between the predicted
and the observed positions of planets. A “compromise” geoheliocentric model introduced by
Tycho Brahe in the late 16th century associated the center with the Earth again, which was
supposed to be too heavy to move fast as based on the Aristotelian vision of the heavy and
light elements. The Moon, the Sun, and distant stars orbited around the Earth, while the ve
known planets at the time (Mercury, Venus, Mars, Jupiter, and Saturn) orbited around the Sun.

A real paradigm shiftfrom the ideal regular circular motion was introduced by Johannes
Kepler (1571-1630) in Prague, while he had a chance to study the precise positions of the
planet Mars obtained previously by Tycho Brahe. He noticed that the orbital description can
signi cantly be simpli ed when the closed trajectory is described by an ellipse, one of the
four conic sections, with the Sun being at one of the foci. This analysis resulted into the
publication of the rst two Keplerian laws in 1609 in Pragu&sfronomia Novpaand the
third law (the ratio of the cube of the semi-major axis to the square of the orbital period,
a®=P? = const remains constant) was published in 16Ha(monice Mundiin Linz. The
importance of Kepler's contribution lies in the applied scienti c method, that is the application
of a mathematical model (ellipse) to the orbital data. This way the pehfestbtelianregular
circular motion was abandoned and the Earth was nally shifted from the center of the
Universe and its motion, as for the other planets, was generally not uniform around the center.
An elliptical trajectory as a general orbit for a two-body problem whose special case is the
motion of an object in the central potential dominated by one body was nally derived Sir
Isaac Newton (1642-1726727) in his theory of universal gravitation published alongside the
laws of motion inPhilosophiae Naturalis Principia Mathemati¢dMathematical Principles of
Natural Philosophy) or shortlrincipia in 1687.

In the subsequent centuries, the trend of con rm@wpernicanprinciple, i.e. that no
location in the Universe is privileged, continued along with the signi cant developments of
celestial mechanics in the 18th and the 19th century, where the conic sections in the two-body
problem also evolve with time due to the perturbations from other bodies. The ability to
mathematically handle the external gravitational in uence led to the prediction of the position
of the outermost planet Neptune by Urbain Le Verrier in 1845-1846 (independently from
John Couch Adams) as based on the observed deviations of the Uranus motion from the
nominal Keplerian orbit. Based on Le Verrier's calculations, Neptune was thamby
discovered by Johann Gottfried Galle at the Berlin observatory on September 23rd, 1846. The
Neptune position was within one degree from the predicted position, which was a remarkable
accomplishment of the celestial mechanics. Subsequently, the general relativistic description



of spacetime introduced by Albert Einstein (1879-1955), in which the spacetime curvature
determines the motion of bodies that, on the other hand, in uence the curvature, added
post-Newtonian eects, such as the prograde periapse (Schwarzschild) precession of the orbit
or the nodal precession due to the Lense-Thirringat. The general relativistic ects were
successfully applied to explain the remnant prograde precession of the Mercury o489 (

per century after subtracting theect of other perturbing bodies) and were veri ed by the
detection of the stellar light de ection by the Sun during the Solar eclipse on May 29, 1919
(Principe-Sobral expedition led by Arthur S. Eddington, Dyson et al. 1920). Let us now return
back to the beginning of the 17th century, when another important milestone of technical
nature was achieved.

The further study of the Milky Way was bolstered by the invention of a telescope by Hans
Lippershey in or around 1608. Galileo Galilei (1564-1642) constructed his own refractive
telescope and he was able to resolve, among other things, individual stars of the Galaxy,
which once and for all discarded the theory of the Milky Way as an atmospheric phenomenon.
The qualitatively correct interpretation of the brighter belt, or the Milky Way, seen on the sky
was given by Thomas Wright in the mid-18th century. He put forward the model of a thin
disc of stars held together by gravitational forces. In this simple model, the Earth is located at
the geometric center of the disc and thus the edge-on view from within the disc creates the
projected belt on the celestial sphere. This model also inspired philosopher Immanuel Kant,
who in Universal Natural History and Theory of the Heavgi355) also advocated that
observed nebulae are distant galaxies like the Milky Way or separate “island universes”, which
was objected by most of Kant's peers at the time. Towards the end of 18th century, William
Herschel constructed a more detailed distribution of stars within the Milky Way with the Sun
at the Galactic center (Herschel 1785), which was possible thanks to the detailed observations
with his own telescope. Herchel's observations were assisted by his sister Caroline. In the
same way as Tycho Brahe is considered one of the best observational astronomers before the
invention of the telescope, Herschel can be considered one of the best astronomers capable of
observations with their own, home-built telescopes (in his case — Newtonian re ectors). It
was the time of enlightenment and technological progress, which resulted in the Industrial
revolution. At this time, astronomy and technological progress had become more intertwined
and it was quite common to discuss new discoveries and ideas within informal scienti c
circles, such as the Lunar Society based in Birmingham. Its members were also involved in
the public outreach of the astronomical knowledge of that era. For instance, James Ferguson
invented arorrery, a mechanical apparatus for demonstrating the motion of celestial bodies
according to the Copernican heliocentric view. Typically, it involved the motion of the Moon
around the Earth, the planets around the Sun, even including the motion of the moons of
Jupiter and Saturn known at the time, see Fig. 1.1.

More than hundred years later, based on more sensitive observations by larger telescopes,
Jacobus C. Kapteyn discovered that stars do not move randomly but their proper motions
belong to two opposite streams. This was essentially the rst proof of the Galactic rotation.
In 1922, Kapteyn presented a lens-shaped Galactic model with the diameter of only about

40000 light years with the Sun still close to the center (within 2 000 light years).

By the 1930s, there were several key measurements that led to the major revision of the
Galactic center location, especially the shift from nearly the Solar position to much larger
distances from the Solar system. This was achieved thanks to the observations by Harlow
Shapley, who performed the measurements of the distances of 69 globular clusters surrounding
the Milky Way. He used the period-luminosity relation of Cepheid variables, which was
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Figure 1.1 Painting “ A philosopher lecturing on the orrer{yby Joseph Wright of Derby
completed in 1766.The central gure may represent James Ferguson, one of the members
of the informal circle referred to as the Lunar Society. Ferguson demonstrated the orrery, a
simpli ed mechanical model of the movement of celestial bodies respecting the Copernican
heliocentric view, in Birmingham in 1761.

discovered earlier by Henrietta Swan Leavitt by observing Cepheid variables in the Magellanic
Clouds (Leavitt 1908; Leavitt & Pickering 1912), to determine their distances. He realized
that globular cluster are not distributed uniformly around the Sun but rather concentrated
towards the constellation of Sagittarius (Shapley 1918). This led to the paradigm shift from the
heliocentrism to galactocentrism and a signi cant enlargement of the Milky Way to several
10000 light years. Older measurements did not consider the extinction (absorption and
scattering) of stellar light by the interstellar gas and dust within the Galactic plane. Tdut e

was discovered by Robert Julius Trumpler while he studied open clusters. More speci cally,
he noticed that more distant open clusters appear fainter than they should be (Trumpler 1930).
When the interstellar extinction was taken into account, the position of the Sun with respect
to the Galactic center became even larger. Nowadays, the Galactic extinctioreedrdi
wavebands can be determined quite precisely. It is customary to express the extinction using
the colour indexEg v = Az Ay, whereAg = Bops Bint andAy = Vops  Vine are the
extinction coe cients in opticaB andV bands, respectively. In Fig. 1.2, the colour index
value ofEg  based on the full-sk00 m emission of dust (COBIPIRBE and IRASISSA

data; Schlegel et al. 1998) is clearly correlated with the Galactic structure, being the largest
close to the plane and the smallest around the Galactic poles.

In the rst half of the 20th century, the question of whether the Milky Way constitutes the
whole visible Universe or is just one of many galaxies was also nally resolved. Symbolically,
the Great Debate between Harlow Shapley and Heber Curtis took place in Washington,



Figure 1.2 Dust extinction map of Eg v (see the colour bar on the right) based 0100 m
emission map of dust (Schlegel et al. 1998Along thex-axis we show right ascension (RA)

in hours, while along thg-axis we depict declination (DEC) in degrees. The Galactic center
(Sgr A*) is represented by the star symbol and the North and the South Galactic poles are
shown with the plus signs.

D.C., in 1920. Shapley was advocating for a large Galaxy and observed spiral nebulae were
supposed to be located within it. In contrast, Curtis favoured a smaller Galaxy and spiral
nebulae were considered to be separate galaxies in his view. At the time of the Debate, both
astronomers lacked siciently precise observational data to support theiedent claims.

The problem of spiral nebulae was resolved by Edwin Hubble, who discovered Cepheid
variables in the nearby spiral nebulae (Andromeda, Triangulum) using the freshly completed
2.5-meter Hooker Telescope at Mt. Wilson. Using Leavitt's period-luminosity relation, the
derived distance clearly indicated that spiral nebulae are indeed other galaxies that are similar
to the Milky Way galaxy. Apart from the Great Debate in 1920, there had been a few earlier
“great debates” concerning the nature of the Milky Way, mainly along the line of its either
atmospheric or stellar nature. Eckart & Idriz (2023) mainly stress the walkncdl-Haytham
(Alhazen)965-1040) who argued that since the Milky Way band does not have a measurable
parallax it must be further than the Moon, whose parallax could be detected. This was in
tension with the prevailing view at the time that the Milky Way is an atmospheric phenomenon
in the sub-lunar sphere, rst put forward by Aristotle as mentioned at the beginning.

The direction towards the center of the Milky Way was rst broadly indicated by the
measurement of the distribution of globular clusters by Harlow Shapley, which showed that
globular clusters are concentrated towards the Sagittarius constellation. Subsequently, Karl
G. Jansky identi ed a strong radio source towards the Sagittarius constellation at 20.5 MHz
(14.6 meters) (Jansky 1933) with a rather low resolutio@df 35 . Grote Reber continued
with the radio observations of the persistent emission from the Sagittarius region between
1938 and 1948 at a higher frequency of 160 MHz (1.9 meters) with his nine-meter radio dish.
In 1951, Jack Piddington and Harry Minnett identi ed a discrete radio source denoted as the
Sagittarius-Scorpius source at 1.21 GHz and 3 GHz using the Potts Hill radio telescope near
Sydney (Piddington & Minnett 1951). The spectrum of the source appeared peculiarly at.
McGee & Bolton (1954) performed additional radio observations at 0.4 GHz of the Sagittarius-
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Figure 1.3 Radio and optical images of the brightest quasi-stellar object 3C 273 located
in the constellation of Virgo. Left panel:Radio image at 1.4 GHz obtained by thERST
survey (Becker et al. 1995)Right panel: Optical image adopted from tHeDSSsurvey
(Stoughton et al. 2002).

Scorpius source (known also as Sagittarius A) with the 24-meter "hole-in-the-ground” dish at
Dover Heights in Australia and identi ed it with the position expected for the Galactic center.
The discovery and the identi cation of Sagittarius A contributed to the rede nition of the
Galactic coordinate system, which was based primarily on the HI observations of the Galactic
rotation (Blaauw et al. 1960). The precisely determined position of Sgr A agreed well with the
center inferred from the rotation motion of HI clouds. Within the extended radio emission of
Sgr A, Balick & Brown (1974) identi ed a compact radio source unresolved @t1*with the
brightness temperature larger thidf K indicating a non-thermal nature. The identi cation of

the compact source was possible thanks to a newly commissioned 35-kilometer interferometer
Green Bank - Huntersville consisting of three 26-meter dishes and one 14-meter dish in
Huntersville. The source was located within a few arcseconds from the near-infrared excess
peak along the Galactic plane (Becklin & Neugebauer 1968). The subsequent monitoring
revealed that the point source is multi-wavelength and variable. Because of its compact
variable emission, it was denoted as Sagittarius A* (or Sgr A* for short; Brown 1982) to
distinguish it from the extended Sgr A complex. This nomenclature was adopted later for
other compact radio sources in galactic nuclei, such as M87* (Event Horizon Telescope
Collaboration et al. 2019) or M81* (von Fellenberg et al. 2023).

In the meantime, as the radio emission of the Galactic center associated with Sgr A and
Sgr A* had been pinpointed, broad emission lines with line widths equivalent to several 1000
km/s had been identi ed in the optical spectra of some galactic nuclei, indicating a high
concentrated mass (type I; Seyfert 1943; Woltjer 1959; Schmidt 1963). Following the devel-
opment of radar technologies during WWII, sources of strong radio emission were discovered.
Some of them had prominent bipolar radio lobes with the total magnetic and kinetic (particle)
energy of 10° 10'M ¢ 10° 1CP'ergs?, assuming a synchrotron mechanism for
the radio emission (Burbidge 1958). Such a large power output was inconsistent with any
known long-lasting chemical, nuclear, or matter-antimatter annihilation process. The radio
astronomy group at the University of Cambridge utilized a 4-element radio interferometer to
make a systematic survey of the radio sky at 159 MHz. The identi ed sources were denoted as
3C (Third Cambridge catalogue), followed by the entry number (increasing numbers stood for



a larger right ascension; see Edge et al. 1959). Using the 5.1-meter Hale telescope on the Mt.
Palomar, Thomas A. Matthews and Allan R. Sandage identi ed the rst optical counterparts
to the radio 3C sources — 3C 48, 3C 196, and 3C 286, which were point-like like stars and
exhibited unusual optical spectra with very broad emission lines (Matthews & Sandage 1963).
Because of the star-like appearance, these objects were called quasi-stellar objects (QSOs)
or quasars. For the brightest QSO 3C 2i#§ ( 129), Hazard et al. (1963) determined

the precise position of its two components (the core and the jet) using the method of lunar
occultations. By observing the optical counterpart of 3C 273 and obtaining the spectrum
using the Palomar telescope, Maarten Schmidt (Schmidt 1963) identi ed a series of hydrogen
Balmer lines in the spectrum. For the comparison, in Fig. 1.3 we show radio and optical
images of 3C273 in the left and right panels, respectively, where the radio emission clearly
consists of two components. He noticed that the lines are redshifted @158 which
corresponds to the luminosity distance o760Mpc. This de nitely proved that QSOs are

not only extragalactic but also that they are located at cosmological distances and have a huge
bolometric energy output dfoso  10*°ergs® 10"L or about two orders of magnitude

more than the total luminosity generated by the stars in the host galaxy. The short variability
within one month implied a compact source size&df 10“cm 0:03pc  7000AU for

the generation of such a large luminosity.

Hence, this extraordinary evidence for the large QSO luminosity generated in a small
volume comparable to the Solar System led to proposing extraordinary hypotheses and theories
that were also discussed at the First Texas Symposium in Relativistic Physics in Dallas in
1963 (Schucking 1989). Among several detours, accretion onto compact objects, during
which gravitational potential energy of matter is released in the form of intense radiation
that is observed, turned out to be the most feasible (Salpeter 1964; Zel'dovich & Novikov
1965). In parallel to new optical and radio observations of QSOs, and actually even before
them, there had been several key theoretical developments that had shown that highly compact
mass concentrations surrounded by the space-time boundary or the event horizon, from which
even light cannot escape, can form in nature. The rst such an idea was proposed by John
Michell, and independently by Pierre-Simon Laplace, in the 18th century and it was based
on the Newtonian corpuscular theory of light (Sckeal1979), wher%the critical radius can
be obtained by setting the escape velocity to the speed of light, R&M=R = ¢, which
leads toRs = 2GM=c?. The solid foundation stone to those models was laid though the
General Theory of Relativity presented by Albert Einstein in 1915, and mainly the spherical
symmetric solutions to the vacuum Einstein's eld equations found by Schwarzschild (1916)
for a non-rotating and an uncharged mass and by Reissner (1916) and Nordstréom (1918) for a
non-rotating and charged point source and mass, respectively. However, the true singularity at
the center of the coordinate system surrounded by the event horizon was rathetlt db
grasp since no information, for instance even light waves, could travel out of it. Therefore,
many physicists including Albert Einstein himself were sceptical of the formation of these
“frozen stars” in nature (Einstein 1939). In contrast, for an idealized spherical collapse of a star,
J. Robert Oppenheimer and Hartland Snyder showed that if the nal mass of the star exceeds
a certain limit Tolman-Oppenheimer-Volkar TOV limitof about 1.5 3M ), there is
nothing, not even the pressure of degenerate matter, that can prevent the collapse of the object
into singularity (Oppenheimer & Snyder 1939), hence the gravitational collapse will continue.
Despite Oppenheimer's & Snyder's paper on the continuing gravitational collapse, most of the
community remained sceptical about the formation of singularities in nature and considered
them as pure mathematical curiosities. As Einstein, they rather tried to invoke mechanisms
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that would decrease the mass below the TOV limit, such as strong stellar winds or rotation.
The discovery of QSOs with large bolometric luminositied 6 10* ergs? generated
within a small volume opened space for extraordinary hypotheses, including the accretion of
matter onto highly compact objects that have collapsed into singularities surrounded by an
event horizon. Moreover, considering the steady spherical accretion, the upper limit on the
luminosity generated by accretion is given by Badington luminosity

4 GM myc
T !

M
=126 10°® Ve ergs?; (1.1)

Edd =

which implies the mass of at least1l0’ 10° M to generate the luminosity of QSOs. Such

a large mass in a small volume with the radius 0D:03pc cannot be due to a cluster of
Solar-mass stars since such a con guration would be unstable. Also, a main-sequence star of
such a large mass would be highly unstable and short-lived. Essentially, any single object of
this mass will inevitably collapse into a singularity. The central singular object in QSOs, if
accreting close to the maximum possible (Eddington) rate, needs to consume

4 GM m,
rad TC |

— . M . 1.
=22 s Moyr Y (1.2)

Edd =

for (aq= 0:1, which represents the radiative eiency that compares the energy of the gas
element at in nity with the one at the innermost stable circular orbit (ISCO). Hence, the
consumption rate is equivalent to a few stars like the Sun per year. The accretion of matter
onto collapsed highly massive or supermassive objects turned to be the most plausible among
extraordinary models.

Around the time of the First Texas Symposium, the exact axisymmetric solution for a
rotating mass was presented (Kerr 1963), and shortly afterwards, the most general stationary
solution of Einstein eld equations was found (Newman et al. 1965), which concerns masses
possessing both the spin and the electric charge. Hence, it took about 45 years to nd exact
solutions for a rotating mass with axisymmetric spacetime. For convenience, we summarize
the exact solutions of Einstein eld equations with the basic parameters of Mhassgular
momentumJ, and the electric charg® in Table 1.1, including the authors of these solutions
and the years when they were found.

Table 1.1 Overview of exact stationary solutions of Einstein eld equations.

ChargéAngular Momentum J=0 J, 0
Q=0 Schwarzschild Kerr
References Schwarzschild (1916) Kerr (1963)
Q, 0 Reissner-Nordstrom Kerr-Newman
References Reissner (1916), Nordstrom (1918Newman et al. (1965)

1The Eddington luminosity is, apart from the mass of the compact objeca function of just fundamental
constants: gravitational constaBt speed of light, and the Thomson cross-section.



Figure 1.4 Origin of the word black hole A newspaper snippet of the rst published article
onblack holegublished by Ann Ewing on January 18, 19645cience News LettéEwing
1964).

The formation of spacetime singularities in nature turned out to be feasible after Roger
Penrose showed based on his analysis of the topological properties of spacetime (conformal
structure; Penrose 1963) that the gravitational collapse into singularity is a general property
of imploding stars when they reach a certain point, at which the formation of singularity
becomes inevitable regardless of the initial geometry or the rotation of the collapsing star. In
other words, a so-calletdapped surfaceneeds to form (Penrose 1965). It is also at this time
when the ternblack hole rst appeared. In the written form, the term appeared in the popular
Science News LettéBlack Holes” in Spacewritten by Ann Ewing (Ewing 1964), which was
published on January 18th, 1964, see also Fig. 1.4. The article reported on degenerate compact
objects discussed at the annual meeting of the American Association for the Advancement
of Science (AAAS) in Cleveland, Ohio. The term was likely used directly at the meeting,
potentially by the session chair Dr. Hong-yee Chiu, who might have adopted it from Robert
Dicke. Three years later John A. Wheeler used the term black hole again at the annual meeting
of the AAAS and after his keynote lecture was published in 1968 (Wheeler 1968), it started to
be widely used in both popular and academic literature. Given the large masses of the order
of 10® 10°M to explain the large luminosities of quasars, the teupermassive black
holes(hereafter SMBH) was adopted to distinguish them from the remnants of massive stars,
i.e. stellar black holes. Electromagnetic emission of stellar black holes in binary systems
started to be detected in the 1960s and 1970s thanks to the sounding rocketsldimarthe
satellite carrying the rst X-ray detectors (Giacconi et al. 1972). Since 2015 merging stellar
black hole binaries have also been detected via gravitational-wave emission (Abbott et al.
2016). Between stellar and supermassive black holes, there is a category of intermediate-mass
black holes (IMBHs) with the masses in the range df(? 10° M with the rm detections
only at the lowest and the highest values of this range (Greene et al. 2020).

At the time when SMBHs started to be associated with the large luminosity of QSOs,
so was the compact radio source Sgr A* considered to be located at the very center of
the Milky Way. The question was if there is a link between Sgr A* and those luminous
SMBHSs in QSOs. Or perhaps the Milky Way does not host an SMBH? Or could it be that
Sgr A* is currently accreting much less than the SMBHs in the monitored QSOs that are at
cosmological distances, and thus younger than the Milky Way? In 1969, Donald Lynden-Bell
made the connection between the nuclear emission in nearby galaxies and distant quasars, and
denoted the lower-luminosity nuclei as “collapsed old quasars”, suggesting an evolutionary
link (Lynden-Bell 1969). Two years later, in 1971, Donald Lynden-Bell and Martin Rees
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suggested the existence of an SMBH in the Galactic center (Lynden-Bell & Rees 1971). They
also outlined its basic properties and suggested to use broad emission lines, very long baseline
interferometry, and infrared emission (and its variability) to detect the SMBH. As already
mentioned, in 1974, Sgr A* was detected using the long-baseline radio interferometry (Balick
& Brown 1974), and shortly afterwards, Sgr A* started to be associated with the SMBH.

The rest of the introduction to thidabilitation Thesideals with the mapping of both the
Galactic center and distant quasars and how these are related. Some answers have been found
in previous studies, including my papers, yet many remain to be tackled in the future. In
Section 1.1, we will look more closely at the SMBH in the Galactic center and its immediate
surroundings within its sphere of gravitational in uence o2 pc. In Subsection 1.1.2, we
will consider the distribution of gas of derent phases, while in Subsection 1.1.1, we will
focus on stars and derent stellar populations. The most active galaxies — or quasars — are
then the topic of Section 1.2. There are severakdences and contrasts between the Galactic
center and quasars but also some similarities — in both cases, the main dynamical “engine”
is the SMBH. Most importantly, there is an evolutionary connection. The current state of
the Galactic center is common at low redshifts and represents the end product of the quasar
state — the Galactic center could be described as the old or almost dead quasar or the “cinder”
of the once very active SMBH (Lynden-Bell 1969). However, the last increased activity of
the Galactic center did not necessarily take place billions of years ago. Some traces of the
signi cant increase in the nuclear activity can be dated back to only a few millions years ago.
We will discuss these evolutionary connections as well as more generally the feeding and the
feedback of galactic nuclei in Section 1.3. Finally, in Section 1.4 we will discuss the possibility
of using galactic nuclei as standardizable sources for cosmology. As we discussed, galactic
nuclei are characterized by a large range of accretion rates and therefore also luminosities,
hence they may not seem as ideal probes to constrain cosmological parameters. In addition,
galactic nuclei are variable on the timescales of weeks to months, which also makes their
standardization more dicult. However, there are two (and potentially more) non-linear
power-law relations between quasar quantities that can be used to determine luminosity
distances to them and therefore use them as standardizable candles. First, it is the relation
between the radius of the broad-line region and the driving monochromatic luminosity, or the
R Lrelation. Second, there is a correlation between the UV monochromatic lumihggity
typically measured at 250 nm and the X-ray monochromatic luminasityetermined at 2
keV, ortheLx Lyy relation. We will discuss the achieved constraints so far and the main
systematic eects that seem to in uence these relations.

1.1 Mapping the Galactic center

To understand the evolution of galaxies across the cosmic history, in particular how the activity
of galactic nuclei evolves, it is essential to map their kinematic and geometrical structure. In
this regard, it is practical to start with the extreme cases. On one hand, there are SMBHs
that are very di cult to detect at the centers of galaxies because of their low luminosity due
to a low level of accretion, i.e. signi cantly below the maximum stable spherical accretion,
so-called the Eddington limit, see Ed..2). Our Galactic center hosts such an “underfed”
SMBH associated with the compact variable source Sgr A*. On the other hand, there are
SMBHs that can accrete the equivalent of several Suns per year or actually they can reach or
even exceed the Eddington limit. Such SMBHs are in the nuclei of quasars, the most active
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galaxies, and they outshine the total stellar radiation of their host galaxies by several orders of
magnitude.

The center of the Milky Way with the distance of 8:1 kpc determined using dif-
ferent methods (Genzel et al. 2010) is the closest galactic nucleus to us, alf@fit
times closer than the closest nucleus hosting a low-accreting SMBH in M31 in the Lo-
cal Group ( 752kpc; Riess et al. 2012) and 531-times closer than the closest ac-
tive galactic nucleus (AGN) in NGC 4395 (4:3 Mpc; Thim et al. 2004). With the
di raction-limited near-infrared observations, it is possible to resolve structures as small
as (=D)dsga = (=2:2 m)(D=8m) *(dsqa Bkpc) 454AU. Since the mean distance
between stars is typically larger, the Galactic center (GC) is the only galactic nucleus where
one can observe individual stars as well as study the properties of the dense Nuclear Star
Cluster (NSC) as a whole. Since the NSC represents one of the densest stellar environments
in the Galaxy, the GC can be utilized as a unique test-bed for stellar dynamics in the dense
cluster environment (Schodel et al. 2014b).

Furthermore, the multi-wavelength observations of the Galactic center reveal a multiphase
gaseous-dusty environment, including denser molecular and neutral material outside the inner
parsec and ionized warmer gas and hot X-ray emitting plasma within the inner parsec. The
kinematic structure of the gaseous medium is quite complex. There are clear signs of the
Keplerian motion of the gas on one hand, but most of the gas is actually out owing, with a
small fraction going inwards towards the extremely low-luminous SMBH (Morris & Serabyn
1996). The reasons behind low accretion onto Sgr A*, despite a large accumulation of gas
within the Central Molecular Zone (200pc from Sgr A*; CMZ), are likely the combination
of star formation (matter is converted into stars, Henshaw et al. 2023) and the loss via
thermally driven out ows, partially collimated by the large-scale magnetic eld. The latter
is partially caused by gas heating driven by shocks due to numerous supernovae and by the
X-ray radiation eld provided by numerous X-ray binaries (Morris 1993; Hailey et al. 2018).

In fact, the matter needs to lose angular momentum substantially in order to inspiral from
Galactic scales towards the bound orbit around the SMBH. The speci ¢ angular momentum
of gas (per unit mass) at the scale 0600 pc and considering the speed o£250km s *
iSlga rv 39 10%cn?s ®. If the matter orbits close to the innermost stable circular
orbit or te ISCO around the SMBH, for instancerat 6 gravitational radii () for a
non-rotating (Schwarzschild) black hole, its angular momentum isrv  rqc(r=rg)*?

4:3 10%?cns 1. Hence, the dierence is six orders of magnitude in terms of the speci c
angular momentum. The gas needs to bridge the length-scales betva@&pc or the CMZ

scales to the scales of the event horizon of the SMBH, which can be scaled by the gravitational
radiusry, |
M

— . 1 .
= = 59 10 1o o™ (1.3)

One gravitational radius corresponds to about 0.039 AU or about one tenth of the mean
distance of Mercury from the Sun. The overall drence in the length-scale between the
CMZ and the event horizon corresponds to the factor @6  10°.

The CMZ contains about 5 to 10% of molecular gas of the Milky Way, which gives rise
to the densest concentration of massive stars and star clusters in the Galaxy, including the
most massive star-formation complexes — Sgr A and Sgr B2 (Morris & Serabyn 1996; Ferriere
et al. 2007). The total mass of the dense gas & 10°cm %)is 3 7 10'M (Bally
et al. 1987, 1988; Morris & Serabyn 1996; Ferriere et al. 2007). The in ow of gas towards
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Figure 1.5 Multi-wavelength images of the Central Molecular Zone on the scale of

120 pc. Left panel:The inner 120 pc of the CMZ as observed by MeerKAT (0.9-1.6 GHz,
blue; SARAO) and Herchel PACS HH, column density (red; inferred from dust continuum
emission; see also Molinari et al.,2011), which traces the 100-pc Ring of molecular material
presumably along the stabkg orbit. Composite image produced by John Bally. Arrows
denote di erent structures including molecular complexes the Brick, Sgr B2, Sgr B1, &) km

20 km's clouds, Sgr A complex, and Sgr C. The dashed yellow oval-shaped region denotes
the Galactic center bubble between the Sgr A complex and the Brick. The red rectangle
represents the 40-pc region shown in the right paRght panel:The 40-pc region of the
CMZ. The composite image was created by the combination of the 1-8 keV image (blue,
Chandra; Wang et al., 2002), the optical image (yellow, HST; NAS¥YWSTSclQ.D.Wang),

and the NIR-MIR image3.6 24 m, red, Spitzer; Churchwell et al., 2009). Images adopted
from Bryant & Krabbe (2021).

the CMZ is governed by the gravitational potential of the Galactic stellar bar that extends
on the scale of 3 kpc from the Galactic center (Morris & Serabyn 1996). It is revealed by
the radial-velocity pro les of CO and HI gas as a function of the Galactic longitude. From
this analysis, it has been inferred that the Galactic bar is orien@@ 45 with respect to

our line of sight. In comparison with the Galactic disc, which is dominated by the rotational
motion in the Galactic plane, the bar potential allows for a larger-amplitude vertical motion.
This is also apparent in the maps of the surface density of the interstellar gas that exhibit
a peak in the density at 3 4 kpc and a drop inside 3 kpc, where the bar potential starts
to dominate. In principal, the bar is triaxial and its potential allows foedént families of
gas-star orbits. The most prominent onesxarerbits along the major bar axis amg orbits

that are perpendicular ta and follow the minor bar axis (Contopoulos & Mertzanides 1977).

The combination ok; andx, orbits along with the bar orientation and the sense of cloud
motion can address the observed distribution of major molecular complexes, the clumpiness as
well as the asymmetrical distribution of the CMZ. In Fig. 1.5, we show the multi-wavelength
images of the inner 120 pc (raditar IR; left image) and the inner 40 pc (X-ragpticakNIR-

MIR; right panel). In these composite images, one can notice the major molecular complexes
that exhibit a star-formation activity, in particular Sgr A complex, Sgr B1, Sgr B2, and
Sgr C. It is quite visible that in the positive Galactic longitudes (east of Sgr A*) there is a
higher column density of molecular material in comparison with negative Galactic longitudes
(west of Sgr A*). The western part is characterized by the occurrence of di&zete
sources. One interpretation is that the star-formation activity within the central 100-pc Ring,
along which molecular complexes are distributed, is not synchronized. We can rather see
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star-formation process at dérent stages. In this picture, the region to the west could have
already experienced a major starburst that led to the ejection of the cold molecular material
via winds of massive young stars and supernova wind bubbles (see e.g. Bally & Hi-GAL
Team 2014, and references therein).

Most of the star formation within the CMZ takes place in the inner 100 pc, more speci -
cally in the molecular complexes along the 100-pc Ring (Molinari et al. 2011), where one
can localize the densest stellar clusters — the Arches, the Quintuplet, and the NSC. Because
of the intense star-formation activity, winds of massive stars interact with the denser neutral
and molecular material and push it away, creating the Galactic center bubble, see the yellow
oval-shaped region in Fig. 1.5. The manifestation of this are the Arched laments to the
north. The molecular clouds along the 100-pc Ring are one to two orders of magnitude denser
than in the Galactic plane and exhibit an order of magnitude larger line widths, indicating
extra velocity shear and turbulence. Despite increased star formation in comparison with
the Solar neighbourhood (0:02 0:1M yr ; Morris & Serabyn 1996; Yusef-Zadeh et al.
2009b; Longmore et al. 2013), the star-formation rate per unit mass of high-density gas is
actually lower than in the Galactic plane. This decreasedency could be due to several
mechanisms typical for the Galactic center region, especially increased turbulence, tidal
stresses and shocks, stronger magnetic eld, shocks due to cloud-cloud collisions, and their
combination (Kruijssen et al. 2014).

To understand the overall dynamics of the gas in ow through the Galactic 3-kpc bar, CMZ
with the 100-pc Ring, and all the way to the innermost parsec is one of the major challenges
of the current Galactic dynamics. A partial understanding has been reached by applying the
theory ofx;-X, orbits within the bar on the distribution of molecular clouds and dense stellar
clusters within the CMZ. In Fig. 1.6 (left panel), we illustrate the motion of the molecular
material along the innermost stabieorbit, while most of the star-forming clouds move
along the inneK, orbits that are perpendicular i orbits. This can address the projected
distribution of prominent molecular clouds with dense star-forming clusters along the 100-pc
Ring, see Fig. 1.6 (right panels). The stakle x, orbits provide a way to transport the
denser material from kiloparsec scaled@f pc scales, where other mechanisms, such as
cloud-cloud collisions, can yield a lower angular-momentum material that falls in towards
parsec scales from the SMBH.

Overall, the CMZ with the Sgr A complex including Sgr A*, has played a major role in
understanding star formation in the extreme conditions, the impact of the stellar feedback on
the surrounding dense gas, and the overall gas transport from larger Galactic scales towards
the SMBH. In fact, the Galactic center seems to be an example of a galactic nucleus where
the SMBH is currently not the main feedback provider. Numerous massive stars control the
SMBH growth and in fact keep it to a minimum via their stellar wind out ows and supernova
feedback.

1.1.1 Stellar populations in the central parsec

The Galactic center Nuclear Star Cluster (NSC) has the size comparable to globular clusters
but it is many times more massive. In fact, the stellar density is one of the largest among
stellar environments in the Galaxy. For this reason, the NSC is a unique dynamical testbed
for the stellar cluster whose inner part is dominated by the potential of the SMBH (Schodel
et al. 2014b). Based on the monitoring of fast-moving B-type stars, it has been possible to
determine the exact value of the mass of the compact radio source Skt A*4 1P M
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Figure 1.6. Motion of dense molecular material towards the Galactic centerLeft panel:
lllustration of the top-view of the Central Molecular Zone (CMZ; the inner 500 pc). The
orange-shaded oval depicts the orientation of the Galactic bar with respect to the line of sight
(the angle of 20 45). Stars and gas move in the bar potential on staptabits along

the bar major axis. The lower angular-momentanorbits become self-intersecting - this is
where the denser molecular complex Bania's Clump 2 may be located on the front side of
the CMZ. Most of the CMZ molecular emission is associated withxtharbits, which are
perpendicular toq orbits and are represented by three ellipses. Densest molecular clouds, in
particular Sgr B2, 50 ks cloud, 20 kn’s cloud, and Sgr C move in the bar potential on these
orbits and form the prominent 100-pc Ring (see the right panel). The illustration was inspired
by Bally & Hi-GAL Team (2014).Right panel:The far-infrared image of the inner 94 pc
obtained by thederschelSPIRE at250 m (top panel). The black solid line shows tke

orbit that mimics the in nity sign, but in 3D it exhibits a closed-loop-like shape. The densest
molecular clouds seem to follow this innerorbit in the bar potential as is apparent from

the dust temperature map (bottom) obtained from the dust continuum emission between 70
and 500 m (Molinari et al. 2011). This geometrical con guration of molecular clouds along
with dense star-forming regions represents the 100-pc Ring. Adopted from Bryant & Krabbe
(2021).

(Genzel 2022), which is associated with the SMBH at the center of the Milky Way. This was
possible based on the detection of stellar proper motions within one arcsecond of Sgr A*
(Eckart & Genzel 1996, 1997; Ghez et al. 1998) and later by also detecting accelerations
along the orbit (Ghez et al. 2000). This eventually led to the determination of elliptical orbits
of several tens of stars orbiting the SMBH (Eckart et al. 2002; Schodel et al. 2002; Gillessen
et al. 2009, 2017).

In comparison with other galaxies, the NSC can be studied on sub-parsec and even
milliparsec scales and it can be resolved into millions of stars whose spectral type and proper
motion can be investigated. From these analyses it was found that the NSC is predominantly
composed of late-type stars with the spectral types M, K, arnd133yr; Pfuhl et al. 2011).

The distribution of stellar velocities is approximately isotropic, with the slow, solid-like
rotation parallel to the rotation of the Galaxy (bar). The NSC is elliptical in shape and
attened along the Galactic plane with the symmetry ratiqqof 0:71 0:02 It is also
point-symmetric with respect to Sgr A* and has a half-light radius,0f 4:2 0:4pc. Based

on the mid-infrared images corrected for extinction, it was possible to constrain the luminosity
ofthe NSCLys m = (41 0:4) 10°L and the total mass dflysc = (25 0:4) 10'M
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Figure 1.7. Localization of the Nuclear Star Cluster, Nuclear Stellar Disc, and the
Central Molecular Zone within the Galaxy. Left panel: lllustration of the location of

the Galactic center, including the Nuclear Stellar Disc and the Central Molecular Zone,
in the Galaxy.Right panel:Composite infrared image (3t@.5+8 m) obtained from the
Spitzer images where the Central Molecular Zone is depicted as a blue dashed oval, i.e. the
region with the largest concentration of molecular gas. In this region, the large molecular
complexstar-forming region Sgr B is shown as well as the HIl regions Sgr C and Sgr E. The
Nuclear Stellar Disc is an elongated bright structure, which is located within the CMZ and
partially overlaps with it. At the very center, a nearly spherical Nuclear Star Cluster is located,
which has a half-light radius of 4:2 pc. Both gures were adopted with some modi cations
from Schoedel et al. (2024).

(Schodel et al. 2014a), which gives an average mass-to-light rafM=f),s ,, 0:6, though
it is clearly radius-dependent as there are numerous young massiVéo®Rayet stars
within the inner 0.5 pc (see the discussion below).

The NSC is embedded within the larger, elongated Nuclear Stellar Disc (NSD), which has
the total mass of 10° M and the length-scale of 120pc (Launhardt et al. 2002). It thus
overlaps substantially with the CMZ, or the 100-pc Ring, see also Fig. 1.7 for the schematic
illustration (left panel) and the composite infrared image showing the main structures within
300 pc (right panel). Itis elongated along the Galactic plane, which implies the supply of
material for the NSD build-up along the main axis of the bar. The star formation and the gas
feeding was, however, not continuous as previously expected (Nogueras-Lara et al. 2020). The
bulk of the NSD mass formed 8 Gyr ago or more, while there was another intense starburst

1 Gyr ago, forming 5% of the NSD mass. A few percent of stars formed within 500
Myr, with the continuation until 30 Myr ago. This suggests that in the Galactic center region,
star formation is quite episodic with long periodsgeveral Gyr) of quiescence. The NSD
is kinematically cool with the coherent rotation pattern with the velocity df20kms !
parallel to the Galactic plane. Its vertical extent is onlg0pc, hence it is signi cantly atter
than the NSC witlg  0:2  0:4 (Schonrich et al. 2015).

In Fig. 1.8, we illustrate the derent stellar structures — Nuclear Stellar Disc on 100-pc
scales, Nuclear Star Cluster on the 10-pc scale, the region of fast-moving “S stars” (Eckart &
Genzel 1996, 1997; Ghez et al. 1998) in the central parsec. In the further discussion, we focus
on this region, which is well inside the sphere of gravitational in uence of the SMBH. By the
sphere of in uence we mean the region with the radius where the circular velocity around

Sgr A* equals the velocity dispersion, of the stars in the NSC, hence we have,
|
GM M ' 2 2
=— 21 :
's1= 3 4 1°PM 90kmst

pc; (1.4)
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Figure 1.8 Towards the population of fast-moving “S stars” orbiting around Sgr A*.

Panel (a): SpitzefIRAC 4:;5 m depicting the elongated Nuclear Stellar Disc on the scale
of 275 pc (based on Schddel et al. 2014&anel (b): The ISAAC composite image
(1.19+1.71+2.25 m) of the Nuclear Star Cluster on the scale of 6 pc, which corresponds
to the cyan box in panel (a). Based on the data analyzed in Nishiyama & Schodel (2013).
Panel (c): The NACQVLT holographic image of the central half-parsec (Schodel et al. 2013),
which corresponds to the white box in panel (b). The S cluster surrounding Sgr A*, which is
at the center of all the images but typically very faint unless it is aring, is depicted by a black
circle. All of the three images were adopted from Schddel et al. (2014b).

where , 90kms!is estimated from thiv » relation (Gultekin et al. 2009). For the
spherical cluster around the SMBH, this would correspond to the radius where the total stellar
massM»>(r <rg)=2M 8 1M (Merritt 2013).

Insiderg stars undergo two-body relaxation by exchanging energy and angular momentum
in the dominant potential of the SMBH. The characteristic non-resonant relaxation timescale
is,

B 0:34 3
"~ G, <m>1n | I I
3 lc<m>tin T ?
' 42 ? ? ' Gyr; 1.5
90kms! 21 1M pc3 1M 15 yr (1.5)

where , is the stellar mass density estimated as the total stellar mass density within the
sphere of inuence,, 6M =4 rgl), < m, > is the mean stellar mass, which we settd |,
andln is the Coulomb logarithm, which can be estimatedhas In(M =m,) 15inthe
potential of the SMBH (Merritt 2013). After,, hence about half billion years for the Galactic
center, the stellar system is expected to be dynamically relaxed —i.e. the orbital energy and
angular momentum are exchanged to such an extent that the system does not possess any
ngerprint of the initial orbital distribution. The relaxed system dominated gravitationally by
the SMBH is expected to have an increasing density pro le towards the SMBH, which can be
utilized to reveal especially quiescent SMBHSs in the nearby Universe (Peebles 1972). More
precisely, the stellar density in such a cluster exhibits a power-law distribution as a function
of the distance from the SMBH. This is a so-calBahcall-Wolf cusmnd the theoretical
dependencies are(r) / r ™ for stars with the same mass (Bahcall & Wolf 1976) and
»(r) I r 32 for a two-mass stellar distribution (Bahcall & Wolf 1977).
Concerning the late-type stellar population in the inner parsec, it is old, speci caly%o
of the stellar mass formed 10 Gyr ago or more (Schodel et al. 2020). The velocity distribution
is isotropic and the spatial distribution is slightly attened along the Galactic plane as already



	Abstract
	Contents
	Introduction
	Mapping the Galactic center
	Stellar populations in the central parsec
	Distribution of gas and accretion-flow structure

	Mapping distant quasars
	Reverberation mapping of accretion discs
	Resolving spheres of influence of extragalactic nuclei
	Signs of stellar-mass bodies close to extragalactic SMBHs

	Synergies between the Galactic center and active galactic nuclei
	Galactic nuclei as standardizable candles
	This Thesis

	Paper 1: Radio-Optical Properties of Active Galaxies
	Paper 2: Reverberation-Mapping of HE 0413-4031
	Paper 3: Red-Giant Depletion in the Galactic Center
	Paper 4: Reverberation-Mapping of HE 0435-4312
	Paper 5: Enhanced Doppler Beaming
	Paper 6: Effect of Extinction on Quasar Distances
	Paper 7: UV FeII Emission Model and BLR Time Delays
	Discussion and Conclusions
	Bibliography
	Curriculum Vitae
	Significant Research Results
	First-author refereed publications
	Publications in Nature, Science, and Letter format


	Acknowledgements
	Photogallery


