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Zusammenfassung

Untersuchungen der Wechselwirkung zwischen dem interstellaren Medium und der Umge-
bung des zentralen Schwarzen Loches auf Parsec-Skalen sind von groBer Wichtigkeit fiir das
volle Verstindnis der Galaxienevolution. Das Galaktische Zentrum als nichstes Galaxien-
zentrum bietet uns die einmalige Moglichkeit die Dynamik von einzelnen Sternen und des
nuklearen Sternhaufens als Ganzen zu beobachten.

Diese Dissertation behandelt den Ubergangsbereich, in dem das komplexe interstellare
Medium im Galaktischen Zentrum auf ein verhéltnisméBig einfacheres Objekt trifft, aller
Wahrscheinlichkeit nach ein Schwarzes Loch mit einer Masse von ~ 4 x 10® Sonnenmassen,
das nur durch drei klassische Parameter charakterisiert wird: seine Masse, seiner Spin und
seine elektrische Ladung. Vor wenigen Jahren wurde dort das Objekt DSO/G2 entdeckt, das
sich auf einem Orbit mit sehr hoher Exzentrizitit bewegt und seine Periaps-Position 2014
mit einer Periapsdistanz von 2000 Schwarzschildradien durchlaufen hat. Der Orbit, das
Nahinfrarot-Spektrum und deren Vergleich mit Modellen haben es ermdglicht, bisher unbe-
kannte Eigenschaften der Umgebung von Sgr A* sowie der Beschaffenheit dieser ritselhaften
Quelle zu bestimmen.

In einer Artikelserie haben wir die Dynamik verschiedener Szenarios fiir DSO/G2, seine
Wechselwirkung mit dem interstellaren Medium nahe des Galaktischen Zentrums und seiner
Nahinfrarot-Kontinuums-Strahlungseigenschaften untersucht. Ein wichtiges Resultat ist die
Asymmetrie in der stellaren Bowshock Entwicklung in Gegenwart eines Ausflusses vom
Galaktischen Zentrum. Weiterhin konnten wir mit polarimetrischen Messungen und 3D Monte
Carlo Strahlungstransport-Simulationen ein Modell eines jungen Sterns mit nicht-sphérischer
Staubhiille entwickeln, das seine Kompaktheit, seine hohe Nahinfrarot Emission und seine
linear polarisierte Strahlung erklirt. Auerdem haben wir die Méglichkeit untersucht, dass
das DSO und dhnliche Objekte Kandidaten fiir junge Neutronensterne sind, die mit heutigen
und zukiinftigen Observatorien zu beobachten sein sollten und helfen konnten, das ,,fehlende
Pulsar Paradox* zu l6sen.

Indem wir uns der innersten Region des Galaktischen Zentrums néhern, stoen wir auf das
Problem der elektrischen Ladung von Sgr A*, die meistens als neutral angenommen wird. Wir
stellen fest, dass eine stabile elektrische Ladung durch mehrere Mechanismen aufrechterhalten
werden kann. Am Vielversprechendsten ist die Aufladung durch ein rotierendes Schwarzes
Loch, das sich in einem homogenen Magnetfeld aufhilt. Von uns berechnete realistische Werte

il
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fiir die elektrische Ladung wiirden die Raumzeit-Metrik nicht beeinflussen, aber durchaus die
Dynamik von Plasma im Galaktischen Zentrum. Dariiberhinaus schlagen wir einen neuartigen
Test vor, mit dem die Charakteristik der elektrischen Ladung durch eine Helligkeitsverteilung
der Bremsstrahlung bestimmt werden kann.



Abstract

Studying the interaction between the interstellar medium and the black hole environment
on the parsec scale is of crucial importance in the full understanding of galaxy evolution.
Since the Galactic Centre is the closest galactic nucleus, it offers us the unique possibility to
observationally study the dynamics of individual stars as well as the properties of the Nuclear
Star Cluster as a whole.

This thesis deals with the transition region where the complex interstellar medium in the
Galactic Centre meets a rather simple object at the very centre — most probably a black hole
of 4 x 10% Solar masses characterized by only three classical parameters: mass, spin, and
electric charge. Recently, a NIR-excess object named DSO/G2 was detected that is moving
on a highly eccentric orbit, with the pericentre reached in 2014 at ~ 2000 Schwarzschild radii.
The monitoring, the analysis of NIR data, and the comparison with models have provided an
unprecedented opportunity to constrain the properties of previously unexplored region around
Sgr A* as well as to determine the nature of this enigmatic source.

In a series of papers, we explored the dynamics of different scenarios for DSO/G?2, its
interaction with the ambient medium close to the Galactic centre, and the radiative properties
of its NIR continuum emission. The main findings include the asymmetry of the stellar
bow-shock evolution along the orbit when the outflow from the Galactic centre is present.
Subsequently, using polarimetry measurements and 3D Monte Carlo radiative transfer, we
were able to set up a model of a young star with a non-spherical dusty envelope that can
explain its compactness, NIR-excess as well as its linearly polarized emission. Finally, we
explore a possibility that the DSO and objects with similar characteristics could be candidates
for young neutron stars that should be observable in NIR bands with current and future
facilities, which can help to resolve the “missing pulsar paradox”.

Approaching the innermost region of the Galactic Centre, we explore the problem of an
electric charge associated with Sgr A*, which is assumed to be zero in most studies. We found
that a stable charge can be maintained by several mechanisms. One of the most promising
ones is the charging due to the rotating black hole that is immersed in a uniform magnetic
field. Realistic values of the charge that we calculated do not influence space-time metric,
but can significantly influence the dynamics of plasma in the vicinity of the Galactic centre.
Furthermore, we also propose a novel observational test for detecting the signature of the
charge using a bremsstrahlung brightness distribution.
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CHAPTER

Introduction

Studying the black hole environment is of crucial importance for the current view of the
Universe and the evolution of galaxies. Showing that black holes are not only entities within
the General Theory of Relativity but also real astrophysical objects may be considered as
one of the greatest achievements of astrophysics in the second half of the twentieth century
and the beginning of the twenty-first century. In particular, the observations of the Galactic
centre, starting towards the end of 1960s and the beginning of 1970s, largely contributed
to the current theory that there is, beyond reasonable doubt, one supermassive black hole
(SMBH) at the centre of the Milky Way and supposedly at least one SMBH in nuclei of most
other galaxies.

1.1 Historical overview: from first compact objects to the
Galactic centre black hole

Historically, black holes' were for a long time only theoretical and mathematical entities. The
concept of very compact objects, from which light or light particles cannot escape, was first
introduced by John Michell (1783) and Pierre-Simon Laplace (1796) in the 18th century (see
Israel 1987, for a historical review). One can consider these to be early theoretical speculations.
It was not until Einstein’s General Theory of Relativity (Einstein 1915), when the theoretical
concept of singularities and event horizons emerged. In general, it was necessary to solve the
set of Einstein’s field equations (EFE), a system of ten non-linear, partial differential equations,
which is significantly simplified given the symmetry of the problem as well as assuming
vacuum. In 1916, the German astronomer Karl Schwarzschild found the solution of EFE
for a non-rotating body in vacuum (Schwarzschild 1916). Shortly after that, Reissner (1916)
found the solution for a stationary charged point mass, which was extended by Nordstrom
(1918) for a spherically symmetric charged body. These solutions are spherically symmetric
solutions to vacuum EFE and hence Birkhoff’s theorem applies (Birkhoft & Langer 1923),
according to which these solutions are static and asymptotically flat and cannot be sources of
gravitational waves. During the whole first half of 20th century, black holes were considered
as mathematical curiosities, not really having real astrophysical applications. They were

'Not called like that at the time; they were usually referred to as dark stars, frozen stars or corps obscurs.
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usually referred to as “frozen stars” and relativists often used the term Schwarzschild’s sphere,
discontinuity, sphere catastrophique, frontier, barrier or even a magic circle to describe a
singularity surrounded by an event horizon (see Bartusiak 2015, for a historical account).
The connection of singularities found by solving EFE with astrophysical objects was not
clear at the beginning. Albert Einstein himself proposed that a collapsing star cannot form
singularities in nature or in other words a stellar internal pressure should prevent it from
further collapsing and forming a singularity (Einstein 1939). Black holes simply seemed too
exotic to be associated with real objects or as Kip Thorne put it,“Like unicorns and gargoyles,
black holes seem more at home in the realms of science fiction and ancient myth than in the
real Universe," (Thorne 1994).

1.1.1 Discovery of first white dwarfs and development of fundamental
theories

Towards the end of 19th century and the beginning of 20th century, there were several
observational implications that the Universe is not only populated by main-sequence stars>
similar to the Sun, but more exotic objects seemed to exist even in our close cosmic vicinity.
An important breakthrough was the discovery of a companion star of Sirius (the “Dog Star”),
which is the brightest star in the night sky in the constellation of Canis Major. Friedrich
Wilhelm Bessel working at the Konigsberg observatory tracked the position of Sirius and
Procyon and discovered their wobbling motion in 1844, which implied the presence of a
darker companion (Bessel 1844). The companion — Sirius B — was discovered by Alvan
Graham Clark on January 31, 1862 in Cambridgeport, Massachusetts, which was reported to
George Bond, the director of Harvard College observatory who detected the companion as
well (Bond 1862). Sirius B soon appeared to be rather exotic. The spectrum revealed that
its effective temperature is significantly larger than that of the Sun, T's;us 8 & 25 000 K, yet it
was a dim object in comparison with Sirius A (Adams 1914, 1915). Given the spectral type of
A0 and the luminosity of Lgiius g = 1072 Lo, we get the radius of Rgisius g = 4000 km, which is
comparable to the Earth’s size.

An object with the diameter of ~ 10* km but the comparable mass to that of the Sun
implied a significantly larger mean density, directly pointing to the existence of more compact
and dense states than those of Sun-like stars. At the beginning of 20th century, in total
three stars with similar parameters, namely the mass of ~ 1 M, the radius of ~ 5000 km,
and the mean density of ~ 106 g cm™, were detected and studied (40 Eridani B, Syrius B,
and Van Maanen’s star), which directly led to an intense theoretical analysis of how such
compact, hot stars — white dwarfs — can be formed and supported (Eddington 1926). Although
Arthur Eddington proposed that the classical gas laws break down at such large densities, the
solution appeared with the onset of quantum mechanics. Ralph H. Fowler was the first to

2 At the core of main-sequence stars, the thermonuclear fusion of hydrogen atoms into helium atoms occurs,
which generates thermal energy. At this stage, the star is approximately in the hydrostatic equilibrium, where
the outward force due to the pressure gradient is balanced by an inward gravitational force due to the outer
layers: ‘;—f = —W. The position of the star along the main sequence is determined primarily by its mass, where
lower-mass stars are located towards the lower right corner of the colour-brightness diagram, also known as
the Herzsprung-Russel (HR) diagram, whereas the more massive stars occupy the upper left corner of the HR
diagram. On the main sequence, the luminosity is proportional to the mass L, ~ M3>, which is approximately
valid for the mass range of 0.1-50 M,,, and more massive stars have a shorter life-time due to the faster burning
of the nuclear fuel.
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apply quantum mechanics in astrophysics in 1926 (Fowler 1926). He used recently developed
Fermi-Dirac statistics to introduce the pressure of degenerate electron gas that can support
white dwarfs against the gravitational collapse. A more complete theory was developed by
Chandrasekhar in 1930s (Chandrasekhar 1931a,b), who included special relativistic effects
into the equation of state of degenerate electron gas. Stars that have exhausted all its fuel
will continue to contract until the electrons occupy the volume in the phase-space equal to
(Ag.Ap.)® ~ h*, when the contraction is stopped by the pressure of degenerate electron gas.
During his boat trip from India to Cambridge, Chandrasekhar derived the maximum mass
a white dwarf can have. The maximum mass — now named Chandrasekhar limit — can be
expressed entirely as a function of fundamental constants and the chemical composition of
the star,

ne \?
MCh ~ NmaxmB = (G 2) mp = 1.5 M@. (11)

my

The limit automatically implied that after the thermonuclear fuel is exhausted inside the
stars, they will shrink and end up as a white dwarf under the condition that their final mass
iIs M, < Mcy = 1.4M. The question arose what happens if the terminal mass of the star
at the end of its stellar evolution is more than the Chandrasekhar limit? Subrahmanyan
Chandrasekhar realized that heavier remnants could not be supported by the pressure of
degenerate electron gas anymore. Will the star then continue collapsing into a singularity?
Or is there another degenerate stage? Chandrasekhar, often called Chandra, explored the
possibility of the stellar collapse into a singularity in his early years at the Cambridge
University. However, his endeavour was halted by Arthur Eddington, who after Chandra’s
presentation of the theory of the gravitational collapse for stars heavier than the maximum
mass at the meeting of the Royal Astronomical Society on 11 January 1935 opposed him
and said,“There should be a law of Nature to prevent a star from behaving in this absurd
way!” (Bartusiak 2015). At a meeting at Harvard University in 1936, he even called the
Chandrasekhar limit for white dwarfs “stellar buffoonery”(Miller 2005; Bartusiak 2015).
Despite protests from Eddington, Chandra’s analysis and the maximum mass for white dwarfs
encouraged others to investigate the gravitational collapse of stars in a more detail, which in
the end led to the study of neutron stars and black holes, which are even more compact stages
of matter than white dwarfs.

In 1932 James Chadwick discovered a new particle — neutron — in Great Britain. At
the same time Lev Landau, a Soviet scientist who independently of Chandra discovered the
maximum mass for white dwarfs, introduced a neutronic core, the concept of how stars can
obtain energy via the formation of a very dense and compact core that consists of neutrons.
The basic formation set-up was that in dense stellar cores, atomic nuclei combine with
electrons to form neutrons. In essence, the neutronic core forms one giant atomic nucleus
(Landau 1938), with the mass density of ~ 10!* gcm™ comparable to nuclear densities. The
equilibrium radius associated with the star of the mass approaching the maximum mass My«
is given by the emergency of the relativistic degeneracy, in which case the Fermi energy is
Ep > mec?, where my is the fermion mass, i.e. the mass of electrons for white dwarfs and the
mass of the neutron for neutron stars. Hence, the equilibrium radius for white dwarfs and
neutron stars is quite different,
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1/2
Rwp < hc(Gh’;z) ~5x10°cm, (1.2)
B
no( e \'?
Ras < C(Gn;) ~3x10°cm, (1.3)
B

where Rwp and Rys is the typical radius for white dwarfs and neutron stars, respectively.
Hence it was first theoretically found that neutron stars are expected to be three orders of
magnitude smaller and thus more compact than white dwarfs. It was Fritz Zwicky who
gave the real astrophysical meaning to neutron stars together with Walter Baade in 1933.
They linked supernova explosions to the formation of neutron stars (Baade & Zwicky 1934),
but they lacked an observational evidence for this connection and most of the astronomers
ignored it until 1960s. In the meantime, Richard C. Tolman studied the static structure of
spherically symmetric spacetimes filled with fluids in the years between 1934 and 1939
(Tolman 1939). In 1939, J. Robert Oppenheimer and George Volkoft derived the equation for
the structure of the spherically symmetric, static spacetime filled with fluid, now known as
Tolman-Oppenheimer-Volkoff (TOV) equation in the form,

dP _ Glp(r) + P(r)/ 1 [M(r) + 4nr’ P(r)/ c?]

dr TR 1— 20/;1@)
c°r

(1.4)

where r is a radial coordinate, p(r), P(r), and M(r) are the density, pressure, and the mass at the
distance r, respectively. In non-relativistic cases, when the terms with 1/c? can be neglected,
TOV equation turns into the Newtonian equation of hydrostatic equilibrium, C(lip = m.

Using this equation and Tolman’s results, Oppenheimer and Volkoft calculated that neutron
stars have a maximum mass limit, so-called TOV limit, in a similar way as white dwarfs do
(Oppenheimer & Volkoft 1939). They derived an upper mass limit of only 0.7 Solar masses
based on TOV equation, see Eq. 1.4. However, since the TOV equation is not quite applicable
to neutron stars (it does not include the short-range nuclear repulsive force among neutrons),
modern estimates are larger by at least a factor of 2, yielding about Moy = 1.5 M up to 3 M,
(Shapiro & Teukolsky 1983). The maximum mass for neutron stars implied three different
types of stellar end-products: those below the Chandrasekhar limit — white dwarfs, those
between the Chandrasekhar limit and the Oppenheimer-Volkoff limit — neutron stars, and
what happens for even larger masses? This problem was grasped again by Oppenheimer and
Hartland Snyder who found out that essentially the end-product for the mass larger than the
Oppenheimer-Volkoff limit is a singularity or in other words, the gravitational contraction
cannot be anymore stopped by degenerate pressure and continues till the singularity is formed
or essentially a black hole (Oppenheimer & Snyder 1939). At that time, however, a general
mindset among the physicists was that nature must prevent forming singularities. The fact
that the singularity surrounded by an event horizon was the part of the basic solutions of
EFEs (Schwarzschild, Reissner-Nordstrém) was explained either by its incompleteness, i.e. a
new law would prevent forming them, or an astrophysical explanation was that strong stellar
winds of massive stars would lead to such a large mass loss that the Chandrasekhar limit is
never reached and the final stage is thus a white dwarf, which had been observed at that time
(Bartusiak 2015). Even Einstein, the father of general relativity, did not consider singularities
to be realistic. He published a paper one month after Oppenheimer’s and Snyder’s paper
on the continuing gravitational collapse, in which he set up stars in such a way so that they
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consist of circularly orbiting gravitating bodies like a stellar cluster (Einstein 1939). In this
model, the centrifugal force acting on each particle prevents the system from collapsing.
However, it was clear that the model cannot represent a star in a realistic manner and some
historians even consider this study as Einstein’s “worst scientific paper”, which totally ignored
the Oppenheimer-Snyder model already published at that time (Bartusiak 2015).

Simultaneously, the problem of how stars are powered was solved mainly by Hans Bethe at
the Cornell University and his collaborators, who found out the chain of precise thermonuclear
reactions that take place at the temperature several millions of Kelvin at the core of stars
(Bethe 1939). Before that George Gamow and Carl Friedrich von Weizsicker put forward the
theory of proton-proton (pp) reactions that occur in the cores of Sun-like stars. Remaining
questions were discussed at the fourth annual Washington Conference of Theoretical Physics
at Carnegie Institute in Washington (Miller 2005), where other notable physicists were
invited, namely Chandra, Stromgren, Bethe, and Edward Teller among others. By the end
of the meeting, Hans Bethe with his collaborator Charles Critchfield, a graduate student of
George Gamow, found the full series of nuclear reactions of the pp cycle that could also
explain the presence of heavier elements (Li, Be) in the solar atmosphere. Later Bethe also
solved the problem of thermonuclear reactions in heavier stars than the Sun, leading to the
carbon-nitrogen-oxygen (CNO) cycle. For his cumulative contribution to the problem of
stellar energy, Bethe received the Nobel Prize in 1967. The fundamental theory of stellar
nucleosynthesis was later completed by Margaret and Geoffrey Burbidge, William Fowler, and
Fred Hoyle and summarized in the study “Synthesis of the Elements in Stars” (Burbidge et al.
1957), which is also known as B2FH paper named using the initials of all authors. The stellar
nucleosynthesis complemented the theory of Big Bang nucleosynthesis published earlier
in Alpher-Bethe-Gamow paper (Alpher et al. 1948) having a title “The Origin of Chemical
Elements”, also known as afy paper.

1.1.2 Observational breakthroughs and the birth of relativistic
astrophysics

The success in the discovery and the monitoring of compact objects in the second half of
the 20th century was directly connected with the development of tools and novel techniques
beyond the visible spectrum, mainly in the radio, infrared, and X-ray parts of the electro-
magnetic spectrum. In parallel, several attempts were taken to detect gravitational waves,
especially suited for the physics of binary black holes and neutron stars, which was successful
in 2015, one hundred years after the general theory of relativity was published.

In 1932, Karl G. Jansky founded the new discipline of radioastronomy, since he acciden-
tally detected first radio waves at 20 MHz emanating from the central parts of the Galaxy
while working at the Bell Telephone Laboratories (Jansky 1933). Subsequently, Grote Reber
followed Jansky’s radio observations with his nine-meter dish and extended them, confirming
radio emission along the Galactic plane peaking towards the centre of the Milky Way (Reber
1944). Radio techniques were significantly improved during WWII when the radar techniques
were developed. During this time, the radio emission of the Sun was first detected by James S.
Hey and George C. Southworth (Hey 1975; Southworth 1982). One of the most intriguing
findings of the newly-born field of radioastronomy were bright radio galaxies with bipolar
lobes, such as the radio source Cygnus A. These lobes were only visible in the radio domain,
not in the optical. The estimated combined magnetic and kinetic (particle) energy associated
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with the radio-emitting lobes was equivalent to ~ 107 x Myc? = 10¥ergs™ (Burbidge
1958, 1959). It was impossible to explain such an enormous energetic process with known
chemical, nuclear, or matter-antimatter reactions. A radio-astronomy group at the University
of Cambridge made systematic observations of radio sources across the sky at 159 MHz and
created the Third Cambridge catalogue (Edge et al. 1959), where object names start with 3C
and their order number. The first radio source, for which an optical counterpart was found
by Allan Sandage and Thomas A. Matthews using the 5.1-meter Hale Telescope atop Mount
Palomar, was 3C48 (Matthews & Sandage 1963). The source 3C48 was point-like, resembling
a star with an unusual spectrum. At the beginning of 1960s, the astronomical community
wondered about these quasi-stellar objects with a strong radio emission and enigmatic optical
spectra with unknown emission lines. Using the method of lunar occultations, Australian
radioastronomers pinpointed the position of the radio source 3C273 and identified its two
components (Hazard et al. 1963). Based on their results, Caltech astronomer Maarten Schmidt
solved the puzzle of quasistellar radio sources while taking the visible spectrum of the optical
counterpart of the source 3C273 using the Palomar telescope (Schmidt 1963). He recognized
the Balmer lines of hydrogen, which were, however, strongly redshifted, corresponding to the
redshift of 0.158. Although the redshift was large in comparison with typical radial velocities
measured for stars at that time, 3C273 is one of the closest quasars (as these objects started
to be called) and the most luminous one at visible wavelengths (with an apparent magnitude
of my ~ 12.9). The optical luminosity of the source corresponds to ~ 4 x 10'? L, and the
energetic output is located inside one light year as inferred from the short variability of the
source ranging from days to weeks. The luminous nucleus thus outshines the whole host
galaxy by about two orders of magnitude.

After Oppenheimer and Snyder’s study of the gravitational collapse in 1939 (Oppenheimer
& Snyder 1939), the interest in gravitational physics declined during WWII and shortly after it.
While the best physicists were involved in nuclear, particle, and quantum physics, which was
partially motivated by the Manhattan project and the development of nuclear and hydrogen
bombs during and immediately after WWII, only a few physicists considered the career in
gravitational physics. The majority viewed the General Theory of Relativity as too theoretical
and many considered it to be more a mathematical discipline than a branch of physics,
since experimental tests of general relativity were missing or practically not possible at
that time (Bartusiak 2015). However, the development of classical celestial mechanics and
related numerical methods continued, namely the Roche problem in the context of close
binary systems (Kopal 1959). In parallel with the breakthrough observational discoveries in
the 1950s and 1960s, the motivation to continue studying gravitional physics was partially
encouraged by the establishment of the Gravity Research Foundation in 1948 by Roger Babson,
an American stock market economist interested in physics and engineering. Originally, the
Gravity Research Foundation was aimed at finding shielding against gravity (anti-gravitational
technologies), but later it supported general studies of gravity by establishing an essay prize
for the best essay on gravity (Stephen Hawking and Roger Penrose were among prize winners)
as well as by organizing conferences and meetings on gravity. Babson’s foundation partially
supported, alongside the rich industrialist Agnew Bahnson, the foundation of an institute for
gravitational studies at the University of North Carolina, which was headed by Bryce DeWitt.
In 1957 the new institute organized a conference at Chapel Hill, which is generally considered
as a breakthrough meeting in terms of reviving an interest in gravitational studies. At the same
time, John Archibald Wheeler, a professor at Princeton University, initiated the first university
course in relativity and restarted the analysis of the gravitational collapse at the end of the
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life of massive stars, initially to show that singularities cannot be avoided. Wheeler with his
Princeton group used the first generation of digital computers - MANIAC (Mathematical
Analyzer, Numerical Integrator, and Computer) — to revisit and extend the previous study
of Oppenheimer and Snyder (Oppenheimer & Snyder 1939) on the continued gravitational
collapse. At the international conference in Belgium in 1958, Wheeler presented that the
singularity is avoided during the collapse since there is an efficient mechanism transforming
the particles at the stellar core into electromagnetic, gravitational radiation or neutrinos,
thus always avoiding the TOV limit and the star ends up its life either as a neutron star
or a white dwarf. Oppenheimer was in the audience at the same conference and politely
disagreed, claiming that the problem was solved already in their paper (Oppenheimer &
Snyder 1939) and no new, exotic physics laws are needed to save the star from the complete
collapse (Bartusiak 2015). Shortly afterwards Wheeler with his students found out that
beyond a certain mass limit, nothing can indeed stop the star from collapsing into a singularity
(Harrison et al. 1965), in particular no forces (nuclear, electrostatic), rotation, pulsations, and
non-spherical geometry could prevent the star from the continuing collapse. This was further
supported by the numerical simulations in the early 1960s by Stirling Colgate and Richard
White, using the computer at the Livermore National Laboratories. The Colgate-White
numerical model (Colgate & White 1966) of the stellar collapse properly included an equation
of state and nuclear reactions and finally showed that when the stellar core is sufficiently
massive, nothing can indeed stop it from the collapse and forming a singularity. Along the
way, they also solved the problem of supernova explosions which are driven by the degenerate
pressure of neutrino gas formed during the collapse. Their simulations convinced Wheeler
and others that black holes are real entities in the Universe. Essentially the same results were
independently reached by the Soviet relativist group around Yakov B. Zel’dovich (Zel’dovich
1964; Zeldovich & Guseynov 1966; Zel’dovich & Novikov 1972), which strengthened the
necessity of a singularity formation during the collapse. The fact that black holes — or hidden
singularities — are inevitable was also mathematically proved by Roger Penrose, who applied
topology to black holes (Penrose 1969): “Deviations from spherical symmetry cannot prevent
space-time singularities from arising.” In the end, the complete gravitational collapse leads
to the formation of black holes that are fully characterized by three, externally observable
classical parameters: mass, spin, and electric charge. As John Wheeler put it: “A black hole
has no hair”, which became known as a no-hair theorem that is applicable to all black-hole
solutions of the Einstein-Maxwell equations in general relativity (Misner et al. 1973).

The discovery of quasars as extremely distant, luminous sources and the renewed interest
in gravitational physics started to fully intertwine in 1963, which marks the birth of relativistic
astrophysics. From an observational point of view, the identification of the quasar by Maarten
Schmidt was a crucial point (Schmidt 1963). On the theory side, Fred Hoyle and William
Fowler put forward an idea that the enormous energy in extragalactic radio sources could
be obtained by large concentrations of the mass in the nuclei of these sources (Hoyle &
Fowler 1963). It was clear from the first principles that a sudden contraction of the matter
to relativistic scales could generate enough energy to power these sources, which was also
proposed by Vitaly L. Ginzburg earlier, but in combination with the formation of protostars
(Ginzburg 1961). These and other scenarios were discussed at the First Texas Symposium on
Relativistic Astrophysics in Dallas in December 1963, which was a crucial event for bringing
together observers and theoreticians. The symposium did not provide final answers to the
quasar energetics, but triggered new action and enthusiasm and is usually considered as the
“landmark” event for the birth of relativistic astrophysics. The first proposal of the accretion of
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gas and dust onto a collapsed object, in which the gravitational potential energy of matter is
converted into the thermal energy and radiation, was published by Yakov Zel’dovich and Igor
Novikov (Zel’dovich & Novikov 1972). Independently, the same set-up was proposed in 1964
by Edwin Salpeter at the Cornell University (Salpeter 1964). The theory of accretion as an
efficient and a long-lasting source of energy that can explain the enormous energies of quasars
was a vital model, which was studied and improved over upcoming years (Lynden-Bell 1969;
Lynden-Bell & Rees 1971; Shakura & Sunyaev 1973).

In the same year as the First Texas Symposium took place, Roy Kerr was successful in
finding the axially symmetric solution to EFE, which fully incorporates rotating uncharged
bodies, including compact objects (Kerr 1963). Soon afterwards, the generalization to charged
rotating bodies was found by Ezra Ted Newman (Newman et al. 1965). The overview of all
black hole solutions is summarized in Table 1.1.

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

Table 1.1: Summary of all black hole solutions with the corresponding years of discovery.

Finally, the discovery of the first pulsar on August 6, 1967 by Jocelyn Bell (Hewish et al.
1968) was another significant milestone. The periodicity of 1.33730 seconds could have only
been explained by a very compact, spinning neutron star, which also made the existence of
black holes more convincing for the astronomical community.

Below we briefly summarize the introduction of two wide-spread words in the black hole
astrophysics — event horizon and black hole — which were both introduced during the era of
the revival of gravitational physics (~ 1960 — 1975).

Origin of the event horizon terminology. The term event horizon was first used by Wolf-
gang Rindler, who was affiliated with the Cornell University at that time and graduated
from the University of London. He used it in the cosmological context in 1956 to divide
“events” in an expanding universe that can be still detected by us and those that are outside
the visible Universe (Rindler 1956). In the 1960s, relativist physicists started to use the term
for a completely collapsed objects — black holes — that cut themselves from the Universe in
a similar sense, i.e. objects falling through the event horizon cannot be detected anymore
(Bartusiak 2015).

First appearance of the black hole. The term black hole was first published on January 18,
1964 in the Science News Letter titled “Black Holes in Space” by Ann Ewing (Ewing 1964),
who reported on the astrophysical session on degenerate stars at the annual conference of
the American Association for the Advancement of Science (AAAS). The term was probably
borrowed from Robert Dicke by Hong-Yee Chiu, the chair of the session, who suggested
that the Universe was “peppered” with black holes (Bartusiak 2015). John A. Wheeler used
the term again at the annual meeting of AAAS three years afterwards (1967) and after the
publication of his keynote lecture in 1968 the term became popular.
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1.1.3 Brief history of the observations of the Galactic centre

Historically, the Galactic centre was associated with different objects on the sky. Before the
Copernican revolution the centre of the Universe was associated with the Earth. After the
fall of the geocentric system the centre switched to the Sun. At the beginning of the 17th
century, Galileo Galilei was able to resolve individual stars of the Milky Way. Based on these
observations Thomas Wright proposed a model of the Milky Way in mid-18th century, in
which observed stars form a disc that is gravitationally bound together. Towards the end of
the 18th century, William Herschel (1792-1871) made a map of the Milky Way, depicting
its shape based on the stellar counts in different directions. He was the first to notice that
globular clusters are accumulated more towards the constellation of Sagittarius. This fact did
not change even at the beginning of 20th century in 1922 when Jacobus Kapteyn presented
the model of a lens-shaped island universe with the diameter of ~ 15 kpc in which the density
decreased from its centre. The Sun was located relatively close to the centre. The model
of the Galaxy, also known as the Kapteyn Universe, worked at higher galactic latitudes, but
failed close to the Galactic plane, mainly because of the unknown absorption. Later Robert
J. Trumpler showed that the interstellar reddening is much larger than previously estimated,
which enlarged the island universe to 100 000 light years, with the Sun approximately at
the distance of as much as 30 000 light years from the Galactic centre (Trumpler 1930).
The current model of the Milky Way started to emerge at that time. In addition, the Great
Debate between Harlow Shapley and Heber Curtis, which was held on April 26, 1920 at the
Smithsonian Museum of Natural History in Washington D.C., contributed to the understanding
that the Milky Way is one of billions of other similar galaxies (Shapley & Curtis 1921), which
was the claim of Curtis in the debate, later confirmed by the discovery of the redshift of
galaxies and the expansion of the Universe by Edwin Hubble (Hubble 1929). On the other
hand, Harlow Shapley had a more precise model of the Galaxy, with the Sun at its outskirts.
He estimated correctly that the higher concentration of globular clusters points towards the
Galactic centre. Subsequently, he used the period-luminosity relations for variable stars to
set the distance of ~ 13 kpc for the Sun from the Galactic centre (Shapley 1918). The reason
for Shapley’s overestimation of the distance of the Galactic centre was that he had mistaken
RR Lyrae variables for Cepheids as standard candles. Over the years, the period-luminosity
calibration of standard candles improved and the recent estimate based on Mira variables in
clusters gives 7.9 + 0.3kpc (McNamara et al. 2000), which yields the angular-linear scale
conversion, 1 arcsec ~ 0.04 pc. The schematic image of the position of the Sun with respect
to the Galactic centre and the spiral arms is in Fig. 1.1.

Other methods of the distance determination to the Galactic centre were developed and
they may be summarized in the following way (for more details, see Genzel et al. 2010;
Zajacek 2014):

e direct: 3D stellar orbits, trigonometric orbital parallax, statistical parallax,

e indirect: globular clusters, RR Lyrae stars, Cepheids, Mira variables, red giants, stellar
populations in HR diagram,

e model-based: cluster parallax distance, Jeans modelling.

The observations of the Galactic centre may be divided into four main electromagnetic
domains —radio, infrared, X-ray, and gamma wavelengths. Optical and ultraviolet observations
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Figure 1.1: The Milky Way galaxy as viewed from the Galactic North Pole. The model is
created using the logarithmic curve model with the pitch angle of 12° inwards and four spiral
arms. The Galactic Bar is inclined by 20° with respect to the Sun-Centre line. The concentric
circles start at 1 kpc with an increment of 2 kpc. The model was adopted from Vallée (2005).

are largely limited by the large gas and dust extinction, which amounts to the extinction
coeflicient of Ay ~ 30™.

Overview of observations. The first detection of the Galactic centre at radio wavelengths
was achieved by Karl Jansky in 1932 with the resolution of 24° X 35° and at the frequency
20.5 MHz. Grote Reber continued in this effort between 1938 and 1948 and built his own
radiotelescope and receivers. He detected the emission from the plane of the Milky Way at
1.9m (160 MHz). In 1951 Jack H. Piddington and Harry C. Minnett detected a strong source
of radio emission towards the Galactic centre at 1.2 and 3 GHz (Piddington & Minnett 1951).
They also constrained the spectrum, which appeared to be flat between 100 and 1210 MHz
similar to Taurus A. They speculated that optically thin thermal gas could be responsible for
the observed emission. The strong source of radio emission became known as Sagittarius
A. More than 10 years later Barry Clark and Dave Hogg used the Green Bank two-element
interferometer in West Virginia to investigate the small-scale structure of radio-emission
sources with 10" angular resolution. They were able to detect a compact structure in Sgr A
with the flux density of 0.3Jy at 11cm (~ 2.8 GHz). The source was, however, strongly
contaminated and confused with the thermal emission of Sgr A West (Clark & Hogg 1966). In
1971 Donald Lynden-Bell and Martin Rees made a prescient prediction that the Galactic centre
could harbour a supermassive black hole and proposed Very Long Baseline Interferometry
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(VLBI) to pinpoint its flux density and the position (Lynden-Bell & Rees 1971). The compact
radio source Sgr A* was discovered on February 13 and 15, 1974 by Bruce Balick and Robert
Brown (Balick & Brown 1974), who reported that its brightness temperature was in excess
of 10’ K and it was unresolved at ~ 0.1”. Resolving such a point-like object among an
extended radio emission in the central 20” was possible thanks to the newly commissioned
35-km baseline interferometer Green Bank — Huntersville of the National Radio Astronomy
Observatory (NRAO), which consisted of three 26-meter telescopes that were separated by
< 2.7 kilometer baselines and the new 14-meter telescope installed on a mountaintop in
Huntersville, which was separated ~ 35 kilometres from Green Bank.

The compactness, the large brightness temperature and the positional association of Sgr A*
with the Galactic centre was in agreement with the black-hole hypothesis of Lynden-Bell and
Rees. The basic properties were confirmed by Very Long Baseline Interferometry (VLBI)
observations of the Galactic centre by Lo et al. (1975), who were able to resolve out the
source up to 0.02” at 3.7 cm using a 242-km baseline. They also found an indication for the
variability of the source.

The attempts to detect the Galactic centre in the NIR domains started as early as 1945, but
due to the combination of the lack of sensitivity and a coarse sampling these observations were
not successful (Stebbins & Whitford 1947; Moroz 1961). The first successful observations
of the Galactic centre in the infrared were achieved by Eric Becklin and Gerry Neugebauer
at the wavelength of 2.2 um (Becklin & Neugebauer 1968). They performed single-pixel
scans with 0.25" and 0.08" apertures that correspond to a linear scale of 0.62 pc and 0.2 pc,
respectively. They were successful in resolving the compact Nuclear Star Cluster, which
was further resolved out into individual complexes with higher-resolution single-detector
scans. Later maps of Nell fine-structure lines were obtained at 12.8 um (Wollman et al. 1976,
1977; Lacy et al. 1979, 1980) that revealed that the ionized gas moves supersonically and is
highly-ordered in a sense that preferentially redshifted motions could be separated clearly
from blueshifted ones. Using the Very Large Array (VLA), it was possible to make a radio
map at 5 GHz with the similar angular resolution to that of infrared images (Brown et al.
1981). By comparing the radio maps with the infared ones, it was possible to place the
unresolved radio emitter in the thermal region of Sgr A West at the centre of the dynamical
motion of thermal streamers. In the paper by Brown (1982), they introduce the notation
Sgr A* for the first time to denote the radio point source that is distinct from the extended
radio emission previously denoted as Sgr A. The analysis of the *P; —3 P, fine-structure
line-emission of neutral oxygen at 63 ym in combination with the Nell line-emission revealed
that the emitting gas is in rotation around a concentrated dynamical mass of ~ 3 x 10° M,
(Lacy et al. 1982; Townes et al. 1983; Genzel et al. 1984). The dual-frequency observations
during 25 epochs over three years revealed flux density fluctuations of the centimeter emission
of Sgr A* (Brown & Lo 1982). The light curve of the source varied by ~ 20 —40% from short
timescales (days) up to years. The variability of Sgr A* was soon connected to a down-scaled
quasar activity and the source became one of prime candidates for a supermassive black
hole. However, more significant indications for a relativistic compact object came with the
detection of Keplerian stellar motions in NIR (Eckart & Genzel 1996, 1997; Ghez et al.
1998; Schdodel et al. 2002; Gillessen et al. 2009a, 2017; Parsa et al. 2017) and the combined
X-ray—-NIR—submm-mm-radio light curves (Eckart et al. 2004a; Meyer et al. 2006b,a, 2007,
2009; Dovciak et al. 2008; Zamaninasab et al. 2008; Eckart et al. 2008a,b, 2009; Zamaninasab
et al. 2010; Kunneriath et al. 2010; Sabha et al. 2010; Witzel et al. 2012; Borkar et al. 2016).
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1.2 The Galactic centre environment — potential for star
formation

It has been shown that the Galactic centre, the closest galactic nucleus, hosts populations of
both old and young stars (Genzel et al. 2010; Eckart et al. 2005; Schodel et al. 2014). The
compact radio source Sgr A* at the very centre of the Galaxy associated with the supermassive
black hole (hereafter SMBH) of ~ 4 x 10° M, whose mass was constrained based on stellar
proper motions and the orbital analysis of the motion of stars in its vicinity (Eckart & Genzel
1996, 1997; Ghez et al. 2003; Gillessen et al. 2009a), is embedded in this dense stellar
cluster. In fact, nuclear star clusters are the densest stellar systems in the Universe, with the
surface stellar densities of the order of ~ 10° My pc™2 up to ~ 107 M, pc? (Schodel et al.
2014). Hence the nuclear cluster of the Milky Way (hereafter NSC or MWNSC) offers a
unique possibility to study dynamical processes and test hypotheses in the very dense stellar
environment around the SMBH (Schdodel et al. 2014). The near-infrared observations revealed
a large number of young, massive stars as close as ~ 0.1 pc to the SMBH (Bartko et al.
2010). According to the decomposition of the populations of late-type and early-type stars by
Buchholz et al. (2009), the early-type stars are found to be concentrated towards the SMBH,
forming an unrelaxed cusp-like cluster. On the other hand, the density of late-type stars is not
increasing towards Sgr A*. It seems that late-type stars have a rather core-like or hole-like
distribution towards the centre, or at least a flat cusp (Do et al. 2009; Genzel et al. 2010). We
illustrate the basic composition of the Nuclear Star Cluster in Fig. 1.2, where we also depict
the denser streamers and clumps forming the three Minispiral streamers (Kunneriath et al.
2010; Moser et al. 2017).

The Minispiral by itself is a region of denser warm gas and dust, mostly ionized by UV
emission of bright OB stars. Further away, the hydrogen atoms recombine and form mostly
neutral and molecular Circum-Nuclear Disc (CND). Stars can effectively interact with the
denser gas in the Minispiral and those with stronger winds and mass-loss rates form distinct
bow-shock structures that are especially visible at longer NIR wavelengths and in MIR bands
(Tanner et al. 2005; Muzié et al. 2010; Rauch et al. 2013; Sanchez-Bermudez et al. 2014;
Zajacek et al. 2016). The bow-shock sources, which are also illustrated in Fig. 1.2, can
be used as test probes to constrain either the density of the ambient medium or the stellar
parameters, mainly a mass-loss rate or a stellar-wind velocity.

The presence of a large population of young stars and hence their efficient in-situ star
formation, especially of low-mass stars, has been difficult to explain in this environment,
since tidal forces are expected to be strong close to the Galactic centre due to the presence of
the massive black hole and the dense stellar field around it (Morris 1993; Krabbe et al. 1995;
Ghez et al. 2003; Levin & Beloborodov 2003). The main problem of in sifu star formation
in previous theories was the tidal disruption of infalling self-gravitating clouds, making
their collapse into stellar cores difficult. However, Milosavljevi¢ & Loeb (2004) showed
that the black-hole-assisted accumulation of molecular gas can make clouds temporarily
self-gravitating and prone to fragmentation that leads to pre-stellar cores.

Recently, numerical Smooth Particle Hydrodynamics (SPH) simulations have confirmed
that the tidal field may indeed catalyse the formation of stars very close to the SMBH (Jalali
et al. 2014) due to the compression of infalling molecular gas. Thus the rapid dynamical
friction bringing massive young stellar clusters (Gerhard 2001; Kim & Morris 2003; Portegies
Zwart et al. 2003) close to the Galactic centre is not needed to explain the abundance of young
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Figure 1.2: Illustration of the composition of the Nuclear Star Cluster, including late-type
stars, early-type stars, compact remnants which can interact with the gaseous-dusty medium
that forms denser filaments known as the Minispiral. When a star moves supersonically with
respect to the denser streamers and clumps, the interaction can be detected in the form of bow
shocks. The process of mass segregation in the cluster is depicted by arrows.

stars in the sphere of influence of the SMBH, whose radius rg; ~ 2 pc for MWNSC can be
estimated simply from (Merritt 2013)

M, o -2
~ 1.7 ) R 1.5
st (4.0 % 106 M@)(IOOkms—‘ (15)

where M, is the central black hole mass and o is the stellar velocity dispersion.

It seems, however, plausible that both processes — the infall of gas clouds that yield stars
in-situ and mass segregation of stellar clusters — contributed to the overall structure of the
MWNSC (Neumayer et al. 2011; Hartmann et al. 2011) since the MWNSC is located deep in
the potential well of the Galaxy with gas clouds and stellar clusters easily descending to its
bottom (Schodel et al. 2014). Imprints of these events could be detected through rotational
and anisotropic patterns in stellar kinematics (Schodel et al. 2014), since two-body relaxation
time-scale is of the order of Gyrs throughout the MWNSC (Merritt 2013).

Several objects in the Galactic centre region are detected as infrared-excess sources
(Eckart et al. 2004b; Viehmann et al. 2006; Fritz et al. 2010; Meyer et al. 2014), for instance
in the Northern arm of the Minispiral or in the IRS 13N and IRS 13E associations within the
projected distance of 0.12 pc (3"). The spectral properties of these objects can be explained
by the presence of a circumstellar envelope of gas and dust, possibly forming an accretion
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disc closer to the stellar surface (Valencia-S. et al. 2015), in which case they are young, pre-
main-sequence objects (< 107 yr). Recently the most monitored of them is Dusty S-cluster
object named G2 (DSO/G2), whose nature is not firmly established yet, but stays compact up
to now, which hints at a stellar nature rather than a core-less cloudy character. Some of the
infrared excess sources could also be stellar systems with debris asteroid and planetesimal
discs and rings whose tidal perturbations might trigger some of the flare activity of Sgr A*
(Zubovas et al. 2012).

The abundance of stars with disc structures (gaseous accretion discs of pre-main-sequence
stars, planetesimal discs, debris discs) close to the SMBH is given by the in situ star-formation
rate near the Galactic centre. If the dominant mechanism of bringing stars close to the Galactic
centre were the infall of stellar clusters, the likelihood of disc structures around stars would
be quite low since the discs would be either accreted or destroyed in their mother clusters
after the initial ~ 10°-10° years (see Olczak et al. 2006, for the study of disc destruction in
the Orion Nebula cluster).

The in situ star formation becomes only possible when clouds or their parts moving in
the potential of the SMBH and that of the NSC with the total mass M, meet the Roche
criterion for self-gravitation. An infalling cloud does not disintegrate if its self-gravitation
field exceeds the tidal field of the SMBH and that of the centrifugal force while moving with
quasi-Keplerian angular velocity Q% ~ (GM(r))/r?) around the Galactic centre, where r is
the distance from the SMBH and M(r) is the mass content inside the radius . We assume
that the mass content can be approximated by the sum of the mass of the SMBH and that of
the integrated density profile of the NSC, M(r) = M, + Mysc. We take M, = 4 x 10° M, and
the mass of the NSC is given by

Mysc = 47Tf pnsc(r)r*dr (1.6)
0

where the radial density profile can be approximated as

( r )_7
PNSC = pPo|—
"y

L+ (1) ] (1.7)
"y

b =0.5pc, vy =0.5,yy = 1.84, 6 = 2 in accordance with

where we set pg = 5.2 X 10° Mgpc™

Schodel et al. (2009a).
Hence, the estimate for the condition for the density p.; of a self-gravitating cloud moving
in the potential of SMBH is:

OM(r) _af M@ o\ 3
02 — 1.94% 10 , 18
Pl = s % 4% 10°M, )\0.1pe) ™ (1.8)

which yields number densities of ny 2 101 [M(r)/(4 x 10°M)][r/(0.1 pc)] > cm™. Taking
into account the distribution of the NSC, one gets the decreasing profile of the critical density
with the distance.

Such high densities can be reached through shocks and compression of infalling clouds
that pass near the SMBH. The tidal focusing of material by the SMBH and subsequent
compression may result in volume decrease at the pericentre by at least a factor of 2 for
highly-eccentric orbits (Jalali et al. 2014),
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Figure 1.3: Left: Radial profile of Lyman continuum photon flux inferred from the in-
ferred luminosity of the central ionizing source in the innermost parsec. Right: Equilibrium
temperature of infalling clumps assuming the Lyman continuum production rate.
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which can help in overcoming the critical density limit given by Eq. 1.8.

Similarly, the pressure of stellar winds as well as that of the strong UV radiation field of the
stars in the NSC could significantly contribute to the compression of gas clouds (Yusef-Zadeh
et al. 2013).

The infalling clumps consisting of molecular and atomic hydrogen move through the
HII region Sgr A West. Their typical radius r is approximately given by the equilibrium

condition between ionization and recombination (Dyson 1968; Vollmer & Duschl 2001a,b),

<=, (1.9)

N —

ra = EJon %, (1.10)

where Jj is the Lyman continuum photon flux in cm~2s~!, which originates mainly from the

population of young, massive stars in the innermost parsec, #; is the number density of the
ionized medium in the ionization front, and & ~ 4.87 x 10° cm=3/2s!/2,

We assume the radial profile of Lyman continuum photon flux in the simple form Jy =
Niyc/(4nr?), where Niyc ~ 10°°s7! is the Lyman continuum production rate (Serabyn & Lacy
1985), see Fig. 1.3 (left). The equilibrium temperature 7,; of clumps may be estimated from
Ta ~ (Fryc(r)/(40))'*, which for the flux profile Fiyc ~ (Liyc/4m)r * scales as T oc r~'/2
from the Galactic centre, see Fig. 1.3(right) for two plausible luminosity values Ly ~ 10°Lg
(smooth dust distribution) and Ly ~ 107 Lo, (clumpy dust distribution) (Davidson et al. 1992).

1.2.1 Jeans instability criterion in the Galactic centre

The classical Jeans instability criterion is derived for infinite homogeneous medium from
linearised equations of continuity, motion, and gravitational perturbation. The dispersion
relation w? = k*c? — 47Gp, indicates the growth of instability for w? < 0, which gives the
simple relation for the minimal length-scale over which instability develops,

7I'C2 1z
/linsa > : ) 1.11
tab (Gpo) (1.11)
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where ¢ is the local sound speed and py is the unperturbed density. By considering r =
%/linstab for the clump radius, we easily get the relation for the critical density of the medium
under the assumption of the equation of state for an ideal isothermal cloud with temperature
Tcli

T kB Tcl

5> 1.12
4Gum, rfl ( )

Pel Z
where T is given by the simple scaling T, o 7~!/? at radiation equilibrium. The clump radius
r. can be estimated from Eq. 1.10, which determines the distance from the clump core to
the ionization front. Vollmer & Duschl (2001b) derived the clump radius as a function of
sound speed of the neutral gas c, the sound speed of the ionization front ¢;, and of the Lyman
continuum photon flux Jy,

ra ~ xR (1.13)

where y = (9/64(¢ém,nG)~?)'? ~ 3.64 x 10"°cm™'s. Expressing the sound speed of neutral
gas in the form,

12 R
csz(kB) (JoE'O“) (1.14)

umy 40

where Ej,, is the ionization energy of hydrogen, Ej,, ~ 13.6eV ~ 2.179 x 107! erg, the
clump radius finally becomes,

oy~ 872 % 10" ‘i P em (1.15)
o= 7.6 x 105 cms~! ’ '

where the sound in the ionization front corresponds to the electron temperature of 7000 K of
the sparse ionized medium (Roberts & Goss 1993) typical of other HII regions. The typical
length-scale of infalling compact clumps is thus 10'® cm ~ 1072 pc, i.e. the clumps can be of
a stellar size and stay approximately constant unless the sound speed in the ionized medium
changes or external factors become significant (radiation and wind pressure, tidal effects).

A similar order of magnitude for the clump length-scale one gets from the stability
analysis. The warm molecular discs are typically susceptible to instability, since the Toomre
criterion (Toomre 1964), Q = ¢,Q/(nGY), is typically less than 1 (Milosavljevi¢ & Loeb
2004). Assuming the quasi-Keplerian rotation around the SMBH, Q = (GM,/r*)!/? and an
isothermal ideal gas of ~ 100 K, we get a condition for the surface density Xr,ome for which
the disc undergoes instability:

T \2 M. 12\ .
zToomre>1.84(100K) (4><106M®) (lpc) gem™?. (1.16)

For the typical parameters of the CND, the number density nexp ~ 107 cm™ and a height-
scale of i ~ 1pc, the surface density is Zcxp ~ nenpmuh = 50gecm™ > Troome. Hence
assuming that the Circum-nuclear disc was originally a smooth structure, it fragmented into
clumps whose size is given by the Jeans length-scale, Eq. 1.11, A = 0.05 pc.

By combining the Jeans instability criterion given by Eq. 1.12 with the criterion for tidal
stability, Eq 1.8, we get the radius range where instability is expected to occur and clouds can
collapse to form stars, see Fig. 1.4. The region of stability where clumps are gravitationally
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Figure 1.4: The Roche critical density (solid), eq. 1.8, above which clouds are gravitationally
supported against tidal disruption. The density corresponding to the Jeans instability criterion
(dashed), eq. 1.12, above which clumps are expected to collapse and form stars. The region
where clumps falling towards the Galactic centre are expected to be stable is shaded. The
parameter region where collapse and dispersal of clumps close to the Galactic centre are
expected are also labelled. The horizontal lines mark the lower and upper density limits of
Circumnuclear disc (blue lines, (3-4)x107 cm~3, Christopher et al., 2005) and the Minispiral
(red lines, (0.8-1.5)x10* cm™3, Kunneriath et al., 2012).

supported against tidal disruption and do not collapse is shaded. In general, the clumps
are prone to instability below ~ 1 pc from the Galactic centre which is consistent with the
observations of the ‘central cavity’ region, which is sparse and ionized in comparison with
the CND region. Two modes are possible in the innermost parsec: for densities larger than
the Roche critical density, Eq. 1.8, the clumps are expected to collapse and are likely to form
stars. Below this density limit clouds are prone to be dispersed by the tidal field.

However, the original derivation of the Jeans instability neglects the potential gradient of
external tidal field, as is the general case of the environment in galactic nuclei. Specifically,
the derivation of the Jeans minimal length-scale over which instability develops, Eq. 1.11,
considers the unperturbed potential to be constant in space, VO, = 0 (so-called Jeans
“swindle”).

The derivation of the dispersion relation for the external tidal field was provided by
Jog (2013). The dispersion relation changes due to the external potential @y, to the form
w?* = k*c? — 4nGpy + T, where the tidal term is given by Ty = —V?®,,,. The external potential
in the Galactic centre may be considered to be the sum of the SMBH approximated as a point
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mass and the potential of the NSC @ = —-GM,/r + Oysc. The tidal term then becomes
Ty = 2GM,/r* — 4nGpnsc(r), where the mass density of the NSC is taken from Eq. 1.7.
Depending on the distribution of matter in the NSC, the tidal term can be both positive and
negative, which causes the Jeans length-scale to prolong or shorten, respectively. The relation
derived from the modified dispersion relation is as follows,

P L (1.17)

instab =
Ty

- 4nGpo

For a given cloud radius r, 4
by the tidal field correspondingly,

~ 2r.. The critical Jeans density of a clump changes

’
instab

, 1 (#°c?
Py = R(F—é+To) . (1.18)

The qualitative change can be seen in Fig. 1.4, where the tidal field of the SMBH and
the NSC causes the critical Jeans density to increase, especially in the innermost 1 pc (green
line). Further away it comes back to the original critical density profile. It seems that the tidal
forces of the SMBH and the NSC make it more difficult to forms stars unless there are factors
that compress the clump.

1.2.2 [Estimate of the number of dust-enshrouded stars near the
Galactic centre

The probability of detecting a pre-main sequence star surrounded by a primordial disc
(gaseous or debris disc) in the Galactic centre (r < 2 pc) may be approximately determined
from the estimate of the star-formation rate in this environment and consequently by using
the corresponding time-scales related to disc dynamics.

The dense clumps necessary for star-formation to proceed are assumed to originate in
the neutral and molecular circum-nuclear disc (CND), which consists of denser clumps (e.g.
Christopher et al. 2005, and references therein) that can collide inelastically and consequently
lose angular momentum and descend towards the SMBH (Vollmer & Duschl 2001a,b; Jalali
et al. 2014). The CND has a sharp inner edge at ~ 2 pc, which coincides with the radius of
the sphere of influence of the SMBH, see eq. 1.5.

The rate of clump collisions is approximately given by I'co; & 1 Zc010vel, Where ng; is the
number volume density of dense clumps, Z., is the clump-clump collisional cross-section,
and o is the velocity dispersion of clumps in CND. Using the volume filling factor ®y
and the radius of the cloud r. one can express the number density as n, = Oy/(4/ 37rr§1).
The effective cross-section of clump-clump collisions is approximately given by . ~ 27r7.
Hence we get a simple relation for the estimate of the rate of collisions I'co; & 3¢y oye/(27c).
According to Christopher et al. (2005) the mean radius of clumps is r; = 0.1 pc, the velocity
dispersion of clouds o = 20 kms~!, and the volume filling factor is ®y =~ 0.01 (Jackson
et al. 1993). Inserting these values leads to the collisional rate of

_ (I)V T vel rel - _
[y ~3x10° ( ) ' 1.1
e (0.01) 20kms-! (O.lpc) " (1.19)

To obtain the rate of infalling clouds Iy, the collisional rate has to be divided by two to se-
lect two out of four possible directions (along/opposite disc rotation and inwards/outwards the
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centre) and multiplied by ~ 0.3 to select the colliding clumps that have the velocity dispersion
larger than the average by 1o (hence those that efficiently remove angular momentum). Thus
we get [}, = 5 x 1077 yr~! for the inward flux of clumps and nominal values of parameters.
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Figure 1.5: Candidates for young stellar sources near the Galactic centre. Left panel:
Positions of NIR-excess sources and S stars in the innermost 3’ X 3, i.e. the close vicinity of
Sgr A*. The colours denote the infrared excess K; — L’ adopted from Eckart et al. (2013). The
orbits and positions were calculated acording to orbital solutions by Gillessen et al. (2009b),
Valencia-S. et al. (2015), and Witzel et al. (2017). The thick black ellipses represent the orbits
of DSO/G2, G1, and S2. Right panel: A schematic image of the Circumnuclear Disc and
the Minispiral with the corresponding radial velocities according to Zhao et al. (2009) (see
the colour bar). The red points mark the sites of SiO emission possibly associated with the
outflows from young stellar objects (according to ALMA observations by Yusef-Zadeh et al.
2013).

Assuming a mass of infalling clouds M. ~ 100 M, and the star-formation efficiency factor
fer = 0.3 (Jalali et al. 2014), the total stellar mass after the star-formation epoch for a single
infall is M, ® 30 Mg. The number of stars that meet the luminosity constraint for DSO
(< 10Ly) and thus must have a mass in the range of (m;, m,) = (0.1,2.5) M, can be estimated
from the Salpeter IMF:

l-a _ ,,1-a
2—am, m

1 —am2a —m*e

max min

N, = Mo ( 1 20)

where we set the index @ = 2.35 and the minimum and the maximum mass of stars to
(Mumin, Mmax) = (0.1,100.0) M. We obtain N, =~ 80 and thus the expected number of
embedded young stellar objects may be calculated as Nyso = Ny IinTyso = 80 X (1.5 X
10~ yr=!) x 10° yr ~ 10. The time-scale Tyso corresponds to the duration of the phase when
the star is surrounded by the dusty-gaseous envelope and/or an accretion disc. This order
of magnitude is consistent with the detected number of infrared-excess sources (5 sources
including DSO/G2 shown in Fig. 2 of Meyer et al., 2014) taking into account that the lightest,
least luminous objects are beyond the detection limit. A similar number of NIR-excess sources
was also reported in the continuum study by Eckart et al. (2013). Those NIR-excess sources
that are located in the innermost S-cluster (< 1” = 0.04 pc) are schematically depicted in
Fig. 1.5. In the right panel of Fig. 1.5, we also included the positions for SiO(5-4) emission
possibly associated with the outflows of high-mass young stellar objects (see Yusef-Zadeh
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et al. 2013). Hence, there are several indications for very recent star-formation activity
(10° — 10% yr) in the innermost parsec of the Galactic centre. However, more observations
are needed with a larger sensitivity and angular resolution to associate these objects with
pre-main-sequence stars.

1.2.3 Formation of neutron stars and pulsar wind nebulae

Many massive stars that formed in situ in the Galactic centre have ended up their life as
neutron stars, which are characterized by strong magnetic fields, rapid rotation, and extremely
compact sizes. The population of neutron stars in the Galactic centre region is currently
unexplored due to a lack of detections. However, it is certainly worth attempting to find the
members of such a population since monitoring of neutron stars will help to shed more light
on the following astrophysical problems of the vicinity of Sgr A*:

1. constraining the star-formation history, in particular the massive star formation, via the
age and the spatial distribution of the detected neutron stars (Wharton et al. 2012), e.g.
an over-abundance of magnetars over normal pulsars would imply a top-heavy Initial
Mass Function (IMF Dexter & O’Leary 2014),

2. testing the gravitational potential around the supermassive black hole using their period
derivatives, with the aim to probe the metric of the central massive black hole (Paczynski
& Trimble 1979; Wex & Kopeikin 1999; Pfahl & Loeb 2004; Angélil et al. 2010),

3. improvement of the knowledge about the magnetohydrodynamical conditions in the
Galactic centre (Wharton et al. 2012; Eatough et al. 2013b), especially thanks to the
electron density along the line of sight n.(/) as inferred from the distribution of pulsar
dispersion measures,

D
DM:f ned/, (1.21)
0

where D is the distance of the source, and the inference of the line-of-sight magnetic
field B(l) via the Faraday rotation, i.e. the rotation of the polarization vector of the
emission at wavelength A in an external magnetic field by the angle A® = RM A%, where

the rotation measure X

2mct

depends on the line-of-sight magnetic field component B(/), free-electron density n.(/),
distance D of the source, and the electron charge e, mass m., and the speed of light c.

D
RM = f B(Dn.(h)dl, (1.22)
0

Previously, the attempts to detect neutron stars via radio timing observations failed to
detect a substantial number of neutron stars, except for one magnetar in the innermost parsec
(Mori et al. 2013; Rea et al. 2013; Spitler et al. 2014). It is, however, worth considering other
wavebands for the search of neutron stars. In particular, infrared observations with a high
sensitivity and angular resolution may detect young neutron stars whose spectral properties
are expected to be similar to the enigmatic DSO object, as we argued in Zajacek et al. (2017).
Here we estimate how many young neutron stars and pulsar wind nebulae (PWN) can be
realistically present and detected in the Nuclear Star Cluster.

Following Wharton et al. (2012), the number of neutron stars Nys in the innermost parsec
may be estimated from an extended mass of M, ~ 10° M, (Schodel et al. 2009b) using
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the initial mass function, dN/dm oc m~*™7 which after the integration leads to the formula
for Nys in the form of Eq. 1.20 with M, = M.,. In Table 1.2, we include estimates of
the number of neutron stars for two possible values of the IMF, standard Salpeter-Kroupa
ayr = 2.35 and the top-heavy IMF ayyr = 0.45. In addition, two different mass ranges
(my, my) are considered for the stars that turn into neutron stars: (m,m;) = (9,25) M, and
(9,40) M, see also Wharton et al. (2012) for the discussion. The minimum and the maximum
mass of stars are fixed to (My;n, Mme,) = (0.1, 100) M.

Neutron star number M., ayr (my,my)

4900 10°M, 235 (9,25) M,
5700 10° M, 235 (9,40) M,
5700 10°M, 0.45 (9,25) M,
9500 10° M, 0.45 (9,40) M,

Table 1.2: An estimated number of neutron stars for a nuclear star cluster with an extended
mass of 10° M, in the innermost parsec. Different values of parameters are considered.

It turns out that even different values of the IMF slope do not significantly affect the
order of magnitude of the number of neutron stars. Based on the estimates in Table 1.2,
we set the number of neutron stars to Nys = 10 for further calculations. Given the overall
extended mass of 10° M, we may estimate the formation of neutron stars per stellar mass as
ﬁNS = NNS/Mext ~ 104/106 M51 = 10_2 Mél

In the further estimates, we focus on neutron stars that are energetic and radiatively
efficient enough to be detected in NIR bands. Given the K;-band flux density of the DSO,
an estimated spin-down energy would be £ ~ 1.4 x 10®ergs~'. In the ATNF pulsar
catalogue (Manchester et al. 2005), the number of pulsars with spin-down power exceeding
10°8 erg s~! is of the order of unity: there is just one pulsar among 854 pulsars with distances
< 3kpc and 3 pulsars among all 2573 pulsars. Therefore, the fraction of highly energetic
pulsars can be estimated as f(> 10°®) ~ 1073. It is highly questionable if the distribution
of spin-down energies in the Galactic centre neutron star population is comparable to the
Galactic plane population. If we extrapolate the statistics to the Galactic centre region, we get
N(= 10%) = f(= 10°®)Nns ~ 1072 x 10* = 10.

Another estimate is based on pulsar wind nebulae as powerful sources of magnetospheric
synchrotron emission. The energetic winds also collide with the ambient medium producing
termination shocks that contribute to the non-thermal emission. To estimate the number of
PWN from the overall population of neutron stars, we use a heuristic relation,

Newn = fefofownSfesrNNs = fefofown fosrBys M, (1.23)

where fpsg 1s a fraction of neutron stars that become pulsars (which we assume to be unity,
Jesr = 1), and fpyy is a fraction of pulsars that power wind nebulae at a certain stage for the
time-scale of 7pyy. In addition, Eq. 1.23 contains the retention fraction f,, the number of
neutron stars that are retained within the stellar cluster, and f; is an actual fraction of pulsars
that power a PWN. In the estimate above, we are interested in the non-pulsed, continuum
emission, so we do not consider a beaming fraction, which is about 20% (Wharton et al. 2012).
Finally, M, is the mass of the stellar population considered in the calculation.

The fraction of pulsars that power PWN for a certain period 7pyy is assumed to be unity.
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It is more complicated to determine the retention fraction f, of neutron stars in the central
parsec. In theory, the natal kick velocities due to binary dissociation or asymmetric supernova
explosions, whose mean value is (vy;;,) = 380km s~! (Faucher-Giguere & Kaspi 2006), have
to exceed the local escape velocity in the potential of the central black hole (Wharton et al.
2012),

1/2 -1/2
M r
ese = 185 - km s 1.24
0 (4><106M®) (lpc) s (1.24)

Using the Maxwellian distribution of kick velocities according to Faucher-Giguere &
Kaspi (2006), Wharton et al. (2012) compute the retention fractions of f, ~ 0.1 and f, = 0.25
for 1 pc and 0.5 pc, respectively. For other possible distributions, they get the retention factors
of 0.1 < f, < 0.5. However, similar distributions typically underestimate the retention factors
in globular clusters by an order of magnitude, which can be due to neglecting neutron stars
bound in multiple systems. Since the Galactic centre has even higher stellar densities than
what is typical in globular clusters, we may set f, ~ 1 following Wharton et al. (2012).

Clearly, to estimate the number of PWN, one needs to consider a typical PWN lifetime:
pwy ~ 10° yr based on the PWN catalogue (Roberts 2005). The fraction of pulsars that
power PWN depends on the star-formation history of the considered population (Wharton
et al. 2012). For a continuous star formation, the fraction may be estimated as follows,
Jfr ~ Tpwn/tsF, Where tsr is the time elapsed since the star formation started.

The estimates for the number of PWN may be derived for different stellar populations
observed in the innermost parsec (Buchholz et al. 2009) that can be a result of either a
continuous star formation or an episodic starburst. First, we take into account the overall
stellar population with the mass of M, ~ 10% M, for which we consider the star formation to
be approximately continuous with the start gz ~ 10'° yr ago. Then the fraction of pulsars
powering PWN is £, ~ 103/10'° = 107>, which leads to

contl __ fT ﬁNS M*
Neijy = 0.1 (10—5)(10—2 Mgl)(106 M@) ‘ (1.25)

Second, a promising source of young pulsars is the population of about 200 young,
massive OB stars that were formed in a starburts episode a few million years ago (Paumard
et al. 2006; Bartko et al. 2010). Some of these stars are a part of a coherent kinematic structure,
so-called clockwise disc. A total mass of this OB population is of the order of M, = 10* M,
(Paumard et al. 2006; Bartko et al. 2010). Given the life-time of this population, tsx < 107 yr,
the fraction of pulsars powering PWN is in the range of f; =~ 0.01-0.1. Then, the estimated
number of PWN resulting from this episodic star-formation is

epl S Bns M,
=1. . 1.2
Newy = 1.0 (0.01)(10—2 Mg‘)(lO“ MO) (1:26)

An insight into the star-formation history of the nuclear star cluster was obtained by
comparing simulated stellar populations with the population of cool giant stars observed in
the central parsec. Blum et al. (2003) and Pfuhl et al. (2011) consistently found that the
bulk of the mass of the NSC (> 80%) was formed > 5 Gyr ago. The star formation rate
dropped to the minimum around 1-2 Gyr ago and then started to increase again during the
last ~ 100 Myr. Pfuhl et al. (2011) infer the star-formation rate of 10~ Mg, yr~! within 1 pc
of Sgr A*, which is consistent with the stellar mass of 10° M, formed during the last 108 yr.
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Assuming the continuing star-formation history during this time-scale, the fraction of pulsars
associated with PWN is then £ ~ 10°/10% = 1073. By combining the terms, we get the
following estimate of the PWN population,

fr )( Bns )(M*(l‘ < 10° yr))
1073 /0102 M3! 10° My, )

Finally, an observational support for the presence of PWN in the Galactic centre was given
by Muno et al. (2008) using 1 Ms Chandra X-ray observations (ACIS-I). They identified 34
diffuse X-ray features, out of which ~ 20 in the central 20 pc (in projection) meet the spectral
characteristics of PWN. Four of these sources lie within the projected distance of 1 pc of
Sgr A*.

In summary, based on the analytical estimates as well as X-ray observations, we would
expect ~ 1-10 of PWN in the innermost parsec. Hence, it is not unlikely that at least
one of the sources previously identified in NIR as excess sources (with a positive slope
towards longer wavelengths) is actually a PWN. However, a confirmation of such a nature

will require multiwavelength observations (X-ray—IR-radio) primarily with a new generation
of instruments (E-ELT, SKA).

N5 = 1.0 ( (1.27)

1.3 Goals and outline of this thesis

In the previous sections, we discussed the key components of the Galactic centre that interact
with each other inside the sphere of the gravitational influence of the supermassive black hole.
We paid a special attention to young stars and compact remnants — neutron stars. In my work
during the PhD, I focused on these two extreme stellar populations, which belong to unsolved
problems of the Nuclear Star Cluster. In particular, the following topics were relevant:

(a) dynamics of young stars near the compact radio source Sgr A*, in particular those
formed in situ,

(b) interactions of stars with the environment, with the focus on dynamics of stellar bow-
shocks,

(c) fate of stellar remnants in the Nuclear Star Cluster, with the focus on magnetized
remnants — neutron stars,

(d) evidence for Sgr A* being a black hole in an astrophysical and philosophical context.

For Topic (a), we focused on the dynamics of envelopes of dust-enshrouded, young stars
that approach the supermassive black holes with pericentre distances larger than the the tidal
radius r, = R,(3M./M,)'? ~ 13(R, /R,)(M, /M,)"'/3 r,, where R, is the stellar radius and r;
is the Schwarzschild radius, r, = 2GM, /c* ~ 2.95 x 10°M, /M, cm. Although the star itself
is not tidally disrupted for this distance range, its extended envelope can be effected both via
tidal interaction as well as hydrodynamical effects, such as (magneto)hydrodynamical drag
and instabilities. The main goal was to determine the stability and dynamics of circumstellar
dusty envelopes of dust-enshrouded stars. The study was observationally motivated by the
results of Gillessen et al. (2012a, 2013a,b), who discovered the fast-moving, dusty source
DSO (G2), and later by Witzel et al. (2014) and Valencia-S. et al. (2015), who obtained further
information about the continuum and line emission of the DSO. The star-formation potential of
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the Galactic centre region was confirmed by the discovery of young, dusty sources in IRS13N
association (MuZic€ et al. 2008) and the formation of such associations was modelled by Jalali
et al. (2014) by infalling molecular clumps that get tidally stretched and compressed and the
self-gravitating gaseous clumps can overcome the Jeans limit and form young associations.

Projects in Topic (b) deal with stars that move supersonically through the environment,
forming bow shocks — shells with larger gas and dust densities than the surrounding medium
that are approximately given by the Rankine-Hugoniot jump conditions. Several bow shock
sources were detected and studied (Muzi¢ et al. 2010; Rauch et al. 2013; Sanchez-Bermudez
et al. 2014) and their importance lies in the fact that the distribution and properties of bow
shocks can be used to constrain the density of the ambient medium if the 3D velocity of
the star is known as well as the characteristics of its stellar wind, namely the mass-loss rate,
rity,, and the terminal wind velocity, vy,. On the other hand, if the ambient density is well-
constrained, the bow-shock stagnation radius Ry can be used to estimate stellar parameters.
These statements are valid under the assumption that the observed stellar bow shock forms
at the ram-pressure and the stellar-wind pressure equilibrium, P, = Py, and the thermal
pressure may be neglected. Then the bow-shock stagnation radius is given by,

Ty Uy,
Ry = , 1.28
b \/ yr— (1.28)

where p, is the ambient density and v, is the relative velocity with respect to the ambient
medium. Eq. (1.28) thus gives the basic length-scale for the bow-shock and other important
quantities, such as the surface density profile of the bow shock as well as the velocity profile,
are scaled by it. In my project, I am interested how the bow-shock properties are influenced
by the outflow from the Galactic centre (or the inflow). Can one use the star as a test probe of
the accretion flow close to Sgr A*?

Within Topic (c), I focused on the interaction of magnetized stellar end-products, specifi-
cally neutron stars, with the ambient gaseous medium in the Galactic centre region. Although
the observations show that the Nuclear Star Cluster is one of the densest stellar clusters
in the Galaxy, astronomers have detected only one neutron star — magnetar (soft gamma
repeater, SGR J1745-2900) — in the innermost parsec (Mori et al. 2013; Kennea et al. 2013;
Rea et al. 2013; Eatough et al. 2013a; Spitler et al. 2014). The predictions based on the
continuing star formation over the age of the bulge, ~ 10!° yr, yield ~ 10* neutron stars of
various ages. The angular broadening and temporal scattering of the magnetar put limits on
the scattering screen, which is located between us and the Galactic centre, specifically the
estimated distance for the thin scattering screen is Ay, = 5.8 £ 0.3 kpc, consistent with the gas
and dust located in the Scutum spiral arm (Bower et al. 2014). Therefore it should be possible
to detect millisecond pulsars at frequencies v > 10 GHz and normal pulsars at even smaller
frequencies. The fact that only one pulsar has been detected so far in spite of optimistic
predictions was named also as “missing pulsar paradox” (Dexter & O’Leary 2014). In my
project, I aim at analysing interaction modes of the Galactic centre neutron star population, in
particular the abundance of ejectors, accretors, and propellers (Lipunov 1992) as a function of
environmental characteristics (density and temperature). Subsequently, we look at alternative
ways to detect neutron stars, mainly based on their interaction with the ambient medium. I
also look at other wavelengths, in particular the infrared domain, where young pulsars could
be detected.
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The work in the thematic Topic (d) focused in particular on the philosophical and as-
trophysical aspects of Sgr A* being a supermassive black hole. Despite an ever mounting
evidence that the Galactic centre harbours a massive black hole, the final proof is missing and
some alternatives, such as a boson star or a gravastar cannot be completely ruled out, espe-
cially as their new theories still emerge. At what point can we be sure that the massive black
hole is located at the Galactic centre? Is the Galactic centre black hole fully described by
only three parameters according to the no-hair theorem? We created a framework within the
philosophy of science, through which we can address this fundamental question (Eckart et al.
2017). In this project, I aimed at tests of the black hole theory using the gravitational-wave
emission and pulsars. Furthermore, I also looked into the question of the charge of Sgr A* as
well as the motion of charged particles close to the Galactic centre black hole.

In the following Chapters 2-9, I present the peer-reviewed studies which were published
in high-impact international journals. These are namely:

e Dynamics of a dust-enshrouded star close to the SMBH: Chapter 2 — Research
topics: (a) and (b), paper: Zajacek et al. (2014).

¢ A young accreting star close to the SMBH: Chapter 3 — Research topics: (a) and (b),
paper: Valencia-S. et al. (2015)

e Bow-shock evolution close to the SMBH: Chapter 4 — Research topics: (b), paper:
Zajacek et al. (2016)

e A NIR source with a polarized emission: Chapter 5 — Research topics: (a) and (b),
paper: Shahzamanian et al. (2016)

o Nature of NIR-excess sources close to the Galactic centre: Chapter 6 — Research
topics: (a), (b), and (c), paper: Zajacek et al. (2017)

o A short review on the DSO: Chapter 7 — Research topics: (a) and (b), paper: Zajacek
et al. (2017)

o Interaction modes of neutron stars: Chapter 8§ — Research topics: (c), paper: Zajacek
et al. (2015)

o Charge of the Galactic centre black hole: Chapter 9 — Research topics: (d), paper:
Zajacek et al. (2018)






CHAPTER

Dynamics of a dust-enshrouded star
close to the SMBH

The discovery of a fast, reddened, NIR-excess source named DSO/G2 in 2011 (Gillessen et al.
2012a) triggered a lot of attention since there was a possibility that part of the dusty envelope
could be detached from the object before and during its pericentre passage.

We followed this discovery and suggested three possible scenarios for the character of the
source: a core-less cloud, a dust-enshrouded star, and a binary. It was clear that these three
scenarios have different dynamical consequences. While a star stays compact and continues
orbiting the SMBH along the original orbit, a core-less cloud undergoes stretching and strong
interaction with the ambient medium, resulting in the formation of a filamentary structure and
its continuous inspiral towards the SMBH. A dynamical evolution of a binary system depends
on the semi-major axis and the mass ratio of its components. We showed that if a binary is
originally on a nearly parabolic orbit, it can be disrupted during the pericentre fly-by, with one
component escaping on a hyperbolic orbit and the other becoming more bound to the SMBH.

This work was a part of my master thesis and I include it here since it fits into the overall
framework of young stars and NIR-excess objects in the Galactic centre.

The following peer-reviewed paper summarizes the dynamical analysis of these three
scenarios.

Credit: Zajacek et al., A&A 565, A17 (2014). Reproduced with permission ©ESO.
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ABSTRACT

Context. Supermassive black holes reside in cores of galaxies, where they are often surrounded by a nuclear cluster and a clumpy
torus of gas and dust. Mutual interactions can set some stars on a plunging trajectory towards the black hole.

Aims. We model the pericentre passage of a dust-enshrouded star during which the dusty envelope becomes stretched by tidal forces
and is affected by the interaction with the surrounding medium. In particular, we explore under which conditions these encounters can
lead to periods of enhanced accretion activity.

Methods. We discuss different scenarios for such a dusty source. To this end, we employed a modification of the Swift integration
package. Elements of the cloud were modelled as numerical particles that represent the dust component that interacts with the optically
thin gaseous environment.

Results. We determine the fraction of the total mass of the dust component that is diverted from the original path during the passages
through the pericentre at ~103 Schwarzschild radii and find that the main part of the dust (x90% of its mass) is significantly affected
upon the first crossing. The fraction of mass captured at the second passage generally decreases to very low values.

Conclusions. As an example, we show predictions for the dusty source evolution assuming the current orbital parameters of the
G2 cloud (also known as Dusty S-Cluster Object, DSO) in our Galactic centre. Encounter of a core-less cloud with a supermassive
black hole is, most likely, a non-repeating event: the cloud is destroyed. However, in the case of a dust-enshrouded star, part of the
envelope survives the pericentre passage. We discuss an offset of <0.3 arcsec between the centre of mass of the diverted part and
the star along the eccentric orbit. Finally, we examine an interesting possibility of a binary star embedded within a common wind

envelope that becomes dispersed at the pericentre passage.

Key words. black hole physics — Galaxy: center — galaxies: individual: Sgr A*

1. Introduction

Most galaxies host supermassive black holes (SMBH; 10° M, <
M, < 10° M) in their cores, where these accrete gas and dust in
the form of an accretion flow from their immediate neighbour-
hood (Krolik 1999; Meier 2012). The example nearest to us is
the compact radio source Sgr A*, which contains a black hole of
mass M, = 4.4 x 10° My, at distance 8.2 kpc in the centre of the
Milky Way (Eckart et al. 2005; Melia 2007; Genzel et al. 2010).

The character of accretion and the corresponding accretion
rate vary greatly over different galaxy types. It appears that the
availability of mass supply and the accretion mode that is es-
tablished in the course of evolution of the system are the main
agents that determine the power output and the spectral energy
distribution of supermassive black holes (Frank et al. 2002). In
several ways, the Galactic centre can serve as a paradigm for
low-luminosity nuclei.

Active galactic nuclei (AGN) and quasars host radiatively ef-
ficient types of disc accretion (i.e., the standard scheme of geo-
metrically thin accretion discs, or slim discs; Shakura & Sunyaev
1973; Abramowicz et al. 1988) with accretion rates reaching and
even exceeding the Eddington limit of Mgy =~ Lida/(0.1¢%),
where
TGMmC | 3 104 Mo

aT 106 M@
with my, proton mass, ot Thomson cross-section.

Edd =

[erg/s], (D
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Low-luminosity nuclei exhibit significantly lower accretion
rates, M, < Mgqq (Eckart et al. 2013a). This can be explained as
a combination of a diminishing supply of material falling onto
the black hole and the radiatively inefficient mode of accretion
at certain stages. In this context, the present state of the Galactic
centre represents an extreme example of an inactive nucleus:
M, =~ 1078 M, per year, which can be understood in terms of
advection-dominated flow (Narayan & McClintock 2008)!.

The temperature of the accreted material grows in the course
of its infall in the gravitational field of the central black hole
because the potential energy is converted into heat and is only
partially released in the form of emerging radiation (e.g. Frank
et al. 2002; Krolik 1999). While at the distance of several
tens to hundreds Schwarzschild radii (r;, = 2GM,/c*=2.95 x
10° M, /Mg cm) the medium consists of ionised gas of the ac-
cretion disc and hot, diluted corona, farther out the tempera-
ture drops below the critical value for dust sublimation, T, =~
1.5 x 10° K (Barvainis 1987; Krishna Swamy 2005). Therefore,

I For the supermassive black hole of Sgr A* in the Galactic centre, the

quiescent bolometric luminosity is Ly = nM,c> =~ 10°® erg s~'. This
corresponds to the dimensionless efficiency parameter for the conver-
sion of accreted mass into radiation of about n >~ 1073, although it can
be as low as 10~ at the present stage of the source. The accretion out-
flow of Sgr A* is radiatively inefficient compared with predictions from
the standard accretion disc theory, where 7 ~ 0.06-0.42 is the predicted
range.
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at larger distances a clumpy torus can persist with a fraction of
its mass in the form of dust (Krolik & Begelman 1988; Honig &
Kishimoto 2010).

An equilibrium can be reached through processes of dust
sublimation (by strong irradiation from the central source and
stars of the nuclear cluster), in competition with the replen-
ishment of dust by stellar winds and the infall of clouds from
the outer regions, where the circumnuclear torus is present
(Antonucci 1993; Urry & Padovani 1995). The co-evolution of
gas and dust phases within clouds falling onto a supermassive
black hole is relevant for our understanding of mass transport in
the innermost regions of galactic nuclei.

Recently, an infrared-excess source named G2/DSO has
been discovered (Gillessen et al. 2012) and subsequently de-
tected in L- and K-bands (Gillessen et al. 2013a; Phifer et al.
2013; Eckart et al. 2013b). It may indeed be a manifestation of
a common mechanism of material transport in low-luminosity
nuclei. We analyse the scenario of an infrared-excess, dusty stel-
lar source. As indicated in Shcherbakov (2014), the cloud com-
ponent of the source is optically thin and diluted and not thick
and dense. Therefore, it is valid to assume that the cloud com-
ponent is mainly constituted by the gaseous wind driven by the
radiation pressure of central star and the dust that is located and
formed in such a wind. This is the reason that in the following
analysis we assume the dust to be in contact only with stellar
wind and the ambient atmosphere around Sgr A* through which
G2/DSO travels.

The adopted scenario is not necessarily only connected to
this single event. It may be applied to other observed infrared-
excess stellar sources that have been shown to move through the
gaseous medium near the Galactic centre (e.g., Moultaka et al.
2005; Muzic et al. 2010). Moreover, it may be relevant for mod-
elling the environment in other low-luminosity active galactic
nuclei.

In this paper we adopt a simplified (toy) model: dust grains
are treated as numerical particles under the influence of gravity
of SMBH (M = M,) and the embedded star (M = M,), or the
components of a binary (Mf), Mf)), and the effect of an out-
flowing wind of gas. We focus on dust-enshrouded stars with
different distributions of dust bound to the central star, and we
explore the amount of material that is lost from the cloud to the
black hole. Effects arise from the ambient pressure of a central
wind, the wind pressure from the star, and a bow-shock forming
at the interface of winds. The star moves at transonic speed near
the pericentre.

In this way we address the question whether and how dust
particles embedded in the wind envelope are affected by close
passages near the SMBH. For most model parameters, most of
the dusty material is stripped from the envelope already on the
first transit. For low accretion rates, the dust component can sur-
vive down to quite small radii, especially in regions shielded
by obscuration. Furthermore, if the Field criterion (Field 1965;
Barai et al. 2012) is fulfilled for the thermal stability of a two-
temperature medium, the dust may co-exist with the hot medium
at the same radius. The dust component by itself would be unim-
portant, but it contributes significantly to the radiation in NIR
and tracing it helps to understand the observed emission. Similar
treatment of dust dynamics is often employed in other astro-
physical systems (mainly protoplanetary discs and stellar atmo-
spheres, see e.g., van Marle et al. 2011).

We model the encounters over a broad span of parameters.
To present specific examples we use orbital parameters rele-
vant for the Galactic centre G2/DSO infrared source (Gillessen
et al. 2013b), and we also attempt to distinguish among different
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outcomes of the passages through the pericentre (Eckart et al.
2013c; Phifer et al. 2013).

Furthermore, we point out to the possibility that the stellar
core may actually consist of two components of a binary star.
This idea is suggested by models of the origin of S-stars in the
Galactic centre as a product of three-body interaction during the
pericentre passage of a binary star on a highly eccentric trajec-
tory (Gould & Quillen 2003; Perets et al. 2007). Although the
presence of a stellar core and its putative binary nature within
the G2 cloud are on a purely hypothetical level, this scenario
can connect, in a natural way, two apparently different aspects:
the high eccentricity of the plunging trajectory, and the origin of
the population of stars near the supermassive black hole. If there
is indeed a star enshrouded by a dusty atmosphere, it was pro-
posed that high eccentricity can be achieved by the Kozai mech-
anism (Subr & Karas 2005) or by resonant relaxation (Hopman
& Alexander 2006).

The geometrical setup and the main ingredients of our model
are illustrated in Fig. 1. Three different flavours of the basic
scenario were considered: a core-less cloud infalling onto the
SMBH, a star embedded within the dusty envelope, and an
embedded binary that becomes disrupted near the SMBH. We
focus on the latter two scenarios. Our simplified approach is
complementary to purely hydrodynamical situations that neglect
the dust component (Anninos et al. 2012; Burkert et al. 2012;
Ballone et al. 2013; Shcherbakov 2014), which is consistent
with an optically thick, dense medium where the dust is dragged
along with the gas. However, for optically thin atmospheres, dust
dynamics needs to be treated separately.

In the following analysis, we do not treat Bry production or
the radiation processes in the bow-shock region (Sadowski et al.
2013). We do see, however, that the dusty envelope is stretched
by the gravitational and drag forces (depending on the initial dis-
tribution of particles in phase space and the parameters of the
wind outflow), which leads to the gradual offset between the dust
component and the stellar core. We note that observationally any
difference between the cloud location in L-band with respect to
the location of K (Bry) in the orbit is most likely due to uncer-
tainties in the determination of the orbital positions; it may be
heavily affected by different systematics in the two bands.

The paper is organized as follows: in Sect. 2 we set up the
model and describe the numerical procedure to explore the mu-
tual interaction between the star and its environment. We discuss
the dependence of the dust temperature on the distance and the
luminosity of the central source. Then we consider the effect of
the star enshrouded by an initially spherical dusty envelope and
a remnant disc. In Sect. 3, we present the results of the simula-
tions including the wind blowing from the centre and the effect
of the bow-shock region. We compare the difference between a
disc-like Keplerian distribution and a Gaussian distribution of
particles in the phase space. Finally, we determine the fraction
of dust mass affected at subsequent encounters, and we show
the offset that develops gradually between the centre of mass of
the cloud and the nominal position of the star in the orbit. In
Sect. 4 we summarize and discuss our results, and we conclude
in Sect. 5.

2. Model setup, numerical scheme, and tests
2.1. Clouds infalling onto SMBH — test runs

Accretion tori are not smooth, instead, they often form individual
clouds with a mixed composition of gas and dust phases (e.g.,
Cox 2005; Vladimirov et al. 2005). The patchy structure evolves
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Fig. 1. Three variants of the model setup for which the predictions are qualitatively different especially at the post-pericentre phase. The model
ingredients include the central supermassive black hole (black circle), an infalling cloud made of gas and dust (red), an embedded star (yellow),
and a hot diluted flow (blue). We consider the pericentre at about 10* Schwarzschild radii, so that the star is not expected to be tidally disrupted.
However, the gaseous/dusty envelope is affected significantly. Left panel: a core-less cloud on an eccentric trajectory, interacting with the diluted
ambient medium near the SMBH. Middle panel: the cloud enshrouds an embedded star. A radial wind of the outflowing gaseous atmosphere occurs
and a bow-shock forms ahead of the stellar body. Right panel: binary system enclosed by a common envelope that becomes largely dispersed at
the first pericentre passage. At the same time, the three-body interaction with the central SMBH causes the binary components to separate from

the nominal trajectory.

by collisions, and some of the clumps can be set on a highly
eccentric trajectory with the pericentre close to the central black
hole. Interaction with the surrounding environment leads to the
drift and gradual separation of different constituents of the cloud
and deformation of its shape — dust and gas components of the
cloud move with respect to each other, and with respect to the
star (if embedded in the cloud core).

A bow shock develops around an embedded star and differ-
ent species are transported across discontinuities in a different
manner (smaller grains tend to be bound to the gas component,
while the large grains are capable of penetrating into the inter-
stellar medium; cf. MacGregor & Stencel 1992; van Marle et al.
2011; Keppens et al. 2012). If large portions of the medium are
neutral, viscous forces play an important role, while in a fully
ionised plasma the efficient mechanism of dust grain charging
operates. Then the main parameter that defines the coupling be-
tween dust and gas is the Coulomb coupling parameter, which is
the ratio of the Coulomb potential energy of the particle interac-
tion to the kinetic energy of the thermal motion. Depending on
the system parameters, both weak coupling and strong coupling
have been observed in dusty plasmas.

The grain size is a dominant factor for the forces acting
on the gas/dust mixture. The mutual coupling between these
two components of the complex plasma (including the viscous
forces) is thought to just increase the effective dust grain mass by
the amount of gas that is dragged along in the coupling. The par-
ticle mass is not relevant within the strong gravitational field of
the SMBH and/or the star, instead, it may only be relevant for the
wind force acting on the dust. For a gas-to-dust ratio of 100:1,
the effective increase of the grain mass load by two orders of
magnitude would then correspond to the grain size variation by
factor of about 5. This is well contained in the factor of a hundred
in the grain sizes that we considered here. The relation between
size and mass is uncertain because grains are most likely fluffy
and not solid. Moreover, other factors are also connected with
the grain size, for example, the typical electric charge that can
develop by the interaction with the surrounding plasma and by
photoionisation.

An infalling cloud passes through the external environment
with physical properties spanning a wide range of values. We
modelled the passages of stars with dusty envelopes through the
pericentre by numerically integrating the trajectories of star(s)
and that of dust particles that represent one of elementary con-
stituents of the cloud. These are followed in the gravitational

field of the SMBH, taking into account the hydrodynamical in-
teraction with the diluted ambient wind. Gravitational effects
need to be taken into account, but nonetheless, the Newtonian
description is adequate for the gravitational field because we
considered the motion with the pericentre at ~103r,, so not in
the immediate vicinity of the black hole horizon, where the rel-
ativistic effects on the orbit evolution become important. The
variety of factors listed above underline a potentially important
influence of the grain properties for the gas/dust coupling and
hence support our simulation approach.

We employed the integration package Swift (Levison &
Duncan 1994), which has been designed to evolve a set of mu-
tually gravitationally interacting bodies together with a group
of test particles that are influenced by gravity of the massive
bodies, but do not affect each other (or the massive bodies).
In the numerical scheme we included the effect of radial wind
outflow and that of ambient gaseous wind and employed a suf-
ficiently accurate Bulirsch-Stoer integrator with an adjustable
time-step.

The adopted procedure allowed us to follow a large number
of numerical particles in the gravitational field, namely, a super-
posed gravitational field of the central SMBH and the embedded
star. The gravity of the black hole plays a role in the motion of
parcels because their mass is relatively large (like dust grains
compared to gas atoms), but we modified the integration routine
to also include the hydrodynamic drag that acts through the inter-
action of particles with the gaseous ISM as well as an outflowing
stellar wind. The dust grain mass is a parameter that allowed us
to study different cases, including a toy model where the grains
represent super-particles of mass exceeding that of realistic cos-
mic dust.

2.2. Non-gravitational forces acting on dust

Although the stellar atmosphere consists largely of outflowing
gas, here we concentrated mainly on the dust component. Both
species interact with each other, but they can separate to a cer-
tain extent during the evolution. Observationally, the gas is ex-
pected to be revealed by Bry spectral line emission, while the
dust grains will contribute to the thermal continuum and can be
detected by polarisation. This provides information about in situ
conditions of the surrounding environment, but the predictions
are currently uncertain due to incomplete knowledge about the
nature and composition of G2/DSO.

Al7, page 3 of 15



31

A&A 565, A17 (2014)

In a galactic nucleus all objects interact with the hot plasma
that is supplied by stellar winds, in particular, of hot, massive
OB stars. The effects of this interaction depend on temperature
and density profiles of the ISM. For the purpose of this work,
we used semi-analytical relations for electron density n.(r) and
electron temperature T(r) radial profiles based on the models of
radiatively inefficient accretion flows (Broderick & Loeb 2006;
Broderick et al. 2011),

-1.1 -0.84
ne(r) = n’ (L) . T =T° (1) . )
12 I

S S

In these dependencies, we considered quantities n, and T, to
adopt averaged values, n? = 3.5 x 10’ cm™ and T? = 9.5 x
10'°K. Electrons are decoupled from ions at small distances
from the SMBH; ion temperatures are ~1 to 5 times higher
than electron temperatures resulting from MHD simulations
(e.g., Dexter et al. 2010). The density profile (2) is used in
Eq. (7) to estimate the ambient density p, = myny (with
Ny ~ Ne).

The profiles in eq. (2) were originally derived for the ac-
cretion flows up to ~100 ry, whereas we considered the peri-
centre passages at a typical distance one order of magnitude
larger, » ~ 10% r,. However, the densities inferred from the one-
dimensional model (used to fit Chandra X-ray data farther away
from the Galactic centre; Quataert 2004) do not differ much
when extrapolated from the inner flow to the region of our in-
terest (factor of ~3; see Psaltis 2012, for comparisons).

In general, the equation describing the motion of dust par-
ticles in the gaseous environment (optically thin stellar atmo-
spheres, protoplanetary discs) is

dv

a = Agray t Adrag + Grad, 3)

where a,, represents gravitational interactions, @gr,g Stands for
the wind drag acceleration, and a,,q is the acceleration due to
radiation pressure.

The radiation pressure acceleration acting on a grain that is
located at distance r4 from the star with flux ®, = L,/ (47rri)
may be expressed by (e.g., Bertotti et al. 2003)

. , >
g = @ 2een [(1_M)’_*_”_*]+o(’;_;), 4)

mc

where the factor Q reflects the way the particle absorbs or re-
flects light, m denotes the dust mass, oeg its effective cross-
section, v, is the velocity vector in the frame of the star, and c is
the speed of light. The terms in the brackets represent the direct
pressure, the change of radiation energy due to the Doppler ef-
fect, and the Poynting-Robertson drag, respectively. Equation (4)
is valid in a Newtonian approximation that is consistent with the
pericentre passage of a star at the distance of ~1000 r, at most.
However, in the immediate vicinity of the SMBH, it would be
necessary to include the second and higher powers of (v, /c) as
well.

The first two radial terms in Eq. (4) effectively change the
mass of the star, which itself is a free parameter in our model,
and the non-radial Poynting-Robertson term causes the decrease
in the semimajor axis and eccentricity of the orbit and con-
tributes to the inspiral of dust towards the star on the Poynting-
Robertson time scale 7, which may be approximated using
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Eq. (4) and setting the effective cross-section equal to the ge-
ometrical cross-section of the grain, oeg = R*:

167c?
Tpr = 30

Cogs10tyr k(L) () (2 (Y
SR N TR S

In our model, we worked with time scales of 100 yr, which
are shorter than 7, by one order of magnitude for distances
of ~1 AU. For more distant orbits, the time scale is significantly
prolonged because of its quadratic dependence on the distance.

The radiation pressure from other S-stars in the background
also contributes, but it is at least two orders of magnitude weaker.
For an estimate, we took ~500mas ~ 4125 AU as an average
distance of individual S-cluster members. The estimated num-
ber of ~20-M,, stars is ~30 and we compared the effect of their
radiation with a low-mass (LM) star of 2 M. Hence, the ratio of
accelerations due to radiation, Eq. (4), is

av | Lo (75 )
as 30LS ''m
N 1 MLM 3.5 rs 2
~ 30 Ms 'om
_ 1 (2M, )\ (4125 AU
30 \20 M, 1 AU

L;l Rpar®

2
) ~ 180. (6)

Similarly, the Poynting-Robertson time scale, Eq. (5), yields
Tpr ® 10° yr for the average distance of 500 mas and the luminos-
ity of ~3020-M, stars. Scoville & Burkert (2013) also estimated
that although a production rate of Lyman continuum photons is
high, very few of them are intercepted because of the small area
of the bow shock formed ahead of the star. Hence, the effect of
radiation pressure from background stars is weak on the time
scale of ~100 yr considered here.

The radiation drag in the vicinity of a putative star will only
slightly affect individual orbits of grains on the time scale of a
few orbital periods. The ensemble of particles behaves similarly
with and without the radiation term involved, which shows that
gravitational forces and hydrodynamical drag are dominant for
their dynamics. To reduce computation costs, we omitted this
term in most of our numerical calculations.

The acceleration caused by the drag for both supersonic
(Stokes law) and subsonic (Epstein law) modes may be written
in a closed form (e.g., Kwok 1975; van Marle et al. 2011):

2
R [
— 2 =2
Adrag = —T]drag m Pa Urel + U Urel, (7)

where v = v — vg is the relative velocity of grains with re-
spect to the gas motion v,. The mean thermal velocity, assuming
Maxwellian distribution, is 7, = (8/7)!/%¢c,, which is proportional
to the sound speed ¢; = VkT/my (for ideal gas). The factor
Tdrag acquires the value 4/3 for the Epstein law and 1/2Cq(Re)
for the Stokes law, where the coefficient C4(Re) depends on
the Reynolds number Re (for an in-depth discussion see Perets
& Murray-Clay, 2011). As shown in Fig. 2, orbital veloci-
ties within the inner ~10° Schwarzschild radii are supersonic,
Vorb ® VGM,/r > cs, so the Stokes law is approximately valid.
This is also true for grains embedded in the outflowing wind
atmosphere close to the star, see Fig. 3. If we assume an isother-
mal atmosphere with 7 = 10000 K that is in ionisation equilib-
rium with the environment, orbital velocities are approximately



32

CHAPTER 2. PAPER 1: DYNAMICS OF A DUST-ENSHROUDED STAR

Michal Zajacek et al.: Dust-enshrouded star near supermassive black hole

orbital speed —
sound speed
01t 1
=
§ 001 F 1
(95)
0.001 | ]
G2/DSO
0.0001 : : : : :
10' 102 10° 10* 10° 108 107
rlrgl

Fig.2. Comparing the orbital (Keplerian) velocity with the sound
speed at corresponding radius from the central black hole (units of
Schwarzschild radii). The range of G2/DSO is labelled. On the verti-
cal axis, the unit of speed is the speed of light, c.
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Fig. 3. Ratio of orbital velocities (black lines) and relative velocities
(blue lines) to the speed of sound as a function of distance from the star.
Relative velocities are typically higher than the sound speed by about
one order of magnitude for wind velocities of the order of 100kms™.

equal to the sound speed at distance ry ~ GM,my/(kT) and
decrease. However, relative velocities with respect to radial out-
flow, in case of circular orbits of grains, are higher than the sound
speed by about factor of 10 for typical terminal wind velocities
of 100km s™!. Assuming that grains have a spherical shape with
diameter d and substituting the dust grain volume times density
for the mass, we obtain a ~ —%Cd(Re)(pa/pd)d“vrelvrel and we
set Cq = 12.

We note that the magnetic field frozen in the stellar wind
and potentially that of the interstellar medium near the galac-
tic nucleus as well may influence the motion of charged dust,
mainly of a smaller size. This is mainly determined by the ratio
of the charge of the grain ¢ resulting from photo-charging and
its mass m, g/m. When the main component of the field is radial,
B = B,r, and dust motion is azimuthal, v = v¢$, the Lorentz
acceleration, a;, = (¢/m)vgB, causes the grain inclination to in-
crease or decrease, depending on the mutual orientations of the
magnetic field and velocity vectors. The field orientation may
flip after some time and may lead to oscillations around the or-
bital plane. Because of the many uncertainties concerning the

2 From subsonic to supersonic regimes, the drag coefficient changes
typically by about a factor of two.
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Fig. 4. Ratio of the hydrodynamical drag to the gravitational accelera-
tion across the range of radii. The two effects can be of comparable mag-
nitude and, therefore, both need to be taken into account in the model
of the orbit evolution.

magnetic field strength and the efficiency of photo-charging, we
did not consider the magnetic field in our analysis.

Despite the arguments for neglecting these terms and effects,
this is just a crude model. Nonetheless, it allows us to reproduce
the relevant trends in a semi-analytical way.

In Fig. 4 we plot the ratio of the magnitude of the acceler-
ation due to the drag force (7) with respect to the gravitational
acceleration across the range of radii. In this case we neglected
the motion of ambient medium and set the relative velocity v
equal to the orbital speed. Although the ratio varies significantly
(by six orders of magnitude), it is non-negligible for some typ-
ical particle sizes in the range ~0.1 um—1 um (for the smallest
particles it exceeds the gravitational acceleration magnitude)’.

As the cloud approaches the central region, the dust absorbs
the radiation mainly at shorter wavelengths and heats up. The
dust temperature grows to the sublimation temperature 7y, and
eventually leads to sublimation. When we take into account only
the radiation of the central accretion flow, the sublimation radius
is easily determined (e.g., Barvainis 1987):

TFsup = 567 T;lzbg [(%) eXp (_Tuv)]E [pel, (8
©

where L,, stands for the luminosity of the central source at
ultraviolet wavelengths expressed in units of solar luminos-
ity Lo. The optical depth, 7, enables us to estimate the sub-
limation radius or inversely the temperature of dust at given r
(again, realistic profiles must be more complicated; Kishimoto
et al. 2011). Furthermore, in sources with radiatively efficient
accretion, X-ray heating contributes significantly (Czerny &
Hryniewicz 2011).

For the sublimation temperature T, ~ 1500 K (Barvainis
1987), low optical depth, and L,y = 103 Lo, the relation (8) gives
Feb ® 2.3 X 107 pc ~ 567, as a lower estimate (we did not
consider hot OB stars present near the centre, whose radiation
probably heats the dust further). When the stellar populations are
taken into account, the central luminosity can be estimated to a
few ~10° L, for the smooth distribution, and up to 107 L, for the

3 The effect might be more significant in AGN, where the typical den-
sity of the environment is higher than in inactive nuclei, but in that case
strong irradiation leads to dust heating and destruction in a relatively
large volume around the central source.
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Fig. 5. Colour-coded profile of temperature 7 = T (r,7,,) of dust for
the central source of luminosity 10> L, near the central SMBH. From
right to left, the three lines are isotherms corresponding to 7 = 1000 K,
1250 K, and 1500 K (dust sublimation temperature).

clumpy structure (Davidson et al. 1992), which leads to rgyp =
2.3 x 1073 pc ~ 56007, as an upper limit for the sublimation
radius.

Given the uncertainty, it is appropriate to refer to the subli-
mation zone extending from a few tens of Schwarzschild radii up
to ~5x 103 ;. To shorten the integration time of numerical exper-
iments, we safely set the inner sublimation radius to 300 r, in our
test runs. Using the inverse relation 7 = T'(r, 7,,) in Eq. (8), we
estimate the temperature profile of dust near the source of cen-
tral luminosity 10° Lo, which is intermediate between the limits
of 10° and 107 L, (see Fig. 5).

The passages with pericentre above ~1 x 10° ry (the case
of G2/DSO0, the Dusty S-cluster Object in the Galactic centre)*
probably does not heat the dust to the sublimation temperature,
which would only be reached at ~600 r;. However, the mech-
anism of heating is more complicated not only because of the
presence of stars, but also because of the shock heating that may
contribute in case of transonic motion.

2.3. Role of central star

It has often been advocated (e.g., Gillessen et al. 2013b) that
the infalling DSO/G2 source may represent a core-less clump
that has originated farther out at greater distance, >10%r, and
now is on the way toward the pericentre, where it will largely
disintegrate and undergo accretion onto the SMBH. However, it
may be also a dusty envelope that enshrouds a star. Extended
shells surrounding stars near Sgr A* have been reported, see for
example Moultaka et al. (2005).

Before the pericentre passage, the two cases are expected
to produce a similar image and the corresponding spectrum to
contain a thermal component from the dust. On the other hand, a
transit through the pericentre must reveal the nature in a clearer
way. Because we considered a pericentre distance of the order of
10°r, the star itself is not destroyed by tidal forces of the SMBH,
instead, it continues to follow the eccentric ellipse. The diluted
atmosphere is more visibly affected by its interaction with the
ambient medium.

First, we compared the temporal evolution of the spatial dis-
tance and velocity with/without the hydrodynamical drag for
the high-eccentricity orbits of a single particle. As a specific

4 The S-cluster is the 1” diameter star cluster of high-velocity stars
surrounding Sgr A* (Eckart & Genzel 1996; Ghez et al. 1998; Eckart
et al. 2005; Melia 2007; Genzel et al. 2010).
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example, we used the L’-band based nominal orbital elements
of G2/DSO (Gillessen et al. 2013a). The resulting evolution is
plotted in Fig. 6; it appears to be consistent with eccentricities
and semi-major axes of dust grains gradually decreasing, as they
move in the ambient medium.

Next, we considered a cloud of particles with a certain ini-
tial distribution of positions and velocities and included different
effects acting on the motion. Gillessen et al. (2012, 2013a) stud-
ied the evolution of such a cloud of particles in the field of the
Sgr A* SMBH. We revisited their simulations by including the
interaction with different prescriptions for the ambient wind. In
our simulations, for example, 2000 particles were initially dis-
tributed according to a spherically symmetric Gaussian distri-
bution in the position-velocity phase space. We used the same
L’-band-based orbital elements for the G2/DSO cloud as above.

The evolution in the orbital plane and in the velocity-distance
plane are plotted in Fig. 7 (left panels) for selected epochs since
the start of the simulation. The initial FWHM of the phase-space
distribution was set to be 25 mas for positions (the value adopted
from Gillessen et al. 2013b), and 5kms™! as a typical turbulent
velocity within the cloud. These simulations reveal that because
of the drag of the ambient ISM and gravity of the SMBH, most
particles continue to spiral in towards the centre. The cloud as a
whole becomes progressively stretched by the tidal forces, and
the velocity dispersion rises abruptly as particles approach the
SMBH.

Secondly, we examined the evolution with an embedded star,
whose mass has been set to M, = 2 M. Dust grains (d = 5 um)
initially obey a uniform distribution of semi-major axes in the
range (0.1,50) AU, eccentricities in the range (0,0.1), and in-
clinations within (0°, 180°)°. The distribution of velocities is
Keplerian. Figure 7 also shows the evolution of such a stellar
source (right panels).

The particles start to trail behind the star because of the drag.
In combination with the tidal effects, the position and the veloc-
ity dispersion gradually increase up to the pericentre. During the
post-pericentre phase the velocity dispersion first decreases, then
increases again while particles spiral inwards to the SMBH. In
Fig. 7 we clearly see how the attraction of the star influences
some of the particles (cp. the epoch 15.05). A small fraction
of particles remain bound to the star; specifically for this run,
about 5%o particles remained bound to the star; this number did
not change after the second pericentre passage.

2.4. Dust truncation radius

To estimate the dust mass diverted from the initial nominal tra-
jectory of the cloud at its pericentre passages, it is useful to con-
sider the Hill radius of the binary system star-SMBH. At the
pericentre,

M, 1/3
rg=a(l —e) E¥] ,

which for the mass M, = 2 M, and the position at the pericentre
yields ~1 AU; inside this sphere of influence the particles remain
bound to the star, while outside it the particles are captured by
the SMBH.

The sphere of influence increases after each pericentre pas-
sage, as illustrated in Fig. 8, where we plot the Hill radius evo-
Iution over an interval of time. We varied the eccentricity, but

)

3 Inclination values lower than 90° correspond to a prograde (direct)

orbit, values exceeding 90° are reserved for the retrograde sense of
motion.
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Fig. 6. Single-particle approximation. Left panel: the temporal evolution of 3D distance (in Schwarzschild radii); the orbital parameters are set
consistent with the G2/DSO in Galactic centre. Different particle (dust grain) sizes are considered, taking into account the effect of gravity and the
hydrodynamical drag exerted by the ambient medium. Right panel: the corresponding velocity as a function of time. Hydrodynamical drag acts
more efficiently on particles of larger size, causing their rapid in-spiralling and accretion onto the central black hole.
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Fig. 7. Numerical representation of the dust/gas cloud in terms of elementary parcels, trajectories of which are integrated in the gravitational field
and influenced by the hydrodynamical drag. Top left: the evolution of the cloud in the orbital plane for selected epochs since the start of the
simulation. Snapshots of the cloud are distinguished by different colours and shown at several moments of time (time marks correspond to years
since the initial moment of integration). The cloud particles are characterised by the Gaussian dispersion around the nominal trajectory in the phase
space (the black curve). Bottom left: representation of the evolution from the fop-left panel is shown in the velocity-distance plane. The velocity
is transformed into the local standard of rest. The angular distance is expressed in miliarcseconds. Top right: the evolution as in the fop-left panel,
but for a cloud with an embedded star in the core. Bottom right: the track in the velocity-position plane corresponding to the trajectory from the
top-right panel.

other orbital parameters remained fixed (M, = 4.4 x 10° M, The Hill radius expressed by Eq. (9) employs only tidal
for Sgr A* SMBH). Highly eccentric trajectories (¢ 2 0.9) are  shearing. However, in our case the motion of dust is influenced
prone to a significant mass loss when the atmosphere of the star by drag from the wind outflow, and this may indeed decrease
undergoes the Roche-lobe overflow onto the black hole. the critical radius at which orbits of grains become unstable and
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Fig. 8. Critical Hill radius ry(#) for four different eccentricities: e = 0.0,
0.3, 0.6, and 0.97. Enhanced accretion occurs when some of the dust
particles move beyond ry.

consequently leave the circumstellar environment. Following the
analysis of Perets & Murray-Clay (2011), we define the wind-
truncation radius at which the gravitational acceleration acting
on the grain GM,./ ri is equal to the acceleration agr,, resulting
from the wind drag:

12
r = (M2 (10)
Adrag
After inserting the drag term (7) into (10), we obtain
GM v
rwz[ " ] : (11)
ndragﬂR2p*(Urel + U )l/zvrel

To derive an estimate, we assumed the Stokes law and rewrote
Eq. (11) as a function of grain diameter d and distance from the
star 7y,

46M, \'?( a \'?
rv(d,ry) = [z —="pa ~| .
3 Ca PxU

where both the stellar wind density p, and the relative veloc-
ity of grains with respect to the wind v are functions of the
distance from the star. We rewrote Eq. (12) into a convenient
form, taking pg = 2260kgm™3 for the density of dust (e.g.,
Barvainis 1987) and assuming the density of spherical wind out-
flow py = r'nw/(47rrivw),

re = 028 [Mx ld 1/2( Urel )"( Dw )1/2
v T A M, ym 100 kms~! 100 km s~!

o ‘”z(r_*) AU

10-8 Mg yr! AU '

In Fig. 9, we plot the wind-truncation radius as a function of
both the grain diameter (in um) and the distance from 2 M-
star (in AU) with the typical mass-loss rate of 1078 M yr~! and
the terminal wind speed of 100kms~!. The wind drag gener-
ally causes the stability region to shrink below the Hill radius
(in our case ~1 AU at the pericentre), mainly affecting small
grains <1 um.

(12)

(13)
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Fig. 9. Colour-coded plot of the wind-truncation radius (colour bar units
in AU). Each point in the graph estimates the truncation radius from the
equilibrium between gravitational and drag forces for a given distance
from the star and a grain diameter. The contours stand for values 0.1,
0.2, 0.4, 0.6, and 0.8 AU.
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Fig. 10. Trajectory of a single dust grain (d = 1 um) for different cases
of the central wind outflow velocity. The grey ellipse corresponds to the
nominal trajectory, neglecting the drag by the wind. The values of the
outflow velocity are expressed in kms™" in the legend.

3. Results of simulations
3.1. Effects of wind and a bow shock — the case of G2/DSO

Comet-shaped features have been observed near the Galactic
centre that point to the role of the radial outflow in the form of a
wind from the central region (MuZic et al. 2010). The source of
the wind can be hot stars and/or the accretion flow in the vicinity
of the SMBH. A similar effect is expected to occur in our model
as well. One of the differences that distinguishes the core-less
cloud from a dust-enshrouded star is the size of the bow shock
(e.g., van Marle et al. 2011; Araudo et al. 2013). In the case of
a star, the bow shock is formed by the wind interaction; a pow-
erful wind outflow (as in the case of massive stars) develops the
stagnation point radius at a much larger radius than the size of
the star. On the other hand, in the case of a core-less cloud the
bow shock is only slightly larger than the size of the cloud.

We included the radial wind outflow by setting vye] = v — vy
in Eq. (7), where v stands for the velocity of numerical par-
ticles with respect to the SMBH, and v,, is the wind veloc-
ity (we assumed a spherical outflow at » < 1”). The particles
feel the wind drag; the computed trajectories for particles of
d = 1pm are shown in Fig. 10. The initial conditions were the
same for all cases and were computed according to the nominal
orbital elements of the G2/DSO object. For small and moderate
wind velocities (<1000 km s™"), the trajectory is only slightly af-
fected. The time of pericentre passage is delayed and the rate
of spiralling inwards increases because there is an additional
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Fig. 11. Left panel: a sketch of the orbit orientation on the sky, consistent with the current nominal trajectory of the G2/DSO (i.e., arriving from the
south-east direction and going into pericentre from the north, then leaving towards the south-east, showing the offset from the SMBH position in
the origin). Two eccentric orbits of the S-stars are also indicated. Right panel: two cases of the possible evolution a gaseous/dusty stellar envelope,
initially bound to the star: (i) with a radial wind blowing from the centre (v, = 1000 km s~'; bluish colours); and (ii) without the outflowing wind
(reddish colours). Here the same nominal trajectory as in the left panel is plotted, now with respect to the (x,y) orbital plane. See the text for

details.

non-radial term (due to the aberration). For v, = 2800kms~!

the particles are blown away with the wind. MuZic et al. (2010)
found evidence of the presence of wind speed from the centre
that are of this order of magnitude.

Consequently, we compared the evolution of a bound star-
gas-dust system with and without the effect of a spherical wind
from the centre. Particles (d = 2.5 um) were initially distributed
uniformly around the star (M, = 3 M, in this example). The
range of inclination was set from 0° to 180°, semi-major axes
spanned the interval (0.001,10) AU, and eccentricities varied
from O to 0.1. The resulting evolution is plotted in Fig. 11. The
wind slows the particles down and the initial shape of the shell
is more stretched than in the no-wind case.

If a wind-blowing star moves supersonically through ISM,
a bow shock is formed. The effect has also been confirmed
at 0.2 pc distance from the Galactic centre (Muzi¢ et al. 2010).
Here we employed a two-dimensional model of the bow shock,

R(0) = Rycsc+/3(1 — Ocoth),

which we rotated around the symmetry axis to obtain the cor-
rect orientation of the shock in 3D. In Eq. (14), Ry stands for
the stand-off distance, where the ram pressures of the ambient
medium and the stellar wind are at balance (Wilkin 1996),

Ty 0% 12
Ry = 5 ;
4rp,v

rel

(14)

15)

where 1y, is the stellar mass-loss rate, v}, is the terminal velocity
of the stellar wind. We used Eq. (2) to find p,, and vie] = [0 — vy|
at a specific point on the orbit. The symmetry axis of the bow
shock is aligned with the direction of the relative velocity, vy,
as expected.

We assumed that the wind-blowing star has a spherical wind
with the constant magnitude equal to its terminal velocity. In
our numerical scheme, particles outside the bow shock feel the
drag and wind from the ambient medium near the nucleus.
Inside the bow shock, the drag is approximately proportional
to the second power of the relative velocity with respect to the
circumstellar environment with the radial outflow, and to the

circumstellar density p., px = Hiy/ (47rriv\f,). In further exam-
ples we used the parameters relevant for a young, low-mass
(T Tauri) star (Scoville & Burkert 2013): 7iny, = 1078 Mg yr~!,
vy = 200km s~!, but the procedure may be also applied to more
evolved stellar types.

Now we also included the effect of the bow shock on the
cloud evolution. In our example we set the mass of an embed-
ded star to M, = 2 M and compared two cases (Fig. 12): first,
the wind blowing from the centre at velocity of 500 km s~! and,
second, the other case with 1000 km s™' wind. In each, case par-
ticles have a uniform distribution of semi-major axes in the inter-
val (0.1, 50) AU, inclination (0°, 180°), and eccentricity (0, 0.1).
We note that the character and orientation of the bow-shock
sources can in principle be tested observationally via polarime-
try (Buchholz et al. 2013; Valencia-S et al. 2012), although we
did not attempt this here.

The evolution is similar in the two cases — the material out-
side the bow shock spirals towards the SMBH because of the
drag, while inside the bow shock the cloud elements continue to
move through the circumstellar environment. Figure 12 shows
a very narrow shape of the bow shock near the pericentre. At
this stage, many particles are torn away from the star, which is
enhanced by both stellar wind and the outflow from the centre
(see Sect. 2.4). However, a fraction that occupies the bow-shock
region continues to orbit. In the case of strong wind from the
centre, the particles are dragged more efficiently, so that a long
tail forms behind the star. As mentioned above, only a dimin-
ishing part of the initial material survives the repeating passages
through pericentre. The cloud is progressively stretched and ac-
creted, and its centre drifts away from the position of the embed-
ded star.

We also plot the changing division between the predicted po-
sition of the star and the centre of mass of the cloud (Fig. 12,
bottom row). The mutual separation tends to grow with time
(apart from fluctuations) till the pericentre passage, then de-
creases again as the fraction of the cloud unbound to the star
sublimates or becomes accreted onto the black hole. This offset
is expected to be detectable in the NIR band if sufficient resolu-
tion is reached to resolve the cloud structure.
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Fig.12. Evolution of the star with a dusty envelope together with an instantaneous orientation of the bow shock (top panels). Top left: star
mass M, = 2 M. The velocity of the wind from the centre is v, = 500kms™"'. Top right: same parameters as in the left panel except for

Dy =

1000km s™', showing the change of orientation of the bow shock. In both cases, the mass transfer peaks with a slight delay after the

pericentre passage. Corresponding to the two panels in the top row, an offset is shown between the star position along its nominal orbit from the
centre of mass of the cloud in the bottom panels. Different curves show the offset computed for all particles forming the cloud (black curve), a
subset of particles in the cloud that survive the first passage through the pericentre (green curve), and a subset of those that also survive the second
passage. Moments of pericentre passages are indicated by vertical lines. The separation of 1000 AU corresponds to ~(.12 arcsec at the distance to

Sgr A*. Bottom left: v, = 500 kms™'. Bottom right: v, = 1000 kms™".

3.2. Spherical cloud vs. disc-like structure

Near a protostar or T Tauri star, two types of dust/gas environ-
ment can be considered: a spherical cloud with an approximately
Gaussian distribution in the position-velocity phase space, and
a disc-like configuration with a Keplerian distribution of bulk
velocity. The latter case represents a protoplanetary or a debris
disc. Murray-Clay & Loeb (2012) proposed such a disc as the
origin of the cloud near SMBH. We compared the evolution of
the two geometries.

In both cases, dust grains are distributed around a 2 M, star
with the parameters from the previous section. For the Gaussian
velocity dispersion cloud, the initial FWHM was taken to be
equal to 100 AU (~12 mas) and 5km s, respectively. Particles
in the disc were distributed uniformly, with semi-major axes in
the range (0.1, 50) AU, low eccentricity in the range (0, 0.1), and
inclinations in the range (0, 30)° and (150, 180)° (taking into ac-
count both direct and retrograde orbits with respect to the orbit
of the star).

In Fig. 13 we plot a typical evolution in the orbital plane for
the chosen epochs (top panels) as well as the distribution in the
position-velocity diagrams (bottom panels). These simulations
indicate that a Gaussian cloud is not as much affected by the star
as the particles in the disc. It is also evident that in case of the
disc structure, more particles survive the pericentre passage and
continue to orbit the star.

A17, page 10 of 15

3.3. Fraction of mass influenced at subsequent encounters

High-eccentricity passages are more likely to be non-repeating
events if the cloud does not host a body inside its volume (see
Fig. 7). The material of the cloud becomes dispersed and largely
accreted onto the SMBH at the first pericentre passage. However,
in the scenario with a shell surrounding a stellar object, a frac-
tion of material remains bound to the star while only the rest is
rerouted towards the black hole. In Table 1, we summarise the
typical results of computations of the percentage of the captured
material for the first and the subsequent pericentre passages.

As soon as the star/cloud on its trajectory reaches the critical
radius for the mass overflow, the percentage of captured mass
is high (390% at the first pericentre passage). For the Gaussian
distribution in the position—velocity phase space, it is near or
equal to 100% in both the bow-shock and no-bow-shock cases.
When the bow shock is included and particles follow the bulk
Keplerian distribution in a disc, more particles remain bound af-
ter the first pericentre crossing than the no-bow-shock scheme
predicts (the bow-shock region protects some particles from be-
ing diverted from the cloud orbit near the pericentre). This is
connected with the character of the drag forces on both sides of
the bow shock in our model and also agrees with previous results
concerning the fate of a pressure supported gas cloud, which ap-
pears to be particularly prone to complete destruction near the
pericentre. However, one should bear in mind that we work with



38 CHAPTER 2. PAPER 1: DYNAMICS OF A DUST-ENSHROUDED STAR

Michal Zajacek et al.: Dust-enshrouded star near supermassive black hole

0.006 a3 e 1737 0.006 aae e 1737
S T

0.004 |- ; 0.004 |- o

0.002 0.002
g 0r g 0t
> >

-0.002 | -0.002 |

-0.004 -0.004

-
4.02 o
-0.006 -0.006 2{/// 10.05 E
L L Eratl L L L L
0.02 -0.015 -0.01 -0.005 0
x[pc]

350 350

300 B 300 B
_, 250 B _, 250 B
[} [}
© ©
E E
8 200 - E 8 200 B
< g 10.05
g g
5 150 — 5 150 —
E 3
g \ g 12.01

100 17.37 B 100 B

15.08 13.02
50 B 50 B
0 N L ; 1 L _ L 0 L L ) L
8000  -6000  -4000  -2000 0 2000 4000 6000 8000 8000  -6000  -4000  -2000 0 2000 4000 6000 8000
Wsr kms ] Visr [kms™]

Fig. 13. Analogy to Fig. 7 for the case with the bow-shock. Top left: the evolution of an initially spherical Gaussian envelope in the presence
of a star for chosen epochs since the start of the simulation. Bottom left: representation of the evolution from the rop-left panel is shown in the
velocity-distance plane. The angular distance is expressed in miliarcseconds. Top right: as in the fop-left panel, but for a star-disc system. Bottom
right: the track in the velocity-position plane corresponds to the trajectory from the fop-right panel.

Table 1. Typical examples from different runs for the fraction of material deflected from the original trajectory during the first and second pericentre
passages (evaluated with respect to the total number of particles in the cloud at the corresponding stage).

Run Model characteristics Note Mass capture [%]
Initial distribution =~ Bow shock M, /M,  Grain size [um] Ist passage  2nd passage

1 disc-like (dr) no 3 2.5 - 99.2 0.0

2 spherical no 3 2.5 - 100.0 0.0

3 disc-like (dr) no 3 2.5 - 99.4 0.0

4 disc-like (dr) no 3 5 - 99.6 0.0

5 disc-like (dr) no 2 5 - 99.6 50.0
6 disc-like (dr) no 2 5 - 99.5 0.0

7 disc-like (dr) no 3 2.5 @) 95.2 12.5
8 disc-like (dr) no 3 2.5 (i), (ii) 1000 km s 94.4 14.3
9 disc-like (dr) yes 2 2.5 (ii) 500 km s 86.6 83.6
10 disc-like (dr) yes 2 2.5 (ii) 1000 km s~ 88.6 58.8
11 spherical yes 2 2.5 (i) 500 km s™! 99.2 100.0
12 disc-like (dr) yes 2 2.5 (i) 500 kms~! 91.3 65.5
13 disc-like (dr) yes 2 0.6 (i) 500 kms~! 91.3 71.3
14 disc-like (dr) yes 2 0.1 (i) 500 kms~! 98.1 100.0
15 disc-like (dr) yes 2 2.5 (i) 500 kms~! 87.3 90.6
16 sphere+disc (dr) yes 3 2.5 (ii), 1000 kms™!, rad 93.3 68.7
17 disc-like (d) yes 2 2.5 (ii), 1000 kms~!, rad 88.6 74.8
18 disc-like (r) yes 2 2.5 (ii), 1000 kms~!, rad 90.6 89.8

Notes. Columns of model characteristics specify the initial distribution of particle positions and velocities (disc-like Keplerian vs. spherical
Gaussian), presence or absence of the bow-shock effect and wind, assumed mass of the star in the cloud core, and size of the dust grains. (i) dust
region extending from r = 0.001 AU; (ii) central outflow wind v, included; “rad” denotes radiation pressure from the star; (d, r, dr) denotes only
direct orbits, only retrograde orbits, and both, respectively. Additional (non-essential) parameter is the number of numerical particles in each run
(typically of the order of 10%).
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Fig. 14. Sketch of the model geometry for a binary with a common envelope (in the left panel) and the orientation consistent with the G2/DSO
nominal trajectory on the sky (in the right panel). The two components (i.e., hot star+neutron star in this example) deviate from each other, the
first one being bound and the other one unbound at the moment of pericentre passage. The cloud is then dispersed in the ambient medium and

eventually accreted onto the SMBH.

a four-parametric model. At the second pericentre passage, the
total amount of the captured material is generally much smaller
than at the first passage, nevertheless, the percentage fluctuates
significantly in terms of the immediate mass of the cloud.

We also tested a potential difference between the stability of
direct (prograde) and retrograde discs. From the classical three-
body theory, one can derive the difference between the critical
Hill radii of direct and retrograde orbits, rg and r;, respectively,
resulting from the Coriolis term (Innanen 1979):

r [5+e+2(4+e)2]"

—=|— > (16)
rd 3+e

which leads to the ratio of r/r, ~ 1.9 for the eccentricity e ~ 1,
which is our case. Hence, retrograde discs may not be as trun-
cated as direct discs; the upper limit to the prolongation of their
critical radius is the factor of ~1.9. This is consistent with our
test runs involving only gravity. A direct disc around a 2-M,, star
with the semi-major axes in the range (0.05, 10) AU, low incli-
nations (0, 10)°, and low eccentricities (0,0.01) dissolves after
one revolution after the first pericentre passage, forming fami-
lies of orbits along the original trajectory and trajectories with
smaller semi-major axes, with some particles escaping the sys-
tem. A few of them remain in orbit of the star inside the Hill
radius. A retrograde disc with the same distribution of orbital
elements remains more compact and detached particles spread
mostly along the original trajectory. However, when drag forces
from both the stellar wind and the central outflow are involved,
there is no difference in terms of stability between direct and ret-
rograde discs (see runs 17 and 18 in Table 1). This is because
the stability of discs is no longer determined by the gravita-
tional Hill radius, but by the smaller wind-truncation radius (see
Sect. 2.4).

These results demonstrate that in the most cases the stel-
lar envelope is significantly affected around the pericentre, and
the diverted part eventually becomes largely dispersed during
the accretion event. The outcome is similar to the case of a
gaseous cloud, treated in the hydrodynamical regime (Anninos
et al. 2012; Burkert et al. 2012), although a small fraction of the
dusty envelope can survive to the following revolution.
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3.4. Binary embedded within common envelope

The high eccentricity of the G2/DSO trajectory suggests that it
might be possible to connect this object with hypothetical events
of the three-body interaction (Hills 1988) involving the SMBH
as the origin of stars on bound orbits near SMBH (Gould &
Quillen 2003, see Fig. 14). In this tentative scenario a binary
system is disrupted during the pericentre passage. As a result of
this interaction, one of the remnant bodies remains on a circu-
larised orbit, whereas the other component gains orbital energy
and is ejected (Lockmann et al. 2008; Bromley et al. 2012). For
realistic estimates of disruption rates, see Perets et al. (2007).

Might the infalling cloud contain such a binary stellar sys-
tem? The initial eccentric trajectory of the binary centre of mass
was set in agreement with the infalling cloud within which it re-
main embedded. The orbital parameters of the binary system are
expected to be disturbed at the moment of close encounter with
the SMBH and the observational resolution about the nature of
the object should emerge soon after the pericentre passage. We
can illustrate two qualitatively different options for the possible
outcome of the post-pericentre evolution: (i) both components
remain bound to the SMBH; (ii) one component is ejected from
the system on a hyperbolic trajectory at the expense of the orbital
energy of the other component.

For each case we performed a number of simulations with
a different setup of free parameters, namely, the masses Mf,f) of
the two components and the osculating elements of the embed-

ded binary system. The primary component M(*l) represents a

hot, wind-blowing star, the secondary Mf) is thought to be a
neutron star (for definiteness of the simulation). The gaseous-
dusty envelope enshrouding the whole binary was modelled in
the same way as in previous examples, that is, in terms of dust
particles that experience the hot atmosphere of the SMBH, the
stellar wind from the primary and the bow-shock effect. The ini-
tial conditions and parameters are summarised in Table 2. In
general, the fraction of cloud initial mass that is retained after
the pericentre passage is diminished by the presence of the bi-
nary star in the core compared with an otherwise similar set-up
with a single stellar object embedded inside.
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Table 2. Two exemplary cases of an embedded binary evolution.

Parameter Case A CaseB

Mass of the binary components [M] 4.0 3.0
1.4 1.4

True anomaly [°] 120.0 80.0

Semi-major axis [AU] 3.0 2.0

Eccentricity 0.05 0.05

ty [Mo yr™'] 1077

ve [kms™!] 500

vX [kms™] 700

Notes. The true anomaly is the initial value, ri1,, stands for the mass-loss
rate. Additional wind parameters v, and v}, denote the terminal veloci-
ties of the assumed spherical wind from the centre and the star, respec-
tively. In these examples we performed integration runs with 1000 nu-
merical particles representing the material of an initially spherical
cloud, whereas the circumbinary disc population consisted of 500 parti-
cles with semi-major axes uniformly distributed from 10 AU to 50 AU,
inclinations up to 30°, and eccentricities ranging from 0.0 to 0.1. The
spherical cloud population adopts a Gaussian distribution in the phase
space with the initial FWHMs of 12.5 mas and 5kms™"'. In both exam-
ples, the integration starts at the true anomaly of —167° for the barycen-
tre position.

In Fig. 15 we show the distance-velocity plots, the tempo-
ral evolution of the binary semimajor axis a, and eccentricity e.
At the pre-pericentre phase, the components orbit the common
centre of mass, while at the pericentre they become unbound
with respect to each other and start to move independently with
different semi-major axes and eccentricities. We note, however,
that this is a multi-parametric system where the outcome of the
evolution depends on a mutual interplay of different parameters.

The disruption event occurs when the secondary is outside
the tidal-shearing radius, which may be again estimated using
the Hill radius of the primary, Eq. (9). For cases A and B, we
derived rgy ~ 1.3 AU and ~1.2 AU, respectively. Following the
discussion in the previous subsection, the disruption radius for
the binary orbiting the black hole approximated by Eq. (9) is
effectively enlarged if the secondary orbits the primary in a ret-
rograde sense.

The observation of a single event of the binary disruption
while passing close to the SMBH is improbable and should be
regarded only as a speculative scenario. However, other pro-
posed scenarios for the G2/DSO infrared source, such as isother-
mal clouds or the disruption of a star, are also rare given the rate
at which streams and winds collide or stars disrupt to produce
such a cloud. Moreover, the nature of the binary content in the
Galactic centre is still unclear (Antonini & Perets 2012). Hence,
all the estimates of binary replenishment in the central region are
crude. The binary scenario can be easily rejected/confirmed by
observations based on the post-pericentre evolution of the trajec-
tory of the G2/DSO infrared source.

4. Discussion

We examined the pericentre passages and gradual destruction
of dusty envelopes of stars that move supersonically through the
immediate vicinity of the SMBH. Motivation for this topic arises
because stars are shown to interact with the ionised medium
close to Sgr A*, forming bow-shock structures (e.g., Muzic et al.
2010, and references therein). Here we focused on stars with a
significant dust content that interacts with an optically thin wind

outflow. Examples of such stars may also be found in the disc
population of the Galaxy, specifically Herbig Ae/Be-type stars,
see for instance Boersma et al. (2009).

The potential importance of the subject is heightened by
the current passage of the infrared-excess G2/DSO source near
Sgr A*. We focused on stellar-origin scenarios in which a star is
enshrouded by a dusty shell. We revisited a simplified core-less
scenario for comparisons of time scales and position-velocity
distributions, although we did not perform detailed hydrody-
namical simulations. The adopted approach is in several aspects
complementary to hydrodynamical and MHD schemes, and it
appears relevant for exploration of the dust component. We com-
puted the evolution in the presence of the star and the SMBH and
also included additional effects within an approximation:

— hydrodynamical drag due to the plasma environment in the
SMBH inner accretion zone;

— radially directed wind outflowing from the centre;

— wind-shearing in the immediate circumstellar environment;

— bow-shock formation due to supersonic motion through the
ISM.

We plotted the results showing the shape of a Keplerian disc-
like system and a Gaussian envelope at different epochs. We
computed the line-of-sight velocities (transformed to the local
standard of rest) and the angular distance-velocity plots.

The idea of stars embedded in clouds of gas and dust does
not have to be limited to our Galaxy. It has been explored by
various authors (e.g., Zurek et al. 1994; Armitage et al. 1996;
Subr & Karas 1999; Vilkoviskij & Czerny 2002, and references
therein) in the context of repetitive interactions of stars of the
nuclear cluster with the material of the accretion disc or a dusty
torus in AGN.

The mini-spiral of the Galactic centre is a potential source
of matter for infalling clouds. This structure contains a mix-
ture of hot, warm, and cold phases. Under such conditions
the accreted medium consists of complex plasma with a non-
negligible content of dust (Chan et al. 1997). Located at a dis-
tance about 0.1-0.2 pc (projected distance ~0.06 pc) from the
supermassive black hole, this feature can be understood as con-
sisting of three independent clumpy streams of mainly gaseous
material at roughly Keplerian motion around the centre (Zhao
et al. 2010; Kunneriath et al. 2012). The streams collide, and
their mutual interaction may cause the loss of angular momen-
tum and an occasional inflow of the clumpy material towards
the black hole (Paumard et al. 2005; Czerny et al. 2013a). In
this scenario, the distribution of angular momentum determines
the probability of setting the clouds on a plunging orbit (Czerny
et al. 2013b).

One can thus expect that the current example of G2/DSO
in the centre of the Milky Way may be a signature of a common
mechanism that transports the gaseous clumpy medium and stars
to the immediate vicinity of the central SMBH on sub-parsec
scales.

5. Conclusions

We modelled the fate of an infalling star with an extended enve-
lope near the SMBH. The complex medium was treated in terms
of numerical particles with their mass and size as parameters,
interacting with the ambient environment. The mass of dust par-
ticles is typically large enough so that the gravitational influence
on the grains needs to be taken into account close to the SMBH
and the mass-losing star.

A17, page 13 of 15
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Fig. 15. Evolution of the cloud with an embedded binary, components of which become unbound via the three-body interaction at the pericentre
passage near the central SMBH. The initial trajectory of the binary barycentre corresponds to the nominal trajectory of the G2/DSO (black solid
line), whereas the post-pericentre stage depends strongly on the path of the individual components emerging from the system. Two exemplary
cases are shown in different columns, corresponding to the choice of the component masses M(*”. Left panel: M\" = 4.0 My, M?® = 1.4 M. Right

panel: MV = 3.0 My, M? = 1.4 M,

*

We assumed an orbit pericentre of the order of 1037, so that
the star itself was not tidally disrupted. However, the surround-
ing cloud was affected very significantly (core-less clouds are
influenced even more, and they are basically destroyed on the
first encounter with the black hole). We noticed a significant
mass-loss from the cloud at the first pericentre passage in all
considered cases (2x90%). During the second passage the mass
loss fluctuates. In other words, if the star is enshrouded in a dusty
shell before the first pericentre passage, it becomes stripped of
most of the envelope, unless the material is continuously replen-
ished. If a binary star is embedded within the envelope, there is
a chance that the two components separate during the pericentre
passage, revealing the nature of the cloud core.

Al17, page 14 of 15

During the pericentre passage, the centre of mass of the
cloud separates from the stellar core inside the cloud, but then
it returns to the star as the unbound particles are destroyed by
sublimation or become accreted onto the black hole. The pres-
ence of the bow shock around a star somewhat diminishes the
amount of captured particles (Table 1), and a greater fraction of
the cloud can survive to the following pericentre passage. On
the other hand, the presence of a binary tends to dissolve the
cloud more efficiently at the moment of close encounter with
the SMBH. The characteristics of motion across the bow shock
depend strongly on parameters, mainly the mass-loss rate and
the stellar-wind velocity, so the predictions are uncertain and
the outcome of the simulations vary. In addition, there are still
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uncertainties in the density and temperature profiles of the flow
near the Galactic centre. However, the comparison of our sim-
ulations with post-pericentre observations can help to set better
constraints.
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CHAPTER

A young accreting star close to the
SMBH

Continued monitoring of the DSO/G2 NIR-excess source has revealed recombination emission
lines of helium and hydrogen, namely Hel and Bry line. In the paper by Valencia-S. et al.
(2015), we detected a rather compact, single-peak Bry emission line at each epoch, both
before and after the peribothron passage. This finding was in contradiction with the dynamical
evolution of a core-less cloud, where both the red-shifted and blue-shifted component were
expected to be detected simultaneously during the peribothron passage.

Given these findings, we proposed a model of young, accreting star embedded in an
optically thick dusty envelope. I analysed several plausible sources of Bry emission, taking
into account the spatial compactness and the inferred large line width of the order of several
100km s~'. A potential source that could explain both the inferred luminosity as well as the
line width is the inner portion of a circumstellar accretion disc that is truncated by magnetic
field lines. The gas is channeled along the lines of force and hits the stellar surface, gets
shocked and emits the continuum that is revealed in UV/optical continuum excess. Since
the accreted gas reaches nearly free-fall velocities of several 100 km s~!, it can explain the
width of observed Bry line. Other possible sources for Bry line within the framework of the
magnetospheric accretion model are disc winds, a disc jet, or a shocked stellar wind.

In my model calculations, I focused on the poloidal velocity profile of gas that is channelled
along the magnetic field lines and the associated emission measure of the Bry emission. My
contribution to the paper by Valencia-S. et al. (2015) is mainly summarized in Section 4.5
“The DSO as a Young Accreting Star” and Section 5 “Possible origin, stability, and the fate of
the DSO”.

Credit: Valencia-S., Eckart, Zajacek et al., ApJ 800, 125 (2015). Reproduced with
permission ©American Astronomical Society.
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ABSTRACT

We analyze and report in detail new near-infrared (1.45-2.45 um) observations of the Dusty S-cluster Object
(DSO/G2) during its approach to the black hole at the center of the Galaxy that were carried out with the ESO Very
Large Telescope/SINFONI between 2014 February and September. Before 2014 May we detect spatially compact
Bry and Pac line emission from the DSO at about 40 mas east of Sgr A*. The velocity of the source, measured
from the redshifted emission, is 2700 4 60 km s~!. No blueshifted emission above the noise level is detected at the
position of Sgr A* or upstream of the presumed orbit. After May we find spatially compact Bry blueshifted line
emission from the DSO at about 30 mas west of Sgr A* at a velocity of —3320 & 60kms~' and no indication for
significant redshifted emission. We do not detect any significant extension of the velocity gradient across the source.
We find a Bry line FWHM of 50 £ 10 A before and 15 & 10 A after the peribothron transit, i.e., no significant line
broadening with respect to last year is observed. Bry line maps show that the bulk of the line emission originates
from a region of less than 20 mas diameter. This is consistent with a very compact source on an elliptical orbit
with a peribothron time passage in 2014.39 £ 0.14. For the moment, the flaring activity of the black hole in the
near-infrared regime has not shown any statistically significant increment. Increased accretion activity of Sgr A*
may still be upcoming. We discuss details of a source model according to which the DSO is a young accreting star

rather than a coreless gas and dust cloud.

Key words: astrometry — black hole physics — Galaxy: center — line: identification — line: profiles —

techniques: imaging spectroscopy

1. INTRODUCTION

Recently, the Galactic center region has attracted a lot
of attention owing to the fact that a dusty object has been
detected (Gillessen et al. 2012, 2013a; Eckart et al. 2013) that
is approaching the central supermassive black hole (SMBH)
associated with the radio source SgrA*. As a result of its
infrared (IR) excess and as indicated through nomenclature (G2)
it has been speculated that the source consists of a dominant
fraction of gas and dust (Gillessen et al. 2012, 2013a; Pfuhl et al.
2015). By now the object is expected to have passed through
its peribothron and tidal disruption, and intense accretion events
have been predicted. Eckart et al. (2013) show a possible spectral
decomposition of this source using the M-band measurement
by Gillessen et al. (2012). Depending on the relative stellar
and dust flux density contributions, the M-band measurement is
consistent with a dust temperature of 450K and an integrated
luminosity of up to ~10 L. This allows for a substantial stellar
contribution in mass and reddened stellar luminosity. A stellar
nature is also favored by many other authors (see also Murray-
Clay & Loeb 2012; Scoville & Burkert 2013; Ballone et al.
2013; Phifer et al. 2013; Zajacek et al. 2014). We will therefore
refer to it in the following as a Dusty S-cluster Object, or DSO
(Eckart et al. 2013). Hence, although the Bry line emission may
be dominated by optically thin emission, a contribution from
more compact optically thick regions cannot be excluded. Also,
it is uncertain how large the extinction toward the center of the

gas cloud really is. Therefore, the total mass of the object is very
uncertain but is presumably less than that of a typical member of
the high-velocity S-star cluster (i.e., <20 M; Ghez et al. 2003;
Eisenhauer et al. 2005; Martins et al. 2006). The compactness of
the DSO is also supported by the recent L-band detection close
to peribothron (Ghez et al. 2014; Witzel et al. 2014).

Gillessen et al. (2013a, 2013b) and Pfuhl et al. (2015) report
that the Bry luminosity of the DSO has remained constant over
the entire time range covered by spectroscopy from 2004 to
2013. Figures 1 and 5 in Pfuhl et al. (2015) show that in their
2014 April data set the blue line emission is approximately
as spatially compact as the red side and has a significantly
stronger peak emission than the red line emission. Their derived
integrated Bry luminosities for the blue side are about 1.14 times
brighter than those for the red side (Section 3.2 in Pfuhl
et al. 2015).

During the past year we have obtained a substantial, indepen-
dent imaging spectroscopy data set using SINFONI at the ESO
Very Large Telescope (VLT). In addition, we have re-reduced
a large number of data sets available from the ESO archive
and have used our own and published positional data to reesti-
mate the orbit of the DSO. Here we present the results of this
detailed investigation. The paper is organized in the following
way: in Sections 2 and 3 we present the observations and data
reduction, including the analysis of the spectral line properties
of the DSO. In Section 4 we discuss the results, including the
orbit (Section 4.1), the tidal interaction of the DSO with Sgr A*
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(Section 4.2) and the ambient medium (Section 4.3), conse-
quences for the flare activity (Section 4.4), and the interpretation
of the DSO as a possible pre-main-sequence star (Section 4.5).
After discussing the origin and fate of the DSO in Section 5, we
summarize and conclude in Section 6.

2. OBSERVATIONS AND DATA REDUCTION

Here we present the data sets we are using in the study
of the DSO. The procedures for data reduction and data
quality selection are also described. We report mainly on the
observations® we conducted from 2014 February to September.
We use earlier archive data to discuss general properties like the
DSO orbit.

2.1. The 2014 Data Set

We performed near-IR (NIR) integral field observations of the
Galactic center using SINFONI at the VLT in Chile (Eisenhauer
etal. 2003; Bonnet et al. 2004). The instrument is an image-slicer
integral field unit fed by an adaptive optics (AO) module. The
AO system uses an optical wavefront sensor that was locked
on a bright star 15754 north and 8”85 east of SgrA*. We
employed H+K grating that covers the 1.45-2.45 um range
with a spectral resolution of R~ 1500 (i.e., approximately
200kms~! at 2.16 m). The 0”8 x 0”8 field of view was jittered
around the position of the star S2, in such a way that the star
remained within the upper half zone of the detector. This was
done in order to avoid a region with possible nonlinear behavior
of the detector. Observations of different B- and G-type stars
were taken to obtain independent telluric templates.

The Galactic center region was observed in intervals of 400 s
or 600s, followed or preceded by time slots of equal length
on a dark cloud 536" north and 12'45” west of Sgr A*. The
integration times were chosen of that length in order to be able
to also monitor the flux density of Sgr A* for time intervals
of typical flare lengths and to provide a higher flexibility in
data selection to optimize the quality of the data. Although
this observational strategy reduces the effective integration time
on source to about a third when compared with parsed sky
observations at a rate of about once per hour, it ensures better
control of the noise in the frames. Because of the variable
weather conditions, the point-spread function (PSF) changed
along the observing nights. The quality of individual exposures
was judged based on the PSF at the moment of the observation,
as measured from the shape of the stars in the field of view.
For the analysis presented here, we have created two final data
cubes, one from the combination of the best-quality exposures,
and another including also medium-quality data, as described
below. Table 1 shows the list of the observing dates, including
the number of exposures that fulfilled the selection criteria. Note
that (for both pre- and post-peribothron) our observations are
bracketing and preceding those presented by Pfuhl et al. (2015).

2.2. Calibration

In the data reduction process, we first followed the SINFONI
reduction manually to correct for the bad lines created by the
data processing at the detector level. We used the suggested
IDL procedure, adjusting the identification threshold (two times
the background noise Opackground) Whenever necessary. A first
cosmic-ray correction to the sky and target files was performed

6 ESO programs 092.B-0009 (PI: A. Eckart), 093.B-0092 (PI: A. Eckart),
and 092.B-0920 (PI: N. Grosso).
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using the algorithm developed by Pych (2004). The random
pattern introduced by some detector amplifiers was detected and
removed in science and calibration files following the algorithms
proposed by Smajic et al. (2014). Then we used the SINFONI
pipeline for the standard reduction steps (like flat-fielding and
bad pixel corrections) and wavelength calibration. We obtained
one data cube for each on-source exposure.

DPUSER routines (Thomas Ott, MPE Garching; see also
Eckart & Duhoux 1991) were used to flag remaining bad
pixels and cosmic rays on the plane of the slitlets in the
detector (x—z, which corresponds to declination—wavelength),
in each data cube. The combined effects of the atmospheric
refraction were appreciable as a spatial displacement of the
stars by a couple of pixels when going from short to long
wavelengths. Fixing the position of the center of a bright source
at a particular wavelength and making a spatial subpixel shift at
all other wavelengths could correct the problem, but the shape
of the resulting spectrum in each pixel would depend on the
interpolation algorithm. Therefore, to preserve the integrity of
the spectrum in the narrow spectral regions where emission
lines are present, the spatial image shift was done in steps of
0.045 pwm.

A two-dimensional Gaussian, fitted to the bright star S2, was
taken as an indication of the PSF. Cubes where the FWHM of
the fitted Gaussian is less than 83 mas (or 6.65 pixels) were
categorized as best-quality cubes, while those with FWHM
values between 83 and 96 mas (or 7.65 pixels) were classified
as medium-quality cubes. The combination of the selected data
cubes was done by averaging every spatial and spectral pixel
after a proper alignment of the images. The combination of the
63 best-quality cubes produced a final data cube with a total
of 7.2 hr of on-source integration time. When including the 30
medium-quality exposures, the resulting data cube covers a total
of 10.8 hr of integration time on-source. This second data cube
was used to evaluate the effects of the data quality in the signal-
to-noise ratio (S/N) of the measured quantities, and unless it is
specifically mentioned in the text, all measurements and plots
are derived from the higher-quality data cube.

Flux calibration was done using aperture photometry on a de-
convolved K-band image created from the final data cube. The
deconvolution was performed using the Lucy—Richardson algo-
rithm incorporated in DPUSER, while the PSF was estimated
using the IDL-based StarFinder routine (Diolaiti et al. 2000).
We used as calibration stars S2 (K; = 14.1), S4 (K, = 14.6),
S10 (K5 = 14.1), and S12 (K = 15.2) and adopted the K-band
extinction correction m 4, = 2.46 of Schodel et al. (2010); see
also Witzel et al. (2012) for the flux estimation.

The NIR spectrum of the inner ~0'5 around SgrA* is
dominated by the stellar continuum of hundreds of stars fainter
than K¢ = 18 mag that are part of the central cluster and that are
unresolved with the current instrumentation (Sabha et al. 2012).
Several absorption features from the stellar atmospheres can
be recognized in the HK-band data. Line emission of ionized
species (hydrogen and helium) at the position of the S-stars and
all across the field is also substantial. We refer to the aggregate
of all these components as background, and we show how it
affects the detection of the faint emission of the DSO.

3. RESULTS

In summary, we find that both the line shape and line intensity
in 2014 are very similar to those of the previous years. Before
2014 May we find no blue line emission from hydrogen or
helium above the noise level. The red line center has shifted to a
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Table 1
Summary of the Galactic Center Observations
Date Start Time End Time Number of On-source Exposures Exp. Time
(YYYY.MM.DD) T UT) Total Medium Quality High Quality (s)
2014.02.28 08:34:58 09:54:37 7 0 0 400
2014.03.01 08:00:14 10:17:59 12 0 0 400
2014.03.02 07:49:06 08:18:54 3 0 0 400
2014.03.11 08:03:55 10:03:28 11 5 8 400
2014.03.12 07:44:35 10:07:45 13 5 9 400
2014.03.26 06:43:05 09:58:12 11 8 8 600
2014.03.27 06:32:50 10:04:12 18 1 7 400
2014.04.02 06:31:39 09:53:52 18 0 5 400
2014.04.03 06:20:46 09:45:02 18 14 17 400
2014.04.04 05:58:19 09:47:58 21 14 17 400
2014.04.06 07:51:42 08:43:15 5 4 1 400
2014.06.09 04:48:49 09:51:47 14 14 0 400
2014.06.10 04:54:21 09:49:49 5 5 0 400
2014.08.25 23:57:46 04:34:49 4 4 0 400
2014.09.07 00:11:08 04:20:07 2 2 0 400

Notes. List of start and end times and number and quality of exposures. ESO program 092.B-0009 for 2014.02.28, 2014.03.01,
2014.03.02, 2014.03.26, 2014.03.27, and 2014.04.06; ESO program 092.B-0920 for 2014.03.11, 2014.03.12, 2014.04.02, 2014.04.03,
and 2014.04.04; and ESO program 093.B-0092 for 2014.06.09, 2014.06.10, 2014.08.25, and 2014.09.07. Pre- and post-peribothron

measurements are separated by a horizontal line.

higher velocity of about 2700 £ 60 km s~! about 40 mas east of
Sgr A*. In addition, we measure the Pac 1.875 pum line between
atmospheric absorption bands but find that the sky-subtracted
Her (2.05 um) is very weak, i.e., less than a fifth of the Bry
line emission. In 2014 June our data do not allow us to detect
the Her1 or Pax line emission. Peribothron happened in 2014
May, and after that we see in 2014 June a blueshifted Bry line
about 16 mas west of Sgr A* at —3320kms~! and no red line
emission. In 2014 June we find no blue line emission helium,
Bry, or Pax above the noise level.

3.1. Redshifted Pre-peribothron Lines

In 2014, the Bry line emission from the DSO shifted to
a spectral region where the emission and absorption features
of the surroundings are very prominent. Moreover, the Pax
and the possible Her lines lie in a wavelength range where
the atmospheric absorption plays a main role. Therefore, a
proper background estimation and subtraction, as well as an
adequate fitting and correction of the tellurics, are critical to
detect and measure any emission from the DSO. The latter is
expected to change from one day to the next, and also during
one observing night if the weather conditions are unstable,
but it is approximately the same across the field of view. The
former, on the other hand, varies strongly across the field and
significantly in periods of about 6 months, because of the
high stellar proper motions. This means that, while the telluric
absorption can be, in principle, fitted and corrected using extra
observations of stars or sources in the field, the exact shape of
the background spectrum at the position of the DSO cannot be
known, but only approximated by using apertures in the field.
A carefully calculated approximation to the background leads
to a reliable estimation of the spectral properties of the source’s
line emission, as well as the spatial position and extension of
the DSO emission.

3.1.1. The Bry Emission Line

Figure 1 shows the spectrum integrated over apertures of
radius 0705 at the position where the redshifted Bry emission

from the DSO is strongest. It also shows the background spectra
constructed from four different surrounding regions, as well as
the resulting line emission after subtracting them from the source
spectrum. In the left panels, the spatial pixels from which the
spectra of the source and the background have been extracted are
marked with blue crosses and pink filled squares, respectively.
The Sgr A* position is marked with the big cross. The middle
panels display the integrated spectrum at the DSO position
(thick blue line) in comparison with the background spectra
(thin pink line). The vertical dashed line at 2.166 um marks
the spectral position of the zero-velocity Bry line. Arrows at
2.076 um and 2.185 um indicate the approximate location of
the DSO redshifted He1 and Bry emission lines. The inset
panel corresponds to the dashed-line box, which is a zoom-
in to the spectra in the 2.18-2.20 um range. The arrow in the
inset panel marks again the position of the redshifted Bry line
and highlights the importance of the background subtraction
to recover the spectral properties of the emission. Because of
the change of the spectral slope across the field of view, the
overall shape of the spectrum extracted from the background
area has to be slightly modified to better fit the continuum in
the DSO aperture. To do that, we divide it by a third-order
polynomial fitted to the ratio between the source spectrum and
the spectrum of the background aperture. This is done using
only the spectral windows marked with (green) crosses in the top
panel of the middle column. Then, the background was scaled to
best match the continuum emission around the spectral location
of the Bry redshifted emission (i.e., at 2.173-2.183 um and
2.195-2.220 pm). These spectra, with modified slope and scaled
continuum, are used as an approximation of the background
emission at the DSO position. They reproduce well most of the
features in the source spectrum, as can be seen in the middle
panels. Given that at wavelengths shorter than ~2.08 um the
emission is highly absorbed by tellurics, we did not include this
spectral region in the fit of the overall background spectral shape,
but used only the selected spectral windows as described above.
For this reason, the background continuum in the source aperture
at A < 2.08 um cannot be fitted properly and produces an
excess of emission in the background-subtracted DSO spectra,
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Figure 1. Bry redshifted emission of the DSO before May at 43 mas east and 5 mas south of Sgr A*. Left panels: 1 x 1arcsec? SINFONI mosaic of the Galactic
center region in 2014 February to April. DSO (blue crosses) and background (pink squares) apertures are shown. Middle panels: comparison between the DSO (thick
line) and the background (thin line) spectra. Arrows mark the expected location of the redshifted He1 and Bry lines. Right panels: results of the subtraction of the
background from the DSO spectrum. The baseline is shown in gray. The vertical range of the plots corresponds to one unit in the middle panels; see details in the text.

which can be seen in the right panels. There, the large mismatch
observed in the spectra in a range of 0.82 pum around the zero-
velocity Bry line is due to strong variations of the ionized
hydrogen emission in the central r ~1” region. Lines within
the telluric absorption region are treated differently to improve
their signal strength; see Section 3.1.3.

The four examples shown in Figure 1 correspond to the cases
when (1) the background is created from an aperture of the
same size and shape as that of the source, and it is located just

beside it. (2) Iris photometry is applied, i.e., the background
aperture is a ring around the source aperture. In this case, the
inner radius was chosen to be 0706, and the outer radius, 0711.
(3) An averaged background is created from a region of radius
0”25 at the source position that includes the DSO aperture. (4)
The source emission is integrated in a segment of 07075 width
taken along the best-fit elliptical orbit with a length of ~0710
(see Section 4.1). The background is integrated from the 07048
width stripes above and below the source area. In all cases the
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redshifted Bry line is detected with S/Ns between 3.9 (in the
second case) and 4.7 (in the third one).

Fitting a Gaussian to the line emission in each case, we find
a rather robust determination of the line peak at 2.185 um, i.e.,
2700kms~! on average with a variation of 60 km s~!. However,
as can be noticed from Figure 1, the line profile changes
depending on the subtracted background. The FWHM of the
Bry line, corrected for instrumental broadening, is 730 kms~!
in the first and third cases, 560km s~ in the second one, and
only 240kms~! in the fourth one. Averaging over a dozen
background-subtracted source apertures, the FWHM(Bry) ~
720+ 150km s, i.e., the line width is 50 & 10 A. The line flux
changes, in general, by a factor of two owing to the background
subtraction. In the first three examples shown in Figure 1, it is
in the range 3.1-6.0 x 10~ "6 erg s~! cm~2, while in the last case
it only reaches 1.7 x 10™'® erg s~! cm~2. For a distance of 8 kpc
to the Galactic center, the average luminosity of the observed
redshifted Bry line is 1.0 x 1073 L, and twice this value when
integrating over a larger aperture of radius r = 07/075.

In the last example in Figure 1 the recovered properties of
the emission line are quite different from those of any other
case, although the bulk of the source emission seems to be well
within the aperture placed along the orbit, and it covers a very
similar area to the circular aperture used in the first three cases:
e.g., the line width in the last case is narrower and the line
flux is only ~35% of that measured in any other background-
subtracted spectrum. From this analysis, we call for precaution
when measuring line properties along predetermined areas in
the field of view.

3.1.2. Position of the DSO

To confirm the position of the Bry emission, we removed
the background emission in every pixel of the field of view
following the procedure described above using the spectrum
shown in the second example of Figure 1 as a background—as
classical iris photometry makes unbiased and efficient use of the
background in the immediate surrounding of the source. Then
we integrated the residual flux in the range 2.181-2.193 um. The
result, shown in the top left panel of Figure 2, is an image of the
excess flux, compared to the continuum, emitted by the source
in this wavelength range. Fitting a Gaussian to this emission in
every spatial pixel allows us to mask the areas where the flux
within the line is less than 2 x the noise level. When such a mask
is applied (Figure 2, top right), the location of the DSO shown
by its redshifted Bry emission is clearly revealed. The position
of the DSO as indicated by the position of the brightest Bry
peak in Figure 2 is 8.6 mas south and 41.5 mas east of Sgr A*.

3.1.3. The He 1 and Pac. Emission Lines

The detection of Pa 1.875 um and He1 2.058 um emission
requires modeling of the atmospheric absorption. Although we
observed some standard stars during the different runs to use
them for the telluric modeling, the sky variation throughout
the nights was large and the corrections unsatisfactory. The
alternative is to use a bright star in the field, or a combination
of some of them, as tracers of the telluric absorption. Figure 3
shows the case where the star S2 is used for this purpose. In the
top panel, a comparison between the DSO spectrum and that
of S2 is shown. The absorption features in the source spectrum
around 1.9 um are well approximated, but the overall shapes of
both spectra differ from each other, as expected from the earlier
discussion.

VALENCIA-S. ET AL.

Following the common telluric correction procedure, the
DSO spectrum is divided by the normalized telluric spectrum
(in the case of Figure 3, that of S2). The same correction is
applied to the background spectrum. Here we selected without
preference the background shown in the third example of
Figure 1. The resulting DSO spectrum, after the background
correction, is still very noisy around 1.9 um, but hints of the
redshifted Pao and He1 are visible. The lines are observed
with an S/N of about 2 in the case of helium and just above
1 in the case of Pax. The fact that Pax is not observed with
the expected strength (approximately 12 times brighter than
Bry, after extinction correction) is probably due to the low
elevation of the Galactic center region in February—April, which
resulted in stronger telluric absorption in this region. We fit the
redshifted He1 with a Gaussian to obtain the line properties. It
peaks at 2.076 £ 0.078 um, i.e., ~2650 & 100kms~! within
the uncertainties at the same receding velocity as indicated by
the Bry line. It also exhibits a similar width ~750kms~!.
After correcting for extinction assuming Ay =~ 26.8 mag, we
find He1/Bry ~ 0.6, consistent with models in which the
emission is dominated by optically thin material (Gillessen et al.
2013b; Shcherbakov 2014).

However, this value must be taken with caution, given the
low S/N of the lines and the high influence of the tellurics and
background corrections in the measured line fluxes.

3.2. Blueshifted Pre-peribothron Lines

The blue side of the line emission would be extremely
diluted if we observed the source very close to its peribothron
position, and the radial velocity range would span almost
6000kms~!, significantly broadening the emission line and
making it virtually impossible to detect. Only if the time span for
such an event were of the order of a week (depending on the exact
orbit) would observations immediately after our measurements
have picked up significant blue line emission.

3.2.1. No Detected Blue Bry Emission

Using a variety of apertures, we conducted a systematic search
of the DSO blueshifted Bry emission along the portion of the
orbit that lies upstream of the red emission. As we did not
find blueshifted emission at the pre-peribothron position of
the DSO, we extended our search to consecutive positioned
apertures upstream of the 2014 April pre-peribothron position.
Corresponding to the findings of Pfuhl et al. (2015), the blue
line emission should have been the brightest line component in
our data. If the blueshifted emission is compact, and at least half
as bright as the redshifted one, we should be able to detect it
with an S/N ~ 2.5 or higher.

Following the same approach presented in Section 3.1.1., 1.e.,
subtracting background spectra created in different ways from
the source spectrum, we aimed to find hints of the blueshifted
component. The DSO spectrum was integrated from an aperture
with the PSF size (r = 0705) that was placed several times in a
grid mapping a squared area of 200 mas x 200 mas with Sgr A*
at the northeast corner.

In this way we covered the large area to the west and to
the south of Sgr A* where the approaching side of the DSO
is expected to be found. We also searched for the blueshifted
emission using slightly larger apertures to account for a possibly
more extended emission that could be expected in case the
source was not as compact as before the peribothron passage.

Figures 4 and 5 show two attempts at finding the Bry DSO
emission in two different positions upstream of the best-fit
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Figure 2. Bry line maps. Panels show 1.0 x 1.0 arcsec? of the Galactic center region in 2014 February—April. The cross marks the position of Sgr A*. The thick green
line corresponds to the best-fit elliptical orbit. The K-band continuum contours depict the brightest S-cluster members. Top panels: DSO redshifted Bry line map.
Left: integrated emission in a range of 120 A around 2.185 jum after subtracting the background in every spatial pixel of the field of view. Right: same as left panel,
but showing only emission that is brighter than 2x the noise level. Bottom panels: blueshifted Bry line map. Left: integrated emission in a range of 120 A around
2.147 um, i.e., around the expected blueshifted Bry line emitted by a source approaching us at a speed of 2700 km s~!. The background has been subtracted in every
spatial pixel of the field of view. The color scale is the same as in the top panels. Right: same as left panel, but showing only emission brighter than 2 the noise.

elliptical orbit. These are examples of the systematic search
for the DSO Bry emission south/west of Sgr A*. The apertures
are placed at the position (and one consecutive position) along
the orbit at which Pfuhl et al. (2015) and earlier Gillessen et al.
(2013b) had reported the detection of blueshifted line emission.

As in Figure 1, left panels show the size and position of
the background and source apertures, middle panels compare
the spectra extracted from them, and right panels present the

subtraction of the two. The expected spectral positions of the
blueshifted Bry and He1 are derived assuming the emitting
source to approach us after peribothron with a similar speed as
the still receding part. The vertical range in the right panels is the
same as the one used in Figure 1 and therefore can be directly
compared. In case there is a source emitting a blueshifted line
at any of these two positions, the line should be clearly visible
in all four rows displayed within one figure. This is because, in
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Figure 3. He1 and Pax redshifted emission of the DSO before May. Top left: 1 x 1 arcsec? SINFONI mosaic of the Galactic center region in 2014 February—April.
The DSO aperture is marked with blue crosses. The spectrum extracted from the aperture placed on S2, marked with empty green squares, is used to model the telluric
absorption. Top right: comparison between the DSO spectrum (thick blue line) and the telluric model (thin green line). The positions of the zero-velocity hydrogen
and helium lines are signaled with vertical dashed lines, while the expected positions of the redshifted emission lines from the DSO are indicated with the arrows.
Bottom left: same as in left panels of Figure 1. Bottom right: results of the subtraction of the background from the DSO spectrum, after correcting both spectra for

tellurics. Dashed lines and arrows are the same as above.

these four examples, the source spectrum is extracted from the
same region and the only difference must be the S/N of the line,
which depends on the subtracted background (we come back to
this point in Section 3.2.3). Hence, we can rule out that there is
a blue line similar to that seen on the redshifted side, despite the
fact that the source should be similarly compact (see Figures 1
and 5 in Pfuhl et al. 2015 and comments in our introduction
section).

3.2.2. Upper Limit for the Blueshifted Bry Line

Another strategy for searching a line emission is, as we did
in previous sections, to subtract a background spectrum from
the entire data cube and then integrate the remaining flux within
narrow spectral windows around the expected wavelength. For
this search we used different background spectra and integrated
the residual flux in the range 2.143-2.151 um. Figure 2 (bottom
left) shows one example. We fitted a Gaussian to every spatial
pixel to create a mask that selects those places where the flux
is less than 2x the noise level. In the right panel of Figure 2
(bottom right), such a mask has been applied. We see possible
hints of a spatially compact source at 37.5 mas west and 68.8 mas
south of Sgr A* that is not located on the expected DSO orbit.
Looking at the line properties, we find that on average the
emission is very broad, with FWHM > 2000 km s Ge., larger
than 0.015 um) and centroid at ~2.149 um. Assuming that the
blueshifted Bry line emission is as wide as the redshifted one,
ie., 720 kms~!, and with a noise in that spectral range of
~2.9 x 107" ergs™' cm™2 um~', we obtain an upper limit for
the line flux of ~4.7 x 10~1° erg sTlem™2, je., a luminosity
L(Brypne) < 1.0 x 1073 L. Whether this emission is real,
considering the multiple sources of noise, and whether it has

some relation with the DSO is unknown. For the apertures placed
along the orbit, the upper limit of a blueshifted Bry line flux is
~2.8 x 10710 erg s~ ecm~2, which is about half of that of the
redshifted line.

3.2.3. Influence of the Selected Background

There is no doubt that the subtraction of the background
emission plays an important role in the detection of faint
line emission. The usage of different background spectra from
regions close to the position of interest is an effective tool to
discriminate between a source line emission and the unlucky
presence of a background feature at the studied wavelength. In
the first row of Figures 6(a) and (b) we present examples of
background that produce a spurious blueshifted Bry emission
at positions far away from the expected orbit. The panels in
the second row of each example show how, after selecting
different background spectra, a very good overlap with the
source spectrum is obtained and only noise remains after the
subtraction. The aperture shown in Figure 6(a) is located at
the position of the bright blob closest to Sgr A* in the bottom
panels of Figure 2. The background-subtracted spectrum of this
aperture was used above to estimate the upper limit for the
blueshifted line. In this case, the S/N of the feature at ~2.15 um
depends strongly not only on the background selected but also
on the way it is scaled and subtracted. As we were not able to
produce spurious detections on the red side, we conclude that
those in the blue may result from an enhanced local variation
of the background in this particular spectral range. Based on
this analysis, we call for caution when studying line emission
properties of faint sources in crowded fields.
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Figure 4. Nondetection of Bry blueshifted emission before May at a first upstream position at 43 mas east and about 11 mas south of Sgr A*. Left panels: same as
Figure 1. Middle panels: comparison between the DSO (thick blue line) and the background (thin pink line) spectra. Arrows at 2.037 um and 2.146 um indicate the
approximate location of the expected DSO blueshifted He1 and Bry emission lines, in case the speed of the approaching component was the same as that of the
receding one. The inset panel corresponds to the dashed-line box, which is a zoom-in to the spectra in the 2.13-2.16 um range. The arrow in the inset panel marks
again the position of the blueshifted Bry line. The spectral windows marked with crosses in the top panel are used to fit the slope of the background spectrum to that
of the DSO. Right panels: results of the subtraction of the background from the DSO spectrum. The vertical range of the plots corresponds to one unit in the middle
panels and spans the same range as in the right panels of Figure 1. The zero line is shown in gray.

3.3. Blueshifted Post-peribothron Bry

Figure 7 shows the spectrum integrated over an aperture of
radius 0705 at the post-peribothron in 2014 June at a position
of 16 mas west and about 6 mas south of Sgr A* at an S/N of
2.5-3.1 depending on the background subtraction. The line has
a blueshifted center velocity of —3320 + 60kms~! and, after
correcting for spectral resolution, an FWHM of 15 + 10A.

Line flux and width were derived using several background
corrections similar to what is shown in Figure 1. The Bry line
luminosity is about 0.4 x 1073 L. The narrow line estimate
could be a result of the weak line detection; it could also point
to a stellar nature of the source (see below).

The excess line emission can clearly be seen even before
background subtraction in the inset of the middle top plot
in Figure 7. Based on the post-peribothron observing dates
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Figure 5. Nondetection of Bry blueshifted emission before May at a second upstream position 103.8 mas west and 50 mas south of Sgr A*. Panels and symbols are

the same as in Figure 4.

listed in Table 1, we assigned an integration time weights
epoch of 2014.55 to this measurement. No red line emission
can be claimed for this epoch at this position. In the lower
plots of Figure 7 we show that at that epoch neither red-
nor blueshifted Bry line emission can be seen at our pre-
peribothron position (see also the inset of the middle bottom
plot). The excess line emission can clearly be seen even before
background subtraction in the inset of the middle top plot.
The baseline used for this spectrum excludes the region around
blueshifted (2.138-2.146 um) and redshifted Bry and He line
emission (2.175-2.190 um and 2.070-2.080 «m) we used at the

pre-peribothron position. No redshifted emission was detected
at the post-position. No redshifted line emission was detected
at any position downstream of the post-peribothron position.
In Figure 8 we show summary spectra at the pre- and post-
peribothron positions for 2014. We obtained the spectra using
a 07050 radius source and a 0”25 radius background aperture
centered on the DSO. We subtracted a high-pass-filtered version
of the spectra that we obtained by replacing the range over which
detectable line emission is present (indicated by the three lines
at the bottom of the graph) by the mean in the neighboring
spectral elements and smoothed the resulting spectrum with a
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Figure 6. Spurious blueshifted Bry emission due to background selection. Panel descriptions are the same as in Figure 4. The two shown cases correspond to sources
at (a) 37.5 mas west and 68.8 mas south of Sgr A*, and (b) 200 mas west and 100 mas south of Sgr A*.

Gaussian having an FWHM of 10 spectral resolution elements.
The location of the Bry rest emission is indicated by a vertical
dashed line.

An important question is that of the size of the line emission
region and possible velocity gradients across the DSO. To in-
vestigate this, we obtained line maps of the Bry emission. In
Figure 9 we show maps of the DSO in its Bry line emission
for the times before (epoch 2010.45 May’ and 2014.32 April)

7 SINFONI data from ESO program 183.B-100.

10

and after (epoch 2014.55) the peribothron. For the brightest
and least confused Bry line maps for 2010 May (Figure 9) we
find a geometrical mean FWHM of 6.5 pixels. For the star S2
we find an FWHM of 6.2 pixels. With 12.5 mas per pixel this
gives an upper limit on the deconvolved FWHM source size
of 24 mas. The centroid positions of the emission-line maps of
the left half, right half, and full line in milliarcseconds relative
to the position of the full line map centroid position are given
in Table 2. Under the assumption that differences in the rela-
tive positions of the red and blue half of the single-line Bry
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Figure 7. Bry line emission after peribothron passage: Top: blueshifted Bry emission detected at 12 mas west and about 5 mas north of Sgr A*. Bottom: no red- or
blueshifted Bry emission detected at our pre-peribothron position at 43 mas east and about 5 mas south of Sgr A*.
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Figure 8. Summary spectra at the pre- and post-peribothron positions for the 2014 April and June epoch; see details in text.

Table 2
Centroids of DSO Line Maps

Epoch Blue Half Full Line Red Half Red-Blue Half
(mas) (mas) (mas) (mas) (mas) (mas) (mas) (mas)
2014 Apr —6.75 —7.63 0.0 0.0 +6.25 +6.00 +13.0 +13.6
2014 Jun —0.25 +4.25 0.0 0.0 +4.50 —3.88 —4.75 —8.13
2010 May —4.63 —6.00 0.0 0.0 +4.13 +4.63 +8.75 +10.63

Notes. For the single emission line we measured at both the 2014 and 2010 May epochs we list the line map right ascension and
declination centroids for the blue and red half of the corresponding single line in milliarcseconds with respect to the full line
position. In the last two columns we list the positional difference between the red- and blue-half centroid positions. One pixel

corresponds to 12.5 mas.

emission-line map can be interpreted as being due to a velocity
gradient of a tidally stretched source, we find for all epochs an
upper limit of the corresponding source size of 15 mas. This
implies that the source emitting the bulk of the Bry line is very
compact, and we adopt the value of 15 mas as an upper limit on
the line-emitting FWHM source size. This is consistent with the
analysis of L’-band continuum images by Eckart et al. (2013)
showing that >90% of the DSO emission at 3.8 um wavelength

is compact (FWHM < 20 mas) and only up to 10% of the flux
density of the DSO can be extended on the scale size of the PSF.
Our size limit is also consistent with the upper limit of 32 mas
presented by Witzel et al. (2014). These size estimates are all
smaller than or at the lower bound of the 2008-2013 size esti-
mate of 42 £+ 10 mas Gillessen et al. (2013b). Our adopted Bry
source size corresponds to 120 AU at a distance of 8 kpc, i.e., itis
close to the peribothron distance of the source. However, it s still

11
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Figure 9. Maps of the DSO in its Bry line emission for the 2014.32 April,
2014.55 June, and 2010.45 May epochs. The maps are 0”5 x 0”5 in size. The
centroid data are given in Table 2.

about 50 times larger than the estimated size of an optically thick
dust shell of a 2 M, star of about 2.6 AU Witzel et al. (2014).

4. DISCUSSION

The fact that we found redshifted Bry emission at the pre-
peribothron position but did not detect any blueshifted emission
upstream (in Sections 3.2.2 and 3.2.1 we only show two
examples—we probed several positions along the orbit) and
vice versa (Section 3.3) has implications on the orbit and on the
DSO model.

4.1. The Orbit

Based on L-band imaging, an IR excess source within the
central cluster of high-velocity S-stars was found to approach
the immediate vicinity of Sgr A* (Gillessen et al. 2012). In
addition, Bry line emission was reported by Gillessen et al.
(2013a) and Phifer et al. (2013). In Eckart et al. (2013) we
report the identification of K-band emission from a source
at the position of the L-band identifications. Gillessen et al.
(2013b) report a marginally spatial extension of the Bry line
emission in their SINFONI data and find an intrinsic Gaussian
FWHM size of 42 £+ 10 mas (using 2008-2013 data). Given
the peculiar orientation of the source estimated orbit, precise
estimates of the source elongation along the orbit are difficult
to obtain. Combining these observational facts indicated that a
dusty object—possibly associated with a stellar object—is on
an elliptical orbit around Sgr A*. The observational data were
also used to derive the orbit of this object and to predict its
peribothron transition. Owing to the presumably high ellipticity
of the orbit, only very weakly curved sections of the orbit were
available, and first predictions of the peribothron transition time
in 2013 (Gillessen et al. 2012) proved to be incorrect. The
inclusion of (or even restrictions to) the Bry line emission
resulted in new predictions for early 2014 (Gillessen et al.
2013a; Phifer et al. 2013). The fact that the telescope PSF in the
L band is intrinsically larger and therefore more susceptible to
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Figure 10. Right ascension, declination, and radial velocity of the DSO together
with the best orbital fit we obtained; see details in text.

diffuse extended emission is probably the main reason for this
discrepancy.

However, the predicted interactions of the gas and dust with
the strong gravitational field of Sgr A* have shown that the
gas itself may also not be a good probe of the exact orbital
motion. This is supported by the spatial extent and the velocity
gradient across the Bry line emission. It is also highlighted by
the expected interaction of the DSO with the ambient medium
and the gravitational field. Therefore, even though the recently
derived Bry -based orbital solutions are in reasonable agreement
(Meyer et al. 2014a, 2014b), the orbital elements may still be
uncertain.

Using results from our measurements with SINFONI ob-
tained between 2014 February and September, SINFONI
archive data, and the published Keck data (Meyer et al. 2014a,
2014b), we revisited the determination of the DSO orbit. Given
that the red emission is only about 40 mas east of Sgr A* and at
a radial velocity of about 2700 &= 60kms~! and blue emission
about 30 mas west of Sgr A* at —3320km s~!, we obtained
a new orbital solution that places the peribothron passage at
2014.39 + 0.14, a bit later than but close to 2014.2 as derived
earlier (Meyer et al. 2014a, 2014b). Otherwise, the orbital ele-
ments are very similar to the ones derived earlier. In Figure 10
we show the fit to the data we used. The formal statistical uncer-
tainties of the positional measurements are of the order of a few
milliarcseconds. However, the systematic effects probably limit
the uncertainties to a value closer to 10 mas (see Figure 9 in
Eckart et al. 2012a). For the 2014 data presented here the exact
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Table 3
Orbital Parameters for the DSO
e a i Q w T P
(mpc) (deg) (deg) (deg) (yr) (yr)
0.976 £+ 0.001 33.0+3 113+1 76 + 8 94+ 8 2014.39 £ 0.14 262 + 38

Notes. The orbital parameters and their uncertainties have been derived on the basis of the UCLA measurements and the 2014
April data point we obtained using SINFONI at the VLT. We assume a distance of 8 kpc and a black hole mass of 4 x 10° M.

2008 2010 2012 2014 2016

2014

2012
Time(year)

2008 2010 2016

Figure 11. Orbital projection effects. Top: evolution of the projected separation
between two neighboring points of arbitrary 0.5 units in 2011. Bottom:
foreshortening factor of any structure along the orbital extent as a function
of time.

positioning of the Bry line emission critically depends on the
transfer of the Sgr A* position as obtained during a 3 mJy flare
we observed in March to all the other 2014 epochs. This was
done using the known position and velocity of the southward
moving bright star S2 that is currently about 0”11 north and 0706
west of Sgr A*. For the radial velocities we assume the value of
60 ms~! we adopted for the SINFONI data. The light-blue filled
circles indicate our per- and post-peribothron 2014 data points
we obtained using SINFONI at the VLT. The other light-blue
filled circles show the results from our re-reduction of earlier
SINFONI VLT archive data. Red filled circles represent data
as obtained with the Keck Telescope and published by Meyer
et al. (2014a, 2014b). The dashed lines indicate the approxi-
mate 1o uncertainty of the fit. The orbital elements are given in
Table 3. With the ellipticity e = 0.976 and the half-axis length
of 33 Mpc, we obtain a pericenter distance of about 163 AU,
which is comparable to previous estimates (Pfuhl et al. 2015;
Phifer et al. 2013; Meyer et al. 2014b) and indicates that even if
the DSO is an embedded star, its outer shell may very well be
subject to tidal disruption (see also Section 5 and Eckart et al.
2013; Witzel et al. 2014).

In Figure 11 we show the size evolution of structures along
the orbit under the assumption of freely moving neighboring
points. In the case of the DSO the shapes of the two graphs by
chance look very similar. We verified that they are indeed very
different for other orbital configurations, i.e., lower inclination
or the apobothron pointing toward the observer. The top graph
shows the evolution of the projected size of a source moving
along the orbit. The bottom graph shows the same quantity
divided by the actual three-dimensional size of the source, i.e.,
the amount of foreshortening that the observer needs to correct

13

for. Both graphs demonstrate that close in time to the peribothron
passage the foreshortening correcting is close to unity and that
the DSO can be seen close to its full extent along the orbit.

4.2. Tidal Interaction with Sgr A*

The way in which the gas cloud will get disrupted depends
on the exact orbit and the nature of the DSO, i.e., whether there
is a stellar core or not. If there is a central star, then higher-mass
(typically 10 solar masses) objects may retain more of the gas
and dust mass in their corresponding Roche lobe than low-mass
objects (one solar mass and below). This is discussed in Eckart
et al. (2013). Recent model calculations for cases with a stellar
core or even a binary core have been published by Zajacek
et al. (2014).

A tail that is physically connected to the DSO has been
reported by Gillessen et al. (2012, 2013a, 2013b). Eckart
et al. (2013, 2014b), Phifer et al. (2013), and Meyer et al.
(2014b) have questioned this physical association of the DSO
with the extended Bry and dust continuum emitting filament
about 0”3 southeast of Sgr A*. The rather extended shape of
this emission close to rest-frame velocities may very well be
associated with the Galactic center fore/background features,
which are numerous in this region. It also does not follow
precisely the orbital track of the DSO. Especially at velocities
close to rest-frame velocities, the general central cluster region
is very crowded. Hence, despite an indication of very faint
emission pointing toward this general region 0”3 southeast of
Sgr A*, a physical association of the bright tail emission is still
questionable.

If the DSO is a pure, very compact and solitary gas and dust
cloud, then it formed through a special process at a very special
place and time. As speculated by Pfuhl et al. (2015), it must
have formed between 1990 and 2000. Unless one claims, as a
further special feature of this source, that it has been formed
at 100% efficiency, some relics and further similarly compact
dust filaments or bullets must have been formed along that
process. These have not been identified yet. It also must be
noted that during the 1990-2000 time interval the entire Galactic
center region was under detailed investigation in the entire NIR/
mid-IR (MIR) and radio wavelength band with observing runs
closely placed in time. No special event in the mini-spiral to the
southeast of Sgr A* had been reported then.

It has been noted that the thermal instability can explain in
a natural way the pressure equilibrium between the hot and
the cold plasma in the mini-spiral region (Czerny et al. 2013;
Roézanska et al. 2014).

Hence, this process is relevant for the possibility of survival of
the infalling clouds in the region, and it also allows us to estimate
the typical size of clouds. In fact, clouds as large as 104103 cm
(0.001-0.01 1t-yr) can persist. From the dominating optically
thin DSO line emission a total mass of the clouds of ~10 Earth
masses can be derived, depending on the strength of the ambient
radiation field. This agrees with recent results (Shcherbakov
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2014) suggesting the mass of the DSO/G2 cloud to be within the
range 4-20 Mg Naturally, this would be upon the assumption
of a coreless cloud scenario, whereas the mass estimates do
not apply if a star is embedded within the cloud. It turns out
that clouds located a distance exceeding ~0.05 pc from Sgr A*
can survive a few hundred years, which means that the cooling
and evaporation time is shorter than the free-fall time onto the
black hole.

Gillessen et al. (2013b) and Pfuhl et al. (2015) suggest that
13 years prior to the DSO peribothron passage the source G1
went through its peribothron on an orbit connected to the current
DSO orbit. Dust heating of G1 would then explain the moderate
IR excess of 0.3 K-band magnitudes of the star S2 in 2002
(Appendix in Pfuhl et al. 2015) as it passed close to Sgr A* and
G1. However, with Sabha et al. (2012) we have shown that over
timescales of a few months to a few years—especially close
to the center—serendipitous sources can frequently be formed
owing to density fluctuations of the background stars in the
central arcsecond.

The DSO is supposed to be on a similar orbit to the G1 source
(Pfuhl et al. 2015). However, up to this point, as it is approaching
peribothron, the DSO has not shown any increase in K- or even L-
band flux density that could be attributed to dust heating. In fact,
while approaching Sgr A* in 2013, the L-band identification of
the DSO was lost (Pfuhl et al. 2015). This can in part be attributed
to confusion. To some extent diffusion or destruction of dust as
the source entered the immediate surroundings of Sgr A* may
be responsible as well, but certainly no brightening of the source
in its K- or L-band emission has been observed.

Until now several models have placed a star at the center
of the DSO (Murray-Clay & Loeb 2012; Eckart et al. 2013;
Scoville & Burkert 2013; Ballone et al. 2013; Phifer et al. 2013;
Zajacek et al. 2014). An at least partial tidal disruption is also
expected if the DSO is an embedded star. A Roche description
of the Sgr A*/DSO system (Eckart et al. 2013) suggests that
a more massive central star will lose less of the gas and dust
from the central few AU than a solar-mass-type star or a dwarf.
Simulations of compact systems by Zajacek et al. (2014) support
this finding as well (see also Section 4.5).

For source sizes that are much smaller than the peribothron
distance with Jalali et al. (2014) we have shown that at the
peribothron position the gaseous source volume is compressed
by at least a factor of two owing to gravitational focusing.
This results in the fact that before and after peribothron the
source stays relatively compact despite the influence of possible
turbulences and shocks that may be induced owing to shearing
gas streams close to peribothron. Depending on the density
of the overall environment, hydrodynamic interactions with
the ambient material set in well past peribothron. This is
consistent with all hydrodynamic and particle simulations that
have been used to predict the future development of the DSO or
similar sources (e.g., Zajacek et al. 2014; Burkert et al. 2012;
Schartmann et al. 2012; Jalali et al. 2014).

4.3. Interactions with the Ambient Medium

If the DSO passes through an accretion wind from Sgr A*, it
may develop a bow shock. In case it is indeed a dusty star, then
one may expect to see cometary source structures quite similar
to the sources X3 and X7, which are in the overall mini-cavity
region just south of Sgr A* at a projected distance of 0”8 and 374
(Muzi¢ et al. 2010). In mid-2014 the DSO is well within a sphere
of hot gas surrounding Sgr A* out to approximately the Bondi
radius (10°Rs). As a dusty source, the DSO can therefore
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be regarded as an obvious probe for strong winds possibly
associated with Sgr A*. However, there is no clearly resolved
structure that can be considered as a bow shock, although the
DSO is already closer to Sgr A* than X3 and X7. This may
indicate that the wind from Sgr A* is highly non-isotropic,
possibly directed toward the mini-cavity (Muzi¢ et al. 2010),
and that the DSO has not yet passed through that wind. However,
the mass load of such a wind (due to the radiatively inefficient
accretion mechanism) may not be high enough to allow for the
formation of a prominent cometary tail structure. The detailed
density profile for the central region of the radiatively inefficient
accretion flow is difficult to obtain. Methods are rather indirect
and accretion model dependent (Baganoff et al. 2003; Marrone
et al. 2007; Wang et al. 2013). However, Eckart et al. (2014a)
have pointed out that the smaller size compared to X3 and X7
may be due to the higher particle density within the accretion
stream close to Sgr A* (e.g., Shcherbakov & Baganoft 2010).

4.4. Flare Activity

A possibly efficient probe of the interaction of the DSO
with its ambient environment or with the black hole itself is
monitoring the flux density originating from the central few
tenths of an arcsecond. However, the results of these efforts
have not been very revealing so far.

The NIR flare activity we observed through SINFONI during
the peribothron approach in 2013 /2014 is in full agreement with
the statistical expectations as we described them with Witzel
etal. (2012). There was no exceptional activity, with three flares
of a few milli-Jansky strength.

If the DSO were to develop a bow shock while approaching
the immediate environment of Sgr A*, then this event might lead
to shock accelerations of electrons and to correspondingly strong
excursions in the radio emission. However, the strength of these
emission peaks depends critically on the size of the bow shock,
and early estimates on the order of 1-20Jy in the decimeter to
short centimeter wavelength range had to be revised to values
on the order of 0.01-0.2 Jy (Narayan et al. 2012; Sadowski et al.
2013; Crumley & Kumar 2013). Despite a dense monitoring
program with the Very Large Array (Sjouwerman & Chandler
2014), strong radio flares have not yet been reported and the
now-predicted strength of the variability would be in the normal
range of the flux density variations observed toward Sgr A*
(e.g., Markoff et al. 2001, 2007; Eckart et al. 2012b).

So far in the X-ray observable >2 keV band no elevated
continuum flux density level or extraordinary X-ray variability
has been reported (Haggard et al. 2014). Such an extra emission
would have been expected to originate from the shock-heated
gas (Gillessen et al. 2012).

Although SgrA* is extremely faint in the X-ray bands,
it is strongly variable in this domain of the electromagnetic
spectrum (Baganoff et al. 2001, 2003; Porquet et al. 2003, 2008;
Eckart et al. 2012b; Nowak et al. 2012; Degenaar et al. 2013;
Barriére et al. 2014; Mossoux et al. 2015; Neilsen et al. 2013).
The statistical investigation of the NIR variability by Witzel
et al. (2012) suggests that the past strong X-ray variations
are potentially linked with the origin of the observed X-ray
echoes (Revnivtsev et al. 2004; Sunyaev & Churazov 1998;
Terrier et al. 2010; Capelli et al. 2012). Assuming an underlying
synchrotron self-Compton process, the NIR variability can in
fact explain the required X-ray flare fluxes as a natural and
nonexceptional phenomenon of the source. Therefore, Sgr A*
is the ideal extremely low accretion rate target that allows us to
study this particular phase, in which apparently most SMBHs
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spend their lifetime. Phenomena like the passage of the DSO
may dominate the variability of objects in this phase throughout
the electromagnetic spectrum.

While the DSO is a very compact continuum and line-emitting
source (see Section 3.3 and Eckart et al. 2013), its peribothron
distance is rather small (see Section 4.1). Hence, it is still an
open question whether and when some activity of SgrA* is
triggered by the DSO fly-by.

4.5. The DSO as a Young Accreting Star

Large line widths are common among pre-main-sequence
stars, including both T Tauri stars (with an age of about
10°-10° yr) and protostars (with an age of about 10*°~10° yr),
with an infalling envelope that forms a disk close to the star.
Bertout (1994) already pointed out that Doppler broadening
from pre-main-sequence stars may range roughly from 50
to 500kms~' in the course of the accretion phase. As an
example, hydrogen recombination and Na D line profiles of
several hundred kilometers per second in a number of pre-
main-sequence stars (e.g., T Tau, DG Tau, DR Tau, AS205,
and SCrA) are shown. The MOV classical T Tauri star LkCa-8
(IP Tau) (Wolk & Walter 1996; Moto’oka & Itoh 2013) has
a 600-700km s~! Bry line width (Edwards et al. 2013), quite
comparable to the width currently found for the DSO. Another
case of a low-mass star with exceptionally large line widths is
DK Tau A, with an 800 km s~! wide line (Eisner et al. 2007). It
is listed by Herczeg & Hillenbrand (2014) as a K8.5 star with a
mass of 0.68 M.

Without doubt the Bry line traces high-excitation regions;
however, in the case of young embedded protostars it is currently
unclear whether these regions are associated with accretion
funnel flows, the jet base (Davis et al. 2011), or less collimated
ionized winds. All of these elements can contribute to the
emission and the large observed line width. In the case of the
DSO there are several mechanisms that can contribute to a large
line width.

1. Contribution from collisional ionization in a bow shock.
A possible origin of a broad wide Bry emission line was
discussed by Scoville & Burkert (2013) on the basis of the
bow shock model that is relevant for the supersonic motion of
the object through the hot ambient interstellar medium (ISM)
emitting X-rays. They show that Bry emission may arise from
the collisional ionization and the gas cooling in the narrow but
dense cold (~10°-10° K) and shocked layer of the stellar wind.
The high densities (~108 cm™3) in this layer can explain the
observed emission measure.

2. Contribution from wind drag in a bow shock. The large
increase in FWHM line width from 137kms~! in 2006 to
730km s~! in 2014 could also be related to the increase in orbital
velocity from about 1200kms™' to almost 9000kms~' at
peribothron. Discussing the emission from photoionized stellar
wind bow shocks, Canté et al. (2005) calculate the change of
velocity in the thin shocked layer that develops while the source
is moving through the ISM. In the context of the DSO this
effect has not yet been discussed before. In their Equations (19)
and (33) they approximate the dependence of that velocity as
Vg X vy, X f(vg, R, 0, @). Here vy is the velocity in the shock
layer, v, is the stellar wind velocity, and v, is the velocity
relative to the ISM. The radius R and the angles 6 and ¢
describe the geometry of the shock front. It is the change of vy
across the shock front that may contribute to the observed Bry
line width. The analytic solution of Wilkin (1996) for the thin
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steady-state bow shock layer yields the estimate for the shock
layer velocity vy ~ 2v,60/[3(1 + v, /vy,)] close to the symmetry
axis, where the angle 6 is small. The ratio of this velocity at the
same 6, but different epochs, 2006 and the peribothron crossing,
yields v /v2% ~ 1.07-1.26 for the terminal wind velocities
of 100-400 kms™!, respectively. Thus, the increase in velocity
by about 10% could be contributed by wind drag in a bow
shock layer.

3. Contribution from stellar or disk winds. There can also
be a contribution to Bry emission from the gaseous inner disk,
stellar wind, stellar-field-driven wind (X-wind), or disk wind
(Limaet al. 2010) that can originate from the corotation radius to
several astronomical units (see Kraus et al. 2008 for discussion
and their Figure 1). Giinther (2011) shows that for classical
pre-main-sequence stars, wind velocities of a few hundred
kilometers per second can occur.

4. Tidal contribution. The increase in FWHM of DSO would
then be caused by the tidal stretching and perturbation of
the accretion disk, especially close to the peribothron, which
would consequently lead to larger velocity dispersions of inflow
and outflow streams. Simple considerations analogous to the
computation of tidal compression presented by Jalali et al.
(2014) show the increase of velocity deviation. There are several
ways to assess the importance of tidal stretching of the DSO
along its orbit from our data:

a—if the total pre-peribothron line width of about 720 km s~
was dominated by tidal stretching, then a minimum source
size of about 65 mas is expected based on the mean slope of
1000km s~! over a projected orbital path of about 90 mas (i.e.,
~11kms~!' mas™") within the past 2 yr.

B—attributing the 2008-2013 size estimate of 42 4+ 10 mas
Gillessen et al. (2013b) to the year 2013 and assuming a free
gas cloud subjected to orbital stretching along the orbit, we find
that the source should be 5-8 times larger, i.e., 210-336 mas,
close to peribothron. We cannot confirm such a large size from
our Bry line maps in Figure 9 (see also Table 2).

y—the separation of apparently simultaneously observed
extreme velocity components of G2 close to the peribothron
passage (Figures 1 and 15 in Gillessen et al. (2013b); Pfuhl
et al. (2015), which is consistent with a cut through their pv-
diagram in Figure 1) implies a size between 90 mas and 150 mas
along the orbit. With our data we only see a single-lined DSO
either red- or blueshifted with a diameter of <20 mas, and, given
the low foreshortening (Section 4.1 and Figure 11), we cannot
confirm the presence of multiple sources or a large source extent
(see Section 3.3 and Figure 9).

d—we measured very close to the points at which extreme
orbital velocities in the red and blue can be observed. At these
positions for an extended tidally stretched source the emission
previously blue of the source center will become redshifted
and blueshifted, respectively. Hence, a line width that can be
up to a factor of two narrower is expected. However, the post-
peribothron line width is about a third of the pre-peribothron
value, and the small source sizes are in conflict with an extended
tidally stretched source. In addition, the orbital compression
expected for such a scenario would imply a larger line width and
a higher line flux density owing to the increased density of the
emitting gas volume. Instead, for a dust-enshrouded accreting
stellar object line variability in integrated line flux density and
line shape is expected.

5. Contributions from accretion. However, there can also be a
contribution from the gas accretion of the circumstellar envelope
onto the stellar surface if the DSO is a young stellar object as

1
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has already been proposed and discussed (Murray-Clay & Loeb
2012; Eckart et al. 2013; Scoville & Burkert 2013; Zajacek et al.
2014; De Colle et al. 2014). In this framework an increase of
the Bry line width as a function of time could result from an
increased perturbation of the envelope or disk that leads to an
enhanced velocity dispersion in the accretion stream onto the
central star as it gets closer to the peribothron.

In the following we investigate whether the infalling gas that
is approximately in free fall and is being shocked upon reaching
the stellar surface can explain the observed large line width of the
DSO Bry line, which evolved from FWHM(Bry) ~ 200 km s~
in 2006 to FWHM(Bry) ~ 700 kms~! in 2014, as laid out in
Section 3.1.1 (see also Phifer et al. 2013; Gillessen et al. 2013b).
This corresponds to radial velocities v, of infalling material that
range from about 100 kms™! to several hundred kilometers per
second.

4.5.1. The Model Geometry

For simplicity, we consider an axisymmetric magnetospheric
accretion model (see Bouvier et al. 2007 for review) for the
accretion on pre-main-sequence stars where the gas moves
ballistically along the magnetic field lines from the innermost
orbit of the disk and gains large infall velocities of the order
of ~100kms~! (Hartmann et al. 1994). Unlike the boundary
layer model, the magnetospheric accretion scenario can indeed
explain observed redshifted absorption minima at free-fall
velocity and blueward asymmetry in emission lines (Muzerolle
et al. 1998a, and references therein).

The presence of a magnetic field around pre-main-sequence
stars is justified by the observation of the Zeeman broadening
of photospheric lines (Johns-Krull et al. 1999, 2001), as well as
by the measurement of the electron cyclotron maser emission
(Smith et al. 2003). The inferred field strength is ~1-3kG. In
the context of the dipole magneto-accretion model, in which the
gas is in free fall, the truncation radius in terms of stellar radii
is (e.g., Bouvier et al. 2007)

Rr

~ 658 R M M, M

*

where the strength of the dipole magnetic field at the equator B3
is in kG, the stellar radius R is in units of 2 R, the accretion
rate M_g is expressed in 1078 Mg yr~!, and the stellar mass
M, is in units of 1 Mg. The truncation radius in Equation (1)
is derived for gas in free fall in the spherical symmetry. For
disk accretion it may serve as an upper limit, since the ram gas
pressure is higher in that case and the truncation radius is thus
shifted inward.

For stable accretion to proceed, the truncation radius ex-
pressed by Equation (1) has to be smaller than the corotation
radius Reo, RT < Reo, at which the Keplerian angular velocity
is equal to the rotational angular velocity of the star,

Reo ~42M,” P} R, )

where M, is the stellar mass in units of 1 My and P; is the
stellar rotation period in units of 1 day (see Bouvier et al. 2007,
for discussion). The inner portion of the disk is purely made
up of gas up to the dust sublimation radius, which, according to
simulations by Whitney et al. (2004), may be expressed in terms
of the dust sublimation temperature and the stellar effective
temperature as

Tt > —2.085 (3)

Rsub = R*( T

*
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Figure 12. Poloidal velocity profile as a function of the distance from the pre-
main-sequence star in a magnetospherical accretion model (Hartmann et al.
1994) for different masses of pre-main-sequence stars at ~1 Myr (Siess et al.
2000). The gray horizontal lines represent the observed radial velocity for years
2006, 2009, 2010, and 2014 with an increasing tendency (Phifer et al. 2013;
Gillessen et al. 2013b; this work).

which for typical values of 7, (spectral types K, M:
3000-4500K) and T, &~ 1500 K has values of ~4—10 R,. Be-
yond the dust sublimation radius, dust can coexist with the
gaseous phase. The emerging radiation from the accretion flow
is reprocessed by the circumstellar dust, giving rise to the
IR excess.

For the calculation of the velocity profiles of the accretion
flow we assume the truncation radius to be at Rt=5R,
(Gullbring et al. 1998; Alcalé et al. 2014), which is close to
the estimate in Equation (1). We compute the poloidal velocity
profiles in the framework of the magnetospheric accretion model
(see Equations (1) and (3) of Hartmann et al. 1994) for 0.5, 1.0,
2.0, and 3.0 M pre-main-sequence stars with a stellar radius
of 2.1, 2.6, 3.6, and 4.8 R, respectively, at 1 Myr (Siess et al.
2000) for solar metallicity and no overshooting; see Figure 12
for the comparison of the poloidal velocity for the observed
radial velocity, which is observed to increase with the approach
of the DSO to the peribothron. For earlier epochs the observed
FWHM is consistent with the accretion onto a low-mass object
of ~0.5-1 M. To explain the higher FWHM in 2014, a massive
pre-main-sequence star of Herbig Ae/Be type is needed at
the first glance, since for lower-mass stars only the upstream
parts reach comparable velocities; see the poloidal velocity
profile of the 6 M star with a radius of 2.9 R in Figure 12.
However, such a massive stellar core having a luminosity of
2100 L, is inconsistent with the luminosity constraint on the
DSO (<10 Ly), and the pre-main-sequence stage is also very
short (Siess et al. 2000).

The physics of circumstellar material of pre-main-sequence
stars is generally more complex, especially close to the SMBH,
where the disk surrounding the star is expected to be warped
and perturbed by tidal effects. Although basic observational
signatures of pre-main-sequence stars (strong stellar magnetic
fields, truncation radius, accretion shocks observed mainly for
classical pre-main-sequence stars) are in accordance with the
magnetospheric accretion model (Bouvier et al. 2007) and
suggest that Bry originates in gas infall rather than outflow
(Najita et al. 1996), it is plausible that there is a contribution to
Bry emission from stellar or disk winds.

We note that the line profile may be generally nonsymmetric
and its width dependent on the inclination, at which the emerging
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Figure 13. Profiles of maximum line-of-sight velocity as a function of the
distance from the star in a magnetospherical accretion model (Hartmann et al.
1994) for a 2.5 M pre-main-sequence star for a different inclination of the
view of emerging radiation. The receding flow (nearer to the observer, mostly
redshifted, positive velocities) is labeled by dashes, while the approaching flow
(farther away, mostly blueshifted, negative velocities) is represented by dots.
The gray horizontal lines represent the observed radial velocity v sin i for years
2006, 2009, 2010, and 2014 with an increasing tendency (Phifer et al. 2013;
Gillessen et al. 2013b, this work):

emission is viewed. This is demonstrated by the profiles of
the maximum line-of-sight velocity in Figure 13, where we
plot separately approaching (mostly blueshifted) and receding
(mostly redshifted) accretion streams for 2.5 My pre-main-
sequence stars (at ~1 Myr; Siess et al. 2000). The separation
between the dashed and the dotted lines for each stellar radius
and inclination is an approximate measure of the observed line
width. The line broadening is generally bigger for a larger
inclination (see also Muzerolle et al. 1998a, for detailed radiative
transfer modeling). The results in Figure 13 clearly show that
with a star of about 2 M, the observed Bry line widths, covering
the full range from about 200 kms~' to 700 kms~!, can
be reproduced. From the range of maximum and minimum
velocities it is also evident that the line profile can be asymmetric
and skewed to one side.

4.5.2. Accretion Luminosity and Rate

In fact, the broad hydrogen Bry line with the FWHM of
the order of ~100kms~! is frequently observed in the spectra
of accreting pre-main-sequence stars (detection rate 70%—74%;
Folha & Emerson 2001; Ilee et al. 2014) and appears to be
a useful tracer of magnetospheric accretion on embedded pre-
main-sequence stars (Muzerolle et al. 1998a, 1998b; Folha &
Emerson 2001; Calvet et al. 2004). Here the star is assumed to
accrete matter from its envelope or the inner edge of an accretion
disk. Accretion from the surrounding ISM can be considered as
insignificant.

The correlation between Bry emission-line luminosity and
accretion luminosity is found to be tight (Muzerolle et al. 1998b;
Calvet et al. 2004). The empirical relation between emission-
line and accretion luminosities is based on various signatures of
accretion luminosity (Ho luminosity, optical, and UV excess).
The recent fit is as follows (Alcala et al. 2014):

log (Lace/Lo) = {1log [L(Bry)/Lol + &, “)

with ¢; = 1.16 £ 0.07 and ¢, = 3.60 =+ 0.38. This correlation
may then be extended to heavily extincted protostars that are
enshrouded in a dusty envelope.
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If we naively apply this relation to the DSO and its Bry
emission-line luminosity of L(Bry) = facc X 1073 L, where
facc 1s a factor of the order of unity, we get a reasonable range for
the accretion luminosity, log (Laee/Lo) & 1.1610g fooc + 0.12;
Lace = 1.3 x 14,5192 fuc Lo and for fooo = {1, 2, 3, 4} yielding
(1.3,3.0,4.7,6.6) L.

For the assumption of the innermost radius of R, = 5 R,, the
accretion rate is given by (Gullbring et al. 1998)

LacRe (R
GM, Rt ’
which can be written as

-1
M ~ é__ Lacc & M* M yr_l (6)
acc L@ R@ MQ o) )

with & = 4.1 x 1078,

Inserting the estimated values for mass, radius, and the
accretion luminosity, we obtain an accretion rate of the order of
<1077 Mg yr~!, which is about 10 times larger than the median
value observed for pre-main-sequence stars in the Taurus and
Chameleon I regions (Hartmann et al. 1998). It is, however,
consistent with the span of pre-main-sequence accretion rates,
which seem to evolve with the age of the pre-main-sequence
star as Mye o< t 2! (Baxter et al. 2008).

The gas outflow rate was shown to correlate with the accretion
in pre-main-sequence systems. The ratio of rates was established
approximately as My /M,.. ~ 0.1 (Edwards et al. 2006,
and references therein), which corresponds to the order of
M, < 1078 Mg yr~!. This order of magnitude for the wind
outflow rate was discussed by Scoville & Burkert (2013) for the
wind-wind bow shock origin of Bry emission.

The estimates of accretion luminosity and accretion and mass-
loss rates are upper limits since there may be contribution to Bry
flux from sources other than accretion flows, namely, stellar
wind or disk outflows (Kraus et al. 2008).

Macc = &)

4.5.3. Density and Emission Measure

The radial density profile of the accretion flow may be
inferred based on the estimated values of pre-main-sequence
star mass, radius, mass accretion rate, and the assumed size of
the magnetosphere. Assuming an axisymmetric steady flow of
matter along the streamlines, the following relation holds for
the hydrogen number density (Hartmann et al. 1994),

Macc
47'rmH ( 1

T'mi

=2 (4= 3y)l?
)(ZGM*)‘/2 (1=’

O

nu(r) = |

T'mo

where the magnetic streamlines are described by r = ry, sin? 9,
where 6 denotes the angle between the magnetic dipole axis and
the radius vector r; in Equation (7) y = r/ry, = sin? and ry;
and ry,, stand for the radius of the innermost and the outermost
streamline intersecting the accretion disk, respectively; we take
’mi = 5 R, and ryy = 7 R, for definiteness. The mass accretion
rate is held fixed at M,.. = 1077 Mg yr~! in accordance with
Equation (6). The density profiles for the same set of stars as in
Figure 12 are plotted in Figure 14.

The density profile in Figure 14 enables us to estimate the
emission measure, EM ngV, under the assumption n, & ny;
see Equation (7). The computation is performed for the distance
range where the poloidal velocity, Figure 12, reaches the values
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Figure 14. Radial number density profile as a function of the distance from
the star in units of stellar radii. The computed profile is valid for the steady
axisymmetric accretion on a pre-main-sequence star. Individual lines correspond
to accretion flows along magnetic streamlines for a particular mass of a star (see
the labels). The radius of a star is adopted from the evolutionary tracks of Siess
et al. (2000) at ~1 Myr.

of vpe1 = 200 £ 100 kms™", which roughly corresponds to the
observed FWHM of the Bry line. Finally, we get the profiles
of cumulative emission measure for a different mass of a pre-
main-sequence star according to the evolutionary tracks by Siess
et al. (2000) at ~1 Myr; see Figure 15. The emission measure
is of the order of 10°%-10°' cm~3, being higher for lower-mass
stars, and these values originate from close to the star, on the
scale of ~1-3 R,. This implies that luminous line emission at
the observed high velocities can originate from close to a few
solar mass star.

One should consider these values highly estimative because
of the uncertain values of mass accretion rate and the size
and character of the magnetosphere. The temperature of the
accretion flow was also not discussed. However, models of the
accretion on pre-main-sequence stars show that the infalling gas
is shock heated and the Bry line can be effectively produced
close to the stellar surface (Bouvier et al. 2007). In principle, it
is possible to reproduce the emission measure of ~10°7 cm™>
that is obtained in the cold bow shock model by Scoville &
Burkert (2013) and that corresponds to the observed flux of Bry
emission. Thus, both mechanisms, wind—wind interaction and
gas infall, can contribute in case the DSO is a young stellar
object.

Given the accretion rate of <1077 Mg yr~!, the star associ-
ated with the DSO would be embedded within the hot accretion
flow surrounding the star with a probably complex geometry.
On the length scale of one stellar radius the density profiles
in Figure 10 imply large IR K band and visible extinction of
A(K) ~ 0.1 x A(V) = 0.1 x (1.8 x 10*")™! [ ne(I)dl, which
is ~59, 37, 20, and 16 mag for a 0.5 My, 1.0 M, 2.0 M, and
3.0 M star, respectively. Combined with the possible contri-
bution of an extended outer dust shell and a warped or inflated
outer disk, this is plenty of extinction to dim the light from the
central star and produce the observed continuum characteristics
of the DSO (Eckart et al. 2013, 2014a, 2014b; Phifer et al. 2013;
Gillessen et al. 2012).

The material within the accretion flow is certainly not
homogeneous. To first order we assume that it consists of
cloudlets, sheets, or filaments that have a dense, optically thick
core surrounded by a shell of optically thin material. Since the
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Figure 15. Logarithm of emission measure, EM (solid lines, with labels on
the left vertical axis) and poloidal velocity profile vyo (dot-dashed lines, with
labels on the right vertical axis) as a function of the distance from the star in
units of stellar radii. The computed profile is valid for the steady axisymmetric
accretion on a pre-main-sequence star. Individual lines correspond to accretion
flows along magnetic streamlines for a particular mass of a star (see the key).
The radius of a star is adopted from the evolutionary tracks of Siess et al. (2000)
at ~1 Myr.

overall line emission is dominated by optically thin material,
and given the uncertainties in the Pac/Bry and He I/Bry line
ratios, the maximum contribution of the optically thick material
to the line fluxes can only be of the order of 0.05. Since the
dense material is bright, the ratio n between the mean emission
measure of the optically thin and thick material needs to be
involved. Hence, a volume filling factor around 0.05x7n will
reproduce the optically thin line ratios and give a substantial
contribution to the observed velocity profile. In addition, there
will be a temperature gradient from the start of the accretion
stream near the dust sublimation radius and the contact point on
the stellar surface, leading to an enhanced contribution of the
higher-velocity material.

The observed accreting pre-main-sequence stars generally
have a lower accretion rate than the time-averaged infall rate
(Audard et al. 2014). As a result, the gas from an infalling en-
velope is thought to be accumulated first in the quasi-Keplerian
circumstellar disk. The accumulation of matter continues until
the instability causes an increase in the mass transfer by about
three to four orders of magnitude from the disk to the star, the
so-called episodic accretion (Audard et al. 2014). If the DSO
is indeed an embedded accreting pre-main-sequence star, the
tidal effects from the SMBH lead to a gravitational instability
that, combined with magnetorotational instability (Zhu et al.
2009), can cause a continual mass transfer from the disk, es-
pecially close to the peribothron, where the tidal radius shrinks
to <1 AU for a 1 M, star; see also the tidal radius discussion
related to Figure 16.

Let us sum up that the observed emission up to now is not in
contradiction with the scenario of a pre-main-sequence star that
is surrounded by a dusty envelope and accretes matter from an
accretion disk inside the dust sublimation radius. Hot accretion
flows as discussed here, possibly combined with disk winds
(Giinther 2011), can indeed produce emission lines with FWHM
of several hundred kilometers per second. Hence, we find that for
a 1-2 M, embedded pre-main-sequence star these two effects
can already fully account for the observed Bry line widths.
However, in general the observed Bry line profile and flux
may result from the combination of hydrogen recombination
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Figure 16. Temporal evolution of the tidal Hill radius for the orbits of a 1 M, star
around the SMBH with a different orbital eccentricity. At t/P = 0.5 the
pericenter passage occurs. For the inferred orbit of the DSO, tidal radii for
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emission of the gaseous dusty envelope photoionized by nearby
stars (Shcherbakov 2014), the collisionally ionized cold bow
shock layer (Scoville & Burkert 2013), and the hot accretion
flow on a pre-main-sequence star, as is discussed here. Whether
and to what extent each of these processes contributes to the
final emission will be constrained by further observations and
modeling during the post-peribothron phase.

5. POSSIBLE ORIGIN, STABILITY,
AND FATE OF THE DSO

There is evidence of both young and more evolved stars in
the Galactic center (Genzel et al. 2010) that lie in the sphere
of influence (~2 pc) of the SMBH. Mutual interactions among
stars cause the oscillations of their orbital eccentricity via the
mechanism of resonant relaxation (Hopman & Alexander 2006)
or the Kozai oscillations (Karas & Subr 2007; Chen & Amaro-
Seoane 2014). These can set some stars on a plunging trajectory
toward the SMBH (Zajacek et al. 2014). Similarly, with Jalali
et al. (2014) we have shown that young stellar objects can
efficiently be formed on plunging orbits in the vicinity of
SMBHs as a consequence of orbital compressing of infalling
gas clumps. An embedded young star/protostar is surrounded
by an accretion disk whose orbit orientation can be any (direct,
retrograde, or perpendicular) with respect to the orbit of the host
star around the SMBH. These DSOs (Eckart et al. 2013) have
an IR excess, and the currently observed DSO may indeed serve
as a paradigm of these objects.

The restricted three-body problem may be used to obtain
the approximations for critical stability (Hill) radii of disks.
Using the restricted circular three-body problem, the equation
of motion for a mass element in the rotating frame of star—SMBH
becomes (i.e., Innanen 1979, 1980)

~ (Qz

where r is the distance of a mass element from the star and
R labels the distance of the star from the SMBH, r < R.

d*v  GM,

dR? r3

d*r
dr?

) r £2Qu,, 8)
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Figure 17. Polar plot of the dependence of the ratio of critical tidal radii of
retrograde (ry) and prograde (rq) disks on the inclination of the accretion disk
around a pre-main-sequence star with respect to the orbital plane of the star
around the SMBH. In this plot the vertical and horizontal axes represent the
same quantity—the ratio between retrograde and prograde tidal radii. The ratio
dependence on the inclination was derived by Innanen (1980). The plotted
relations have the form of (rr/ra)12 = {1 + fi2/2 + [fi2 + (f1.2/2)211/2)%/3,
where f1 = 4(coszi)/3 and f» = 4cosi/(2 + cosi). The relation (ry/rq)
dominates the second one. The largest difference between the critical tidal radii
of a factor of ~2 is for low-inclination orbits with respect to the orbital plane
of DSO.

For R> R, the gravitational potential of the black hole
is approximately equal to the Newtonian V = V(R), hence
—d?*V/dR* = 2GM,/R>. The angular frequency of the circular
motion for the star is Q> = GM,/R?, and for the minor body
@’ = GM,/r3. The difference between direct and retrograde
orbits arises from the different signs of the Coriolis term £2Qu;,
where v, = wr.

When generalized for orbits with eccentricity e, one gets the
following ratio of critical tidal radii for retrograde and direct
disks, ru, and ry 4, respectively (Innanen 1979):

rae_ [S+e+2(4+e)? S ©
TH,d - 3+¢ ’
In terms of the critical tidal radius,
ro = R(t)(M,/(3M.))'", (10)

the critical Hill radius for prograde orbits r4 and retrograde
orbits r may be expressed as r, = 3'/3r, and ry = 37!/3r.. Since
the mass of the SMBH M, is larger by at least five orders of
magnitude than the mass of any star M,, the tidal Hill radius
r expressed by Equation (10) extends up to Lagrangian points
L1 and L2, beyond which the circumstellar matter is strongly
tidally perturbed and may escape the Roche lobe of the star (see
Figure 18 of Eckart et al. 2013). The temporal evolution of the
tidal radii for the current orbital elements and the stellar mass
of m, = 1 Mg, is shown in Figure 16.

The ratio ry ;/ru,q acquires values of (1.9, 2.1) for eccentric-
ities e € (1, 0). Therefore, retrograde orbits are expected to be
stable for larger distances from the host star, approximately by a
factor of two for low-inclination orbits; see Figure 17 for the po-
lar plot of the dependence of the ratio of tidal Hill stability radii
rur/ru.q on the inclination ip between a putative circumstellar
accretion disk and the orbital plane of DSO.



THE ASTROPHYSICAL JOURNAL, 800:125 (21pp), 2015 February 20
6. CONCLUSIONS

In our sensitive imaging spectroscopy data set we measured
prominent line emission from the DSO and determined new or-
bital parameters based on data from 2014 February to Septem-
ber. The source appeared to be single lined at all times. Before
the peribothron, we detected redshifted Bry line emission (at
2700km s~!) but no blueshifted emission above the noise level
at the position of Sgr A* or upstream of the presumed orbit. After
the peribothron, we detected blueshifted Bry line emission (at
—3320km ™) but no redshifted emission above the noise level
at the position of Sgr A* or downstream of the presumed orbit.
We find a Bry line FWHM of 50 + 10 A before and 15 + 10 A
after the peribothron transit, i.e., no significant line broadening
with respect to last year is observed. Such a broadening would
be expected in the case of significant tidal interaction. This is
a further indication for the fact that the DSO is spatially rather
compact.

We show that for a 1-2 M embedded pre-main-sequence star
hot accretion streams close to the star, possibly in combination
with disk winds, can fully account for the luminous observed
Bry emission with line widths covering the full range from
about 200 kms~! to 700 kms~'. The accretion material
and the surrounding shell/disk provide enough extinction to
explain the IR colors of the DSO (Eckart et al. 2013). The
resulting line profile can be asymmetric and skewed to one
side, calling for precaution when using the line emission to
derive orbital parameters. Following the pre-main-sequence
evolutionary tracks of low- and intermediate-mass stars by Siess
et al. (2000), we find that after an initial phase of a few x 10° yr
1-2 M, stars can stay for a major portion of their T Tauri stage
with a luminosity of less than 10 L, (see also Chen & Amaro-
Seoane 2014). This is consistent with a dust temperature of
450K and a possible spectral decomposition of the NIR/MIR
spectrum (Eckart et al. 2013) of the DSO using the M-band
measurement by Gillessen et al. (2012). Higher stellar masses
would not comply with this luminosity limit and are not required
to explain the Bry line widths. An embedded pre-main-sequence
star can also explain the increase of the Bry line width assuming
that tidal stretching and perturbation of the envelope lead to an
enhancement of the velocity dispersion in the accretion stream
onto the central star as the DSO approaches the peribothron.
An identification of the DSO with a dust-embedded star also
puts the interpretation of a common history of the DSO/G2
and G1 at risk (Pfuhl et al. 2015). Owing to the higher mass
(1-2 Mg, instead of 3 Earth masses), a much higher drag force
than the one provided by the small source size would be required
to connect the DSO orbit to that of G1.

We also find that the NIR flaring activity of Sgr A* has not
shown any statistically significant increment. This points to the
fact that the DSO had not yet reached its peribothron before
2014 May. Even if the source has a stellar core, a major part of
the enshrouding cloud may be dissolved during the peribothron
passage. Therefore, increased accretion activity of Sgr A* may
still be upcoming. The Sgr A*/DSO system can be looked upon
as a binary system, and the Roche lobe picture can be adopted
in which the Lagrange point L1 between the two objects is of
special importance if mass transfer between the two objects
needs to be considered. If the central star has around one solar
mass, the L1 will get very close (~1 AU) and may allow the
dominant part of the gas and dust to transit into the Sgr A*-
dominated Roche lobe. As a result, the low-mass stellar core
may be even less luminous after the transit than the matter in
its immediate vicinity (i.e., 1 AU) before the transit. This will,
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however, be only for a very short time, and it is not clear whether
the gas close to the star will remain in the Roche lobe of the
star after peribothron or not. For higher-mass stellar cores that
were heavily extincted before peribothron, most of the material
closer to the stars (i.e., a few AU) may be largely unaffected
by the transition, and the stellar core may by even cleared from
extincting material and brighter in the NIR bands than before
the peribothron.

In the near future it will become increasingly difficult to
measure the strength and spatial extent of the line emission on
the blue side of the orbit. This is due to a high-velocity star
that is moving into this field from the northwest. It will then be
followed by S2 going though peribothron around 2017.9 4 0.35
(Gillessen et al. 2009; Eisenhauer et al. 2003) and S0-102
around 2021.0 = 0.3 (Meyer et al. 2014a, 2014b). Strong
continuum contributions and residual line features in the stellar
atmospheres may make sensitive observations very difficult and
time-consuming.
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CHAPTER

Bow-shock evolution close to the
SMBH

Towards the Galactic centre, stars can move faster than the local speed of sound. Although the
plasma emitting X-ray bremsstrahlung is hot, stars can still reach supersonic relative velocities
with respect to the ambient medium. Moreover, there is an observational evidence of bow
shocks, especially those interacting with minispiral arms (Sanchez-Bermudez et al. 2014) and
with the central outflow (Muzi¢ et al. 2010). Also, several candidates for photoevaporative
proplyds were detected in radio continuum (Yusef-Zadeh et al. 2015).

When stars approach Sgr A*, dynamical timescales become short enough so that proper
motions and in some cases radial velocities can be detected, therefore the stellar orbit around
the SMBH can be determined. It is of theoretical but also observational interest to consider
the evolution of a stellar bow shock along the orbit, especially when the ambient medium has
a considerable velocity field with respect to the stellar orbital velocity. I focused on studying
the effect of the asymmetry in the bow-shock evolution along the orbit with respect to the
peribothron passage. This asymmetry is induced by either an ambient inflow, outflow, or by
the combination of both.

The main results of this analysis are published in the following peer-reviewed paper
published in the Monthly Notices of the Royal Astronomical Society.

Credit: Zajacek et al., MNRAS 455, 1257 (2016). Reproduced with permission ©Oxford
University Press.
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1 INTRODUCTION

ABSTRACT

Motivated by the observations of several infrared-excess bow-shock sources and proplyd-like
objects near the Galactic Centre, we analyse the effect of a potential outflow from the centre
on bow-shock properties. We show that due to the non-negligible isotropic central outflow
the bow-shock evolution along the orbit becomes asymmetric between the pre-peribothron
and post-peribothron phases. This is demonstrated by the calculation of the bow-shock size
evolution, the velocity along the shocked layer, the surface density of the bow shock, and by
emission-measure maps close to the peribothron passage. Within the ambient velocity range
of <2000 kms~! the asymmetry is profound and the changes are considerable for different
outflow velocities. As a case study we perform model calculations for the Dusty S-cluster
Object (DSO/G2) as a potential young stellar object that is currently being monitored and has
passed the pericentre at ~2000 Schwarzschild radii from the supermassive black hole (Sgr A*)
in 2014. We show that the velocity field of the shocked layer can contribute to the observed
increasing line width of the DSO source up to the peribothron. Subsequently, supposing that the
line emission originates in the bow shock, a decrease of the line width is expected. Furthermore,
the decline of the bow-shock emission measure in the post-peribothron phase could help to
reveal the emission of the putative star. The dominant contribution of circumstellar matter
(either inflow or outflow) is consistent with the observed stable luminosity and compactness
of the DSO/G2 source during its pericentre passage.

Key words: stars: pre-main-sequence —stars: winds, outflows—ISM: jets and outflows—
Galaxy: centre.

2012) and high eccentricities approximately following the thermal
distribution, f{e)de ~ 2ede. Some young stars of spectral type O/WR

The centre of the Milky Way contains a large number of young stars
(~10-100 Myr) that orbit the compact radio source Sgr A* associ-
ated with the supermassive black hole of ~4 x 10° Mg (hereafter
denoted as SMBH; Ghez et al. 2003; Eckart, Schodel & Straubmeier
2005; Genzel, Eisenhauer & Gillessen 2010). These stars of spectral
type O/B are concentrated partially in the coherent clockwise disc
structure with a sharp inner edge at ~0.03 pc and extending out to
0.5 pc (Levin & Beloborodov 2003). High-velocity stars of spectral
type B, which have orbital periods of <300 yr, are located in the S-
cluster in the innermost 0.05 pc with isotropic orientation of orbits
(Eckart & Genzel 1996, 1997; Gillessen et al. 2009; Sabha et al.

* E-mail: zajacek @ph1.uni-koeln.de
1 IMPRS Member.

© 2015 The Authors

do not form any clear kinematic structure (Genzel et al. 2010) and
they have rather random orbital orientations (Sanchez-Bermudez
et al. 2014).

The radius of the sphere of the gravitational influence of the
SMBH depends on the central black hole mass M, and the stellar
velocity dispersion o (Merritt 2013) in the following way:

M. o -2
~ 17 . ( ) . 1
st (4.0 x 10° M®> 100kms1/ P¢ M

This coincides approximately with the radius of the central cavity,
which is filled with ionized hot and sparse gas mostly supplied by
stellar winds of massive OB stars. The density and temperature
profiles of this ambient corona are fitted by semi-analytical radial
profiles based on the model of radiatively inefficient accretion flows
(RIAF; Blandford & Begelman 1999; Broderick & Loeb 2006;
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Figure 1. Comparison of Keplerian orbital speed and sound speed towards
the Galactic Centre, both expressed in terms of the speed of light. Three
lines for the sound speed (orange) stand for possible different temperatures
of electron and ion components. The dashed lines mark the extrapolation of
the original fit (solid lines). The distance—orbital speed plots for the DSO
and S2 are also labelled and the arrows denote the distance range for both
objects. The estimate of the sound speed for the gas phase of the mini-spiral
region is marked by the red line. The set of green lines corresponds to the
estimate of the orbital velocity for three prominent streams (arms) of the
mini-spiral. The plot inset shows the estimates of the Mach number M,
M = vop/cs.

Broderick et al. 2011):

—1
r

Ny ~ ng <7) ) (2)
rS
N

T, ~T) (—) , 3)
rS

where r, is the Schwarzschild radius (r, = 2GM,/c* =

2.95 x 10° M, /M@ cm). The normalization parameters are set to
n? =13 x107cm™ and 7) = 9.5 x 10!°K. At a small distance
from the SMBH, electrons are expected to be decoupled from ions.
The ion temperature 7; can be ~1-5 times higher than the electron
temperature 7, as was found by comparing MHD simulations with
VLBI millimetre data (Dexter et al. 2010). This is also expressed
in Fig. 1 by three lines for the sound speed profile corresponding to
the temperature of 7., 3 7., and 5 7.

The profile for the sound speed in Fig. 1 is a simple extrapolation
of the semi-analytic fits, equations (2) and (3), to VLBI millimetre
measurements of the emission in the inner ~100 r,, while the orbits
of the observed S-stars lie at least an order of magnitude further from
the SMBH. However, the extrapolation of the one-dimensional fit
of Chandra X-ray measurements (Quataert 2004) towards smaller
distances leads to similar values of density and temperature in the
region of our interest (a factor of 3 difference; see Psaltis 2012
for discussion). In any case the density increase towards the centre
naturally leads to higher ambient ram pressure, P, = p,v>, acting
on the outflows of propagating stars.

When the stellar motion with respect to the surrounding en-
vironment is supersonic, bow-shock structures are formed. The
distance range, where the Keplerian orbital velocity vom/c =
V2/2(r /rs)~'/? is greater than the sound speed ¢, & +/kg To/ (i),
calculated from profiles given by equations (2) and (3), may be
inferred from the comparison in Fig. 1, where we plot both veloc-
ities (in units of speed of light ¢) as functions of the distance r

MNRAS 455, 1257-1274 (2016)
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from the SMBH. The motion seems to be supersonic for a large
span of distances, from ~10 r, up to ~10° r,, where the orbits of
the S-stars lie (see also Psaltis 2012). In fact, the radial profile of
Mach number, M = v, /cs, is approximately flat, since both the
orbital velocity and the sound speed fall off as (r/r,)~"/? for the
assumed ambient temperature profile adopted here, which leads to
M ~ (GM,umy/kg Taors) and approximate values of 2.6, 3.4, and
5.8 (see also the plot inset in Fig. 1).

Nowadays we have a great deal of observational information for
the interaction of wind-blowing stars with their surroundings near
the Galactic Centre (see e.g. Sanchez-Bermudez et al. 2014). The
sources IRS I1W, IRS 3, IRS 5, IRS 8, IRS 10W, and IRS 21, which
interact mainly with the warm ionized gas in the mini-spiral region
(Tanner et al. 2002, 2005; Viehmann et al. 2005; Buchholz et al.
2013; Sanchez-Bermudez et al. 2014), are clear evidence of bow-
shock formation in the near- and mid-infrared (NIR and MIR) parts
of the spectrum. The mini-spiral region is in general colder and
denser in comparison with the radial profiles (equations 2 and 3) of
the ambient medium at the distance of ~ 10° r, corresponding to the
mini-spiral region (Kunneriath et al. 2012). This can be understood
in the framework of a multiphase environment where cool and hot
phases co-exist (Rézanska et al. 2014). The ionized component of
the high-density regions of the northern and eastern arm has the
mean electron temperature of T, ~ 6 x 10° K, corresponding to a
sound speed of ~7kms~!, whereas the Keplerian circular velocity
at this distance is of the order of a few 100km s~'. Hence, unless
the sources are comoving with the mini-spiral streams, the relative
velocities are typically supersonic.

Bow-shock sources appear to be extended and brighter at longer
wavelengths, which is in agreement with the dust emission in the
bow shocks. Viehmann et al. (2006) showed that the peak of the
continuum emission of typical bow-shock sources lies in the wave-
length range ~4-10 um, corresponding to the dust temperature of
a few 100 K. Moreover, Buchholz et al. (2013) pointed out the
strong polarization degree of IRS IW and 21 in the NIR wave-
lengths that increases towards longer wavelengths, which highlights
the importance of dust for explaining the emission properties of
bow-shock sources in this region. Besides the continuum emis-
sion, bow-shock sources associated with young stellar objects in
H 1 regions are observed in hydrogen recombination lines (Bally,
O’Dell & McCaughrean 2000). Scoville & Burkert (2013) show
that the dense, shocked layer typically associated with a young star
of T Tauri type may significantly contribute to observed Bry emis-
sion of the Dusty S-cluster Object (DSO/G2), which is intensively
monitored.

The detection and analysis of the comet-shaped sources named
X3 and X7 indicates that they interact with the outflowing medium
from the direction of the Galactic Centre (MuZi¢ et al. 2007, 2010).
This outflow originates within the central ~0.2 pc from the direc-
tion of Sgr A* and its estimated terminal velocities are of the order
of ~1000kms~!. The discovery of a new MIR bow shock sug-
gests the presence of this outflow at even larger distances, ~0.68 pc
(Sabha et al. 2014).

The presence of an outflow from the Galactic Centre is consis-
tent with the low-luminosity state of Sgr A* (Wang et al. 2013).
The observed unabsorbed X-ray luminosity in the 2—-10keV range
is ~10% ergs™!, which is about eight orders of magnitude less
than the X-ray luminosity expected from the accretion of stellar
winds at the Bondi capture radius, rg & 4 arcsec(T,/10” K)~!. This
has been often explained by the presence of RIAFs (Blandford &
Begelman 1999), which involve a powerful wind that is responsible
for the loss of mass, angular momentum, and energy from accreting
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material (Yuan, Bu & Wu 2012; see also Yuan & Narayan 2014 for
areview).

Besides the RIAF mechanism of accretion the outflow may be
supported by stellar winds from ~100 hot, massive OB/WR stars
that are known to be present at ~1-10 arcsec, or it may be launched
by the activity of compact remnants indicated by diffuse hard X-ray
emission (Perez et al. 2015). It is also not clear whether the outflow
is isotropic or rather anisotropic. However, the recent analysis of
radio interferometric observations showed that the closure phase
remained zero within uncertainties, which indicates that the outflow
is rather symmetric outside ~100r, from Sgr A* (Park et al. 2015).

In this paper we investigate the effect of an isotropic outflow
from the Galactic Centre with different terminal velocities (v,) on
the stellar bow-shock properties. The fundamental feature studied
here is the temporal asymmetry of a bow-shock evolution due to the
outflow from the centre. Using an analytic solution of Wilkin (1996)
we construct a semi-analytical toy model that can be used to investi-
gate the bow-shock properties (equilibrium stand-off distance, shell
velocity, surface density, emission measure maps) for different out-
flow velocities and a large span of distances from Sgr A*.

The basic qualitative properties of the asymmetry are general and
are applicable to any wind-blowing source moving in the potential of
the SMBH. To show specific results, we apply the model to the DSO
(Eckart et al. 2013), also named G2 (Burkert et al. 2012; Gillessen
et al. 2012), which is being monitored in detail and shows signs of
being an infrared-excess dust-enshrouded star with the basic char-
acteristics of a young T Tauri star (see Murray-Clay & Loeb 2012;
Ballone et al. 2013; Eckart et al. 2013; Scoville & Burkert 2013; De
Colle et al. 2014; Zajacek, Karas & Eckart 2014; Valencia-S. et al.
2015, for details). Our basic set-up is similar to the 2D hydrody-
namic simulations of Ballone et al. (2013) and 3D hydrodynamic
simulations of De Colle et al. (2014). We complement their work
by analysing the effect of the outflow from the Galactic Centre on
bow-shock properties. Although our semi-analytic approach does
not allow us to trace microphysical processes along the shocked
layer in detail, it can be easily used to track the evolutionary trends
of the bow-shock source along the whole orbit and a large span of
distances from the Galactic Centre, which would be computation-
ally highly demanding using 3D hydrodynamical calculations. The
qualitative results can be applied to any bow-shock source that is
followed along the orbit and its bow-shock emission is at least par-
tially resolved. Even if the orbit of the source is not determined, the
internal properties of the bow shock depend not only on its distance
from Sgr A*, but are also influenced by the sense of motion with
respect to the source of the outflow in the Galactic Centre.

The structure of the paper is as follows. In Section 2 we describe
the model set-up and the calculation of characteristics of stellar
bow shocks. We continue with the description of the main results
in Section 3, where we focus on the formation of asymmetry in
the bow-shock evolution along the orbit (Section 3.1) and calculate
the shell velocity (Section 3.2) and density profiles (Section 3.3)
as functions of both the distance from the SMBH and the angle
measured along the bow shock. We calculate the emission measure
maps in Section 3.4. In Section 3.5 we compare the bow-shock
emission measure to the other possible sources of emission — the
stellar wind and pre-main-sequence accretion. The analysis of the
Doppler contribution of the shell velocity field to the emission of
bow-shock sources is presented in Section 3.6. In Section 3.7 we
revisit the previous estimates of non-thermal emission for a stellar
bow shock at the peribothron and compare it with the passage of a
coreless gas cloud. We discuss the results in Section 4 and conclude
in Section 5.
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2 DESCRIPTION OF THE BOW-SHOCK
MODEL SET-UP

In this section we describe the mathematical details of an adopted
bow-shock model. We consider a momentum-supported bow-shock
model originally proposed by Baranov, Krasnobaev & Kulikovskii
(1971). The analytical solution and the formalism of the momentum-
supported, geometrically thin bow shock were developed by Wilkin
(1996, 2000), where the reader can find the full derivation. Here we
extend the analytical scenario by a semi-analytical treatment of the
bow-shock evolution along the orbit.

We consider a star on a nearly radial, highly eccentric orbit
(e 2 0.9) around the SMBH. As a first approximation, the ambient
medium is described by the spherically symmetric temperature and
density profiles, equations (2) and (3). The outflow is assumed to be
isotropic with the characteristic terminal outflow velocity v,. The
basic set-up is illustrated in Fig. 2.

Young, low-mass stars in the Galactic Centre region, which the
DSO source may belong to, seem to have a proplyd-like, bow-
shock appearance (Yusef-Zadeh et al. 2015a). Several sources ex-
hibit strong NIR excess (Eckart et al. 2013), and the spectral de-
composition implies that they are probably young stars surrounded
by dust shells (Eckart et al. 2004). They are embedded within the
photoionized H 1 region of the central cavity. The central region
ionized by massive OB stars is similar to the expanding M42 region
in the Orion nebula. Young, low-mass stars of LL Ori type (Bally
et al. 2000; Bally & Reipurth 2001) have radiative winds that drive
a shock into the ambient medium. In order to apply the exact so-
lution of Wilkin (1996, 2000) to study the evolution and properties
of stellar wind bow shocks near the Galactic Centre, we assume the
following properties.

(i) The bow shock is momentum-supported, i.e. the internal mo-
mentum is conserved within the shell.

(ii) The post-shock cooling is efficient. Consequently, the shell
of shocked gas becomes geometrically thin.' In other words, the
cooling parameter X = fcool/tayn, Where f.o01 is the cooling time-
scale of the shocked gas and #q4y, is the dynamical time-scale of the
system, is assumed to be smaller than 1. Especially slower winds
(v <300kms™!) seem to be susceptible to radiative cooling in the
high-pressure environment of Sgr A* (Cuadra et al. 2005).

(iii) The stellar wind with the terminal velocity v,, is isotropic
and stationary. The density profile of the circumstellar medium is
then given simply by the relation p,, = riry, /(47172 vy,), where 7i1,, is
the stellar mass-loss rate and r, is the distance from the star.

(iv) At each point of the stellar orbit the equilibrium bow-shock
structure is approximately reached; see Appendix A for estimates.
The density of the ambient medium p, is given by equation (2). We
neglect the density gradient at a given position of the star from the
centre as well as the velocity divergence of the ambient flow, which
are small for a fixed distance and do not affect the main features of
orbital asymmetry studied here. See Appendix B for details.

The star passing through the interstellar medium around the
SMBH is characterized by the mass-loss rate 1, and terminal
stellar wind velocity vy,. An important variable is the relative ve-
locity of the star with respect to the surrounding medium v, =
v, — v,. In general, the bow-shock geometry may be described by
spherical coordinates (R, 6, ¢), where R is the distance of the shock

! This does not imply that the material is optically thin. The term thin bow
shock is used to denote a bow shock with negligible geometrical thickness
in comparison with the stagnation radius.
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Figure 2. Left: illustration of the model set-up — wind-blowing Dusty S-cluster Object (DSO) on an eccentric trajectory around the SMBH in the post-
peribothron phase. The figure inset depicts the geometry of the axisymmetric bow shock. The stand-off distance Ry is labelled as well as the distance R = R()
of the bow shock at angle 6 from the axis of symmetry. Right: the exemplary evolution of the bow-shock geometry along an eccentric trajectory. In this case

3

the ambient flow is considered negligible with respect to the stellar motion. The colour axis shows the particle density per cm’ according to the profile given

by equation (2).

from the star, 6 is the angle from the z-axis (the axis of symmetry
for axisymmetric bow shocks; see Fig. 2), and ¢ is the polar angle
in xy-plane. We also define the cylindrical radius w = Rsin6 and
denote the velocity of the flow in the shell as v,. The relative velocity
of the star has the direction of the z-axis, v = vy€;.

The material within the shell of a stellar axisymmetric bow-shock
flows along a slice with constant ¢ (Wilkin 1996). The flux of the
mass along any slice of angle A¢ may be expressed as

A = wyo Ag, 4

where o is the surface density within the shock. In an axisymmetric
bow-shock model, the flux of the mass from the stellar wind and
the ambient medium (along any slice) may be also expressed as

A = % fu(@)Ag, )]

where the function f;,,() depends on an adopted axisymmetric bow-
shock model.

The momentum flux in the shell resulting from the momentum
imparted by the stellar wind and ambient medium may be expressed
using model-dependent functions f,,(0), f.(6) (separately in w and
z directions):

. My Uy,
All, = 7 f.0)Ad, (6)
T
. Ty Uy
Ally, = o fuw(@)Ad. N

Consequently, the velocity in the shell v, may be expressed in
terms of its components v,, and v.:

O
Uy = Uy )’ ®)
20
N, ©

as v, = /v2 + v2, leading to

0)2 ~(0)?
oy VIO + £6F 10
Jm(0)
Let us denote the coordinate across the shell of the bow shock
by [/ and the total thickness of the shell by 4. The flow in the
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bow shock creates centrifugal pressure and the final shape of the
shock is determined by the balance of the ram pressure of both
the stellar wind and ambient medium flows on one hand and the
centrifugal pressure on the other hand. Then, assuming that the
flow is characterized by isothermal sound speed c;, the surface
density o of the shell of the bow shock can be calculated as (Cant6,
Raga & Gonzilez 2005)

h H
o= pdl==(P,— Py, an
0 s
where H = ¢?/g is the pressure scaleheight; g is the centrifugal
acceleration of the flow. The pressure of the ambient flow, P, =
pa(r)v2, . and the pressure of the stellar wind Py, = py(R)V .
depend on normal components of corresponding velocities, which

can be expressed in an axisymmetric form as (Cantd et al. 2005)
sinf[R cos + (OR/00) sin 6]
V/[R*+ (dR/36)*]sin? 0

Rsinf
v .
" VIR* + (QR/36) ] sin’ 6

The surface density o can be also calculated by combining the
expressions for the mass flow and the velocity along the shell,
equations (4) and (10), respectively.

In order to produce the emission maps of hydrogen line emission
or free—free continuum emission we follow Cant6 et al. (2005) who
calculate the emission measure by integrating the square of the
density profile across the shell in the following way:

2m*c2

VUrel,n = vrel(r) (12)

(13)

Vw,n =

h
EM=/ (p/m)*dl = (14)
0

wherem & 1.4my, is the average mass per ionized hydrogen particle.

2.1 Application to a single axisymmetric bow shock around
the SMBH

An exact solution for a thin shell bow shock was found by Wilkin
(1996) for the case of an isotropic stellar wind and homogeneous
ambient medium. We apply this model for every point of the stellar
orbit around the SMBH and calculate the properties of the equi-
librium stellar bow shock along the trajectory (a similar approach
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was already used in Zajacek et al. 2014). In this way we create a
semi-analytic toy model that can be used to easily investigate the
changes of basic bow-shock characteristics along the orbit.

The bow-shock shape R = R(f) in the axisymmetric thin shell
model can be expressed analytically as follows (Wilkin 1996):

R = RycscO+/3(1 — O coth), (15)

where Ry is the stagnation radius given by the equilibrium of the
ambient and the stellar wind ram pressure,

Ty Uy
Ry =/ . 16
0 47Tloavr2el ( )

The 3D model is generated by rotation around the z-axis:

R3p(6, ¢) = rot{R(6), ¢}, 0° < ¢ < 180°. an

In the following expressions we will use the dimensionless cylin-
drical radius w = w/Ry. Let us define the ratio of relative velocity
and stellar wind velocity, & = v, /vy. Then, in the framework of the
thin-shell axisymmetric model (Wilkin 1996), the model-dependent
functions f;,(0), f,,(6), and f.(f) may be expressed in terms of the
angle 6 along the shocked layer, the cylindrical radius w, and the
ratio of the relative and stellar wind velocities o:

=2

fu(®) = (1 — cos0) + % (18)
fu(®) = %(9 — sin@ cosh), (19)
£:(0) = %(sinz 6 —w). (20)

Using equations (4), (10), and (14) and the functions for the
axisymmetric thin bow-shock model, equations (18)—(20), we may
calculate basic characteristics of stellar bow shocks that can be
tested observationally.

Finally, the axisymmetric bow-shock model applied throughout
the paper gives the following relations for the thin-shell velocity v,
and surface density o (Wilkin 1996), respectively:

V(6 = sinf cos ) — (sin? 6 — w2)?
20(1 — cos0) + w>

; @n

VUt = Vrel

[2a(1 — cos 0) + w*]?
0 .
“2w1/(6 — sinf cos0)? — (sin® 6 — W)

=Ry (22

For a given angle 6 along the shocked layer, the emission measure in
the axisymmetric case is computed using equation (14). The exact
formula is as follows:

a(9)

272

N paV2[R cos O + (dR/dO) sin0]* + pyv2 R
R? + (dR/d0Y? ’

EM(0) =

(23)

where the radial distance R of the shock from the source is given by
equation (15) and the derivative with respect to the angle 6 may be
expressed in the following way:

3(0 — cosOsinf)

dR
— = Rpcsch ——
do 2w sin?

—wcoth| . 24)

The model is applied for the case of a single star on an eccentric
trajectory around the SMBH. We set the mass-loss rate of the star,
iy, to 1078 M yr~! and the terminal stellar wind speed, vy, to
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200 km s~!. These are based on a comparison of the observed emis-
sion of the DSO with the model of a pre-main-sequence accreting
star (Valencia-S. et al. 2015); see also Scoville & Burkert (2013)
for a discussion of the T Tauri star model of DSO.

An exemplary evolution of the bow-shock geometry along the
trajectory of a stellar source is depicted in Fig. 2 (right-hand panel),
where the ambient flow is negligible with respect to the motion of
the star and the density distribution of the ambient medium is colour-
coded. In our model calculations we assume the mass of the SMBH
of 4 x 10° M and its distance from the Sun is 8 kpc, which is in
the range of values inferred by independent measurements (Genzel
et al. 2010).

3 QUALITATIVE PROPERTIES OF TEMPORAL
ASYMMETRY FOR AN EQUILIBRIUM

BOW SHOCK: DUSTY S-CLUSTER OBJECT

AS CASE STUDY

The NIR excess source DSO has been highly monitored during
its passage around Sgr A* (Witzel et al. 2014; Pfuhl et al. 2015;
Valencia-S. et al. 2015, and references therein) since its discov-
ery (Gillessen et al. 2012). The DSO shows several characteris-
tics of a dust-enshrouded young star, namely emission lines with a
large full width at half-maximum (FWHM) of the order of 1 nm (see
Valencia-S. et al. 2015, for detailed discussion). Since the source
has been reported to remain spatially compact during the pericentre
passage® and immediate post-pericentre phase (Witzel et al. 2014;
Valencia-S. et al. 2015; see also Bally 2015, for a recent review), it
can serve as a probe of the properties of the ambient medium during
the post-peribothron phase of its orbital evolution.

The estimate of accretion rate 71, is determined using the tight
correlation between Bry emission-line luminosity and accretion
luminosity for young stellar objects (see Valencia-S. et al. 2015,
for details). The mass-loss rate is then estimated using the ratio
iy [ 2 0.01—0.1 that is verified both theoretically and obser-
vationally for several T Tauri stars (Edwards et al. 2006; Ferreira,
Dougados & Cabrit 2006). The adopted terminal wind velocity
of 200kms™! lies in the range ~50-400kms~! expected for su-
personic outflows of T Tauri stars (extended disc winds, X-winds
or stellar winds; see Ferreira et al. 2006, for a derived diagnos-
tic diagram). A typical Mach number for the stellar wind is then
M, ~ 8.52v, T[l/z, where v, = v,,/100kms~! is the terminal
wind velocity and T, = 7/10* K is the isothermal temperature of
the wind. Given the uncertainties the computed bow-shock charac-
teristics presented here can differ by a factor of a few in absolute
terms, but their qualitative evolution is not affected.

We study the evolution of basic bow-shock characteristics, mainly
the size, orientation, surface density, and emission measure, for
different velocities of the isotropic ambient outflow, specifically
for a negligible outflow velocity and a terminal outflow velocity
of 500, 1000, and 2000 kms~!. The last value is close to the one
found from the analysis of X3 and X7 comet-shaped sources (Muzi¢
et al. 2010). We assume an isotropic outflow, whose origin can be
the ensemble of stars closer to the SMBH or an outflow from Sgr
A* itself. The ambient density distribution is kept the same in all
cases (see equation 2). So for increasing outflow velocities the
ambient outflow rate M, needs to be changed accordingly to match
the ambient density profile, for the hydrostatic equilibrium case
M, X p,v,.

2 We use pericentre and peribothron interchangeably.

MNRAS 455, 1257-1274 (2016)
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Figure 3. Left: temporal evolution of the stagnation radius Ry, equation (16), for different velocities of the outflow (see the legend). The solid lines represent
the stagnation radius as measured in the orbital plane, whereas the dashed lines stand for the projected angular scale of the stagnation radius based on the
inferred inclination of 113° for the DSO source (Valencia-S. et al. 2015). Right: the ratio of relative velocity and stellar wind velocity, @ = vre] /vy, as a function
of the distance from the SMBH (in milliparsecs). The black line denotes the case for negligible outflow; for non-zero cases an asymmetry develops between
the pre-peribothron (dashed lines) and post-peribothron evolution (solid lines). The quantities in both panels were computed for the inferred highly elliptical

orbit of the DSO source (Valencia-S. et al. 2015).

Whereas the spherically symmetric stationary inflow (Bondi
1952) represents one of the first detailed scenarios of SMBH accre-
tion with zero angular momentum near the horizon (Melia 1992;
Blandford & Begelman 1999; Melia & Coker 1999; Melia, Liu &
Coker 2000), it has to be matched with an outflow at larger radii. An-
alytical estimates from the Bondi flow can be employed to relate the
accretion rate to temperature and density measured near the Bondi
capture radius, rg >~ 4 arcsec T{l, where T is temperature in units
of 107 K. Subsequently, these can be tested in the X-ray regime (e.g.
Baganoff et al. 2003; Wang et al. 2013). An outflow prevails above
the characteristic Bondi radius, where the material is supplied by
hot-star winds present in the region (Quataert 2004; Martins et al.
2007). The outflow exceeds the amount of the inflowing material by
orders of magnitude (Marrone et al. 2006). Substantial uncertainties
still persist regarding the interpretation of the quiescent state of Sgr
A*; nevertheless, many of them can be addressed within the radia-
tively inefficient scenario of RIAF models (Narayan & Yi 1994;
Quataert & Gruzinov 2000; Das 2001).

3.1 Formation of temporal asymmetry of bow-shock
properties due to central outflow

Even for the symmetric outflow from the Galactic Centre and an
isotropic stellar wind, the star-SMBH system can behave asym-
metrically along the trajectory of the source. This can be shown
by the evaluation of the stagnation radius Ry, equation (16), along
the orbit, which is illustrated in the left-hand panel of Fig. 3. Un-
surprisingly, for no outflow, the maximum of the stagnation ra-
dius, Ry &~ 100 mas, occurs at the apobothron, where the ambient
pressure is the smallest. The minimum of the stagnation radius,
Ry ~ 0.1 mas, is at the peribothron where the relative velocity as
well as the ambient pressure are the highest.

For increasing outflow velocities, the asymmetry between pre-
peribothron and post-peribothron phases develops: the minimum of
the stagnation radius stays at the peribothron; however, the maxi-
mum shifts from the apobothron towards the peribothron and occurs
during the post-peribothron phase; see Fig. 3 for comparison. The
solid lines stand for the values in the orbital plane, the dashed lines

MNRAS 455, 1257-1274 (2016)

depict the projected values according to the current orbital solution
of the DSO (Valencia-S. et al. 2015).

The evolution of the stagnation radius of the bow shock is
determined by the value of the «-function, & = v, /vy The plot of
the function « for different outflow velocities as a function of dis-
tance from the SMBH is in Fig. 3 (right). It can be clearly seen that
the case with zero outflow is symmetric (black solid line), whereas
for the non-zero outflow the asymmetry is apparent between pre-
peribothron phase (dashed lines) and post-peribothron phase (solid
lines). At a fixed distance the difference becomes larger for stronger
ambient wind; see Fig. 3 (right-hand panel).

3.2 Shell velocity profiles

The shocked gas layers — ambient and stellar wind shocks — are
assumed to mix efficiently and quickly cool radiatively, which is
typical of low-mass pre-main-sequence stars interacting with H 1t
regions. Using equation (10) we evaluate the velocity profile of the
shocked flow both as a function of the spherical angle 6 (9 = Orad
corresponds to the vertex of the bow shock and 6 close to rtrad
covers the bow-shock downstream region, further beyond the star)
and the distance from the SMBH. The colour-coded profiles are
plotted in Fig. 4: the left-hand column depicts the pre-peribothron
profiles and the right-hand column the post-peribothron ones. These
maps show the values of the ratio between the shell velocity v, and
the relative velocity vy, vi/vr. The plots have two vertical axes:
the left one shows the values of the spherical angle 6 as measured
along the bow shock and the right one depicts the values of the «-
function, o« = v /vy, Which is plotted as a grey curve. The absolute
value of the shell velocity for a given distance can be determined
from the a-function by knowing the stellar wind terminal velocity
(vy = 200kms~') in our model calculations.

The basic feature is that the velocity is close to zero near the
vertex of the bow shock across all distances from the SMBH as
well as different ambient velocity outflows. Furthermore, there is
an increase downstream towards higher angles and at 6 ~ 3 rad the
ratio o approaches unity, v/ve & 1.

The velocity profile along the bow shock, however, varies with
the distance of the source from the SMBH, which is caused by
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Figure 4. The colour-coded profiles of the velocity along the bow-shock shell (in units of the relative velocity of the star with respect to the ambient medium)
as a function of the distance from the SMBH (horizontal axis, expressed in pc) and the spherical angle (left vertical axis, measured from the bow-shock
symmetry axis in radians). The left-hand column contains pre-peribothron velocity profiles, the right-hand column depicts post-peribothron velocity profiles.
The ratio of the relative velocity and the stellar wind velocity, vre/vyw, as a function of the distance is plotted as a grey line and its values are along the right

vertical axis.

the change of the ratio & = v, /vy. Near the peribothron the ratio
Vrel/ Uy 18 largest and the shell velocity remains below 0.4v, up to
6 ~ 3rad and then rises steeply. The ambient outflow leads to the
minimum of the ratio v, /v, in the post-peribothron phase. At this
minimum the shell velocity reaches the values above 0.5v, closer
to the vertex of the bow shock and the overall profile is flattened
downstream. The asymmetry between the pre- and post-peribothron

phase is apparent: in the pre-pericentre part (left-hand side of Fig. 4),
the region where v, & v, shrinks downstream towards the higher
angle for stronger outflows. For comparison, in the post-peribothron
part (right-hand panel in Fig. 4), the range of the distance from the
SMBH, where the profile of the shell velocity v, increases steeply
close to the bow-shock vertex and then flattens out downstream,
shifts from the apocentre closer to the SMBH. The stronger the
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Figure 5. Colour-coded plots of the surface density of the stellar bow shock as a function of distance from the SMBH and the spherical angle measured
from the symmetry axis of the bow shock. The surface density is expressed in 10~® gcm~2. The ratio of the relative velocity and the stellar wind velocity,
o = Vre] /Uy, is depicted as a grey line with the values along the right axis. The left-hand column corresponds to the pre-peribothron phase, while the right-hand

column shows the post-peribothron part of the orbit.

outflow velocity is, the closer to the SMBH this flat profile (with
the large shell velocity, v; & v) gets.

3.3 Surface density profiles

The surface density along the stellar bow shock can be computed
from equation (4) combined with the shell velocity profile given
by equation (10) for the thin axisymmetric bow-shock model. The

MNRAS 455, 1257-1274 (2016)

colour-coded plots of the surface density are shown in Fig. 5, which
are divided into the pre-peribothron phase in the left-hand column
and the post-peribothron phase in the right-hand column as in the
case of the shell velocity (see Fig. 4).

The surface density is expressed in absolute units, specifically
107° gcm™2, and is largest near the peribothron passage in all cases,
where the bow shock shrinks in size significantly; see Fig. 3 (left-
hand column). The analysis of the angular dependence for a fixed
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Figure 6. Emission measure maps of the DSO-like object normalized with respect to the maximum emission measure for each chosen epoch. The four cases
correspond to four different outflow velocities: 0, 500, 1000, and 2000 km s~!. The most apparent features are the change of the orientation and the size of the
bow shock, and the differences in the emission measure distribution along the shocked shell in the post-pericentre part of the orbit.

distance during the pre-peribothron stage shows that the surface
density drops for the downstream part, as expected. However, the
post-pericentre profile is different from the pre-pericentre evolution
— the decrease for larger angles is smaller and becomes apparent
only for stronger outflows near the apocentre of the orbit. There is
also a local maximum of the surface density at the distance where
the minimum of the ratio v./vy, occurs. This shallower profile
shifts closer to the Galactic Centre for stronger outflows.

3.4 Relative change of emissivity along the shocked layer for
different outflow velocities

‘We compute emission maps for the wind-blowing source on an ec-
centric trajectory around the SMBH, which is a plausible scenario
for the DSO. Using equation (14) we obtain the angular depen-
dence for the emission measure. These maps are transformed to
the observer’s frame and normalized with respect to the maximum
emission measure for each epoch (for the axisymmetric case the
maximum is at the vertex of the bow shock). The results for dif-
ferent outflows are displayed in Fig. 6. The most notable features
are the change of the bow-shock size, orientation, and the emission
measure distribution along the bow shock in the post-pericentre
part of the orbit for different outflow velocities. The bow-shock
size scales with the stagnation radius Ry, whose evolution is in the
left-hand part of Fig. 3. For a stronger ambient wind, the maxi-
mum bow-shock size shifts from the apocentre closer to the SMBH.
For negligible outflow the maximum angular size of the stagna-
tion radius is 96 mas, for 500kms~' outflow the radius decreases
to 53 mas, 1000kms~! outflow yields 19 mas, and the stagnation
radius shrinks to only 4 mas for an outflow of 2000 kms~!.

When the layer of the shocked gas is externally ionized by the
intense UV field and the shocked gas is approximately isothermal,
the maps of the emission measure directly express the emissivity of

hydrogen recombination lines and that of the free—free continuum
radiation. This is often the case in expanding H 1 regions, such
as the Orion nebula (Bally et al. 2000; Bally & Reipurth 2001).
The Galactic Centre mini-cavity may be considered to be such a
photoionized H 11 region, where massive OB/Wolf-Rayet stars pro-
vide Lyman continuum photons with the production rate of Npyc ~
10°° s~!(Serabyn & Lacy 1985).

The emission profiles as functions of the spherical angle change
with the distance from the SMBH as well as with the velocity
of the ambient flow; see Fig. 7 for 500 and 2000 kms~" outflow.
For the pre-peribothron part of the orbital evolution the emission
measure is largest near the axis of symmetry and then decreases to
one-thousandth of the peak value downstream for angles of <3 rad.
The comparison with the post-peribothron part (see the right-hand
column in Fig. 7) shows that there is a distance range where the
emission measure profile is flatter and decreases to one-thousandth
of the peak value for a larger angle, >3 rad. Again, this corresponds
to the minimum of the ratio v, /vy, Which is plotted as a grey curve
as in previous plots (Figs 4 and 5).

3.5 Evolution of bow-shock luminosity and comparison with
other sources of emission

Furthermore, we compute the volumetric emission measure of the
bow shock by multiplying the emission measure across the shocked
layer, equation (14), by the infinitesimal area of the bow shock at
angle 6, EMy = EM x 2mtw+/dz?> + dw?. By summing these con-
tributions across the bow-shock layer we get the integrated emission
measure that can be scaled to the luminosity for an optically thin
case. In order to compare with the observations of Bry emission line
of the DSO source, we transform the volumetric emission measure
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Figure 7. The colour-coded angular profile of the normalized emission measure as a function of the distance from the SMBH. Top panels: 500 kms~! outflow;
the left-hand panel corresponds to the pre-peribothron phase, the right-hand panel represents the post-peribothron evolution. Bottom panels: 2000 kms ™!

outflow.

to Bry luminosity using the Case B recombination factor (Ballone
et al. 2013, see also De Colle et al. 2014 for comparison):

Lpry A~ 3.44 x 1077(T/10*K)""EMy ergs ', (25)

where the temperature of the shocked layer is taken to be approxi-
mately constant, T = 10* K, due to the heating rate of UV field of
massive OB stars. We plot the temporal evolution of this luminos-
ity for different outflow velocities from the Galactic Centre in the
left-hand panel of Fig. 8. For all cases of the ambient outflow there
is an increase of the bow-shock luminosity from the apobothron to
the peribothron. For comparison, we compute the contribution from
the isotropic stellar wind that is being launched at 0.01 au (in ac-
cordance with the analysis of stellar winds of young stars; Ferreira
et al. 2006). This comparison shows that the circumstellar matter
can dominate for the typical parameters of a young star adopted here
and the contribution of the bow shock to the overall emission mea-
sure is of the order of 1 per cent at the pericentre and 2>0.01 per cent
at the apocentre (see the contribution of the circumstellar matter and
the overall luminosity in Fig. 8). The total luminosity of the wind
and the bow shock is stable and our adopted parameters for the
mass-loss rate, iz, = 1078 Mg yr‘l, and the terminal wind veloc-
ity, v, = 200 km s~!, approximately match the observed luminosity
of the DSO source, as seen in the range of observed values in Fig. 8
according to Valencia-S. et al. (2015, grey band).

MNRAS 455, 1257-1274 (2016)

In general, the ratio of the bow-shock luminosity to the luminos-
ity associated with the outflow (and also inflow) depends on the
mass-loss rate and velocity field, as well as temperature and density
of the circumstellar flow (see equation 25). Hence, the observability
of bow shocks varies for different stages of stellar evolution (see
Meyer et al. 2014, especially their table 3). As an exemplary case,
we compute the temporal evolution of Bry luminosity for an or-
der of magnitude larger mass-loss rate, rit, = 1077 Mgp yr~!, and
larger terminal wind velocity, v, = 600 km s~ (right-hand panel of
Fig. 8). In this case the bow-shock luminosity is comparable to the
stellar wind luminosity and is even greater at the pericentre of the
orbit. The total Bry luminosity can then increase by a factor of a few
during the pericentre passage. This is not detected by Valencia-S.
et al. (2015) but Pfuhl et al. (2015) report an indication of a small
increase.

An upper limit for the radiative bow-shock luminosity may be
simply derived from the sum of kinetic terms of colliding ambient
and stellar winds, since a fraction of the kinetic energy is thermalized
(Wilkin, Canto & Raga 1997; Mohamed, Mackey & Langer 2012):

. . . 1.

Eiot X Egmp + Eyind = Emw(vrzel + Ui,) . (26)
The temporal evolution of Em is shown in Fig. 8 (dashed

lines). The maximum value for the case with the mass-loss rate

of 7y, = 1078 M yr~! (left-hand panel of Fig. 8) is ~10% ergs™!
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Figure 8. Left: temporal evolution of Bry luminosity for the following intrinsic stellar wind parameters: 71y, = 108 Mg yr=!, vy = 200kms~!. The bow-
shock luminosity is computed for different outflow velocities (see the legend). The contribution of the circumstellar matter (wind) and the total luminosity
are also plotted for comparison. The grey areas mark the ranges of the observed Bry luminosity, bolometric luminosity, and the inferred accretion luminosity
of the DSO source around the peribothron passage; see also Eckart et al. (2013), Witzel et al. (2014), and Valencia-S. et al. (2015). Dashed lines represent
an upper limit for total radiative luminosity for different outflow velocities. Right: the same as the left-hand panel for the following stellar wind parameters:

fity = 107 Mg yr~!, vy = 600kms~!.

and the maximum for the case with s, = 107" Mg yr~! (right-
hand panel of Fig. 8) is one order of magnitude larger. One should
take into account that this upper limit is associated with the bolomet-
ric luminosity of the bow shock (not only Bry luminosity) and only
about 10 per cent of the kinetic energy is thermalized, as inferred
from the comparison with hydrodynamic simulations (Mohamed
et al. 2012). For completeness, the upper limit for the bolomet-
ric luminosity of the DSO is estimated to be ~10-~30L¢ (Eckart
etal. 2013; Witzel et al. 2014; Valencia-S. et al. 2015), which means
that the potential overall contribution of the bow-shock luminosity
to the luminosity of the DSO is of the order of <10 percent, as
inferred from the left-hand panel of Fig. 8, taking into account the
conversion factor of 10 per cent between the kinetic energy and the
radiative luminosity of the bow shock.

Another plausible contribution for the case of a young star is the
accretion flow on to the stellar surface whose origin is an accretion
disc surrounding the star; see Fig. 2 (left-hand panel) for illustration.
The density and the emission measure of material flowing along
accretion funnels was already computed and discussed in Valencia-
S. et al. (2015) for an axisymmetric magnetospheric model of the
accretion flow around the DSO. In the framework of the model of
a pre-main-sequence star there is a known correlation between the
line luminosity L(Bry) and the accretion luminosity L,.. (Alcald
et al. 2014):

10g (Luce /L) = 1.16(0.07) log [L(Bry)/L] + 3.60(0.38) .
27

For the DSO source, its measured Bry emission-line luminosity is
of the order of L(Bry) = fy.c x 1073 L and stays approximately
constant. The factor f; is of the order of unity. From equation (27)
we get the following values for the accretion luminosity, (1.3, 2.9,
4.7, 6.6) Lo for fiee = {1, 2, 3, 4}; see Fig. 8 for the comparison
with the bolometric luminosity of the DSO source and the range of
Bry luminosity.

The comparison of various contributions (bow shock, stellar
wind, accretion flow) indicates that the circumstellar matter can
dominate over the bow-shock emission. Hence, the overall luminos-
ity from the stellar bow-shock source can remain constant within
measurement uncertainties along its trajectory around the SMBH

unless the intrinsic properties of the star, i.e. inflow and outflow
rates, change considerably. Significant changes in both the inflow
and the outflow take place due to stellar evolution, which is expected
on the time-scale of 10°~10* orbital periods ( Py, A 100 yr for the
source closely bound to the SMBH in the S-cluster).

3.6 Contribution to the Doppler broadening of emission lines

The bow shocks of low-mass pre-main-sequence stars can be anal-
ysed using hydrogen recombination lines. It was shown (Scoville &
Burkert 2013) that the dense shocked layer of colder gas in the bow
shock could significantly contribute to the hydrogen line emission
of the DSO if it is a compact stellar source. The DSO has been
monitored using the Bry emission line and its line width is reported
to increase upon approaching Sgr A* (Pfuhl et al. 2015; Valencia-S.
et al. 2015).

The shell velocity increases from the stagnation point towards
the rear part of the bow shock, as seen in the shell velocity maps in
Fig. 4. The 3D velocity field along the shocked layer is displayed
in the left-hand panel of Fig. 9 in the coordinate system centred
on the stellar source. The shell velocity increases from 0km s~
at the vertex of the bow shock up to ~1000kms~! downstream
(the right-hand panel of Fig. 9). The velocity along the bow shock
decreases at stronger outflow velocities.

To illustrate the effect of the bow-shock flow on the width and
the shape of emission lines, we calculate the Doppler contribution
of the shell velocity field along the line of sight for pre-peribothron,
peribothron, and immediate post-peribothron phases. As a specific
example, we adopt the parameters of the DSO assuming itis a young
star (Valencia-S. et al. 2015). Plots of the emission measure as a
function of the line-of-sight shell velocity are depicted in Fig. 10
for two outflow models: no outflow (left-hand side) and a strong
outflow of 2000 kms~! (right-hand side). We assume an optically
thin bow-shock flow, i.e. the whole shocked layer contributes to the
observed line emission and there is no shielding effect included in
the computation. In Fig. 10 the line-of-sight velocity of the shocked
flow is corrected for the motion of the star around the SMBH.

We determine the size of the velocity span for an arbitrary value
of the normalized emission measure, which we set to 0.5. The
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Figure 9. Left: 3D velocity field of the shocked gas in the stellar bow shock. The units along axes are in astronomical units with the origin at the position of
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and the velocity field were adopted from the DSO model (siry, = 107 M yr~!, vy, = 200kms~") for the epoch of 2016.0.
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Figure 10. The plots of normalized emission measure versus the line-of-sight component of the velocity field of the shocked shell material. The depicted
coloured regions show the Doppler contribution to the emission line width from the bow shock of a stellar source moving around the SMBH. The left-hand
panel corresponds to the set-up with no outflow from the centre. The right-hand panel shows the model with a strong outflow of 2000 kms~! from the Galactic
Centre. The three bands of different colour correspond to the Doppler contributions for three different epochs: the black band indicates the pre-peribothron
phase (~2010.0 for the DSO source), green points mark the peribothron passage (~2014.4 for the DSO), and the red points correspond to the immediate
post-peribothron phase (~2016.0 for the DSO). These contributions are separately plotted in the figure insets. The orbital elements used for the calculation

correspond to the inferred orbit of the DSO source with the orbital inclination of i = 113° (Valencia-S. et al. 2015).

Table 1. The size of the line-of-sight velocity span for two ambient outflow scenarios (no outflow and 2000 kms ') and several epochs in
the pre-peribothron (2008.0, 2010.0, 2012.0), peribothron (2014.4), and post-peribothron phase (2016.0, 2018.0, 2020.0). The numbers
in bold stand for the velocity span at the peribothron of the DSO source. The corresponding profiles of the normalized emission measure
with respect to the line-of-sight velocity are plotted in Fig. 10 for three chosen epochs. The parameters for the calculation were adopted

from the stellar scenario of the DSO.

Outflow velocity

Velocity span at EM = 0.5

2008.0 2010.0 2012.0 2014.4 2016.0 2018.0 2020.0
(kms™") (kms™") (kms™") (kms™") (kms™") (kms™") (kms~!) (kms™!)
0 91 97 109 233 106 91 86
2000 116 123 138 218 137 182 162

comparison of the velocity span for the same value of the emission
measure at all epochs can be considered as measure of the change
of the line width of hydrogen recombination lines produced in the
bow-shock layer. The values of the velocity span for a given outflow
model and the epoch are summarized in Table 1.

MNRAS 455, 1257-1274 (2016)

The basic feature of the evolution of the velocity span is that
in both cases of the outflow model the width increases by ap-
proximately a factor of 2 towards the pericentre and then de-
creases by the same factor. Qualitatively, a similar tendency is
observed for the FWHM of Bry line for the DSO source: before
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Figure 11. Computed emission line profiles for the outflow of 1000 km s~
and different epochs in the pre-peribothron and post-peribothron part (see
the legend).

pericentre the FWHM was ~200kms™!, at the pericentre it in-
creased up to ~500kms ™!, and the first observations after the peri-
centre indicate its decrease (Valencia-S. et al. 2015). Although the
observed values of the line width seem to be larger in comparison
with our model, the Doppler contribution of the bow shock is mod-
ulated by the terminal speed of the stellar wind, which is highly
uncertain. For the young stellar sources the terminal wind speed
could be also larger by a factor of a few than the value used in our
calculation (we adopted vy, = 200kms™!).

The outflow from the centre causes the line width to increase
again in the post-peribothron phase at a certain epoch (see epoch
2018.0 in Table 1 for the case of 2000 kms~' outflow). This is
caused by the change of the orientation of the bow shock in the post-
peribothron case; see the epoch 2017.0 in Fig. 6 for 2000 kms~!-
outflow. The velocity span increases because of the contribution of
both approaching and receding flows in the shell.

The plots in Fig. 10 also indicate that the pre-peribothron emis-
sion measure profile is blueshifted and the post-pericentre profile
redshifted, which can skew the resulting line profile or at least
make it asymmetric. We demonstrate this by constructing synthetic
line profiles of bow-shock emission. First, we weigh the emission
measure calculated using equation (14) by the area of infinitesimal
bow-shock slices and these contributions are further normalized
with respect to the maximum. Consequently, we plot the weighted
normalized emission measure as a function of the line-of-sight ve-
locity of the shocked gas corresponding to the given slice (see Fig. 11
for the outflow velocity of 1000 km s~"). In the pre-peribothron part
the flow is intrinsically blue-shifted, whereas in the post-pericentre
part the emission is redshifted. The profile is highly asymmetric and
variable in all cases. This is consistent with the observed spectra
of bow-shock knots present in Herbig—Haro objects (see e.g. Grady
etal. 2010).

3.7 Non-thermal emission of bow shocks near the
Galactic Centre

The non-thermal emission of Sgr A* in the radio/sub-mm regime
arises due to synchrotron radiation from relativistic electrons, and
is highly variable on time-scales ranging from minutes to days and
months. The pericentre passage of the DSO was predicted to lead to
an increase in radio/sub-mm emission in two ways: by an increase
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in accretion of matter into the central black hole, and by interac-
tions with the hot plasma near the black hole leading to the forma-
tion of a bow shock. The bow-shock interaction with the accretion
flow would lead to the acceleration of electrons to relativistic ener-
gies, producing synchrotron emission peaking at ~1 GHz (Narayan,
Ozel & Sironi 2012; Crumley & Kumar 2013; Sadowski et al. 2013).
Depending on the models used, this excess flux density, which scales
linearly with the size of the cloud, ranges from 0.02 to 22 Jy. For
a pure cloud scenario, Sadowski et al. (2013) predict fluxes of 1.4—
22 Jy at 1.4 GHz for a cross-section of 10** cm? while Shcherbakov
(2014) predict lower fluxes of ~0.3 Jy for a magnetically arrested
cloud model of smaller cross-section (~10?° cm?). For the case of
a bow shock arising from the wind driven by a star, Crumley &
Kumar (2013) predict a radio flux density of 0.02 Jy.

Here we revisit calculations of synchrotron emission to com-
pare the scenarios of a star and a cloud for updated orbital elements
(Valencia-S. etal. 2015) and our model set-up (ambient medium and
parameters of a young star). Moreover, we assess scenarios with
different outflows from the centre. Following the theory outlined
in Crumley & Kumar (2013) and Sadowski et al. (2013, see also
Rybicki & Lightman 1979) we compute the synchrotron flux around
the peribothron passage at a fixed frequency of 1.4 GHz (light curve;
see Fig. 12, left-hand panel) and subsequently we calculate the
spectrum of the passage for the peribothron epoch taking into ac-
count synchrotron self-absorption (Fig. 12, right-hand panel). For
the light curve we also compare two possible limits of synchrotron
emission: plowing model (where all accelerated electrons are kept
in the shocked region and radiate in the shocked magnetic field;
solid lines) and local model (where accelerated electrons leave the
shocked region and radiate in the unshocked magnetic field; dashed
lines). For both scenarios, a star and a gas cloud, the flux peaks
close to the peribothron, with the peak flux of ~0.4Jy for the gas
cloud with the fixed cross-section of Agouq = 70 X 10°° cm? as in
Crumley & Kumar (2013) and the maximum flux of ~0.45 mJy for
the stellar model in this work. The difference is as much as three or-
ders of magnitude, which is also apparent in the spectrum in Fig. 12
(right-hand panel), where the non-thermal flux associated with the
star is below the intrinsic emission of Sgr A* across all frequencies
for which reliable measurements were performed (observed flux de-
noted by green points for particular frequencies was collected from
Davies, Walsh & Booth 1976; Falcke & Markoff 2000; Zhao et al.
2003; Marrone et al. 2008). This is also consistent with the findings
of Crumley & Kumar (2013). We also find a small difference for
different outflow velocities in the pre-peribothron phase, with the
smaller flux for the stronger outflow. This difference is, however,
negligible and in the post-peribothron phase the light curves have
the same profile for all outflow velocities considered here.

Long-term observations of Sgr A* in the radio/sub-mm regime
in 2013 and 2014 have not detected any significant increase in
flux density beyond the intrinsic variability of Sgr A* (Bower,
Brunthaler & Falcke 2013; Bower et al. 2015; Park et al. 2015).
There was also no significant change in the spectral index reported,
as would be expected by differences in spectra between intrinsic flux
of Sgr A* and that of a bow shock; see the right-hand panel of Fig. 12
for comparison. Bower et al. (2015) estimate an upper size limit
of ~2 x 10?° cm? to the DSO based on the absence of bow-shock
emission at 1.4 GHz. Peri, Benaglia & Isequilla (2015) discuss the
possibility of non-thermal radio emission by electrons accelerated in
a bow shock of runaway/wind-blowing stars. Both the synchrotron
and inverse-Compton mechanisms are viable candidates depend-
ing on the (largely uncertain) magnetic field intensity in the bow-
shock region. The latter process is more likely to be relevant for the
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Figure 12. Left: light-curve profile at 1.4 GHz for the non-thermal emission of a bow shock formed by a star or a coreless gas cloud moving supersonically
at low Mach numbers close to the Galactic Centre. In the calculation we considered both the plowing limit of synchrotron emission (solid lines) as well as the
local model (dashed lines). Different outflow velocities were also taken into account for the passages of a star (see the legend). The vertical line denotes the
peribothron passage. Right: spectrum profiles of synchrotron emission for a star and a cloud. The vertical line represents the frequency of 1.4 GHz considered
in the calculation of the light curve. The high-energy power-law spectrum of accelerated electrons has a slope of p = 2.4 in our calculations, in accordance
with the simulations of Sadowski et al. (2013). The green points represent the measurements of the intrinsic flux of Sgr A* (see the text for references). The
bow-shock spectral profile and the spectrum of Sgr A* have a different spectral index for v 2 1 GHz. The distance to the Galactic Centre was taken to be 8 kpc.

production of high-energy photons. However in this case the ex-
pected signal is generally weak compared to the infrared band and
many bow-shock stellar sources exhibit no detectable radio emis-
sion. In particular, observed peribothron passages of short-period
stars S2 and S102 did not produce any flare (within uncertainties)
above the quiescent emission of Sgr A* that would be typical of
synchrotron emission associated with a stellar bow shock (with the
power-law spectral distribution Socv®, where o < 0; see light curves
at 15 and 23 GHz in Herrnstein et al. 2004). However, Ginsburg
et al. (2015) analyse the possibility of the detection of non-thermal
bow-shock radiation and the synchrotron emission associated with
the bow shock of S2 star should be detectable for larger stellar mass-
loss rates of the order of 107> Mer‘1 and faster stellar winds of
the order of 103 kms~'.

In conclusion, the lack of enhancement in the radio domain of
the flaring activity during the 2014 DSO peribothron passage turns
out to be consistent with the compact stellar scenario, where the
bow-shock non-thermal emission associated with the moving body
is expected to be weak, rather than a core-less gas cloud, where
a more significant increase has been expected (see Fig. 12 for a
comparison of both scenarios).

4 DISCUSSION

The basic feature studied in this paper is the formation of temporal
asymmetry of the variation of bow-shock properties along the orbit
of a star moving through a spherically symmetric outflow. Even
if the ambient medium obeys perfect spherical symmetry of tem-
perature and density profiles and the interaction of the star with its
environment is approximately axially symmetric (Wilkin 1996), the
coupled system of the star-Galactic Centre behaves highly asym-
metrically when the post-pericentre and the pre-pericentre phases
of the orbit are compared for different outflow velocities.
Although the presented toy model uses several assumptions (see
Section 2) that may be violated to a certain extent in the complex
Galactic Centre region, it enables one to carry out a fast calculation
of the basic trends of bow-shock features, namely the size and
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the orientation of the bow shock, change of its velocity profile,
the Doppler contribution to its line emission, and the shocked layer
density profile as functions of distance and time. The most important
part of the analysis can be mainly performed by comparing the
observed hydrogen line emission or free—free continuum maps with
emission maps calculated from this model.

Since the first observations of the stellar proper motions in the
S-cluster (Eckart & Genzel 1996, 1997), orbits of several stars have
been well-constrained (Gillessen et al. 2009). Given the condition
that the bow-shock emission is resolved, the observed signal could
be studied and investigated for the basic signs of asymmetry. The
upcoming interferometric observations with the 6-baseline interfer-
ometer GRAVITY in NIR K band (Eisenhauer et al. 2011) may
provide the evidence for these trends of stellar bow-shock evolu-
tion, especially for the case of the post-peribothron evolution of the
DSO and the pericentre passages of S2 and S102 stars, which have
orbital periods of the order of 10 yr.

The current monitoring of the DSO infrared source is ideally
suited for testing the properties of the ambient medium. The source
size based on the analysis of the Bry emission line maps (Valencia-
S. et al. 2015) is limited to the region of <20 mas, which is con-
sistent with the outflow (see the temporal evolution of the stag-
nation radius in Fig. 3). However, the source has been monitored
only close to its pericentre passage so far. If the bow shock con-
tributes to the observed emission of the DSO and the ambient out-
flow is non-negligible, we expect the following trends during its
post-peribothron evolution.

(i) The bow-shock size increases and the source reaches the point
along its orbit where the minimum of the ratio v, /vy, occurs.

(ii) At this point the bow shock reaches its maximum size (see
the stagnation radius evolution in Fig. 3); for the DSO source and an
outflow velocity of 2000 kms~! the maximum occurs at year ~2019,
for v, = 1000 kms ™" at the epoch of ~2030, and for v, = 500 kms ™!
at ~2060.

(iii) The stronger the spherical outflow, the sooner the source
reaches this domain after the peribothron.
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(iv) This phase is also characterized by a different velocity, den-
sity, and emission profiles (see Figs 4, 5, and 8, respectively). It is
especially notable that at the maximum of the bow-shock size the
emissivity drops downstream more slowly than before or after this
phase.

(v) The broadening of the bow shock during the post-pericentre
phase causes a drop in surface density, which can help to detect the
central star, unless it is further shielded by the circumstellar dusty
envelope and a disc with accretion streams.

It is not yet clear if a stable bow-shock structure has developed
in the case of the DSO source. There can be different sources for
its observed hydrogen emission lines, such as the accretion funnels
from a circumstellar disc, as is discussed in Valencia-S. et al. (2015)
in detail. However, even if the outlined trends corresponding to the
stellar source—outflow interaction are not observed, it could have
one or more of the following implications for the ambient medium
and the source itself.

(1) There is no significant gas outflow from Sgr A*, which
would be in contradiction with the analysis of X3/X7 comet-shaped
sources and the mini-cavity formation theory,

(ii) or outflow from Sgr A* is not isotropic,

(iii) or the outflow is launched at larger distances due to the stellar
winds of massive OB/WR stars.

(iv) DSO is a very compact source and/or it has no significant
stellar wind (which has implications on the type of the central star),
which would cause the density along the shocked layer to be low
and the resulting emissivity of the bow shock below the detection
limit. Consequently, the contribution of the shocked gas layer to the
line width would be negligible as well.

(v) The ambient medium around the Galactic Centre is more
diluted than assumed, see equation (2), which causes the ambient
pressure to decrease. Hence, the bow-shock emission also drops;
see equation (14).

(vi) If the ambient medium contains inhomogeneities of the
length-scale H, which is of the order of H/R, ~ 1, it will lead
to the degeneracy in the observed asymmetry, i.e. it will be diffi-
cult to disentangle the outflow and the inhomogeneity contribution.
Moreover, these inhomogeneities would increase the density gradi-
ent locally, leading to the intrinsic asymmetry of the bow shock, for
which the generalized solution of Wilkin (2000) applies.

A stellar bow shock is also susceptible to several hydrodynamic
instabilities, namely

(i) Rayleigh—Taylor instability due to centrifugal acceleration of
the flow,

(ii) Kelvin—-Helmholtz instability due to relative velocity shear
between the forward and the reverse shock layers,

(iii) radiatively cooled thin shells (with cooling parameter
X = lteool /tayn <K 1), which are also susceptible to non-linear thin-
shell instability (Vishniac 1994) and transverse acceleration insta-
bility (Dgani, Walder & Nussbaumer 1993).

Moreover, Dgani, van Buren & Noriega-Crespo (1996) investi-
gate the stability of stellar bow shocks using linear stability analysis.
They find that the bow-shock stability in the thin-shell limit depends
on the single parameter «, which is the ratio of the relative velocity
of a star with respect to the ambient medium and the stellar wind
velocity, Vre /Vw. Bow shocks with v /vy, < 1 are more stable than
those with v, /vy, > 1. Based on this result bow shocks associated
with stellar sources around the SMBH are expected to be more sta-
ble near the apobothron, where the ratio « is smaller in comparison

Bow-shock evolution along the orbit 1271

with the peribothron value, where the ratio reaches vy /vy ~ 35
(right-hand panel of Fig. 3).

On the other hand, there are several mechanisms that inhibit the
growth of hydrodynamic instabilities, namely,

(a) the presence of a warm interstellar medium (~8000-
10000 K; Decin et al. 2012) ,

(b) ionizing radiation from an external source (Gvaramadze et al.
2014),

(c) interstellar magnetic field (van Marle, Decin & Meliani 2014).

All of these factors play arole in the Galactic Centre region and may
contribute to the apparent stability of several observed bow-shock
sources.

Taking into consideration the implications of the detection of the
bow-shock asymmetrical evolution or its absence, it is worthwhile
observing the DSO and the S-stars as well as prominent bow-shock
sources along at least part of their orbits to search for the changes
typical of a wind-wind bow-shock interaction and its evolution
along the orbit.

The change of the line width of the DSO source, specifically
related to Bry emission lines, on its way towards the pericentre
was attributed to the tidal stretching of the gas cloud. It has been
claimed that this is proof of the unbound nature of the source (Pfuhl
et al. 2015). However, the calculations presented in Section 3.6
show that qualitatively the same increase is caused by the line-of-
sight component of the shell velocity field due to the projection of
the elliptical orbit. Combined with the possible contribution of the
winds and accretion funnels (Valencia-S. et al. 2015), the compact
stellar model of the DSO can alternatively explain the observed
characteristics.

It is also useful to compare the mass of the shell and that of
the putative star associated with the DSO. Spectral decomposition
puts an upper on the bolometric luminosity of the DSO, Lpso <
30Le (Eckart et al. 2013; Valencia-S. et al. 2015), which auto-
matically constrains the mass as well as the radius of the star,
Mpso < 3Mg@ and Rpso < 10R(, respectively (see Zajacek
et al. 2015 for the analysis and discussion). The mass of the
shell Mg,y may be simply estimated from the integral over 47t
Sr: Ml = fDR“ 047[ pwR2dQ = MRy /vy, For the stellar param-
eters, 1, = 10 Mg yr~! and v, = 200kms~!, the shell mass
lies in the range ~107'" M up to 107" My, being smaller at the
peribothron. The mass estimate of the shell should be considered
as a lower limit since it takes into account only the stellar wind
contribution; see Mohamed et al. (2012) and Decin et al. (2012) for
a more detailed discussion for o Ori — Betelgeuse. Finally, the total
mass deposited along the orbit during one orbital period is of the
order of ity Poy & 1078 Mg yr~! x 100yr = 10~ M.

Observations of several infrared-excess dusty objects provided
the evidence for ongoing star-formation in the very central region
of our Galaxy, as seen in the analysis of MIR sources in Eckart
et al. (2004) and Moultaka et al. (2004, 2005), as well as the recent
detection of proplyd-like bow-shock sources using radio contin-
uum observations (Yusef-Zadeh et al. 2015a). Although the in situ
star formation and the presence of young stars of T Tauri and LL
Ori type was originally considered rather difficult due to the strong
shearing tidal field in the central region (Morris 1993), it has been
shown that the infall of low-angular-momentum clumps from the
circumnuclear disc makes it possible due to the tidal compression
at the peribothron (Jalali et al. 2014) or strong shocks provided
by the collision of streams in tidally stretched filaments (Sanders
1998). These processes cause the gas to overcome the critical Jeans
density and leads to the formation of a cluster of protostellar cores.
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These pre-main-sequence stellar sources are characterized by con-
tinuing accretion of matter from a circumstellar envelope or disc
that is accompanied by outflows, which is also indicated by recent
radio and infrared observations of the inner ~2-5 pc from Sgr A*
(Yusef-Zadeh et al. 2015b). These can drive shocks into the ambient
medium and combined with the potential supersonic motion of a
star, a bow shock is formed. Therefore a model of the DSO as a
young star that is in the phase of both accretion and outflows is fully
consistent with these findings.

5 CONCLUSIONS

We studied the effect of a quasi-spherical outflow from the Galactic
Centre on moving stellar sources that develop bow-shock struc-
tures due to their supersonic motion with respect to the surrounding
ambient medium. We showed that the density and the velocity of
this outflow can be constrained through the change of bow-shock
characteristics along the orbit. These include mainly the stagna-
tion radius, shell velocity profile, density profile, emission measure
maps, and the Doppler broadening of emission lines. We described
the changes both qualitatively and quantitatively with respect to
the distance of the source from the SMBH as well as along the
bow-shock shell.

We demonstrated that the temporal evolution of the bow shock
of a stellar source is fully symmetric with respect to the peribothron
passage when the effect of the ambient outflow is negligible in
comparison with the effect of the motion of the source. For stronger
outflows the asymmetry develops between the pre-peribothron and
post-peribothron orbital phases. We applied the model on the orbital
configuration and parameters of the DSO source assuming to be a
wind-blowing star rather than a coreless ionized cloud. The line-
of-sight component of the shell velocity field can contribute to the
observed increase of the emission line width. The calculations of
the bow-shock evolution show that the observations of the DSO
source during its post-pericentre phase are equally valuable as the
pre-pericentre observations due to the potential asymmetry of both
parts.

The results concerning the evolution of bow-shock characteristics
along the orbit are relevant for all fast-moving stars closely bound to
the Galactic Centre. They can also serve as a motivation for further,
more detailed numerical studies.
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APPENDIX A: EQUILIBRIUM OF A STELLAR
BOW SHOCK ALONG THE ORBIT

An equilibrium, momentum-supported bow-shock model applied in
this work clearly has its limitations. An equilibrium can be reached
only when the crossing time-scale,

Teross = R()/vrela (Al)

which determines the ability of the ambient medium to shape the
bow shock, and the wind-filling time-scale,

I = Ro/vw, (A2)

which is related to the ability of the stellar wind to fill the bow-shock
cavity, are smaller than the orbital time-scale,

forb = D/Uorbv (A3)

where D is the distance of the star from the SMBH and v, is the stel-
lar orbital velocity. We plot the ratio of these time-scales, fcross /forb
(solid lines) and t5)1 /for» (dashed lines), for different velocities of the
central outflow; see Fig. Al. For the terminal stellar wind velocity
of v, =200 kms~' and the mass-loss rate of iz, = 1078 Mg yr!,
the ratios are smaller than unity along the whole orbit, so the equi-
librium bow-shock structure should be approximately reached and
it may serve as a basis for our qualitative studies of temporal asym-
metry.

APPENDIX B: VELOCITY DIVERGENCE AND
DENSITY GRADIENT AT A FIXED POSITION
OF THE BOW-SHOCK SOURCE FROM THE
GALACTIC CENTRE

For the spherical central ambient outflow we have v, =
(v, Vg, vy) = (v, 0,0). The divergence of this flow in spherical
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Figure A1. The evolution of ratios fcross /orb (solid lines; equations A1 and
A3) and f)1/forb (dashed lines; equations A2 and A3) for different outflow
velocities (see the legend) along the whole orbit (left vertical axis). The grey
line represents the temporal evolution of the distance of the star from the
SMBH for the assumed highly elliptical orbit (right vertical axis).
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Figure B1. Profile of the divergence of the spherical central outflow divided
by the velocity magnitude with respect to the distance from the Galactic
Centre (solid line). The distance is expressed in Schwarzschild radii and the
ratio of the divergence and the velocity magnitude is in r;] . In the same plot
we show the distance profile of the density gradient divided by the density at
the given distance (dash—dotted line; we take its negative value for the plot).
The horizontal lines in both panels mark the distance range for S2 star and
the DSO source and are positioned at arbitrary values of the vertical axis.

coordinates yields,
1d, ,
V. Vy, = **(r Ur)

—1
2u, [ r
re \re)

where v, is constant. The velocity divergence as a function of the dis-
tance from the Galactic Centre (expressed in Schwarzschild radii)
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is plotted in Fig. B1 (solid line). The values along the vertical axis
represent the velocity divergence divided by the velocity magnitude
with respect to the distance of Schwarzschild radius. For the dis-
tance range of our interest (S-cluster) the values of the divergence
are of the order of 10~* up to 107"

Using the spherical density profile, equation (2), we compute the
density gradient as a function of the distance,

-2
n (r

Vn, =——| — .
rS rS

The density gradient profile (divided by the density at the given dis-
tance) is plotted in Fig. B1 (dash—dotted line) and the corresponding
values for the S-cluster distance range are of the order of 10™* up
to 107511
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CHAPTER

A NIR source with a polarized
emission

There has been a lot of discussion about the nature of NIR-excess sources in the innermost
parsec of the Galactic centre. Especially the character of DSO/G2, which was approaching
fast the pericentre of its orbit, remained unclear because it was not possible to resolve the
brightness distribution of the source in a way that would enable us to study the geometry, in
particular the asymmetry, of the source.

It was really quite a surprise when my colleague Banafsheh Shahzamanian detected
DSO/G?2 as a linearly polarized source in NIR K band with the polarization degree of ~ 30%
and an alternating polarization angle. I constructed a radiative transfer model that could
explain both the total as well as the polarized continuum emission of the source. Comparing
the observed NIR flux densities with the synthetic flux densities based on the model, one
can approximately constrain the geometry of the DSO/G2. The result was that it is a dust-
enshrouded star with a non-spherical, optically thick dusty envelope with bipolar cavities,
which develops a denser, dusty bow shock when approaching Sgr A*.

The model calculations are included in Section 4. “DSO model: a young, supersonic star”
of the paper Shahzamanian et al. (2016), which was published in the peer-reviewed journal
A&A.

Credit: Shahzamanian, Eckart, Zajacek et al., A&A 593, A131 (2016). Reproduced with
permission ©ESO.
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ABSTRACT

We investigate an infrared-excess source called G2 or Dusty S-cluster Object (DSO), which moves on a highly eccentric orbit around
the Galaxy’s central black hole, Sgr A*. We use, for the first time, near-infrared polarimetric imaging data to determine the nature
and properties of the DSO and obtain an improved K;-band identification of this source in median polarimetry images of different
observing years. The source started to deviate from the stellar confusion in 2008, and it does not show any flux density variability over
the years we analyzed it. We measured the polarization degree and angle of the DSO between 2008 and 2012 and conclude, based
on the significance analysis on polarization parameters, that it is an intrinsically polarized source (>20%) with a varying polarization
angle as it approaches the position of Sgr A*. The DSO shows a near-infrared excess of Ky — L’ > 3 that remains compact close to
the pericenter of its orbit. Its observed parameters and the significant polarization obtained in this work show that the DSO might be
a dust-enshrouded young star, forming a bow shock as it approaches the super massive black hole. The significantly high measured
polarization degree indicates that it has a non-spherical geometry, and it can be modeled as a combination of a bow shock with a
bipolar wind of the star. We used a 3D radiative transfer model that can reproduce the observed properties of the source such as the
total flux density and the polarization degree. We obtain that the change of the polarization angle can be due to an intrinsic change in
the source structure. Accretion disk precession of the young star in the gravitational field of the black hole can lead to the change of
the bipolar outflow and therefore the polarization angle variation. It might also be the result of the source interaction with the ambient

medium.

Key words. Galaxy: center — infrared: general — stars: pre-main sequence — stars: winds, outflows

1. Introduction

Since 2012, the focus of Galactic center (GC) observations has
been set on investigating an infrared (IR) excess source de-
tected by Gillessen et al. (2012) as a fast-moving object ap-
proaching the position of the central supermassive black hole
(SMBH) of the Milky Way, Sagittarius A* (Sgr A*). It has
been interpreted as a combination of dust and core-less gas
cloud called G2 (Gillessen et al. 2012, 2013; Pfuhl et al. 2015)
and also DSO, standing for Dusty S-cluster Object (Eckart et al.
2013). This source moves on a highly eccentric orbit and passed
its closest approach to the SMBH in May 2014 (Meyer et al.
2014b; Valencia-S et al. 2015). Given the short distance of its
periapse, it has been suspected that it might produce extraor-
dinary accretion events on to the Galaxy’s central black hole
(e.g. Shcherbakov 2014; Abarca et al. 2014; Scoville & Burkert
2013; Sadowski et al. 2013).

If the DSO is a pure gas cloud of a few Earth masses
(Gillessen et al. 2012), it might have formed in the stellar clus-
ter, possibly within the disk of young stars at a distance of
few arcseconds from the GC. After forming there, it might

* Based on NACO observations collected between 2004 and 2012
at the Very Large Telescope (VLT) of the European Organization for
Astronomical Research in the Southern Hemisphere (ESO), Chile.

Article published by EDP Sciences

have moved on its current remarkably eccentric orbit by grav-
itational interaction with massive stars (Murray-Clay & Loeb
2012; Scoville & Burkert 2013). This scenario must have hap-
pened recently (1990-2000), therefore it should have been ob-
served during the total time of its existence. As a consequence,
the pure gas scenario seems unlikely, and several authors have
proposed scenarios suggesting the presence of a central star for
this source (e.g., Murray-Clay & Loeb 2012; Eckart et al. 2013;
Scoville & Burkert 2013; Ballone et al. 2013; Phifer et al. 2013;
Zajacek et al. 2014; Witzel et al. 2014; Valencia-S et al. 2015).
Scoville & Burkert (2013) proposed that the DSO is a T Tauri
star that was formed in the young stellar ring and then inserted
into its current orbit. They suggested that a very dense bow shock
is produced for the T Tauri star wind and modeled it numerically.
Valencia-S et al. (2015) also discussed that the bright observed
Bry emission of the DSO with a large line width might be the
result of infalling material shaping a disk around the central star,
which may be a T Tauri star with an age of ~10° yr. Considering
the stellar nature, DSO would not be disrupted when reaching
its closest point to the SMBH and did not need a recent for-
mation. Using hydrodynamical simulations, Jalali et al. (2014)
have shown that young stars could form very close to SMBHs
within small molecular clumps on eccentric orbits around the
black hole. They showed that for such orbital configurations,

A131, page 1 of 13
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the gravitational potential of the SMBH and orbital (geomet-
rical) compression increase the density of cold gas clumps to
reach the threshold values suitable for star formation (see also
Mapelli & Trani (2016) for a recent review).

The L-band observations of DSO/G2 close to the periboth-
ron support the idea of the compactness of this source, which
means that the source cannot be a pure gas cloud (Ghez et al.
2014; Witzel et al. 2014). Eckart et al. (2013) revealed the first
K;-band identification of the DSO with a magnitude of ~18.9
from the ESO Very Large Telescope (VLT) continuum imag-
ing data. Using the spectral decomposition of this source, they
obtained an upper limit of ~30 L, for its luminosity. The H,
K, and L-band continuum measurements can be matched ei-
ther by an unusually warm dust component at a temperature
of 550—650 K or by a stellar source enclosed in the dust at a
temperature of ~450 K (see Fig. 15 in Eckart et al. 2013). The
H — K > 2.3 color limit supports the scenario that the DSO is
a dust-embedded star and not a core-less cloud of gas and dust
(Eckart et al. 2013).

The mass of this object is higher than what was assumed for
a pure gas source, but lower than the typical mass of S-cluster
stars (20 M;). Valencia-S et al. (2015) reported NIR observa-
tions of the DSO during its approach to the SMBH at the GC,
which were carried out with SINFONI at the VLT from Febru-
ary to September 2014. They detected spatially compact Bry line
emission from the DSO before and after its peribothron passage
and also a Bry line width increase, which may indicate that the
DSO is a young accreting star with a dust envelope. The obser-
vational data were used to obtain the orbital parameters of this
object. Comparable to the previous estimates (e.g., Meyer et al.
2014a), Valencia-S et al. (2015) obtained a peribothron distance
of about 163 + 16 AU with a half-axis length of about 33 mpc
and an ellipticity ¢ = 0.976. When the DSO reaches the peri-
bothron, tidal stretching and disruption of the envelope lead to
a velocity dispersion enhancement in the accretion flow toward
the central star (Eckart et al. 2013; Zajacek et al. 2014). Based
on a study by Witzel et al. (2014), the L-band emission of the
DSO compared to the Bry emission measured by Pfuhl et al.
(2015) is more compact. This shows that the L-band emission
originates from an optically thick dust envelope around a cen-
tral star, while the Bry emission is coming from the hot gas
that is externally heated by ionized photons of the stars close
to the DSO. However, Valencia-S et al. (2015) did not find evi-
dence for significantly extended and tidally stretched Bry emis-
sion. The extra emission of Bry close to the DSO position is
not connected to the DSO and is most likely emitted from other
sources in the field (Peissker et al., in prep.). The DSO is not
the only infrared excess source in the S-cluster of the GC, and
there are more dusty sources in this region (Eckart et al. 2013;
Meyer et al. 2014a). These sources might be dust-enshrouded
pre-main-sequence stars that form a bow shock ahead of their
path when they move through the medium with a supersonic
speed. Other candidates have also been observed in the radio
continuum observations of the GC (Yusef-Zadeh et al. 2015a).

Imaging polarimetry is a powerful technique for studying
dusty environments such as core-less dusty objects and/or cir-
cumstellar dusty regions. The analysis of polarization allows
us to quantitatively evaluate the object geometries and the dust
properties. Intrinsic polarization can be generated only if the sys-
tem is not symmetric. The asymmetry can occur when the radi-
ation field of the star is not isotropic as a result of a geomet-
ric distortion, for instance, when the star develops a bow shock
ahead of its path, or when its photosphere surface brightness is
not uniform, or in other words, is influenced by bright spots.

Al131, page 2 of 13

Therefore, supplementary to considering the continuum and line
emissions from the DSO, studying the light polarization can be
very helpful in determining the nature and properties of this
source. If the DSO is a bow shock, the polarization is determined
by the bow shock morphology. Subsequently, the E-vectors are
predicted to be perpendicular to the direction of motion if the
medium is homogeneous. If the dust shell surrounding the DSO
is a disk, then the resulting polarization depends on the disk
inclination.

In this paper we analyze the NIR polarimetric imaging data
taken with NACO at the ESO VLT using its Wollaston prism to
study the polarization properties of the DSO. In Sect. 2 we begin
with the details about the observations, then describe the data re-
duction and determine the position of the DSO in the images. In
Sect. 3 we present the results of the applied flux density calibra-
tion method: light curves, polarimetry measurements, and their
statistical analysis. We present the performed radiative transfer
model to describe the DSO polarization in Sect. 4. We discuss
the implications of our results in Sect. 5 and finally summarize
the main results of the NIR polarimetry of the DSO in Sect. 6.

2. Observations and data reduction
2.1. Data set and reduction process

The NIR observations have been carried out at the ESO VLT on
Paranal, Chile. The data were obtained using the NAOS adaptive
optics (AO) module and NIR camera CONICA (together NACO;
Lenzen et al. 2003; Rousset et al. 2003; Brandner et al. 2002) at
the VLT on Paranal, Chile. The AO loop was locked on IRS7,
a supergiant with Ky ~ 6.5-7.0 mag and located ~5.5" north
of Sgr A*, using the NIR wavefront sensor. We collected all
Ks-band (2.2 um) data of the GC taken with S13 camera in
13 mas pixel scale polarimetry mode from 2004 to 2012. The
Wollaston prism with the combination of a half-wave retarder
plate in NACO provides the possibility of simultaneously mea-
suring two orthogonal directions of the electric field vector. We
used the reduced data sets as presented in Shahzamanian et al.
(2015). Standard data reduction was applied with flat-fielding,
sky subtraction, and bad-pixel correction. All the dithered ex-
posures were aligned using a cross-correlation algorithm (ESO
Eclipse Jitter; Devillard 1999). The sky background was mea-
sured on a dark cloud located at 713" east and 400" north of
GC. The final sky background was obtained by getting the me-
dian of the dithered science epochs. During the observations,
the PSF changed because the weather condition varied. There-
fore, the quality of each epoch was determined based on the PSF
measured from the stars in the field of view at the observing
time. We created a data cube from the combination of the best-
quality exposures (with seeing <2”) of each observing night. To
have a final image with longer integration time on the source
and higher signal-to-noise-ratio (S/N), we obtained the median
of the spatial pixels of the combined cube images. In this case,
we cannot study the flux density and polarimetry variability on
short times of minutes to months. For 2008, we combined all
of the observing nights, since the position of the DSO does not
change significantly within a few months. Table 1 shows obser-
vation dates, number of exposures, and integration times of the
data sets used for the analysis here before the data were com-
bined. We used the Lucy-Richardson deconvolution algorithm
on the resulting image of the individual years created from the
data cube for the aperture photometry. The PSF was extracted us-
ing the IDL-based StarFinder routine (Diolaiti et al. 2000) from
isolated stars close to the DSO position.
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Fig. 1. Final K;-band deconvolved median images of the central arcsecond at the GC in polarimetry mode (90° polarization channel) in 2008,
2009, 2011, and 2012 from top left to bottom right. The position of the DSO is shown by a circle on its orbit. The asterisk indicates the position of

Sgr A*. In all the images north is up and east is to the left.

We aligned all the resulting median cubes of the four po-
larization channels of the individual observing years by using a
cross-correlation algorithm. The image was restored by convolv-
ing the deconvolved image with a Gaussian beam of a FWHM
of about 60 mas.

For the 90-degree channel in 2008, 2009, 2011, and 2012
the resulting images are shown in Fig. 1. In all the years the
DSO was clearly detected in its continuum emission in all chan-
nels taken with the NACO Wollaston prisms. To substantiate the
detection of the DSO, we also show the results of a high-pass-
filtered (smooth-subtracted) image analysis in Fig. A.1 for 2008
and 2012. In all these images the DSO flux density contribu-
tion can clearly be identified as an individual source component.
While possible PSF contributions have not been cleaned in the
high-pass filtered images, we have conducted our analysis of the
DSO emission using the Lucy deconvolved images.

2.2. Position of the DSO

We obtained the position of the DSO in each year based on the
Bry traced orbit from Meyer et al. (2014a) and Valencia-S et al.
(2015). Between 2004 and 2007, this source was confused with
S63 and could not be distinguished from the background. From

2008 on, it starts to be clear and resolved from stellar confusion.
The crowded region of the S-cluster may be the reason of this
confusion (Sabha et al. 2012). We used the data set presented in
Table 1 to investigate the flux density and polarimetry of DSO.

3. Analysis and results
3.1. Light curves

We measured the flux density of the DSO in each observing year
by aperture photometry using a 30 mas radius circular aperture.
Flux calibration was made by aperture photometry using circular
apertures of 40 mas radius and based on the known flux values
of 13 S-stars. Eight background apertures were placed on an area
devoid of individual sources to measure the background flux in
the deconvolved images. We placed two of these background
apertures very close to the DSO position. We used the same
stellar calibrators as were presented in Table 1 in Witzel et al.
(2012) and Fig. 2 in Shahzamanian et al. (2015). We would like
to note that considering the proper background apertures is criti-
cal for an accurate flux density estimation of the DSO, since it is
a faint source in the K band and background emission can have
a prominent effect on its flux density value estimation. We added

A131, page 3 of 13
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Table 1. Galactic center observations log.

Date Start time Stop time ~ Number of frames Integration time
(DD.MM.YYYY) (UT) (UT) (s)
25.05.2008 06:05:20.32  10:35:38.65 250 40
27.05.2008 04:52:04.92  08:29:38.07 184 40
30.05.2008 08:24:33.51  09:45:25.69 80 40
01.06.2008 06:04:51.56  10:10:26.78 240 40
03.06.2008 08:37:23.56  09:58:58.85 80 40
18.05.2009 04:37:55.08 10:19:54.10 286 40
27.05.2011 04:49:39.82  10:27:25.65 334 45
17.05.2012 04:49:20.72  09:52:57.08 256 45
L U U L A L Table 2. Polarimetry measurements of the DSO.
0.5 E
04 E E Observing year p 1)
= E 2008 30.14% —62.87°
E 03 E 3 2009 32.6%  42.92°
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Fig. 2. NIR K;-band light curve of the DSO observed in polarimetry - fis + fizs 3
mode in 2008, 2009, 2011, and 2012. V=0 @)

the photon counts in each aperture and then added the resulting
values of two orthogonal polarimetry channels to obtain the total
flux densities. Then we corrected them for the background con-
tribution. This was done for the DSO and the calibrators close to
it. The obtained flux densities were corrected for the extinction,
that is, the K;-band extinction correction magnitude of 2.46 de-
rived for the innermost arc-second by Schodel et al. (2010) was
adopted. Subsequently, the light curve was obtained for 2008,
2009, 2011, and 2012, as presented in Fig. 2. The uncertainties
of the measured DSO flux densities in the light curve were esti-
mated by obtaining the observational noise by setting ten aper-
tures in different positions of the background close to the DSO
position.

The DSO does not show any intrinsic flux density variabil-
ity in the K band based on our data set. The reason might be
either a period of variability that does not match the time resolu-
tion of our data or an irregular variability. However, considering
the limited data sample, any conclusion on the flux density vari-
ability and the effect of stellar contribution on the flux density
estimation cannot be made at this point.

3.2. Polarimetry

We derived the polarization degree and angle by obtaining nor-
malized Stokes parameters (I, Q, U, V) from the observed flux
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where fy, foo, and fis, fi35 are flux density pairs of orthogonally
polarized channels. It is not possible to measure circular polar-
ization in normalized Stokes V since NACO is not provided with
a quarter-wave plate. The circular polarization of stellar sources
in the GC is very small (Bailey et al. 1984), therefore we as-
sumed that it can be ignored and set to 0. However, in the case of
dusty sources that have a high dust density, circular polarization
may be produced by multiple scattering. Polarization degree p
and angle ¢ can be obtained as follows:

p=N@+U? )

1 U
¢ = > arctan(Q), (6)
where the polarization angle ¢ is measured from north to east
and samples a range between 0° and 180° or —90° and 90°.

The instrumental polarization induced in the measured po-
larization can be corrected for by a model obtained from
Witzel et al. (2011) that multiplies a combination of Mueller ma-
trices for different elements of the telescope with the derived
stokes vectors. We applied their model to correct for the instru-
mental polarization effects, where the measured polarization pa-
rameters can be estimated with an accuracy of ~1% in polariza-
tion degree and ~5° in polarization angle (Witzel et al. 2011).
We show the results of the polarimetry measurements for our
data set in Table 2. Based on the calculated values of p and ¢
for different years, the DSO is polarized with a high polarization
degree (p > 20%) and a polarization angle that changes as the
source moves on its orbit. Figure 3 presents a schematic illus-
tration of the DSO polarization angle variation when the source
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Fig. 3. Sketch of the DSO polarization angle variation when it moves
on its eccentric orbit around the position of Sgr A* for three different
years. The orange shaded areas show the range of possible values of
the polarization angle based on our observation and the measurement
uncertainties (see Table 3).

moves on an eccentric orbit around the position of Sgr A* before
it reaches the peribothron. Standard error propagation for calcu-
lating the polarization uncertainties cannot be applied here since
the errors on Q and U are not small compared to the measured
values. Moreover, Q and U can be close to zero even if the flux
density values in different polarimetry channels are large. In ad-
dition, the polarization degree and angle are mainly not Gaussian
distributions.

In general, the effects that are responsible for producing NIR
polarization in a GC source can be considered to be intrinsic to
the source itself or to foreground effects caused by grain align-
ment along the line of sight, that is, dichroic extinction. Dichroic
extinction can also play a significant role in polarization as a lo-
cal effect for sources that are surrounded by an optically thick
dust envelope (Whitney & Wolff 2002).

Figure 4 presents the polarization degree and angle of the
DSO compared to those of several S-stars located close to the
DSO position obtained in this work. It also shows the GC
foreground polarization from Buchholz et al. (2013), which is
(6.1 £1.3)% at 20° £ 7° in K, band, widely parallel to the Galac-
tic plane. Based on this figure, the measured polarization degree
and angle of the DSO is not the foreground polarization and can
be interpreted as intrinsic quantities.

In addition to the foreground polarization, some sources
that are in the Northern Arm and the bow-shock sources have
intrinsic polarization in K; band as well as at longer wave-
lengths (Rauch et al. 2013). The intrinsic polarization of the stel-
lar sources can be produced by the following processes: emis-
sion from aligned dust grains, dichroic extinction, and scattering
on spherical grains and/or magnetically aligned dust grains. It
is still an open question which of these processes is responsible
for producing the observed intrinsic polarization of GC sources.
We discuss two of these processes that may produce the DSO
polarization in Sect. 4: scattering and dichroic extinction.

Buchholz et al. (2011) found that the K;-band PSF shows a
polarized structure. The authors found that for the core of the
PSF (see their Fig B.2) this effect is basically negligible. Here,
the variations of the intrinsic PSF polarization amount to a value
of only about 1-2%. The polarized nature of the PSF is of some
importance for extended structures. We find that the continuum
flux distribution of the DSO is unresolved. However, it is mov-
ing within the central stellar cluster. Buchholz et al. (2011) re-
ported that on the first and second Airy ring (see their Fig. B.2)
polarization degrees of up to 15% are possible. At this location

the flux density levels correspond to less than about 3% of the
peak for a Strehl ratio of 50% in 0.5” seeing. In this case the
polarized contributions of these neighboring sources are lower
than 2% of the DSO peak flux. In 2009 and 2011 the DSO is
at even larger distances from similarly bright sources, hence, the
expected polarized flux contributions in these years is even lower
than in 2008. In 2012 the distance of the DSO to two sources that
are about 50 times brighter is close to the second Airy ring with
flux contributions well below 1%. Hence, the polarized flux con-
tribution from other sources is well below 15%. This implies that
in all years the polarization estimates are to more than 85% (even
more than 98% in 2008, 2009, and 2011) dominated by the DSO
itself. Therefore, we did not consider PSF polarization variations
in our present investigation.

Assuming the DSO has a bow-shock structure, a comprehen-
sive model of bow shock polarization using observation results
can enable us to analyze the influence of different polarization
scenarios (emission, scattering, and dichroic extinction) that
play arole in producing the intrinsic polarization of a bow shock.

3.3. Statistical significance of the measured values

The polarization degree is a positive defined quantity that be-
comes biased to higher values (than the intrinsic p of the source)
at low S/N measurements. For this reason, it is possible to mea-
sure polarization degrees that are unphysically higher than 100%
due to the observational uncertainties. Thus, it is important to
keep in mind that the measured (or observed) polarization de-
gree and angle of any astrophysical object are a good estimation
of the source intrinsic properties only when the S/N is high. The
DSO K;-band emission from the yearly stacked images analyzed
here have a medium S /N of ~6—10 in 2008, 2009, and 2012 and
alow S/N ~ 2.51in 2011. In the first three cases, the distribution
of the observed polarization degree can be described by a Rice
function (Serkowski 1958; Vinokur 1965); while in the latter,
even this function fails to properly model the high skewness of
the polarization degree distribution (Simmons & Stewart 1985).
In turn, the observed polarization-angle distribution depends on
the flux-density S/N and on the intrinsic p of the source.

To estimate the significance of the measured DSO polariza-
tion, we assumed as null hypothesis that the source is intrinsi-
cally not polarized, meaning that the observed polarization an-
gle ¢obs and degree pops are solely produced by the observational
uncertainties. For this test, we therefore calculated fy, foo, fas,
and fj35 from the observed total flux density Ios using p = 0%
and ¢ = 0° and assuming the intrinsic flux density to be the same
as the observed I = I,s. We simulated the effect of the noise in
the polarization channels by adding a randomly selected amount
to each channel that was drawn from a normal distribution with
o(fx) = 0.70(I), where o-(I) is the uncertainty of the observed
total flux density. Using a Monte Carlo approach, we calculated
10000 times the observed polarization degree and angle for such
a setup using Eqgs. (1)—(6). The normalized histograms of pobs
for the observations in 2008, 2009, 2011, and 2012 are shown in
Fig. 5. These distributions represent the probability of measur-
ing certain polarization degrees under the null hypothesis (i.e.,
the source is intrinsically not polarized) given the previously es-
timated / and their uncertainties. Figure 5 shows that in 2008,
where S/N =~ 10, the most probable observed polarization de-
gree is ~9% with 68/100 of the possible measurements within
(4.3,17.0)%. Under these conditions, measuring a DSO polar-
ization degree higher than 30% when the source is intrinsically
not polarized is only probable in less than 1/100 cases. In 2009
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Fig. 4. Left: comparison of the polarization degree of the DSO (black dots) with those of GC S-stars located close to the DSO position (S7, S57,
S19, S20, S40, S23, and S63; shown with X, asterisk, plus sign, diamond, triangle, violet point, and square, respectively). Right: comparison of the
polarization angle of the DSO (black dots) with those of the S-stars similar to the left panel. In both panels, some of the considered stars are not
isolated in some years in which it is difficult to calculate their polarization parameters, therefore we did not show them as data points. The regions
between two dashed red lines and dotted lines present the 1 and 30~ confidence intervals of the K;-band polarization degree and angle distributions
of the stars reported in Buchholz et al. (2013), respectively. For the significance and uncertainties of the measured points see Sects. 3.3 and 3.4.

and 2012, where S/N =~ 6, the probability of finding an intrin-
sically unpolarized source of the same flux density as the DSO,
and pops = 35% is ~10/100 cases. Only in 2011, the low S/N
broadens the distribution of pgs, implying that the intrinsic po-
larization degree cannot be estimated in this data set. In all tests
of the null hypothesis, the observed polarization angle @qhs can
be any value between —90° and 90° because the intrinsic polar-
ization degree was set to zero.

We conclude that three of the measurements of the DSO po-
larization degree are statistically significant at the confidence
levels 0.99 in 2008, and 0.9 in 2009 and 2012'. This means
that intrinsic polarization of the DSO has been detected in 2008,
2009, and 2012.

3.4. Measurement uncertainties

After establishing the statistical significance of the polarization
measurements of three observed epochs, our next goal is to es-
timate the uncertainty of the intrinsic parameters given the ob-
served values. Several measurements of an intrinsically non-
variable source would be ideal to assess the uncertainties in
the polarization quantities. However, it is unknown whether the
DSO is variable or not, and we can only rely on the stacked im-
ages of three years. Our alternative approach consists of using
the Monte Carlo simulations presented before to estimate the
range of most probable intrinsic values that would yield the ob-
served DSO polarization.

We sampled the whole range of possible DSO intrinsic po-
larization degree and angle in a grid of p € [0.0,0.7] in steps of
0.005, and ¢ € [-90°,90°] in steps of 2°, calculating each case
10000 times. In this way, we constructed two data cubes. One
of them has in the first axis the intrinsic polarization degree p, in
the second axis the intrinsic polarization angle ¢, and in the third

! Assuming as starting values for the simulation p = 6% and ¢ =

20°, i.e. an intrinsically unpolarized source located at the GC, which,
therefore, will display p and ¢ values equal to that of the foreground
polarization, the significance levels of the polarization measurements
change to 0.98 for the 2008, and to 0.88 for 2009 and 2011.
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the observed polarization degree po,s. The value of ith cell cor-
responds to the probability of observing pgs; when the source
has intrinsic p;, ¢;, and the observed flux density (with its uncer-
tainty). Similarly, the second cube has as axes p, ¢, and ¢ops, and
any ith cell equals the probability of observing ¢ohs; given p;,
¢; and I = o(I). From the sheets of (p, ¢) at a constant pops in
one cube, and at a constant ¢ps in the other, we can deduce the
range of intrinsic polarization values that most probably yield
the observed the polarization degree and angle.

Figure 6 shows the (p, ¢) sheets for po,s = 30% and ¢ops =
—63°, as is the case for the DSO in 2008. As expected, the prob-
ability of measuring certain pqps is independent of the intrinsic
polarization angle of the source and peaks at the most probable
intrinsic ppesr — Which does not necessarily equal pops. In con-
trast, the probability of observing a particular ¢,,s depends on
the intrinsic polarization degree and is symmetric with respect
to ¢. The most probable intrinsic polarization angle is the same
as the observed value @pest = Pobs- The 68% ranges of intrinsic
values that most probably produce the observed ones, o(p) and
o(¢) were calculated from the figures making transversal cuts
at the positions of the most probable intrinsic ppest and Ppes;, as
shown in Fig. 6 (right). The results for all years are compiled
in Table 3. Under the assumption that the DSO polarization de-
gree is approximately constant over the studied years, the sig-
nificance of the polarization degree measurement is larger than
1 —1/100000. The values for 2011 are reported in the table for
completeness, but because of the low S/N of the flux-density
measurement that year, they cannot be interpreted as intrinsic
properties of the source.

4. DSO model: a young, supersonic star

Two mechanisms are responsible for the origin of the polarized
flux density: Mie scattering, that is, photon scattering on spheri-
cal grains, and dichroic extinction, or selective extinction of pho-
tons due to the non-spherical shape of dust grains. Using the
dust continuum radiative transfer modeling, we focused on the
process of Mie scattering. The model of the DSO was required
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Fig. 5. Polarization degree distribution for the observations in 2008, 2009, 2011, and 2012 when considering the null hypothesis (p = 0%, ¢ = 0°),
the observed flux density 7, and its uncertainty. The most probable observed polarization degree, pops in each case is the mode of the distributions.
The range that contains 68% of the most probably observed values, 1opys is delineated with vertical dashed lines. The smooth line over the

histograms corresponds to the best-fit Rice function.

Table 3. Most probable DSO intrinsic polarization values.

Year I+o()/mly pobs  ¢obs  Poest = 0(p) 0o(9)
2008 0.25+0.02 30.1 117.1 28710 9
2009  0.19+0.03 326 429 28+16 15
2011 0.23+£0.09 299 181 0.5%3% 58
2012 025+005 376 1703  32*1% 15

Notes.  These values cannot be interpreted as intrinsic because of the
low flux-density S/N obtained this year.

to meet the observed characteristics: total SED constraints—
integrated flux densities in H, K, L', and M bands, total po-
larization degree higher than ~20°, and changes of polarization
degree and angle along the orbit.

We considered different circumstellar geometries to assess
whether they can explain the detected polarized signal and the

significant color excess in NIR bands. To test the properties of
different constituents, we performed a series of dust continuum
radiative transfer simulations using the Monte Carlo code Hype-
rion (Robitaille 2011). First, we considered only a stellar source
and a bow shock layer in the calculation, which did not yield
a significant polarized emission. Adding a spherical dusty shell
around a stellar source provided enough extinction to match the
NIR excess, but the total polarization degree remained below
10%. Finally, we added a flared disk with bipolar outflows into
the density distribution, which caused the source to deviate more
from the spherical geometry (see Fig. 7). The polarized emission
in this composite model (star+flared disk+bipolar outflows+bow
shock) is dominated by dust and stellar emission that is scat-
tered on spherical dust grains. The largest contribution of po-
larized flux density originates in the region where the outflow
intersects the dense bow-shock layer. An overview of different
possible circumstellar geometries is provided in Table 4, where
the values of the total linear polarization degree in K band and
the color excess Ky — L’ are included. A high value of the to-
tal polarization degree in K band and an intrinsic NIR excess
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Here the case of 2008 data is shown. Right: combined probability obtained from the two distributions at the left. The bottom and right panels show
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between K; and L’ NIR bands are matched by the composite
model star+disk+cavities+dense bow shock, whose properties
are studied in more detail.

This scenario resembles proplyd-like objects, which seem
to be present in the Sgr A West region (see Yusef-Zadeh et al.
2015b, for VLA continuum observations). Therefore, the DSO
might be the first detected and monitored young stellar object
in the vicinity of the SMBH that would manifest a very recent
low-mass star-formation event close to the GC.

4.1. Monte Carlo radiative transfer simulations

We performed 3D Monte Carlo radiative transfer calculations
using the code Hyperion (Robitaille 2011) to study under which
conditions the model of a supersonic, young stellar object would
yield the observed DSO properties. The advantage of the Monte
Carlo approach is that it is suitable for arbitrary 3D geom-
etry (stellar source surrounded by circumstellar envelope and
bow shock), and we automatically obtain a full Stokes vector
(1, Q, U, V), which allows us to easily calculate the total and the
polarized flux density. In our simulation runs we set up a spher-
ical polar grid containing 400 x 200 X 10 grid points and sub-
sequently added a density grid of gaseous-dusty mixture with a
gas-to-dust ratio of 100:1. A power-law distribution with a slope
of —3.5 (Kim et al. 1994) of spherical dust grains with a radius
of between 0.01 and 10 um was considered. The distance to the
GC was taken to be 8 kpc.

The density of the circumstellar envelope was assumed
to have a simple radial profile, pgise = po(r/1AU)™! with
po = 107 gcm™3, and the bipolar cavities were assumed
to have an opening angle of 90° and a uniform density of
102 gcm™ (Sanchez-Bermudez et al. 2016). For the bow-
shock component and its evolution, we considered the treatment
of Zajacek et al. (2016) for the DSO based on the analytical ax-
isymmetric model of Wilkin (1996), keeping the same density
and temperature profiles for the hot corona around Sgr A*. A
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Fig. 7. Schematic view of the proplyd-like model of the DSO structure.
See the text for a description of the model components.

two-dimensional bow-shock shape is obtained by the model of
Wilkin (1996)

R(6) = Rycsc0+/3(1 — Ocot 0), 7

where 6 is the polar angle from the axis of symmetry, as seen
by the star at the coordinate origin. Ry is the so-called stand-off
distance obtained by balancing the ram pressures of the stellar
wind and ambient medium at € = 0, and it is given by

My, Uy
Qpavy

Here, i, is the stellar mass-loss rate, vy, the terminal velocity
of the stellar wind, p, the ambient medium mass density where
pa = myny (With ny = n.), and my the mean molecular weight of
hydrogen, and v, is the velocity at which the star moves through
the medium (i.e., the relative velocity of the star with respect to
the ambient medium when the ambient medium is not station-
ary). The solid angle Q = 2a(1 — cos ), where 6, stands for

Ro =

®)
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Table 4. Different circumstellar geometries with a list of constituents.

Geometry K;-band total linear polarization (Ks — L )ing (K5 — L )ext
degree pg ;. [%] (intrinsic)  (with dust extinction)
Star 0 (~6% foreground pol. at the GC) -0.9 0.4
Star+rotationally flattened envelope 0.2 0.1 1.4
(50° inclination)
Star+flared disk 32 0.3 1.6
Star+dense bow shock 4.1 1.9 32
(inclined)
Star+spherical dusty envelope+dense bow shock 1.0 1.6 2.9
(inclined)
Star+flattened envelope-+cavities 10.1 1.2 24
(90% inclination)
Star+flared disk+flattened envelope+cavities 10.5 -13 -0.03
(90% inclination)
Star+disk+cavities+dense bow shock 25.0 1.9 32

Notes. Important parameters are the total linear polarization degree in K band (2.2 um) and the color index K — L’. The observed values of the
degree and the color index are matched by the composite model star+disk+cavities+dense bow shock that is used in the following analysis.

the half-opening angle of the bipolar outflow, represents the di-
rection into which the stellar wind is blown, outside Q there is
no outflow (Zhang & Zheng 1997). For an isotropic stellar wind,
6o = m, the solid angle is naturally Q = 47, whereas for our non-
spherical bipolar stellar outflow, 6y = 7/4, and the solid angle is
then reduced to Q = 27(1 - V2/2) ~ 1.84.

The bow shock consists of two layers: (a) a hot and
sparse forward shock; and (b) a cold and denser reverse shock
(Scoville & Burkert 2013). We considered only the colder and
denser layer, whose density is about four orders of magnitude
higher than for the hot shock (Scoville & Burkert 2013), and
therefore it is more significant in terms of scattering on spherical
dust particles. The initial value for the bow-shock density is set
to 1071 gcm™3, in accordance with Scoville & Burkert (2013)
for the distance of 10'® cm from Sgr A*.

For the typical parameters of a young star potentially asso-
ciated with the DSO, which means a mass-loss rate of 1, =
108 Mg yr~! and a wind velocity of v, = 100kms™!, the stand-
off distance is of about 10 AU (Zajacek et al. 2016), which sets
the basic length-scale of the model. The typical angular scale
of such an object is 1 mas at the distance of the GC, in accor-
dance with the compactness of the DSO observed along the or-
bit (Valencia-S et al. 2015). The outer radius of the circumstellar
envelope was set to 3 AU and the inner radius was set to the typ-
ical dust sublimation radius (Monnier & Millan-Gabet 2002),

L* Y ( Tsub
1000 L 1500K

-2
Ry = 1.1 QR( ) AU, )

which for the upper limit on the luminosity of the DSO L, =
30 Ly and a ratio of dust absorption efficiencies Qg = 1 leads to
the estimate of Ry, ~ 0.1 AU.

4.2. Comparison with observations

The described model of a supersonic, young stellar object with
the adopted density distribution can reproduce the inferred flux
densities in H, K;, L', and M NIR bands: Fyg < 0.14 mly,
Fg ~ 0.3 mly, Fi ~ 1.9 mlJy, and Fy, ~ 2.8 mly, respectively
(Eckart et al. 2013; Witzel et al. 2014; Gillessen et al. 2012). In
Fig. 8 we compare the observed flux densities with the best-fit
SED obtained from simulations.
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Fig. 8. SED for the young stellar object described in the text at the GC.
The points label the flux densities inferred from the observations.

The obtained proper motion of the DSO between 2008 and
2009 is v, = (—400) kms™', vs = (800) kms~! and between
2011 and 2012 it is v, = (=2000) kms™!, vs = (600) kms~'.
Therefore, v, changes from 894.42 kms™' to 2088.06 kms™!.
The uncertainty of the proper motion is of about 1 masyr~!
(Eckart et al. 2012). Using the relative velocity values from 2008
to 2012 in Eq. (8), the stand-off distance becomes about half
of its value (see also Fig. 3 in Zajacek et al. 2016). Moreover,
the density profile of the central region based on X-ray data de-
rived in Shcherbakov & Baganoff (2010) indicates that the parti-
cle number density increases within the central arcseconds from
the SMBH.

Owing to the increasing orbital velocity of the DSO and
higher ambient pressure toward the pericenter, the bow shock
shrinks and becomes denser. An increment by a factor of four
and potentially even more in the bow-shock number density
is expected between 2008 and 2012 under the assumption that
the bow-shock mass stays approximately constant. This leads to
the progressively higher scattering from the non-spherical bow
shock for smaller distances from the SMBH. The increase in the
density of the bow-shock layer leads to the progressive increase
in polarization degree from an initial 30% in 2008 to almost 40%
in 2012, which can be reproduced by radiative transfer simula-
tions of the dust continuum.
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Fig. 9. Linear polarization angle as a function of bipolar wind orienta-
tion . The plot consists of two parts: the upper panel shows the depen-
dence for the clockwise rotation of the bipolar wind; the lower panel is
the same dependence for the counter-clockwise rotation of the bipolar
wind. The lines correspond to the linear interpolation of the data; linear
regression lines are depicted by green dashed lines.

The observed change in the polarization angle @ is given by
the combination of the external factors (i.e., motion of the DSO
through the external accretion flow) and/or the internal factors
(geometry of the circumstellar environment: disk, bipolar wind,
and the bow shock).

Using the Monte Carlo radiative transfer calculations, we in-
vestigated the effect of the change in orientation of the bipo-
lar wind with respect to the symmetry axis of the bow shock.
The angle between the symmetry axis of the bow shock and the
axis of the bipolar wind is denoted by ¢. In our simulations, we
gradually increased o, starting at 0° (bipolar wind aligned with
the bow-shock axis), and we stopped at 90° (bipolar wind per-
pendicular to the bow-shock axis). The increment is 10°, and
we performed the simulations in both clockwise and counter-
clockwise directions. In Fig. 9 we plot the dependency @ = f(6)
for the two directions (upper and lower part). In the calculations
the bow shock lies in the orbital plane and we observe it from
above. The calculated values are represented by points and the
lines stand for linear interpolation (blue and orange lines) and
the linear regression (green dashed lines).

The basic trend in Fig. 9 is the following: for the bipo-
lar wind aligned with the bow-shock axis, 6 = 0°, the polar-
ization angle reaches values +90°; when the angle || deviates
from zero and approaches 90°, the polarization angle approaches
zero. Therefore, the change of the orientation of the bipolar
wind covers the whole range (-90°, +90°). The fitted linear re-
lations are ®; = —0.97(+0.06)6 + 84(%x3) (clockwise rotation)
and ®, = 1.02(x0.07)6 — 88(«x4) (counter-clockwise direction),
which in principle may be approximated in the following way:
® ~ —(+)d + (—)90. The change in orientation of the bipolar
wind takes place as a consequence of the torques induced by the
supermassive black hole, which leads to its precession when the
circumstellar disk is misaligned with the orbital plane. This nat-
urally affects the inclination of the outflow that originates in the
disk, and the precession takes place on the precession timescale,
which is longer than the orbital timescale, Tprec > Torp. The wob-
bling of the disk occurs on timescales shorter than one orbital
period, approximately Tyop ~ 1/2 To, (Bate et al. 2000).
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Fig. 10. Emission map of scattered light in K band, the distribution of
the polarization degree, and the angle in the left, middle, and right pan-
els, respectively, for three different configurations of the star-outflow
system: 6 = 0°, 45°, and 90° from top to bottom.

In addition, the change in polarization angle may be the com-
bination of the change in internal geometry of the outflow and
the external interaction of a supersonic star with an ambient wind
with a certain velocity field. When the bipolar wind is aligned
with the symmetry axis of the bow shock, the total polarization
angle is perpendicular to the bow shock symmetry axis. Sub-
sequently, when the supersonic star interacts with the external
outflow or inflow, the bow-shock orientation changes because of
the change in relative velocity. This would naturally lead to the
corresponding alternation of the polarization angle.

For completeness, we also produce the images of scattered
emission in K band, maps of linear polarization degree, and the
distribution of the polarization angle for the configurations with
0 =0°06 =45° and § = 90° (see Fig. 10). Most of the po-
larized flux density originates in the bow-shock layer where the
bipolar stellar wind intercepts the bow shock. The change in tilt
of the bipolar cavity naturally leads to the modification of the
polarization angle.

All in all, the main observed characteristics of the DSO, that
is, compactness, the total flux density, the polarization degree
and angle, and their corresponding changes, can be reproduced
by the model of a supersonic YSO. A high polarization degree in
K, band is due to the scattering of stellar and dust photons, and
the main contribution is due to the self-scattering of dust emis-
sion. The reconstructed RGB image of the DSO model from the
radiative transfer is shown in Fig. 11, where blue stands for the
K, band, green for the L’ band, and red for the M-band emission.

4.3. Effect of dichroic extinction

A fraction of the polarized flux density of the DSO may arise
from dichroic extinction. Dust grains might not be necessar-
ily spherical, but they might be cylindrical and aligned to a
certain extent by a magnetic or radiation field. A significant
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Fig. 11. RGB image of the DSO source model. Blue stands for the
K, band, green for the L’ band, and red for the M-band emission.

polarized signal may then be created by dichroic extinction: pho-
tons with electric vectors that are parallel to the grain axis ex-
perience higher extinction than those with electric vectors that
are perpendicular. Therefore, a polarized emission emerges with
a polarization degree p that may be expressed in the following
way (Krugel 2002):

e_Tmm — e_Tmax

S — 10
p e Tmin 4 ¢~ Tmax ( )
where Thax 1s the highest optical depth in the direction of the
strongest attenuation and T, is the lowest optical depth in the
perpendicular direction. The difference is usually small, Ty —

Tmin — 0, which then leads to

1 1 , o [
pP= E(Tmax — Thin) = Eo-gr( Iel;l(‘:x - Q:;l(l[n)\fo‘ n(hdl, (11)
where o is the effective cross-section of the grain, QnR¢* and

min

ext
integral N = fol n(l)d! stands for the column density of dust along
the line of sight.

Since the polarization degree p in Eq. (11) is proportional
to the column density, which tends to increase toward the peri-
center as a result of the increasing surface density of the bow-
shock layer (see Zajacek et al. 2016, for detailed calculations),
the slight increase in polarization degree toward the pericenter
(2008-2012) might be partially caused by dichroic extinction.

are the highest and lowest extinction efficiencies, and the

5. Discussion

The obtained polarization degree of the DSO in different observ-
ing years is significantly higher than the foreground polarization
(6.1% in K band), which shows that it is an intrinsically polar-
ized source. Emission or absorption from elongated grains that
are aligned magnetically and (Mie-) scattering on dust grains in
the dusty stellar envelopes are the most probable processes to
produce the intrinsic polarization. In the NIR, emission and ab-
sorption processes can take place at the same time and cancel
each other out. When scattering on the spherical dust grains oc-
curs, part of the light that is scattered forward is unpolarized, and
the rest would be scattered perpendicular to the direction of inci-
dent light, which produces linear polarization. If a central star is

embedded in an isotropic envelope of spherical grains, the scat-
tered light produces polarization with polarization vectors tan-
gential to concentric circles about the central star that causes the
overall polarization to be zero.

Polarization patterns can be more complex for more complex
geometries such as YSOs that have dusty disks around the cen-
tral source (see, e.g., Murakawa 2010), and bow-shock sources.
In a system of a star that has a dusty disk around it, the polar-
ization values of different regions around the source cancel each
other out when the source is viewed face-on and no polarization
would be detected, while when it is viewed edge-on, the source
shows polarization (Buchholz et al. 2011). Scattering can also
occur on elongated and non-spherical dust grains and has been
modeled (see, e.g., Whitney & Wolff 2002), although in our ra-
diative transfer model we assumed only spherical dust grains.
All in all, polarization produced by light scattering depends on
the source viewing angle and its geometry.

Since the measured polarization degree of the DSO that we
obtain is high (p > 20%), it might be caused by non-spherical
geometry, for example, by a star with a bipolar wind and a
bow shock.

In general, if the DSO is moving through the hot, X-ray emit-
ting region of the interstellar medium with a supersonic velocity,
a bow shock can form. Collisional ionization and high densities
in the shocked layer of the stellar wind can generate its observed
emission lines (Scoville & Burkert 2013). However, no increase
in the Bry luminosity has been detected, which would be ex-
pected for the bow-shock dominated emission (Valencia-S et al.
2015).

The polarization angle varies during the years, that is to
say, the direction of the polarization vector changes from its ex-
pected direction, which is perpendicular to the direction of mo-
tion. The modification of the polarization angle can be caused
by the change in orientation of the bipolar wind of the star that
occurs when the circumstellar disk is not aligned with the orbital
plane. It can also be explained by a combination of the source
motion and the interaction with the surrounding medium.

T Tauri stars generally exhibit an intrinsic polarization, and
one of the main origins of their polarization is scattering by dust
grains in circumstellar shells (see, e.g., Yudin & Evans 1998). In
polarimetric images, they show variations in polarization degree
and angle (Appenzeller & Mundt 1989). Many T Tauri stars have
magnetospheric accretion flows since their circumstellar mag-
netic fields are powerful and globally ordered to maintain this
type of large-scale accretion flows (Symington et al. 2005).

Some circumstellar disks of the low-mass stars have a bow-
shock appearance like the proplyds (protoplanetary disks) of the
Orion nebula cluster (O’dell & Wen 1994; Johnstone et al. 1998;
Storzer & Hollenbach 1999). NIR polarimetry is a tool to con-
strain the disk parameters of the proplyds even if the disk struc-
ture itself is not resolvable (Rost et al. 2008). Based on our data
set, we cannot spatially resolve a disk or a bow-shock structure
because the source appears as a point source with the current an-
gular resolution of 8 m class telescopes in K band. It might be
similar to X3 and X7, the bow-shock sources within the inner
5" at the GC (Muzi€ et al. 2010). Moreover, as the source is not
extended, it is not possible to measure the polarization in indi-
vidual regions of the source, as was done in Rauch et al. (2013)
for IRS 8.

6. Summary and conclusions

We have analyzed the NIR polarized observations of a Dusty S-
cluster Object (DSO/G2) on an eccentric orbit around Sgr A*.
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K-band polarization data were available for 2008, 2009, 2011,
and 2012. In all these years we clearly detected K;-band contin-
uum emission in the different channels of the Wollaston prism.
The data cover the polarization information of the DSO before
its pericenter passage (May 2014). The source does not show
significant variability in the overall Ks-band flux density during
the observed years, and its polarization degree is mostly above
20%, which is higher than the foreground polarization measured
on the surrounding stars. It appears that the polarization degree is
approximately constant and the polarization angle varies as it ap-
proaches the position of Sgr A*. Based on our significance anal-
ysis, the polarization measurements of the DSO are significant in
2008, 2009, and 2012 and can be interpreted as source-intrinsic
properties.

Since the total polarization degree is noticeably high, higher
than 20% for all epochs, the DSO structure is expected to de-
viate from the spherical symmetry. Moreover, the analysis of
Valencia-S et al. (2015) showed that the source remains com-
pact, meaning that it is not effected by tidal forces close to the
pericenter of its orbit. Gillessen et al. (2012) and Eckart et al.
(2013) discussed a NIR excess of K — L’ > 3, which implies the
presence of a dense gaseous-dusty envelope. All of these basic
observed parameters, the NIR excess, the compactness, and the
significant polarization, may be reconciled within the model of a
dust-enshrouded young star, to be precise, a pre-main-sequence
star of class 1 (Zajacek et al. 2014; Zajacek et al. 2015), that
forms a dense bow-shock layer by its supersonic motion upon
approaching the supermassive black hole (Zajacek et al. 2016).

The obtained polarization properties of the DSO in this work
can be caused by the non-spherical geometry of a bow shock
and a bipolar wind of the star. We used the 3D radiative trans-
fer model implementing the code Hyperion (Robitaille 2011) to
compare the observed measurements to the model of the young
stellar object forming a bow shock.

We conclude that the varying polarization angle is related
to the intrinsic change of the circumstellar configuration. The
change in bipolar outflow orientation may be due to the accre-
tion disk wobbling or precession in the gravitational field of the
SMBH. It can be also produced by external interaction of the
DSO with the accretion flow. Although our model is simple, it
can reproduce many observed properties of the DSO obtained in
this work, such as the total flux density and the polarization de-
gree. A more detailed analysis of the model will be provided in
Zajacek et al. (in prep.).

Shahzamanian et al. (2015) showed that the Sgr A* system
exhibits a stable geometry and accretion process that is consis-
tent with the preferred jet or wind directions. The close fly-by
of the DSO, or similar dusty sources (Peissker et al., in prep.),
might have an effect on the stable accretion flow onto Sgr A* that
depends on the nature of these objects. However, after the peri-
center passage of the DSO, the object remained compact and
its orbit Keplerian (Witzel et al. 2014; Valencia-S et al. 2015).
Consequently, it did not lose a noticeable amount of energy
and angular momentum during its closest approach to Sgr A*,
and as a result experienced weak interactions with the central
black hole (Park et al. 2015). However, based on hydrodynami-
cal simulations, it may take several years for their interaction and
to see a change in the activity of Sgr A* (Burkert et al. 2012;
Schartmann et al. 2012), either as an increase in the accretion
flow rate or in the appearance of jets (Yuan & Narayan 2014).
Therefore, polarization and variability measurements of Sgr A*
are needed to be continued as they are the ideal tool to probe any
change in the apparently stable system as a function of the DSO
fly-by. Moreover, future polarized observations of the DSO, that
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is, after the pericenter passage, in the NIR can help us to better
constrain the source polarization and structure.
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Appendix A

We present the high-pass-filtered (smooth-subtracted) images of
the central 0.65” x 0.65” for 2008 and 2012 in Fig. A.1. The
DSO can be identified as a source component in the images.
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Fig. A.1. Color maps of high-pass-filtered (smooth-subtracted) adaptive optics images of the central 0.65” x 0.65”. The arrow points at the contour
line excursions that are due to the flux density contribution of the DSO. The red asterisk indicates the position of Sgr A*. Left is 90° position angle

for 2008 and right is 90° position angle for 2012.
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CHAPTER

Nature of NIR-excess sources close
to the Galactic centre

Based on the continuum observations in the NIR domains (Eckart et al. 2013; Witzel et al.
2014; Shahzamanian et al. 2016) it was needed to construct a model of the DSO/G2 source
that includes both the total and polarized flux density. Given this motivation, I did a set of
several Monte Carlo radiative transfer simulations with three-dimensional geometries of dusty
circumstellar atmospheres, including a central star (with parameters of a pre-main-sequence
star), a non-spherical dusty envelope, and a bow shock.

As we already discussed in Shahzamanian et al. (2016), a dust-enshrouded star can fully
reproduce the total as well as polarized flux densities. It is also consistent with the non-
detection of X-ray and radio counterparts. We also show that the overall scheme is consistent
with a pre-main-sequence star that exhibits broad Bry emission.

In principle, the continuum of the DSO/G2 source could be of a non-thermal nature. In
that case, it can be fitted with a power-law distribution, like in synchrotron sources. Given the
overall compactness of the continuum emission, it could be explained by a young neutron
star and its wind nebula similar to the Crab pulsar. Such a pulsar wind nebula is also linearly
polarized because of the synchrotron nature of its emission across a broad frequency range.

These results are included in the peer-reviewed paper, which is published in A&A.

Credit: Zajacek et al., A&A 602, A121 (2017). Reproduced with permission ©ESO.
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ABSTRACT

Context. The Dusty S-cluster Object (DSO/G2) orbiting the supermassive black hole (Sgr A*) in the Galactic centre has been mon-
itored in both near-infrared continuum and line emission. There has been a dispute about the character and the compactness of the
object: it being interpreted as either a gas cloud or a dust-enshrouded star. A recent analysis of polarimetry data in K-band (2.2 um)
allows us to put further constraints on the geometry of the DSO.

Aims. The purpose of this paper is to constrain the nature and the geometry of the DSO.

Methods. We compared 3D radiative transfer models of the DSO with the near-infrared (NIR) continuum data including polarimetry.
In the analysis, we used basic dust continuum radiative transfer theory implemented in the 3D Monte Carlo code Hyperion. Moreover,
we implemented analytical results of the two-body problem mechanics and the theory of non-thermal processes.

Results. We present a composite model of the DSO — a dust-enshrouded star that consists of a stellar source, dusty, optically thick
envelope, bipolar cavities, and a bow shock. This scheme can match the NIR total as well as polarized properties of the observed
spectral energy distribution (SED). The SED may be also explained in theory by a young pulsar wind nebula that typically exhibits a
large linear polarization degree due to magnetospheric synchrotron emission.

Conclusions. The analysis of NIR polarimetry data combined with the radiative transfer modelling shows that the DSO is a peculiar
source of compact nature in the S cluster ( < 0.04 pc). It is most probably a young stellar object embedded in a non-spherical dusty
envelope, whose components include optically thick dusty envelope, bipolar cavities, and a bow shock. Alternatively, the continuum
emission could be of a non-thermal origin due to the presence of a young neutron star and its wind nebula. Although there has been
so far no detection of X-ray and radio counterparts of the DSO, the analysis of the neutron star model shows that young, energetic
neutron stars similar to the Crab pulsar could in principle be detected in the S cluster with current NIR facilities and they appear
as apparent reddened, near-infrared-excess sources. The searches for pulsars in the NIR bands can thus complement standard radio
searches, which can put further constraints on the unexplored pulsar population in the Galactic centre. Both thermal and non-thermal

models are in accordance with the observed compactness, total as well polarized continuum emission of the DSO.

Key words. black hole physics — Galaxy: center — radiative transfer — polarization — stars: pre-main sequence — stars: neutron

1. Introduction

Since its discovery in 2012 (Gillessen et al. 2012) the near-
infrared excess and recombination-line emitting source Dusty
S-cluster Object also known as G2 (DSO/G2)' has caught a
lot of attention because of its highly eccentric orbit around
the supermassive black hole associated with the compact ra-
dio source Sgr A* at the Galactic centre. It has been inten-
sively monitored, especially close to its pericentre passage in
the spring of 2014 (Valencia-S. et al. 2015; Pfuhl et al. 2015),
when it passed the black hole at the distance of about 160 AU.
No enhanced activity of Sgr A* has been detected so far in the
mm (Borkar et al. 2016), radio (Bower et al. 2015), and X-ray

1

The name G2 first appeared in Burkert et al. (2012) to distinguish
the source from the first object of a similar type — G1 (Clénet et al.
2004). The acronym DSO (Dusty S-cluster Object) was introduced by
Eckart et al. (2013) to stress the dust emission of the source and the
overall NIR excess.

Article published by EDP Sciences

domains (Mossoux et al. 2016); see however Ponti et al. (2015)
for the discussion of a possible increase in the bright X-ray flar-
ing rate.

Despite many monitoring programmes and detailed analy-
ses, there has been a dispute about the significance of the de-
tection of tidal stretching of the DSO, which has naturally led
to a variety of interpretations. A careful treatment of the back-
ground emission by Valencia-S. et al. (2015) revealed the DSO
as a compact, single-peak emission-line source at each epoch,
both shortly before and after the pericentre passage (see however
Pfuhl et al. 2015). Moreover, the DSO was detected as a compact
continuum source in near-infrared (NIR) L-band by Witzel et al.
(2014), and as a fainter, stable K;-band source (Eckart et al.
2013; Shahzamanian et al. 2016).

Most of the scenarios that have been proposed so far to ex-
plain the DSO and related phenomena may be grouped into the
three following categories:
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Table 1. Overview of proposed scenarios concerning the nature and the formation of the DSO/G2 and a few corresponding papers.

Scenario

Papers

Star with dusty envelope/disc and outflow

Murray-Clay & Loeb (2012), Eckart et al. (2013), Scoville & Burkert (2013), Ballone et al. (2013)
Zajacek et al. (2014), De Colle et al. (2014), Valencia-S. et al. (2015), Ballone et al. (2016), Shahzamanian et al. (2016)

Binary/binary dynamics

Zajalek et al. (2014), Prodan et al. (2015), Witzel et al. (2014), Stephan et al. (2016)

Core-less cloud/streamer

Gillessen et al. (2012), Burkert et al. (2012), Schartmann et al. (2012), Shcherbakov (2014)
Pfuhl et al. (2015), Schartmann et al. (2015), McCourt et al. (2015), McCourt & Madigan (2016), Madigan et al. (2017)

Tidal disruption

Miralda-Escudé (2012), Guillochon et al. (2014)

Nova outburst

Meyer & Meyer-Hofmeister (2012)

Planet/protoplanet

Mapelli & Ripamonti (2015), Trani et al. (2016)

(i) core-less cloud/streamer (Gillessen et al. 2012; Burkert et al.
2012; Schartmann et al. 2012, 2015; Pfuhl et al. 2015).

(ii)) a dust-enshrouded star. (Murray-Clay & Loeb 2012;
Eckart et al. 2013; Scoville & Burkert 2013; Ballone et al.
2013, 2016; Zajacek etal. 2014; De Colle etal. 2014;
Valencia-S. et al. 2015).

(iii) binary/binary dynamics (ZajaCek et al. 2014; Prodan et al.
2015; Witzel et al. 2014).

The scenarios (i); (ii); (iii), and a few more are summarized in
Table 1 with corresponding references.

The apparent variety of studies may be explained by a lack
of information about the intrinsic geometry of the DSO, which
makes the problem of determining the DSO nature degenerate,
which means that more interpretations of the source SED and
line emission are plausible. Also, several observational studies
denied the detection of K-band (2.2 um) counterpart of the object
(Gillessen et al. 2012; Witzel et al. 2014), which led to very few
constraints on the SED, making both scenarios — core-less cloud
and dust-enshrouded star — theoretically possible (Eckart et al.
2013). On the other hand, Eckart et al. (2013) and Eckart et al.
(2014) show the K-band detection of the DSO in both VLT and
Keck data, which together with the overall compactness of the
source in both line (Valencia-S. et al. 2015) and continuum emis-
sion (Witzel et al. 2014) strengthened the hypothesis of a dust-
enshrouded star/binary.

New constraints on the intrinsic geometry of the source has
recently been obtained by Shahzamanian et al. (2016) thanks to
the detection of polarized continuum emission in NIR K band
in the polarimetry mode of the NACO imager at the ESO VLT.
In Shahzamanian et al. (2016) we also obtained an improved
K;-band identification of the source in median polarimetry im-
ages at different epochs 2008-2012 (before the pericentre pas-
sage). The main result is that the DSO is an intrinsically po-
larized source with a significant polarization degree of ~30%,
which is larger than the typical foreground polarization in the
Galactic centre region at the level of ~6%, with an alternat-
ing polarization angle as the source approaches the position of
Sgr A*.

Apart from the DSO, Eckart et al. (2013) and Meyer et al.
(2014) showed that the central arcsecond contains several (<10)
NIR-excess sources, some of which exhibit Bry emission line
in their spectra. We show their approximate positions with re-
spect to B-type S stars in Fig. 1. It is not yet clear whether these
sources are related to each other, that is whether they have a
common origin. However, they are definitely peculiar sources
with respect to the prevailing population of main-sequence
B-type S stars (Eckart & Genzel 1996, 1997; Ghez et al. 1998;
Gillessen et al. 2009, 2017).

In this paper, we further elaborate on a model of the DSO
(see previous models presented in Zajacek et al. 2014, 2016)
taking into account the new Ks-band measurements and analy-
sis as presented by Shahzamanian et al. (2016). By comparing
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Fig. 1. Positions of S stars and infrared excess sources in the innermost
(3.0” x 3.0”) of the Galactic centre according to Eckart et al. (2013).
The colours denote the colour (K — L) according to the colour scale to
the right. A colour (K;—L’) for ordinary, B-type S stars (e.g. S2 as a pro-
totype) is expected to be ~0.4 (with line-of-sight extinction). The posi-
tion of the DSO and S stars was calculated for 2012.0 epoch according
to the orbital solutions in Valencia-S. et al. (2015) and Gillessen et al.
(2009), respectively.

theoretical and numerical calculations with the NIR data, we
can explain the peculiar characteristics of the DSO by using the
model of a young embedded and accreting star surrounded by a
non-spherical dusty envelope. This model can be also used for
other NIR excess sources, although with a certain caution, since
they may be of a different nature. The comparison of different
formation scenarios for NIR-excess sources is studied in Zajacek
et al. in prep. (hereafter Paper II).

In this study, we focus on the total as well as linearly
polarized NIR continuum characteristics of the DSO. We do
not include line radiative transfer in the modelling. We refer
the reader to Valencia-S. et al. (2015) and Zajacek et al. (2015,
2016), where we studied the basics of the line emission mech-
anisms potentially responsible for generating broad Bry line.
For a pre-main-sequence star, the large line width of the Bry
emission line can be explained by the magnetospheric accre-
tion mechanism, where the gas is channelled along the mag-
netic field lines from the inner parts of a circumstellar accretion
disc, reaching nearly free-fall velocities of several 100kms™',
Vinfal S V2GM, /R,. The line emission can thus be formed
within a very compact region of a few stellar radii and the line
luminosity is scaled by the accretion luminosity (Alcald et al.
2014).

Furthermore, we also investigate whether the SED of the
DSO and that of other excess sources could be of a non-thermal
rather than a thermal origin by using the model of a PWN.
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Fig. 2. Roadmap for solving the nature of the DSO/G2 source. The ticks (') label the implications of the analysis of observational data by
Valencia-S. et al. (2015), Witzel et al. (2014), and Shahzamanian et al. (2016). The question-mark (?) on the left implies that the NIR continuum
of the DSO can be either thermal (standard interpretation) or non-thermal. The orange colour marks the possible nature of the DSO that would

explain the observed characteristics.

Although the PWN model has a smaller number of parame-
ters and thus a certain elegance in comparison with the model
of an embedded star, observationally we miss a clear X-ray or
radio counterpart of the DSO, which would be expected for a
young neutron star of a few 103 yr. On the other hand, our anal-
ysis shows that young PWNs resulting from SNII explosions, if
present in the nuclear star cluster, could be detected by standard
NIR imaging and would indeed manifest themselves as apparent
NIR-excess, polarized sources.

The paper is structured as follows. In Sect. 2 we list impor-
tant observational characteristics of the DSO. Subsequently, in
Sect. 3, we briefly analyse the observational as well as theoret-
ical evidence for the compactness of this peculiar source. The
results of the modelling and the comparison with observations
are presented in Sect. 4, where the main focus is on the pre-
main-sequence star embedded in a non-spherical dusty envelope
(Sect. 4.1). Moreover, we analyse the possibility that the SED
could be of a non-thermal origin, which would open the way for
interpreting the DSO as a young PWN (Sect. 4.2). In Sect. 5, we
discuss several other characteristics of the DSO, mainly its as-
sociation with a larger streamer and other dusty sources as well
as further aspects of synchrotron, bremsstrahlung, and Bry lumi-
nosity as predicted by a dust-enshrouded star model. Finally, we
summarize the main results of the Paper I in Sect. 6.

2. Summary of observational constraints

There are several important constraints that every model of the
DSO must explain:

(a) near-infrared excess or reddening of K, — L’ > 3;

(b) broad emission lines, especially Bry, with the FWHM of the
order of 100kms™';

(c) astable L’-band as well as K -band continuum emission;

(d) apolarized Ks-band continuum emission of Pr, ~ 30%.

Besides (a)-(d) characteristics, one should also consider the
overall compactness or the diffuseness of the source (i.e. whether
the object can be resolved given the PSF of the instrument used),
and the overall orbital evolution (i.e. if one can detect significant
drag/inspiral along the orbit as would be expected for a core-less
cloud).

Since different aspects are involved, we set up the roadmap
towards solving the DSO nature, which is illustrated in Fig. 2. In
the further analysis, we consider the results of Valencia-S. et al.
(2015) that show that the DSO exhibits a single-peak Bry emis-
sion line at each epoch, in other words they detect no significant
stretching along the orbit as would be expected for a core-less
cloud. A consistent result is presented by Witzel et al. (2014),
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Table 2. Summary of NIR flux densities of the DSO.

Band Wavelength [um] Frequency [Hz] Flux density [mJy] Refs.
H 1.65 1.82 x 101 <0.17 1
K 2.2 1.36 x 10 0.23 +0.02 2
1% 3.8 7.89 x 10" 12+0.3 3
M 4.7 6.38 x 1013 1.2+04 4
References. (1) Eckartetal. (2013); (2) Eckartetal. (2013),

Shahzamanian et al. (2016); (3) Gillessen et al. (2012), Eckart et al.
(2013), Witzel et al. (2014); (4) Gillessen et al. (2012).

Table 3. Summary of observational constraints for the DSO nature.

Note
“red” source; K — L' > 3
FWHMg,, ~ 100kms™!
polarization degree ~30%
no significant tidal elongation

Constraint
SED
broad emission lines
source of polarized K band emission
stability and compactness

who detect a compact L-band emission of the DSO/G2 during
the peribothron® passage in 2014.

Therefore, we are not going to consider the tidal stretching,
which according to the roadmap in Fig. 2 would either indicate
an extended circumstellar envelope that does not feel the grav-
itational field of the star, or a core-less cloud. These two sce-
narios will be further tested by the orbital evolution in the post-
peribothron phase.

Concerning the spectral energy distribution of the DSO, we
adopt the results of Gillessen et al. (2012), Eckart et al. (2013),
and Shahzamanian et al. (2016); see also Shcherbakov (2014)
for the first SED analysis of the DSO assuming a core-less cloud
scenario. As analysed by Eckart et al. (2013) and confirmed by
Shahzamanian et al. (2016), the source shows prominent redden-
ing between NIR K and L’ bands, K — L’ > 3. Further measure-
ments in M band were performed by Gillessen et al. (2012). The
H-band flux density is an upper limit since there was no detec-
tion (Gillessen et al. 2012; Eckart et al. 2013).

In the NIR H band, Eckart et al. (2013) derive the minimum
apparent magnitude of my > 21.2 based on the background
level of the neighbouring stars. Using the extinction correction of
Apg = 4.21, the upper limit on the flux density is Fg < 0.17 mJy.

For the flux density in NIR K-band, we take a weighed
mean of the measurements by Shahzamanian et al. (2016) (see
our Table 3 for the summary of measurements). We obtain the
mean flux density value of Foy = (0.23 + 0.02) mJy, both with
and without considering the epoch 2011, when the ratio S /N was
low.

For the L’-band magnitude, we consider the value of m;, =
14.4 + 0.3 (Eckart et al. 2013). Using A;; = 1.09, we obtain the
flux density of F3g = (1.2 £ 0.3) mly.

The absolute dereddened M-band magnitude obtained by
Gillessen et al. (2012) is My = —1.8 = 0.3, which yields Fy7 =
(1.2 £ 0.4)mly. All of the inferred flux densities are summa-
rized in Table 2. Based on the flux density measurements, the
upper limit on the overall luminosity was set to Lpso < 30 Ly
(Eckart et al. 2013; Witzel et al. 2014).

Another important constraint is the detection of polarized
emission in NIR K band by Shahzamanian et al. (2016) with

2 We use pericentre and peribothron interchangeably; peribothron is
derived from Greek bothros, which means a hole dug in the ground,
also a pit used for drink offerings for subterranean gods in the Greek
mythology.
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Fig. 3. Detected, dereddened flux densities of the DSO (black points)
and the fitted continuum: thermal black-body fit curve corresponding to
warm dust (orange solid and dashed lines) and non-thermal power-law
emission fit §, o v~ with the index & = 2.0 + 0.3 (red solid and dashed
lines). For comparison, we also plot the black-body curve correspond-
ing to the star of 7, = 4200K and L, = 20 L, (pre-main-sequence star
without a dusty envelope; grey solid line).

the polarization degree of ~30% and a variable polarization an-
gle for four consecutive epochs (2008, 2009, 2011, and 2012).
The summary of all observational constraints is in Table 3.

The dereddened, continuum flux densities in the NIR domain
were attributed to the warm dust emission in the temperature
interval T4, = 400-600 K (Gillessen et al. 2012; Eckart et al.
2013), which can reproduce the flux densities between K, and
M bands. In Fig. 3, we repeat the fit of the dereddened flux den-
sities with a single-temperature black-body flux density profile
S(T,R) = (R/d)*nB,(T), where B,(T) is a black-body specific
intensity at temperature 7', R is the characteristic radius of the
object, and d is the distance to the Galactic centre, which we
set to d = 8kpc (Eckart et al. 2005, 2017; Genzel et al. 2010).
The black-body fits gives the temperature of T = (874 + 54) K,
which corresponds to the warm dust component, and the charac-
teristic radius of R = (0.31 + 0.07) AU for an optically thick
black body. This corresponds to a rather compact source in
comparison with the originally proposed mean length-scale of
R. ~ 15mas ~ 120 AU for a core-less gas cloud (Gillessen et al.
2012), in which case the emission would necessarily be optically
thin. For comparison, we also plot the black-body curve corre-
sponding to the star of T, = 4200K and L, = 20 L, (without
any circumstellar envelope), which naturally has a reversed slope
than that of the DSO continuum (see Fig. 3).

On the other hand, an alternative model for the origin of
the SED with increasing flux values towards longer wave-
lengths (smaller frequencies) is a nonthermal power law, S, =
So(v/vp)~®. A naive fit of the power law model to the detected
flux densities yields the profile,

v )72.04;0.3

5,220 (e
Y 5.37 x 1013 Hz

mly, 6]

with partial power-law slopes @;; = —log(S,/S,;)/log(vi/v;)
between bands i and j: agygx = 1.05, agr = 3.02, and a1y = 0.
The qualitative behaviour of the continuum radiation of the DSO
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Fig. 4. Left: foreshortening factor for the size of any structure calculated for the DSO orbit with inclination i = 113°. Right: relative tidal stretching
and compression as function of time (in years with respect to the peribothron passage) in the orbital plane (solid lines) and with respect to the

inclined orbit to the DSO (dashed lines).

is similar to the SED of few young pulsars detected in NIR do-
mains (Mignani et al. 2012; Zharikov et al. 2013; Zyuzin et al.
2016) that are dominated by magnetospheric synchrotron radia-
tion. Moreover, they exhibit a significant linear polarized emis-
sion with the polarization degree of a few 10% (Zajczyk et al.
2012). Thus, DSO-like sources could in principle be neutron
stars and the detection of significant linearly polarized emission
strengthens this hypothesis. The crucial point for the confirma-
tion of this association is the detection of the counterparts in
different domains, specifically radio and X-ray domains.

3. On the compactness of the DSO

In the literature, it is still debated whether the DSO/G2 source is
of compact nature or not. In the further analysis we assume that
the DSO has a compact nature, that is the source is not signifi-
cantly stretched and elongated by tidal forces of the SMBH. This
conclusion is based on the fact that both the line emission (Bry)
and the L’-band continuum emission did not show signs of tidal
interaction during the closest passage (Valencia-S. et al. 2015;
Witzel et al. 2014); see however Pfuhl et al. (2015) for a differ-
ent view. In addition, Ks-band flux density was constant within
uncertainties for four consecutive epochs (2008, 2009, 2011, and
2012, Shahzamanian et al. 2016). Since the DSO appears as a
point-like source, it is only possible to infer an upper limit for its
length-scale based on the minimum FWHM of the point spread
function, 6, ~ 63(1/2 um) mas.

A simple test of the compactness of the DSO is provided by
the comparison of the observed evolution with that of a core-less
gaseous stream approaching the black hole of M, = 4 x 10° My,
When the parts of the cloud move independently in the potential
of the black hole, the cloud with initial radius Rj,; is stretched
along the orbit and compressed in the perpendicular direction.

According to Shcherbakov (2014), we can express the rela-
tive prolongation as function of distance r from the SMBH in
terms of the half-length L,

L P \V2 [ ra+rp—r \?
A== (M) (AT ) @)
Rinit r FA + Ip = Finit

where riy; is the initial distance at which the cloud was formed,
having a spherical shape with the radius Rj,i;, and rp and rp are
pericentre and apocentre distances of the DSO, respectively. We

set ripi¢ to the distance that corresponds to 10 yr before the peri-
bothron passage (earlier date of formation would lead to larger
prolongation). Similarly, the relative compression p in the direc-
tion perpendicular to the orbit may be expressed as,

,
p = H/Rjpiy = —, 3

Finit

where H is the actual perpendicular cross-section of the cloud.
For the orbital parameters of the DSO (Valencia-S. et al. 2015),
both the relative prolongation A(f) and compression p(¢) are plot-
ted in Fig. 4 (right panel) as functions of time before the peri-
bothron passage. For the observed dimensions of the object, the
foreshortening due to the orbital inclination is important. The
foreshortening factor as function of time is plotted in Fig. 4 (left
panel). At the peribothron, the source should be viewed at full
size and the relative prolongation is ~6 times that of the ini-
tial size (~10 times when foreshortening is taken into account).
The compression in the perpendicular direction should lead to
the general spaghettification of the cloud. The tidal elongation
of this order was, however, not detected (Witzel et al. 2014;
Valencia-S. et al. 2015).

Specifically, between the epoch 2011.39 (3 yr before the
peribothron) and the peribothron passage, the prolongation fac-
toris A ~ 3.45. If the DSO was a core-less cloud, it should have
a pericentre length-scale Lyer = ARjyic. Gillessen et al. (2013b)
infer the FWHM length-scale Rpwum = (42 % 10) mas from the
Gaussian fit for epochs 2008.0, 2010.0, 2011.0, 2012.0, 2013.0.
The pericentre size, with respect to 2011 epoch, should then be
Lyper = 145 mas > Oy, which is more than a factor of two larger
than PSF FWHM. Such a large size is inconsistent with a rather
compact line emission detected by Valencia-S. et al. (2015) dur-
ing the pericentre passage. In fact, the analysis of the L-band
continuum emission of the DSO during the pericentre passage
by Witzel et al. (2014) yields the diameter of 32 mas, which is
fully consistent with the DSO being a point source.

On the other hand, since the DSO was detected as a point
source at the pericentre, the upper limit on its length-scale is
given by the diffraction limit Lper < Opin = 63 mas. A core-less
cloud or an extended envelope of a star that reached the size
of Ly by tidal stretching must have been smaller by a factor
of A(—10yr) = 6, that is 10 yr before the peribothron passage,
yielding the characteristic size of L(—10yr) < 10mas = 80 AU.
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Based on this estimate, we set the characteristic radius of the
potentially tidally perturbed part of the DSO to R, < 5 mas.

Using the observationally inferred Bry luminosity of Lg,, =
2 x 1073 Ly, (Gillessen et al. 2012; Valencia-S. et al. 2015), we
can estimate the electron density in the envelope assuming case
B recombination (Gillessen et al. 2012),

R\ T
= 135 x 1007 (2 :
e <107y 5 mas 10°K

0.54
) cm™, 4)
where T is the expected gas temperature of the DSO and fv is
the volume filling factor, which we set to fy < 1. For the mass
of the DSO, in case it would be a gas cloud, we get

0.54
MDSO cloud = 2.2 X 1027 1/2 (L)M2 Tg g, (5)
Y V. \5mas 104K

which is about Mpsocioud = 0.4 f\],/ 2 MEarm. A smaller mass and
a required higher density than originally estimated (Gillessen
et al. 2012) shorten typical hydrodynamical time-scales that de-
termine the lifetime of the cloud, specifically the cloud evapora-
tion time-scale is (Burkert et al. 2012)

r )1/6 Mpsocioud \'” . ©)
s4ax100) \22x107g) "

Tevap = 43 (

where r is the distance from Sgr A* in units of 5.4 X 10! cm,
which corresponds approx. to the epoch of 2004. Such a short
evaporation time-scale for a small, cold clump in the hot am-
bient plasma would necessarily lead to observable changes in
the cloud line and continuum luminosities. However, the ob-
servations imply that the DSO is a rather compact, stable
source in both line and continuum emission (Witzel et al. 2014;
Valencia-S. et al. 2015; Shahzamanian et al. 2016).

Although a magnetically arrested cloud was suggested to ex-
plain the apparent stability (Shcherbakov 2014), it would still
not prevent the cloud from the progressive evaporation and dis-
ruption (McCourt et al. 2015) as well as the loss of angular mo-
mentum when interacting with the ambient medium, leading to
the inspiral and deviation from the original ellipse (Pfuhl et al.
2015; McCourt et al. 2015). Therefore, given the reasons above,
a stellar nature of the DSO is more consistent with its observed
line and continuum characteristics.

The basic estimate of the distance r; where an object with
a characteristic radius Rpso and mass Mpgo is tidally disrupted
is given by r, = Rpso(B3M./Mpso)'/?. For a stellar source, we
get an estimate r, ~ 1.07(Rpso/1 Ro)(Mpso/1 My)~'/3 AU.
Since the peribothron distance of the DSO is rp = a(l —e) =
0.033pc x (1 —0.976) ~ 163 AU (Valencia-S. et al. 2015) and
no visible tidal interaction was observed, the upper limit on the
length-scale of the stellar system that stays stable is Rpso ~
0.7 (Mpso/1 Ms)'/? AU. On the other hand, for the cloud of
Rpso = 15mas ~ 2.7 x 10* R, and the mass of three Earth
mass, Mpso ~ 107> My, (Gillessen et al. 2012), the tidal radius is
r = 1.3x10° AU. Hence, the cloud should be strongly perturbed
not only at the pericentre, but during the whole phase of infall,
since the apocentre distance is 7o = a(l + ¢) = 1.3 x 10* AU.
In summary, to explain the compact behaviour of the object, the
emitting material (gas+dust) should be located in the inner as-
tronomical unit from the star.

On the other hand, since the NIR-continuum is dominated by
thermal dust emission (for a dust-enshrouded star), one can esti-
mate the lower distance limit where the dust is located from the
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dust sublimation radius rg,, (Monnier & Millan-Gabet 2002),
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where Qg is the ratio of absorption efficiencies, which we con-
sider to be of the order of unity, and Ty is the dust sublimation
temperature, for which we take 1500 K. The inferred luminosity
of the DSO is of the order of Lpso = 10 Ly (Eckart et al. 2013;
Witzel et al. 2014), and so the expected sublimation radius is
rsup ~ 0.1 AU. Hence, since the continuum emission seems to be
compact and no clear evidence of tidal interaction was detected
during the peribothron passage (Witzel et al. 2014), the distance
range, where the dust emitting the NIR-continuum is located and
stays gravitationally unperturbed, is quite narrow, rgyp < ¥ < 71,
thatis 0.1 AU g r < 1 AU.

4. Modelling the total and polarized continuum
emission of the DSO

In this section, we focus on the modelling of the total as well
as polarized flux density in corresponding NIR bands. The main
aim is the continuum radiative transfer in the dense dusty en-
velope surrounding a star with the emphasis on the linearly po-
larized emission (Sect. 4.1). The continuum profile is shaped by
reprocessing the stellar emission by the surrounding dusty enve-
lope. Linear polarization may arise due to (i) photon scattering
on spherical dust grains (Mie scattering); (ii) dichroic extinc-
tion caused by selective absorption of photons in the medium
where non-spherical grains are aligned due to radiation or mag-
netic field. The overall linear polarization degree for young stars
may vary from the fraction of a percent up to a few 10%, de-
pending on the geometry as well as the extinction of the dusty
envelope (see Kolokolova et al. 2015, for a review).

In case of a hypothetical non-thermal origin of the DSO
continuum (Sect. 4.2, one expects a slope of the flux density
S, o v where n > 0. Typically, young neutron stars ex-
hibit a multiwavelength non-thermal continuum, which arises
due to the synchrotron process in the magnetosphere of young
neutron stars. Another contribution is the thermal emission of
the cooling surface. However, for young ($10kyr) and middle-
aged (2100 kyr) neutron stars, the non-thermal component dom-
inates in NIR bands. Since neutron stars typically possess a
highly-ordered strong magnetic field, the non-thermal compo-
nent is expected to be partially linearly polarized. Using the ho-
mogeneous magnetic field approximation, the linear polariza-
tion degree for the synchrotron emission can be determined as
(Rybicki & Lightman 1979),

n+1

ST ®)

L

where for n ~ 0.7 one gets P, < 0.72, whereas the measured
value in K band (VLT/ISAAC) is Pang ~ 0.47 (Zajczyk et al.
2012) for the surrounding PWN.

4.1. Thermal origin of the SED: DSO as a dust-enshrouded
star

To find the model of a dust-enshrouded star that reproduces the
observed characteristics (SED, broad emission lines, linear po-
larization, and overall stability and compactness; see also Table 3
for the summary) we perform a set of 3D dust continuum ra-
diative transfer simulations with different components and mor-
phologies of dusty envelopes. For solving the radiative transfer
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equation, we choose a Monte Carlo technique suitable for ar-
bitrary three-dimensional dusty envelopes (Whitney 2011). For
all our simulations of a dust-enshrouded star, we used an open-
source parallelized code Hyperion (Robitaille 2011), which en-
ables to create SEDs as well as images for a required wavelength
range as well as different inclinations of the source. Since in the
random walk of photons the scattering process is also included,
we obtain a full Stokes vector (1, Q, U, V), which enables us to
calculate the linear polarization degree as well as the angle ac-
cording to standard definitions,

Y I

1 U
¢ = 2 arctan ( Q) C)
Since the extinction is expected to be high in the innermost parts
of the envelope, we make use of a modified random walk (MRW)
implemented in the code in the thickest regions.

An important part of the modelling is the generation of the
dust distribution, for which we use the code bhmie by C.F.
Bohren and D. Huffman (improved by B. Draine; Bohren et al.
1998), which provides solutions to the Mie scattering and ab-
sorption of light by spherical dust particles. We generate dust
grains with a power-law distribution n(a) oc a3 with the small-
est and the largest grain size of (@min, @max) = (0.01, 10.0) um.
The gas-to-dust mass ratio in the dusty circumstellar envelope
for all geometries is assumed to be 100. The distance to the
Galactic centre is set to 8 kpc for flux density calculations.

For most of the simulations, we set up a 3D spherical grid
that contains 400 x 200 x 10 grid points, and add a density grid
of gaseous-dusty mixture with the dust properties as explained
above. For all synthetic SEDs and images, the total flux density
was determined via the integration over the whole source and
then compared to observationally determined values in Table 2.

4.1.1. Different morphologies: source components

At first, we performed radiative transfer calculations for different
geometries of circumstellar envelopes to assess whether they can
reproduce the detected high polarization degree in K -band and
the NIR-excess. First, we started with the simplest models with a
star at the centre and flattened envelope and/or bow shock. For all
these cases, the polarization degree remains below 10%. Break-
ing the spherical symmetry by introducing the cavities, having
half-opening angle of 45°, increases the polarization degree to
~10% (without a bow shock layer). Adding a dense bow shock
layer, the linear polarization fraction typically reaches >20%,
depending on the density of the envelope and the inclination.
Qualitatively, the dependence of the linear polarization degree
on the envelope geometry is sketched in Fig. 9.

The density grid in the radiative transfer models has differ-
ent morphological and density components, whose characteris-
tics are explained below:

— Star: based on the upper luminosity limit of Lpso < 30 Ly
(Eckart et al. 2013; Witzel et al. 2014), the central star of the
DSO should belong to the category of pre-main-sequence
stars with the mass constraint M, < 3 My (Zajacek et al.
2015). Given the NIR-excess, that is the rising SED long-
ward of 2 microns, it should belong to the category of class
T objects — protostars (Lada 1987)* with an age of 10° yr up

3 The Lada-Wilking morphological classification of young stel-
lar objects based on the spectral slope of their SEDs, o =
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Fig. 5. A set of the evolutionary tracks of pre-main-sequence stars based
on Siess et al. (2000). The red line marks the upper limit for the bolo-
metric luminosity of the DSO, Lpso < 30 Ls. The orange solid line
depicts the mass of 1.3 M, which we used for choosing the input pa-
rameters for radiative transfer calculations (red point).

to 10° yr. The comparison of stellar evolutionary tracks for
different masses is in Fig. 5 for the metallicity fraction of
Z = 0.02, which was constructed based on the computed
tables by Siess et al. (2000). In the set of Monte Carlo simu-
lations, we vary the luminosity and the temperature of stars
to fit the observed flux density values and we get reasonable
match for M, = 1.3 My, Ly = 19.6 Ly and T = 4220K —
labelled as the red cross in Fig. 5. These stellar parameters
were used in all the simulations presented in this paper, un-
less indicated otherwise.

— Flattened envelope: to the first approximation, the dust-
enshrouded star may be modelled as a star surrounded by
a rotationally flattened, infalling dusty envelope that forms a
disc at the corotation radius r.. The density profile is given
by (Ulrich 1976),

. 32 “12
R
4n(GMpsord)'/? \re Ho

ulr. Y
x[ﬁ+ #OC] ,
Ho r

p(r,6) =

10)

where M, is the infall rate. The quantities u and uyo are re-
lated by an equation of the streamline, ,u(3) + po(r/re — 1) —
u(r/re) = 0.

The model of Ulrich envelope can match the SED of the
DSO for stellar parameters M, = 1.3Mg, L, = 4.3 L,
Ter = 4400K, R, = 3.3Ry (age ~ 760000 yr). The suit-
able parameters of the envelope are My = 5x 1077 Mg yr~!,
rmin = 10R,, and r. = 20R,, where rp;, is the minimal
distance of the envelope from the star. We vary the maxi-
mum distance of the envelope ry,x from 0.5 AU up to 50 AU,
which affects the SED due to a different dust temperature
distribution. For the SEDs of the flattened envelope at differ-
ent inclinations (0°,30°,60°,90°) and three different max-
imum radii ry, = [0.5,5,50] AU, see Fig. 6. Because of
observational uncertainties, more suitable configurations are
possible, for example ryn,x = 5 AU and the inclination of
90° or rmax = S50AU and the inclination in the range of

dlog (AF,)/dlog(A): class I sources (0 < a < 3), class II sources
(=2 g @ £0), and class III sources (-3 < a < =2).
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Fig. 6. Model SEDs of a star surrounded by rotationally flattened envelope for different inclinations in the range (0°,90°) with an increment of
30°, see the key for different linestyles representing different inclinations. The points with error bars correspond to observationally inferred values,
see Table 2. Left panel: maximum radius of the envelope is set to ry,x = 0.5 AU. Middle panel: ry,x = 5 AU. Right panel: rp,x = 50 AU.
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Fig. 7. Model SEDs of a star surrounded by rotationally flattened envelope with the fixed maximum radius of r,,x = 5 AU for different inclinations
in the range (0°,90°) with an increment of 30°, see the key for different linestyles representing different inclinations. The points with error
bars correspond to observationally inferred values, see Table 2. Left panel: accretion rate is set to My = 5 X 10 My yr~!. Middle panel:
My =5%x 1077 M, yr‘l. Right panel: My = 5% 1078 M, yr'l.

i = (60°,90°). The lower value of r,,x = 0.5 AU is not suit-
able because of the large flux in K band, which can be ex-
plained by a lower extinction and a more prominent stellar
emission. In the range ry.x = (5,50) AU, the SED does not
depend much on this parameter because of the decreasing gas
and dust density according to Eq. (10). On the other hand, the
SED depends strongly on the accretion rate M,... We vary
the accretion rate between M,.. = (5x107%,5x1078) My yr~!
for the fixed maximum radius of ry,x = 5 AU, see Fig. 7.
Clearly, the best match of SED values is for an intermediate
value of My = 5 X 1077 My yr~! (middle panel), increas-
ing or decreasing the accretion rate by an order of magnitude
significantly changes calculated fluxes, which is caused by
large changes in the dust density, p o< My, see Eq. (10). Al-
though a star surrounded by a flattened envelope can satisfac-
torily explain the SED of the DSO, the calculated polarized
emission in K band from radiative transfer models yields
the maximum total polarization degree of py; = 2.7% for
i = 90°, which is well below the detected value of ~30%
(Shahzamanian et al. 2016). This implies that the simple ge-
ometry of the flattened envelope cannot alone explain the
properties of the DSO.

Spherically concentrated dusty envelopefflared disc: for
more complex models, we set up a stratified spherical dusty
envelope that was intersected by bipolar cavities in some
models with smaller number densities (see below). In the fi-
nal set of models, the spectral slope could be reproduced by
the following mean mass densities of the gas+dust mixture:
1 x10 B gem™ for r = 0.1-1.0AU, 1 x 107'* gem™ for
r=1.0-2.0AU, and 1 x 10" gcm™ for r = 2.0-3.0 AU.
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— Bipolar cavity: the bipolar cavities were introduced in the

model to increase the non-spherical nature of the DSO,
which is naturally needed to obtain a non-zero total polariza-
tion degree in the model, see Fig. 9. Furthermore, the walls
of cavities also provide effective space for single scattering
events of stellar and dust photons that escape from the star
and the envelope, respectively. The density inside cavities is
set to be uniform and smaller than in the envelope by sev-
eral orders of magnitude: 1x 1072° gcm™3, which is a typical
order of magnitude (see e.g. Sanchez-Bermudez et al. 2016).
The half-opening angle of the cavity is initially varied to in-
vestigate the impact of the parameter space on the SED and
the polarization, then set to 6y = 45°.

— Bow shock: the DSO and other objects in the S-cluster

are expected to move supersonically through the ambient
medium, especially close to the pericentre of their orbits (see
Fig. 1 in Zajacek et al. 2016), see also De Colle et al. (2014),
Ballone et al. (2013, 2016), Christie et al. (2016). The ex-
pected Mach number of the DSO is M = uvy/cs < 10
(Zajacek et al. 2016), where v, is the relative velocity of the
DSO with respect to the medium and ¢y is the local sound
speed. This necessarily leads to the formation of the bow
shock layer whose densest part lies ahead of the star close to
the stagnation point. It was shown that the bow shock of the
DSO can contribute to the continuum as well as line emis-
sion of the source (Scoville & Burkert 2013). The contribu-
tion of the bow-shock NIR continuum emission depends on
the dust content and dust size distribution in the bow shock
layer, which by itself is not a trivial hydrodynamical prob-
lem (van Marle et al. 2011). However, the existence of a bow
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Fig. 8. Left: the number density of the shocked layer for different wind velocities (see the key) and the stellar mass-loss rate of 7z, = 1078 M yr~!.
Right: the relative change in the bow-shock density between the epochs 2008-2012.
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shock would further increase the overall asymmetry of the
source and hence make the total linear polarization degree
larger, see Fig. 9.

For modelling the stellar bow shock associated with the su-
personic motion of the DSO, we apply the analytical model
of Wilkin (1996) for the shape of the axisymmetric layer,

R(6) = RycscH+/3(1 —Ocoth), (11)

where 6 is a polar angle from the axis of symmetry as seen
from the star that lies at the coordinate origin. The standoff
distance Ry depends on two intrinsic stellar parameters — the
mass-loss rate m,, and the terminal wind velocity vy, — as
well as the density profile of the ambient medium p,(r) and
the relative velocity of the star with respect to the ambient
medium v The general form for the standoff distance is
(Wilkin 1996; Zhang & Zheng 1997; Christie et al. 2016),

My, 12
Ry = (%] ,
Q(l + Bput,

where 3 is the ratio of the thermal and the ram pressure of the
ambient medium, 8 = Py, /Pram- When a star moves super-
sonically, its Mach number is larger than one, M = vy/cs =
1/4/kB > 1, where « is an adiabatic index. When the ther-
mal pressure is low, that is the ram pressure is much higher

12)

than the thermal pressure of the medium, the term 8 — 0.
For the ambient medium, we assume the radial profile as in
Zajacek et al. (2016),

r ~Yn
nazng(—) , (13)
o

(14)

where we set ry to the Schwarzschild radius ry (ry =
2GM,/c* = 2.95 x 10° M, /M cm). The normalisation pa-
rameters are n) = 1.3 x 10’ cm™ and 70 = 9.5 x 10'°K and
the power-law indices are y, =~ yr = 1. At the pericentre, the
estimated distance of the DSO according to Valencia-S. et al.
(2015) is rp = a(1 — e) =~ 1925 r, and the corresponding or-
bital velocity is vp ~ 6600km s~!. If we assume v, ~ vp and
k ~ 1, then the factor 8 ~ 0.01, so the thermal pressure may
be neglected at the pericentre®.

The factor Q is the solid angle, into which the stellar
wind/outflow is blown. For a general case, the factor Q =
2n(1 — cos 6y), where 6, is a half-opening angle of the out-
flow. For an isotropic stellar wind, we have 6, = =, and so
we naturally get Q = 4. For bipolar cavities with 8y = /4,
we get Q = 27(1 — V2/2) ~ 1.84.

The density of the shocked wind layer pps may be estimated
from the Rankine-Hugoniot jump conditions (Christie et al.
2016),

5)

Pbs = Pa—~
k—1\ vy

K+ 1 Urel
1

2
) (1+p).

In case the motion of the ambient medium may be neglected,
Urel = Uy, and the thermal pressure is negligible (close to the
pericentre), 8 — 0, then the relative change in density of
the shocked layer between the years 2008-2012 (or any two
points at the distance of ry and ' along the orbit) may be
expressed as,

o (ro )0’"*1) 2a—1r1
oo \r 2a-r1y)°

(16)

4 However, at the apocentre of the DSO orbit, the factor 8 ~ 0.9, since
the ratio of the thermal factors at the apocentre and the pericentre may
be expressed as So/Bp = (1 +€)/(1 —e).
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Table 4. Circumstellar geometries with a different set of components.

Geometry Ki-band total linear polarization degree py; [%] | (Ks — L')in (intrinsic) | (Ky — L')exi = (K5 = L')ine + (A — A1) (With extinction)
Star 0 (~6% foreground pol. at Gal. Ctr.) -0.9 0.4
Star+rotationally flattened envelope (90° inclination) 2.7 1.6 2.9
Star+flared disc 32 0.3 1.6
Star+dense bow shock (inclined) 4.1 1.9 32
Star+spherical dusty envelope+dense bow shock (inclined) 1.0 1.6 29
Star+flattened envelope+cavities (90% inclination) 10.1 12 2.4

Star+flared disc+flattened envelope+cavities (90% inclination) 10.5 -1.3 -0.03

Star+envelope-+cavities+dense bow shock 23.0 1.6 29
Observations (Shahzamanian et al. 2016) ~30 1.8 31

Notes. Important parameters are the total linear polarization degree in K band (2.2 um) and the colour index K;— L’ (with and without line-of-sight
extinction). The observed values for the polarization degree and the colour index are also included. The observed values of the polarization degree
and the colour index are matched best by the composite model star+disc+cavities+dense bow shock.

which for y, = 1 and the orbital elements according to
Valencia-S. et al. (2015) yields p2012/02008 = 4.35. The num-
ber density of the shocked layer as function of time as well
as the relative change between the years (2008-2012) are
plotted in Fig. 8 in left and right panels, respectively. For
these calculations, the thermal term was included according
to Eq. (15), which explains a small difference with respect
to the estimate of the relative density increase above. The
stellar parameters were adopted from the previous analysis
of Scoville & Burkert (2013) and Zajacek et al. (2016): the
mass-loss rate 7in, = 1078 M yr™! and variable wind veloc-
ities in the range 10-1000kms~!. For the radiative transfer
simulations, we tried different values of the bow-shock den-
sity and the best match to the observed SED and the polar-
ized emission was reached for v, = 10kms~!, which is a
rather slow outflow.

The summary of the polarization degree and the source colour
(Ks — L") (with and without line-of-sight extinction) for all the
circumstellar geometries, which were tested, is summarized in
Table 4. In total, there are eight radiative transfer models pre-
sented as well as corresponding, observationally inferred values.

4.1.2. Final model: supersonic, dust-enshrouded star
with non-spherical envelope

From the set of radiative transfer simulations with different
circumstellar geometries (see Table 4), the model that can
meet all constraints listed in Table 3 consists of the following
components:

— a pre-main-sequence star;

— spherically concentrated dusty envelope/geometrically thick
disc;

— bipolar cavity with a half-opening angle 6y = 45°;

— bow shock.

The detailed discussion of the adopted parameters and densities
of the gas/dust envelope is in the previous subsection. The il-
lustration of the model is in Fig. 10 (left panel). An important
parameter in terms of the intrinsic geometry is the angle ¢ that
determines the orientation of the bipolar outflow with respect to
the axis of symmetry of the bow shock. Unless otherwise indi-
cated, we set 0 = 0°, that is the bipolar cavities are aligned with
the symmetry axis of the bow shock.

An exemplary model SED is in Fig. 10 (right panel) calcu-
lated for the viewing angle of 90°. Here we use the same con-
vention for the viewing angle as Muzi¢ et al. (2010, see their
Fig. 3) — 0° corresponds to the front view of the bow shock
(circular shape in projection), 90° corresponds to the side view
(bow-shock shape), and 180° corresponds to the view from the
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tail part (also circular shape in projection). The thick black solid
line represents the total continuum flux density and thinner, grey
lines stand for individual components: stellar emission, scattered
stellar emission, dust emission, and scattered dust emission. It is
clearly visible that L’-band flux density is dominated by the ther-
mal dust emission (direct photons), whereas K;-band emission
is dominated by scattered emission, mainly scattered dust pho-
tons and to a smaller extent, scattered stellar photons. The stellar
photospheric emission is negligible across the whole NIR- and
MIR-spectrum.

We also check the dependence of the SED on the viewing an-
gle, see Fig. 11 (left panel). Quantitatively, the best match is for
viewing angles larger than 50° and less than 130°. The depen-
dence of the SED on the viewing angle implies a possible source
of continuum variability as the DSO source orbits Sgr A*. For Kj
and L’ bands, the variability is a few 0.1 mJy within an expected
viewing angle ~80°-150°, see Appendix A for estimates, which
depend mainly on the relative velocity of the star with respect
to the medium, which is in general uncertain. However, close to
the pericentre, the relative velocity should approach the orbital
velocity.

The linear polarization degree as function of wavelength is
depicted in Fig. 11 (right panel). The largest total polarization
degree, Pr. 2 20%, is for the viewing angles close to 90° when
the source is highly non-spherical. On the other hand, for the
viewing angle either close to 0° or 180°, the total linear polariza-
tion degree is <10%, since the source appears rather circular.

The dependence of the total linear polarization degree in
K band on the inclination is in Fig 12 (right panel). For radia-
tive transfer calculations, we set the position angle of the bipolar
cavities to 6 = 0°, that is aligned with the symmetry axis of the
bow shock. The plot in Fig. 12 shows that a gradual increase in
the bow-shock density (see also Fig. 8) over the interval 2008—
2012 leads to an increase in the total linear polarization degree
over certain inclination ranges. A potential increase in the polar-
ization degree is also discussed in Shahzamanian et al. (2016). It
is, however, detected only for one epoch, 2012.0 (see their Fig. 4
and Table 3), when the polarization degree reaches p;, ~ 37.6%,
S0 a progressive increase cannot be considered significant at this
point. In addition, Fig. 12 implies that the polarization degree
can change when the inclination of the source geometry (bow
shock), that is the viewing angle with respect to the observer,
changes for different epochs. Indeed, this is the case for the DSO
due to its fast motion along the elliptical orbit around Sgr A*,
see also the calculation of the viewing angle variation close to
the pericentre passage presented in Appendix A. Furthermore,
we perform the simulations for a bipolar outflow that is mis-
aligned with the bow-shock symmetry axis. In Fig. 12, two ad-
ditional dependencies for § = 45° and § = 90° are calculated
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Fig. 10. Left: illustration of the components of the DSO model explained as a pre-main-sequence star. The right side explains possible sources of
the changes in the continuum emission of the DSO/G2 (polarization degree and angle). Right: calculated SED for the composite model of the DSO
(star, dusty envelope, bipolar cavities, bow shock) for the viewing angle of 90°. The thick solid line stands for the total continuum flux density,
whereas grey lines represent individual source contributions (see the key). The points represent observationally inferred flux densities/limits for
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Fig. 11. Left: spectral energy distribution of the composite stellar model of the DSO as function of the viewing angle. The points represent
observationally inferred values. Different viewing angles from 0° up to 180° are labelled by different colours according to the key. Right: linear
polarization degree as function of wavelength for different viewing angles (see the key). The vertical thick line marks the values along the K band
(2.2 um), the horizontal line denotes the value of py. = 30%, which is close to observationally inferred values for four consecutive epochs (2008,

2009, 2011, 2012; Shahzamanian et al., 2016).

for the largest density (epoch 2012.0). Given our model set-up
and an expected range of viewing angles (see the shaded area in
Fig. 12), the polarization degree of ~30% is better reproduced
by the configuration, in which the position angle ¢ of the bipo-
lar outflow is between 0°—45°, that is more aligned towards the
bow-shock symmetry axis. When the orientation of the bipolar
outflow is perpendicular to the symmetry axis, § = 90°, the de-
pendence of the polarization degree on the inclination is rather
flat and stays below or around 20%.

Qualitatively, all the polarization curves in Fig. 11 (right
panel) have a peak that is close to 2.2um for the view-
ing angles around 90°, and the peak shifts towards shorter
wavelengths for both smaller and larger viewing angles than
90°. The curves resemble the empirical Serkowski law, p;. =
Pmax €Xp {—K In? (Amax/A)} (Kolokolova et al. 2015), where Ap.x

is the wavelength at which the polarization curve reaches the
maximum pp = pmax and the coeflicient K determines the width
of the curve. However, the Serkowski law is used to fit the linear
polarization degree in the ISM that arises due to dichroic extinc-
tion, whereas the simulations presented here are performed for
spherical grains, and without the implementation of the magnetic
field, whose configuration at the studied distances from Sgr A*
is still highly uncertain and beyond the scope of this paper.

The variation of the position angle ¢ of the bipolar cavity
leads to the change of the brightness distribution in the total as
well as the linearly polarized light, and hence the change of the
polarization angle ®. In Shahzamanian et al. (2016) we fitted the
dependency of the polarization angle on the position angle with
the relation that is approximately equal to ® ~ —(+)d + (—)90°
(see Fig. 9 in Shahzamanian et al. 2016). This relation is also
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Fig. 12. Left: schematic plot of the bow-shock evolution of the DSO along the orbit. The mass-loss rate was taken to be i1, = 1078 M, yr~! and
the terminal wind velocity is v, = 100kms~'. The ambient density was colour-coded according the distribution expressed by Eq. (13). Right:
total linear polarization degree in K, band for different inclinations (0-180 degrees) of the DSO composite model. According to the key, the solid
lines represent different epochs, 2008-2012, with a gradually increasing bow-shock density (see also Fig. 8). The three orange lines associated
with the largest bow-shock density represent the set-ups for three different position angles of the bipolar outflow, 6 = 0°, 45°, and 90°. The
shaded rectangular region represents different angles of the bow-shock axis with respect to the line of sight for the period of 10 yr before the
pericentre passage of the DSO, assuming a negligible motion of the ambient medium in comparison with the orbital velocity of the DSO. The
horizontal dashed line marks the polarization degree value of p;. = 30%, which is approximately the observationally inferred degree for the DSO

(Shahzamanian et al. 2016).

evident in the simulated images of the linear polarized light in
Fig. 13, where we change the position angle in 45° steps from
0° up to 90° (from the top to the bottom panels in Fig. 13). Most
of the scattered, polarized light comes from the region where the
bipolar cavities intersect the bow-shock shell. On the other hand,
the minimum of the polarized emission is overlapping naturally
with the optically thick dusty envelope that also hides the star at
the centre.

Shahzamanian et al. (2016) measured a variable polarization
angle for four epochs, see their Fig. 4 (right panel). There are two
possible mechanisms that can be employed to explain a variable
polarization angle — see also the left panel of Fig. 10 for the
illustration:

(i) intrinsic changes in the star-envelope orientation: these
changes would be due to the torques induced by the massive
black hole, which would lead to the precession of the circum-
stellar disc/bipolar outflows in case the disc is misaligned
with respect to the orbital plane. The precession time-scale is
longer than the orbital time-scale, Tprec > To. On the other
hand, the wobbling of the disc takes place on the time-scale
shorter than one orbital period, approx. Twobbie = 1/2T o
(Bate et al. 2000);

external interaction of the star with the nuclear out-
flow/inflow: such an interaction could change the viewing
angle on the star-bow shock-bipolar outflow system, espe-
cially for the case when the outflow/inflow velocity is com-
parable to the orbital velocity of the star, which would signif-
icantly affect the relative velocity, vy| = Ugar — U5, and hence
also the orientation of the bow shock with respect to the ob-
server, see the modelling by Zajacek et al. (2016).

(i)

The simulated RGB image (Red colour — L’ band, Green colour —
M band, Blue colour — K band) of the source model of the DSO
is in Fig. 14 with the labels of the components. For the sim-
ulated image, we set the position angle ¢ to 90°, that is per-
pendicular to the symmetry axis of the bow shock (compare
with the simulated image in Fig. 11 in Shahzamanian et al. 2016,
which was computed for 6 = 0°). The inset in Fig. 14 illustrates
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the magnetospheric accretion that was used to explain the ori-
gin of the broad Bry line of the DSO (Valencia-S. et al. 2015;
Zajacek et al. 2015).

Independently of the previous analysis, where the K;-band
flux density is linearly polarized mainly due to dust photons scat-
tering off spherical dust grains, a correlation was found between
the linear polarization degree in K, towards luminous stars em-
bedded in molecular clouds and the optical depth 7k, which can
be fitted by a power law (Kolokolova et al. 2015),
PLg = 22107 (%). (17)
Jones et al. (1992) explain this correlation by a 50/50 mixture of
the constant, that is a perfectly aligned component to the mag-
netic field, with random components.

When applied to the DSO with Ppso =~ 30%, we get Tpso ~
33 as an estimate for the optical depth to the object along the line
of sight, most of which can be attributed to the locally dense, op-
tically thick envelope surrounding the stellar core. Similar values
for the polarization degree and the optical depth in K band were
found for the Becklin-Neugebauer object and OMC1-25 in the
Orion star-forming region (Kolokolova et al. 2015), which are
both deeply embedded objects detected as prominent infrared
excess sources.

4.1.3. Effect of surrounding stars on the polarized emission

In the previous analysis, we assumed that the main source of
photons that are absorbed and scattered off dust grains in the sur-
rounding envelope is the star at the centre. The question arises to
what extent other stars in the S cluster contribute to the detected
polarized emission. There are about Ng = 30 stars of mostly
spectral type B in the innermost arcsecond, rs ~ 1”7 ~ 0.04 pc
(Eckart et al. 2005). Under the assumption of an approximately
uniform distribution of stars in the sphere of radius rg, this gives
the stellar number density in the S cluster ng = N(4/ 37rr;")‘I ~

1_()5 pc3. The average distance of any star from the DSO then is
Ds = (ns)™'3 = 0.02 pc = 4.4 x 10 AU.
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Fig. 13. Simulated images of the total flux density in K band (first panels from the left side), linearly polarized flux density (second panels from
the left side), the distribution of the polarization degree (second panels from the right side), and the distribution of the polarization angle (first
panels from the right side) for the different position angle of the bipolar outflow; 6 = 0°, 45°, and 90° from the top to the bottom panels.

The ratio of total fluxes at the position where photons are
scattered off grains is,

Fpso (TDSO )4 (RDSO )2 ( Ds )2

Fs Ts Rs Dpso)
where Tpso and T are effective temperatures of the DSO and
a typical S star, respectively. For the DSO, assuming it is a pre-
main-sequence star, we take the previous value Tpso =~ 4200 K.
For a typical BO star, the effective temperature is 7s ~ 25 000 K.
In terms of stellar radii, both the pre-main-sequence star and the
BO star have similar stellar radii of the order of Rpso = Rs =
10 Ry. Finally, distances of stellar sources from the scattering
material are approximately Dg ~ Dg ~ 4.4 x 10% AU and for the
DSO star, Dpso ~ 1 AU. Plugging these estimated values into
Eq. (18), we get Fpso/Fs ~ 1.5 x 10* hence the contribution
of other S stars is on average negligible in comparison with the
central source.

An occasional close approach of an S star could contribute
more. However, if these events were frequent, they should be
reflected in a larger degree of variability of both the total and the
polarized continuum emission. So far the DSO has appeared to
be a rather stable source (Shahzamanian et al. 2016).

(18)

4.2. Possible non-thermal origin of the SED: NIR-“excess”
sources as young neutron stars?

In this subsection, we discuss the possibility that young neu-
tron stars can in principle be detected in the central arcsec-
ond of the Galactic centre and, under certain conditions, their
characteristics would be similar to the Dusty S-cluster Object
and other infrared excess sources, namely the positive spectral
slope (larger flux density for longer wavelengths) and a signif-
icant polarized emission in NIR wavebands. As the first step,
we check the energetics that would be required to produce flux
densities comparable to the DSO. The flux density in K band
is F, = 0.23 £ 0.02 mJy (see Table 2). This leads to the overall
K, band luminosity of Lx = vE 42 = 0.23 x 1073 x 1075 x
1.36 x 10" x 47 (8000 pc)® erg s~ = 2.4 x 10*3 ergs™!. This lu-
minosity is of the same order of magnitude as the one found for
PSR B0540-69 in the Large Magellanic Cloud (Mignani et al.
2012). Mignani et al. (2012) also show that the K band luminos-
ity and the spin-down energy E are correlated, Ly oc E172£0.03,
which implies that NIR emission is rotation-powered and associ-
ated with the magnetospheric origin and/or the neutron star wind
termination shock. Using the correlation, Lx ~ 6.1 x 10733 E1.72,
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Fig. 14. A simulated three-colour image of the source model of the
Dusty S-cluster object (DSO/G2) for the position angle of the bipo-
lar outflow § = 90°. Blue colour stands for K; band, green colour for
L’ band, and the red one for M band emission. See Shahzamanian et al.
(2016) for an analogous composite image, but for the position angle
6 = 0°. The figure inset was adopted from Zajacek et al. (2015) and il-
lustrates the magnetospheric accretion that takes place on the scale of
several stellar radii and is possibly responsible for broad emission lines
of the DSO.

we can estimate a spin-down power of the pulsar potentially as-
sociated with the DSO, Epso ~ 1.4 x 103 ergs™!, which is of
the same order of magnitude as the Crab pulsar, J0534+2200
(Manchester et al. 2005).

Hence, the neutron star associated with the DSO and other
NIR-excess sources would have to be a rather young, Crab-like
PWN with the characteristic age of 7 = P/2P ~ 10° yr, where
P is a pulsar period and P is the period derivative or spin-down
rate. The origin would be young, massive OB stars having an age
of a few millions observed in the central parsec (Buchholz et al.
2009). The power-law slope inferred for the DSO, see Eq. (1), is
qualitatively consistent with the observations of neutron stars in
near-infrared bands (Mignani et al. 2012; Zharikov et al. 2013;
Zyuzin et al. 2016), however, it appears to be steeper than for ob-
served pulsars (Mignani et al. 2012), which have the mean spec-
tral index @ ~ 0.7.

The SED alone does not give any convincing argument
for the neutron star hypothesis and the dust-enshrouded star is
thought to be a more natural scenario. On the other hand, the
detection of linearly polarized emission in K band and a high
polarization degree of ~30% (Shahzamanian et al. 2016) imply
that the DSO may indeed be a peculiar source in the S cluster and
the neutron star model can naturally explain the polarized emis-
sion via the synchrotron mechanism in the dipole magnetic field,
see Eq. (8). For instance, the infrared imaging and polarimatric
observations of the PWN SNR G21.5-0.9 (Zajczyk et al. 2012)
indeed show a high degree of linear polarization in K band,
Pr = 0.47 and a comparably high polarization degree is expected
for other PWNe.

Young, rotation-powered neutron stars are expected to have
radio and X-ray counterparts whose luminosities are propor-
tional to the Eq = —Espm_down = 472]P/P3, where I is the
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moment of inertia of the neutron star, I ~ 10 g cm?. In general,
there seems to be a trend of increasing radiative efficiency 7y to-
wards shorter wavelengths, n; = L¢/Eyq, Where f is the spectral
domain (Lorimer & Kramer 2012).

In the X-ray domain, the scatter of efficiencies is relatively
small, and approximately equal to nx ~ 107* (Kargaltsev &
Pavlov 2007). In case of the pulsar and its wind nebula asso-
ciated with the DSO, this gives an estimate of the X-ray lumi-
nosity Lx = nxEpso ~ 10** ergs™, which is, given the uncer-
tainties, comparable to the quiescent X-ray emission of Sgr A*,
Lx ser A+ ~ 10% ergs™! (Yuan & Narayan 2014), associated with
the thermal bremsstrahlung process in the hot plasma surround-
ing Sgr A*.

Towards the radio domain, the radiative efficiency for
rotation-powered pulsars becomes smaller and the scatter is
larger, 7g = 1078-107>, which leads to the values for the pul-
sar associated with the DSO, Lg = nrEpso = 10°-103 ergs~!,
which is smaller or comparable to the luminosity of Sgr A* in
this domain (Yuan & Narayan 2014). In some cases, pulsars are
only detected at higher energies and appear to be radio-quiet (e.g.
Geminga pulsar; Camilo 2003) under the sensitivity constraints
of radio surveys, which either implies that the radio beam is nar-
row and not directed at the Earth or that radiative efficiencies in
the radio domain for some young pulsars are smaller in compar-
ison with X-ray and y-ray domains.

So far no clear X-ray and radio counterparts of the DSO were
detected (Bower et al. 2015; Mossoux et al. 2016; Borkar et al.
2016). However, given the rough estimates above, a high back-
ground flux towards Sgr A*, and low angular resolution in the
X-ray domain, even young pulsars of a Crab type can be beyond
the sensitivity limits of current X-ray and radio instruments.
Therefore, weak, infrared excess sources similar to the DSO
could be candidates for pulsars and deserve follow-up moni-
toring with upcoming, high-sensitivity facilities (E-ELT, Square
Kilometer Array — SKA).

Given the large orbital velocities of stars and potential stellar
remnants in the S cluster with respect to the ambient medium,
PWN are expected to be non-spherical and elongated in the di-
rection of the motion. The length-scale of the termination-shock
of the pulsar wind is given by the pressure balance as expressed
by Eq. (12), where the wind pressure term p,, = Ty Uy [ (471%)
is replaced by ppwn = Ea/(4mer?), which leads to the stand-off
distance

E rad

1/2
— 19
47rcpav§el ] (19)

Rpwn = (

where we neglected the thermal term. The relative velocity with
respect to the ambient medium may be approximated by the or-
bital velocity close to the pericentre of the orbit, v =~ v, . Taking
Erg = 1.4 x 1038 ergs™! as estimated for the pulsar potentially
associated with the DSO, we calculate the evolution of the stand-
off distance according to Eq. (19) during the period of 10 yr be-
fore the pericentre passage, see Fig. 15. We see that even for a
relatively young PWN with the spin-down energy of the same
order as the Crab pulsar, the stand-off distance is comparable or
smaller than the diffraction limit of 63 mas, Rpwn < Omin, that is
the PWN would effectively appear as a point source, mainly due
to a large relative velocity close to Sgr A*.

A detailed analysis of the generation of Bry line in the PWN
is beyond the scope of this paper. We just note that the source
of Bry could be the collisional excitation of hydrogen atoms
prior to their ionization in the bow-shock layer, as was simi-
larly suggested by Scoville & Burkert (2013) for a bow shock
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Fig. 15. Evolution of the stand-off distance (in mas) of the PWN as a
function of time (in years before the pericentre). The total luminosity is
set to Eng = 1.4 x 1038 ergs~!, the density of the ambient medium is
computed according to Eq. (13), and the orbital velocity is calculated
using the orbital elements of the DSO as inferred by Valencia-S. et al.
(2015) using Bry emission of the DSO.

associated with a T Tauri star. Specifically, there are several
pulsar bow shocks that exhibit Ha emission (Cordes 1996;
Brownsberger & Romani 2014), and hence Bry line could be
produced by the same process. Quantitatively, for three pul-
sars at kiloparsec distances — B0740-28, B1957+20, B2224+65
(see Table 2 in Chatterjee & Cordes, 2002) — the correspond-
ing He luminosities are in the range of Ly, =~ 6.5 x 10%8-
1.6x 10 ergs™!, that is Ly, ~ 2x 1075-4x 107 Ly, which is at
least an order of magnitude less than the Bry luminosity of the
DSO (Gillessen et al. 2012; Valencia-S. et al. 2015). In general,
Chatterjee & Cordes (2002) derive a scaling relation for Ha lu-
minosity of pulsars, Ly, o« 47XE.qv, where X is a fraction
of neutral hydrogen. Analogous dependencies are expected for
Bry luminosity, under the assumption that the line is produced
by the collisional excitation in the pulsar bow shock.

In addition, natal kick velocities during supernova explo-
sions in the clockwise stellar disc could, under a certain configu-
ration, lead to the formation of highly-eccentric orbits similar to
that of the DSO; see the analysis of dynamics presented in Pa-
per II. In summary, given the properties of the DSO and that of
other NIR-excess sources, one cannot a priori exclude the PWN
hypothesis as an explanation of the phenomenon.

5. Discussion

The focus of this paper was on the detailed analysis of the to-
tal and polarized continuum emission of the DSO in the NIR
domain as explained by an enshrouded pre-main-sequence star
model. A detailed analysis of other phenomena associated with
the DSO, for example a tentative association with a larger
tail/streamer, emission in other domains, and the analysis of the
line emission are beyond the scope of this study. However, let us
briefly comment on some of these aspects to put the continuum
analysis in a larger context. These and other aspects of NIR-
excess sources in the Galactic centre will also be examined in
detail in upcoming papers of this series.

5.1. DSO/G2 and G1 as parts of a larger gaseous streamer?

It was claimed previously that DSO/G2 is accompanied by an
elongated, low-surface-brightness tail that is clearly visible in

the position-velocity diagrams (Gillessen et al. 2012, 2013a,b;
Pfuhl et al. 2015). A dynamical connection of the DSO/G2 to
the tail would favour the “gas-stream-like” scheme: according
to this scenario, DSO would be a clump of a more extended
filamentary structure. However, this clump could still be com-
pact and associated with a star; see also Ballone et al. (2016)
for the hydrodynamical model of the “G2+G2t” complex. In-
deed, the numerical models of the formation of young stars close
to the supermassive black hole suggest that the star formation
takes place in infalling gaseous clumps that undergo fragmenta-
tion and stretching (Jalali et al. 2014). The occurence of denser
clumps — protostars — embedded in a larger streamer is therefore
expected in the earliest stages of the star formation in the strong
gravity regime, where tidal forces cannot be neglected.

However, apart from the arguments above, the connection
of the DSO to a larger filamentary structure is still disputed
observationally, mainly because of a spatial and kinematical
offset from the DSO (Eckartetal. 2014; Meyer et al. 2014;
Phifer et al. 2013); see also Peissker et al. (in prep.). It is plau-
sible that the tail is rather a back/foreground feature associated
with the minispiral (Eckart et al. 2014). The denser filament in
the south-east direction could be a result of the interaction of
the northern and the eastern minispiral arms whose dynamics is
consistent with two Keplerian bundles (see Fig. 21 in Zhao et al.
2009; and Fig. 10 in Vollmer & Duschl 2000). Meyer et al.
(2014) also claim that while the DSO and the filament have sim-
ilar radial velocities, there is a significant spatial offset, which
is not visible in position-velocity plots of Gillessen et al. (2012,
2013a,b) and Pfuhl et al. (2015), who use an artificial curved slit
of a finite width to extract radial velocities, which masks spa-
tial offsets. This also means that the filament can be an artefact
as the result of the masking process in the data reduction proce-
dure, which implies that an apparent association of small line-
emitting sources that have a spatial offset are grouped together
in the position-velocity diagram.

The association of the PWN to a larger filament is also plau-
sible, since it could be a remnant of the material from the su-
pernova explosion, for example in the clockwise disc of mas-
sive OB stars. In this sense, the fast-moving pulsar can “catch
up" with the expanding shell, as also seems to be the case of
Sgr A East remnant and the “Cannonball” pulsar (Zhao et al.
2013).

Pfuhl et al. (2015) also propose a possible dynamical con-
nection between the DSO/G2 object and G1 clump, that is
both features could be parts of the same streamer and dynam-
ically related. If this was the case, it could be used for con-
straining the properties of the accretion flow around Sgr A*
(McCourt & Madigan 2016; Madigan et al. 2017), based on the
amount of dragging, which is only prominent for core-less
clumps. However, the association of these two, reddened sources
is still under investigation and should be confirmed/excluded
based on continuing monitoring — even if the inclination of both
orbits is comparable, the orientation of the orbits in space can
be different. Also, G1 object survived the pericentre passage, so
it also seems less likely that it is a pure gas cloud (Sitarski et al.
2015). In summary, even if the DSO was associated with or mov-
ing through a larger gaseous structure, it would not rule out a
young-star or PWN hypothesis presented in this study.

5.2. Core-less cloud models vs. stellar models of the DSO

Following the roadmap in Fig. 2, we will look at a few observ-
ables that distinguish the core-less cloud and stellar interpreta-
tion of the DSO. A dynamical comparison of the evolution of a
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core-less cloud and a stellar model using a simplified test particle
model was done in Zajacek et al. (2014). The basic result for
an assumed density profile of the ambient medium was that a
core-less cloud starts progressively deviating from the Keplerian
orbit soon after the pericentre, where the velocity of the cloud
as well as the density of the medium are the highest and there-
fore the non-gravitational acceleration due to a hydrodynamical
drag is the largest as well; see also McCourt & Madigan (2016)
and Madigan et al. (2017). The star is naturally much less sen-
sitive to the ambient medium because of the smaller ratio of the
cross-section to the mass, and follows the original trajectory. Up
to now, the DSO does not deviate within uncertainties from the
inferred highly-eccentric orbit (Peissker et al., in prep.), which
may indicate a stellar nature. However, it could also be argued
that the hydrodynamical drag is smaller due to a smaller ambient
density than usually assumed in the models of RIAFs.

A stronger argument in favour of a stellar model is the
compactness of the source as discussed in detail in Sect. 3.
In K and L’ band continuum, the DSO is fully consistent
with a point source (Eckartetal. 2014; Witzel etal. 2014;
Shahzamanian et al. 2016). Concerning the analysis of Bry line
emission, there are contradictory observational results. While
Valencia-S. et al. (2015) detect a single-peak Bry emission at
each epoch, both shortly before and after the peribothron pas-
sage (see their Fig. 8), which is consistent with a stellar model,
Pfuhl et al. (2015), on the other hand, detect both a red-shifted
peak and a blue-shifted peak for the same epoch (see their Fig.
15), which indicates the effect of stretching of the gas along
the orbit. Despite this observational contradiction, it is difficult
to reconcile an apparent compact continuum emission (tracing
dust) and a stretched Bry emission (tracing gas) with the gas
cloud model, since such a cloud would be expected to consist
of a well-mixed gas-dust components. This was interpreted by
Witzel et al. (2014) in terms of a binary merger model, which
is accompanied by an expanding dusty outflow forming an op-
tically thick photosphere (Pejcha 2014). Since binary mergers
contract on a Kelvin-Helmholtz time-scale and are surrounded
by a dusty envelope, they share several characteristics with pre-
main-sequence stars. Therefore, our dust-enshrouded star model
is applicable to this scheme.

In Schartmann et al. (2015), a compact cloud model is pre-
sented, where the authors claim that the cloud follows the Ke-
plerian orbit and stays rather compact. However, for the epochs
2005-2015 the full width at half maximum of the normalized
Bry emission in their model is clearly above the diffraction limit
of 63 mas and reaches as much as 115mas at the pericentre.
Therefore, the cloud should have been clearly resolved at all
epochs of the monitoring. In their model, the cloud also under-
goes tidal stretching and disruption, with an expected enhance-
ment in accretion as early as 2014.6 (see their Fig. 1), which is
not consistent with the monitoring of Sgr A* (Borkar et al. 2016;
Bower et al. 2015; Mossoux et al. 2016). This indicates a rather
unchanged luminosity of the quiescent state as well as the overall
flare statistics.

5.3. Contribution of the DSO passage to the variability

of Sgr A*?
Concerning the passage of the DSO close to the Galactic centre,
there are two possibilities of how the source could have affected
the radiative properties of Sgr A*:

(i) non-thermal emission associated with the shock front;
(ii) increase in the flaring activity of Sgr A* due to the changing
accretion-flow properties close to Sgr A*.
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There have been several multi-wavelength observational cam-
paigns that aimed at capturing the signs of the DSO/Sgr A*
interaction. The X-ray flux density of Sgr A* was moni-
tored by Chandra X-ray satellite and no increase in the qui-
escent X-ray emission was detected during 2013-2014 cam-
paign (Haggard et al. 2014), which collected ~900ks of data.
Also, no change in the radio quiescent emission was detected
(Bower et al. 2015; Borkar et al. 2016). This implies that the
shock associated with the supersonic motion of the DSO was far
less strong and bright than the predicted values (Narayan et al.
2012) that exceeded the quiescent level of Sgr A*. It means that
either the actual source has a smaller cross-section than the one
assumed for synchrotron calculations, o < 2 x 10 cm? that cor-
responds to the diameter of D < 34 AU (Bower et al. 2015), or
that the ambient medium is rather rarefied even in comparison
with the original RIAF models.

Concerning the flaring activity of Sgr A*, there is no sta-
tistically significant enhancement detected in both X-ray and
infrared bands (Valencia-S. et al. 2015; Mossoux et al. 2016).
Based on the analysis of ~15yr of XMM, Chandra, and Swift
data, Ponti et al. (2015) discuss an increase in the rate of bright
X-ray flares. However, an alternative and plausible explanation
is an effect of the X-ray flare clustering (Haggard 2017) rather
than the actual increase in the flaring rate, so the overall statistics
does not seem to be affected by the DSO passage (Mossoux et al.
2016).

Nevertheless, it is of interest to estimate the non-thermal syn-
chrotron or potential X-ray bremsstrahlung flux for the stellar
model of the DSO. These estimates may also be scaled for dif-
ferent stellar parameters when other stars will pass in the vicinity
of Sgr A* and future facilities with the larger sensitivity may de-
tect the corresponding emission.

5.3.1. Bow-shock synchrotron emission

The source of the non-thermal synchrotron emission of the
DSO are the electrons accelerated in the bow shock. We ap-
ply the theory and the model of Crumley & Kumar (2013) and
Sadowski et al. (2013) (based on Rybicki & Lightman 1979) to
calculate synchrotron spectra and the light curve of the source. In
the left panel of Fig. 16, the spectra are calculated for the epoch
of the pericentre passage, when the flux density is the largest
across all frequencies. The right panel of Fig. 16 displays the
light curve computed for the frequency of 1.4 GHz. For both the
spectrum and the light curve, two limiting cases are taken into
account:

(1) “plowing” model that assumes that all electrons accelerated
in the bow shock radiate in the shock-enhanced magnetic
field;

(i) “local” model that assumes that the electrons accelerated in
the shock leave it and radiate in the local, ambient magnetic
field.

Two sets of stellar parameters were considered: the mass-loss
rate of 7iny, = 5 x 107 My yr~! and the wind velocity of v, =
10kms™" and 7y, = 1078 M, yr’l, vy = 10kms~!, which are
expected for a class 1 pre-main-sequence source (Edwards et al.
2006) with the empirical relation M,, ~ 0.001-0.1 M, be-
tween the accretion rate and the outflow rate. For both parameter
sets, the peak flux densities are at least two orders of magni-
tude smaller than the quiescent radio flux density of Sgr A*, that
is the stellar model can naturally explain the non-detection of
any enhancement in the flux density due to an expected small
bow-shock size at the pericentre. In addition, the values are
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Fig. 16. Left panel: calculated synchrotron spectrum for electrons accelerated in the bow shock. Spectra were calculated for two sets of the mass-

loss rate and the terminal wind velocity that are within the range of values expected from the stellar model: 7z, = 5x 107 My yr™", v, = 10kms~

1

and 7iny, = 108 My yr!, v, = 100km ™. Solid lines correspond to the plowing synchrotron model and the dashed lines to the local model. The
energy spectrum of accelerated electrons has a power-law index of p = 2.4 in accordance with particle-in-cell simulations of Sadowski et al.
(2013). The red points are observationally determined values adopted from Davies et al. (1976), Falcke & Markoft (2000), Zhao et al. (2003), and
Marrone et al. (2008). The shaded region represents an estimate of the radio flux density of the PWN. Right panel: a synthetic light curve calculated
at 1.4 GHz considering for both the plowing (solid lines) and the local model (dashed lines). Two sets of stellar parameters were considered as in

the left panel.

comparable to the radio flux density of the PWN, taking into
account the radio efficiencies of g ~ 1078—1073 and the spin-
down luminosity of E,q = 1.4 x 10® ergs™!. In summary, both
stellar models — a dust-enshrouded pre-main-sequence star and a
PWN - are expected to have radio flux densities below the qui-
escent level of Sgr A*, implying only a marginal possibility of
detection of any change in the radio flux of Sgr A* and its close
vicinity.

5.3.2. X-ray bremsstrahlung

Due to an expected supersonic motion of the DSO close to
the pericentre (Zajacek etal. 2016), two layers of shocked
stellar wind and ambient gas should form and subsequently
mix. The shocked gas is expected to cool down by the ther-
mal bremsstrahlung process (Christie et al. 2016). Here we use
order-of-magnitude estimates to calculate the bremsstrahlung lu-
minosity.

First, the ionized medium in the central parsec of the Galac-
tic centre can in principle cause losses to the bremsstrahlung due
to the Thomson scattering. We can estimate the optical depth of
the scattering using 7t ~ orn.L, where op = 6.65 X 107% cm?
is the cross-section for the Thomson scattering, 7. is the electron
number density, and L is the length of the part of the line of sight
that crosses the hot gas. For an estimate, we take the number den-
sity of electrons at the Bondi radius, Rg ~ 0.16(7,/10” K)~! pc,
ne(Rg) = 130cm™ (Baganoff et al. 2003) and the line-of-sight
length is set to the Bondi radius, L ~ Rg. Finally, the estimate
gives 71 ~ 4.3 x 107 < 1 and therefore the Thomson scattering
losses can be neglected.

We take the volume emission coefficient per unit frequency
band and integrate it over the frequency interval of the X-ray
band, (vi,v2) = (0.04,0.8) x 10'® Hz. For the volume emission
coeflicient €, holds (Lang 1978; Rybicki & Lightman 1979),

edv~54x 10_3922T;11/2n1ne g, Tsn)

X exp (—hv/kTg)dv erg s'em™ Hz ™, (20)
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Fig. 17. Temporal evolution of the X-ray bremsstrahlung signal from
two components: shocked wind (black solid line) and shocked ambient
medium (blue dashed line). Two vertical lines represent the quiescent
emission of Sgr A*, L[2 — 10keV] ~ 2 x 10¥ ergs™! (Haggard 2017),
and the estimated PWN signal, assuming the conversion factor of nx =
10 between the spin-down luminosity and the X-ray luminosity. The
stellar parameters were set to 7z, = 107 Mg yr™! and v, = 100kms™".

where Z is the proton number of participating ions, n; and 7.
are number densities of ions and electrons, respectively, and T,
is the temperature of the shocked gas. The temperature of the
shocked ambient medium for the supersonic motion of the DSO
may be estimates as Ty, = 1.38 X 10°(v,/100kms™")?K for
an ionized medium (McKee & Hollenbach 1980), which yields
T ~ 108—10° K for relative velocities of v, ~ 10°kms~! close
to the pericentre. The shocked stellar wind is colder by about
three orders of magnitude (Scoville & Burkert 2013), but denser,
so it is likely to contribute more to the overall bremsstrahlung.

The Gaunt factor g(v, Ty,) may be approximated in the given
range (Ty, = 10108 K, v = 10'® Hz) via (Lang 1978)

g, Ta) ~ V3/mlog (4.7 x 10Ty, /v), (21
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which varies only a little for the considered frequency range. Ac-
cording to Eckart (1983), we set g(v, Ts,) = 1.5. Using Eq. (20),
the bremsstrahlung luminosity can be expressed as,

Lbrems ~54x% 10739 X 4 X 1'5V5hzzTS;ll/2nine

V2
X f exp (=hv/kTg,)dv erg s7h 22)

Vi

The integral f exp (=hv/kTg,)dv yields ~ 0.63 x 10'0 Ty, (Eckart
1983). Furthermore, we express the temperature of shocked gas
in Ts = (Tgq,/108K) and assume that the shocked gas con-
sists fully of ionized hydrogen and helium, so one can replace
the term Z2nin, = 1.55n2. We approximate the volume of the
shocked gas by a spherical half-shell with the volume of Vg, ~
27rR8 fur, Where fyg is the ratio of the bow-shock thickness to
the stand-off radius, Eq. (12). Finally, the bremsstrahlung lumi-
nosity becomes

Liems ~ 6.2 X 1072RY(0) fur (2T, ergs™, (23)

where both the stand-off radius Ry(¢) and the ratio fur(f) de-
pend on the orbital phase (time) of the DSO (Zajacek et al. 2016;
Christie et al. 2016).

We calculate the bremsstrahlung luminosity using Eq. (23)
for both shocked layers, ambient and stellar wind layer. The den-
sity of the shocked stellar wind is computed using Eq. (15) and
we take the temperature of Ty, =~ 10° K. The shocked ambient
medium is denser than the ambient profile, Eq. (13), by about
a factor of four and its temperature reaches Ty, =~ 10% K. For
both cases, the stellar mass-loss rate is set to 7z, = 1078 Mo yr‘1
and the wind velocity to v, = 100kms~'. In Fig. 17, we plot
the bremsstrahlung light curves for both layers. In case of the
shocked wind, the luminosity increases because of the dominant
density term — the density in the shocked layer increases towards
the pericentre. For the shocked ambient medium, the overall lu-
minosity decreases because of the dominant size term, that is the
size of the bow shock decreases. The bremsstrahlung signal from
the shocked wind should dominate, but its luminosity is at least
three orders of magnitude smaller than the quiescent luminosity
of Sgr A*, L[2—10keV] ~ 2 x 10%3 erg s~! (Haggard 2017). The
X-ray flux from the hypothetical PWN is expected to be stronger,
at least at the level of the quiescent emission of Sgr A*.

The low level of the X-ray bremsstrahlung emission for a
stellar bow shock is not surprising. During the passage of S2 star
through the pericentre in 2002, there was no significant increase
in the emission of Sgr A* detected (Yuan & Wang 2016). It is
worth monitoring the flaring rate during the next passage in early
2018, since some theoretical calculations predict the emission at
the level of the quiescent state (Christie et al. 2016).

5.4. Bry emission model for a young star

One of the prominent features of the DSO are the recombina-
tion emission lines, mainly Bry line that is used for monitoring.
So far and quite suprisingly, the luminosity of Bry line has re-
mained constant within uncertainties (Gillessen et al. 2013a,b;
Valencia-S. et al. 2015). It is not straightforward to explain the
plateau of the light curve within the stellar model. In the frame-
work of a photoevaporating and tidally disrupted protoplanetary
disc, Murray-Clay & Loeb (2012) predict that the total Bry lumi-
nosity at the peribothron should be larger by a factor of five with
respect to 2011 epoch. In case Bry recombination line originates
due to the collisional ionization in the bow shock, the luminos-
ity should also increase by a factor of a few (Scoville & Burkert
2013; Zajacek et al. 2016).
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One of the simplest solutions to the plateau of Bry line
is to look for processes that are independent of the distance
from Sgr A* and of the velocity of the DSO. Circumstellar
outflows and inflows that originate within the tidal radius of
the DSO r; (see Sect. 3) belong to such processes as was sug-
gested by Valencia-S. et al. (2015). A likely process contribut-
ing to Bry emission in class I objects is the accretion of gas
from the inner rim of an accretion disc that is truncated by
a dipole magnetic field. The inferred large line width of Bry
line of the order of FWHMg,, =~ 100km s~! (Phifer et al.
2013; Valencia-S. et al. 2015) is consistent with the magneto-
spheric accretion model (Hartmann et al. 1994; Edwards et al.
1994; Muzerolle et al. 1998), where the disc gas is channeled
along magnetic field lines from the truncation radius Ry onto
the stellar surface. The poloidal velocities are close to a free-fall
velocity,

1/2 -1/2
M, R, »
=618 K
Opol (1M®) (IRO) Jrkms—,

where fr = +/1 —R,/Ry is the truncation factor, correcting
the free-fall velocity for the finite truncation radius. Pre-main-
sequence stars exhibit a considerable magnetic field with an in-
tensity of ~1kG, which truncates an accretion disc at several
stellar radii,

(24)

Rt 417 1517 1217 2 g—1/7
= ~ 658 TR T

*

(25)

where the strength of the dipole magnetic field at the equator of
the star Bj is in kG, the stellar radius R, is in units of 2 R, the
accretion rate M_g is in 1073 M, yr’l, and the stellar mass M is
expressed in 1 M. Using an estimate in Eq. (25), the truncation
factor in Eq. (24) is fr =~ 0.9, which leads to vp, = 560 km s71
The line-of-sight velocity of the accreting gas that determines the
Doppler broadening of an emerging line depends on the view-
ing angle of the star-disc system, which is itself variable for any
structure bound to the star, for example a bow shock or a disc
(see Appendix A for the calculation of the viewing angle).

A stationary accretion can only proceed when the disc trun-
cation radius is inside the corotation radius, which is defined as
the distance from the star where the Keplerian angular velocity
equals to the rotational angular velocity of the star,
Reo ~ 42 M, PP Ro, (26)
where P; is the stellar rotational period in units of one day.

For pre-main-sequence stars, a correlation was found be-
tween the accretion luminosity L, and the luminosity of
Bry emission. The correlation does not have to necessarily im-
ply that Bry is a tracer of accretion (Mendigutia et al. 2015)
or that the emission originates within a few stellar radii from
the star. We can, however, use the L,..—Lp; correlation to
show that a realistic accretion rate can reproduce the observed,
approximately constant Bry luminosity of Lp, = (1-4) X
1073 L, for the DSO (Gillessen et al. 2013a,b; Pfuhl et al. 2015;
Valencia-S. et al. 2015). Applying the correlation inferred from
a recent fit to several low-mass stars (Alcald et al. 2014),

log (Lace/Lo) = 1.16(0.07) log (L, /Lo) + 3.60(0.38), 27)

5 The relation for the truncation radius, Eq. (25), gives an upper limit,
since the ram gas pressure is larger in the disc geometry than in a spher-
ical approximation that was used for this derivation.
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Fig. 18. A temporal, synthetic evolution of the luminosity of Bry line
for the bow shock contribution, the accretion contribution, and the to-
tal light curve. The wind parameters of the star were set to 71, =
5% 107 Mgy yr~! and v, = 10kms™' (logarithms of these values are
in the parentheses). The shaded region corresponds to the constant, ob-
servationally inferred luminosity of Bry line (Valencia-S. et al. 2015).

we get the accretion luminosities L,.. ~ 1.3-6.6 L. Hence, the
accretion luminosity may be in principle a significant fraction of
the continuum emission of the DSO.

Having calculated an order of magnitude of the accretion lu-
minosity allows us to estimate the accretion rate M., assuming
a certain value for the truncation radius Rt ~ 5 R,

: LR( R*)‘1
Mye ~ —x [ - ==
T GM, Ry
-1
Lace \ (Re \ (M
z4.1x10-8(&)(—*)(—*) Mo yr . (28)
o Nro \aay) oY

Given the constraints on the mass and the radius of the DSO
based on the bolometric luminosity of 30L, (see Fig. 5),
Mpso S 3 M, and Rpso < 10 R, respectively, the upper limit
of the accretion rate is M. < 1077 Mgyr~!. The gas accre-
tion in young stellar systems seems to be linked to stellar and
circumstellar outflows with the rate of M,, =~ 0.001—-0.1 M.
(Edwards et al. 2006).

Hence, the simple model of the accretion described above
complements the previous components of the DSO model anal-
ysed in Sect. 4, see also Fig. 14 for an illustration. The accretion
of gas onto the star and associated outflows can in principle sta-
bilise the light curve of Bry emission of the DSO, see Fig. 18.
While the emission associated with the bow shock is expected
to increase towards the pericentre, the accretion luminosity may
stay rather constant since accretion flows are located well inside
the circumstellar tidal radius. For a certain set of parameters, the
total luminosity can be constant within uncertainties. In Fig. 18,
the outflow rate of the star is set to 5 x 10™° My yr~! and the
terminal wind velocity is 10kms™!.

6. Summary

The previous analysis of NIR observational data has shown
that the NIR-excess source DSO/G?2 is a peculiar object in the
S-cluster, which was further supported by the detection of a
high linear polarization degree of 30% in the NIR K band.
Taking into account the compact behaviour during the closest

passage around the SMBH, we focused on possible compact,
stellar models of the fast-moving source. It appears that the
SED characteristics of the DSO are reproduced best by either
a young, embedded stellar object with a non-spherical dusty en-
velope (consisting of a dusty envelope, bipolar cavities, and a
bow shock) or, on the other hand, a compact remnant, specifi-
cally a PWN. In both cases, the objects are expected to move
supersonically close to Sgr A*.

Given the star-formation potential of the Galactic centre re-
gion, we first investigated the scenario of a pre-main-sequence
star of class I that is still embedded in dense, optically thick dusty
envelope. We found a composite stellar model surrounded by a
non-spherical envelope (a star-dusty envelope-bipolar cavities-
bow shock) that could reproduce the main characteristics of the
continuum emission, including the linear polarization. In the
framework of this model, bipolar cavities and the bow shock
serve as sites for scattering stellar and dust photons. Further-
more, they increase the overall deviation of the source from the
spherical symmetry. The K; band continuum emission is dom-
inated by scattered dust photons, which explains the signifi-
cant polarized emission in this band. The polarization degree of
~30% is consistent with an optically thick dusty envelope and is
comparable to other observed embedded young stellar objects in
molecular cloud regions.

Moreover, we also looked at the neutron star model that
could explain the SED as well as a high linear polarization de-
gree — more specifically, the DSO would exhibit similar charac-
teristics as a young, Crab-like PWN. Although energetically it
would be possible to reproduce the NIR flux densities and the
spectral slope, given the non-detection of X-ray or radio coun-
terparts makes this model speculative. On the other hand, our
estimates demonstrated that even current NIR facilities could be
used to search for candidates of young PWN in the innermost
parsec of the Galactic centre in the NIR domain. Such sources
would actually manifest themselves as highly polarized, appar-
ent NIR-excess sources, with flux densities comparable to the
DSO. Some of the NIR-excess sources observed in the S cluster
region could thus be suitable candidates for PWN. The imag-
ing with the current and future NIR instruments can thus com-
plement standard radio searches for young neutron stars in the
Galactic centre region, which will allow us to put more con-
straints on the neutron star population in the innermost parsec.
Future monitoring of the DSO and other NIR-excess sources,
mainly with the focus on the radiative properties (both contin-
uum and line emission) and the dynamics, will further narrow
down the scenarios to explain these intriguing sources in the cen-
tral arcsecond of the Galactic centre.
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Appendix A: Viewing angle of the bow shock 180 T Vas0 kms| —
We present the calculation of an expected angle between the e - SHilon: v 1000 km e T 1
symmetry axis of the bow shock structure and the line of 140 t-“ TITT)
sight as a function of time (with respect to the peribothron). g e )
In the calculation, we use the orbital elements as derived ié), 120 poeer
by Valencia-S. et al. (2015). We use the convention, in which 2 100
0 degrees corresponds to the front view of the bow shock, o
180 degrees is the view from the tail portion, and 90 degrees o 80
corresponds to the side view. We include three possible cases: 5 60
a negligible motion of the medium, an outflow of 1000 km s~ 2 ) _,/’/
and an inflow of 1000kms~!, see Fig. A.1. 40 N e
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Fig. A.1. Viewing angle of the bow shock as a function of time for a
negligible motion of the medium, an outflow of 1000kms~!, and an
inflow of 1000 kms~! (see the key).
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CHAPTER

A short review on the DSO

Given the amount of continuum and line-emission data of the Dusty S-cluster Object
(DSO/G2), we give an overview of proposed interpretations of the phenomenon. We briefly
discuss basic proposed scenarios — from the core-less cloud/streamer, through the dust-
enshrouded (young) star, to binary models. The focus is given on the detection of linearly
polarized emission in K band (2.2 um) as analysed by Shahzamanian et al. (2016). Subse-
quently, we provide the description of the model of a dust-enshrouded star with a non-spherical
dusty envelope, which can match the total as well as the polarized flux density of the source.
Towards the end, we give an overview of in-situ star-formation scenarios in the Galactic centre
region: disc-based and infall-based.

The review was peer-reviewed and published in the Observatory (A Review of Astronomy).

Credit: Zajacek, Eckart, and Shahzamanian, The Observatory 137, 112 (2017). Repro-
duced with the permission of ©the Editors of the Observatory.
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gravitational-wave emission, at least to low orders we can compete or be more
precise than LIGO, and I think that’s the beauty of combining these methods.
By completely different methods, completely different régimes if the theory is
correct, it has to fit all across the parameter space and that’s where the power
lies in the combination of the two methods.

Professor P G. Murdin. How close are you to being in a position of not having
accurate enough terrestrial clocks to do this?

Professor Kramer. Fortunately, we’re still on the safe side. First of all, our
clock colleagues are making superb progress: they now have precisions of
down to 10721, But as those clocks are only stable for weeks to months, they
hand over from clock to clock, while our pulsar time-scales are accurate over
years and decades. So for the instantaneous measurement, we don’t run into
problems and that’s the real measurement we do. When we do the instantaneous
measurement, we refer it to an atomic clock in the observatory, do the GPS
transfer, correct it to atomic time and international time. We can, however,
— and this is a nice experiment — show by just looking at pulsars, that our
colleagues in Paris at the BIPM tune their atomic clocks from time to time.
We see this in our signal because suddenly, we see some deviation that is
common to all the pulsars. Nothing is secret. [Laughter.] So I think again, we’re
feeding off each other and helping each other.

The President. Michael, thank you very much indeed, and thanks for a
wonderful George Darwin Lecture. [Applause.] So that concludes today’s
programme. May I invite you to a seasonal drinks reception in the RAS library
immediately following this meeting, and I give notice that the next Open
Meeting of the Society will be on Friday, 13th of January 2017. Finally, a happy
Christmas to Fellows and visitors. [Applause.]

POLARIMETRY NARROWS DOWN THE POSSIBILITIES FOR THE
DUSTY S-CLUSTER OBJECT (DSO/G2) IN THE GALACTIC CENTRE

By Michal Zajacek, Andreas Eckart & Banafsheh Shahzamanian
University of Cologne

There have been many speculations about the character of the
dusty object moving fast in the vicinity of the Galactic-centre
black hole. The recent detection of polarized continuum emission
provides new constraints for the models. The fact that the object
is intrinsically polarized implies that it is non-spherical. The
authors propose that a young star developing a bow shock can
explain the main characteristics. However, more observations in
the future are needed for the final confirmation of the nature of
the source.
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Discussion

The object known as the Dusty S-cluster Object (DSO; where S-cluster is the
name of the innermost stellar cluster in the Galactic centre), often also denoted
as G2, was considered shortly after its discovery! as a small gas and dust cloud
of only three Earth masses. However, subsequent monitoring by the Tery Large
Teélescope of the European Southern Observatory as well as the Keck telescopes
has shown that the object does not tidally stretch in a way we would expect for
a simple core-less gas cloud. Instead, the dusty source has stayed more compact
than expected and survived intact the close passage to the black hole in the
spring of 2014%3.

Despite the compactness, the dispute about the character of the object has
continued, mainly because it has not been possible to resolve directly the
internal structure of the enigmatic object, as is possible, for example, for nearby
young stars in the Orion star-forming region. To make things more complicated,
some experts claim!»* that they do detect the tidal stretching of the source.
As a result, many scenarios for the nature of the DSO have been proposed.
They can be mostly grouped into three categories: a core-less cloud! or
streamer®’, a dust-enshrouded star®’, and a binary scenario — either binary
merger>:8 or disruption’ of both components, where one of them can escape the
Milky Way entirely as a so-called hypervelocity star.

However, there is a way to go partially around the angular-resolution problem.
One can try to study the polarization properties of the incoming electromagnetic
signal to see if the source as a whole is polarized or not. Polarized sources have
a preferred plane in which the electric-field vectors are oscillating, which gives
hints about their internal geometry as well as radiative processes.

It was quite a surprise when it was discovered® that the DSO is an intrinsically
polarized source in the near-infrared Ks-band (2-2 micrometres). Whereas
surrounding stars close to its position have a degree of polarization close to
zero, the DSO exhibits a polarization degree of around 30 percent for four
consecutive epochs (2008, 2009, 2011, and 2012). This implies that the source
must deviate from spherical symmetry, otherwise the individual polarization
contributions would cancel out.

The detection of polarized emission puts a new constraint on the character of
the object. In general, the DSO is a very faint source in an extremely crowded
stellar field: the number density of stars in the central few light years is about
10 million times that in the Sun’s neighbourhood. Therefore disentangling the
emission of the DSO from that of the surrounding sources is often challenging.
In addition, it is not possible to resolve the brightness distribution as it is for
nearby objects. As a consequence, it is necessary to combine carefully orbital
dynamics, spectral properties, and, at last, the polarimetry, to see the full picture
of the mosaic.

In the polarization-detection paper, the authors® also construct a numerical
radiative-transfer model of the DSO. The model consists of typical ingredients
of young stars: a star at the centre of the DSO is the source of thermal photons,
and is surrounded by a dusty envelope and bipolar cavities due to outflows,
which together re-process the emission of the star — UV and optical photons
are absorbed by dust particles and re-emitted at longer wavelengths, mostly in
the near- and mid-infrared domains. Furthermore, the photons emitted by the
star and the dust are scattered by dust particles, which is the source of polarized
emission in the model.
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Moreover, since the DSO is expected to move supersonically close to the
black hole, a bow shock is formed ahead of the star!?. All of these components,
which one would expect for a supersonic young star in the Galactic-centre
region, lead to a significantly non-spherical nature of the source, which gives
rise to the overall polarized near-infrared emission. Not only is the model
successful in explaining the polarization properties, it can also match other
observed characteristics of the DSO, namely a significant near-infrared excess
or ‘reddening’ due to dust emission and broad hydrogen-emission lines, which
arise due to the Doppler broadening either because of the material flowing
towards the star (accretion) or by gas outflows or winds, which are both typical
features of young stars?.

It could be argued that the overall non-spherical shape is caused by the
gradual prolongation of the gaseous component by tidal forces rather than the
model described. However, the DSO/Gz2 source does not show convincing signs
of tidal interaction in either line or continuum emission®3. Tidal stretching
would be expected for a core-less cloud or a star with an extended envelope
with a length-scale of about 100 AU. In that case the source would be tidally
stretched along the orbit by a factor of a few2, which was not detected during
the peribothron passage?3, when the effects of the orbital foreshortening are
minimized. In fact, the DSO is fully consistent with being a point source?.

Therefore, based on the compactness and a prominent IR excess, a pre-main-
sequence star surrounded by a non-spherical dusty envelope (envelope with
bipolar cavities) seems to be a more natural scheme to explain the continuum
and line-emission characteristics. In the framework of this scenario, a bow
shock forms due to an expected supersonic motion close to the pericentre,
which further breaks the spherical symmetry.

Further monitoring of the source will help us to test the proposed model,
mainly by the means of orbital dynamics. If the motion of the source does not
deviate from a simple Keplerian ellipse, it must be a compact object, not a cloud.
On the other hand, the core-less cloud would sooner or later start spiralling in
towards the black hole because of the interaction with the surrounding ambient
medium.

It remains a small puzzle, though, how such a young star as proposed to
explain the DSO phenomenon can be formed and subsequently orbit so close
to the black hole for such a long period of time — possibly several-hundred-
thousand years, which is the estimated age of class o and class 1 protostellar
objects?. Thanks to the computer modelling, this problem can be partially
tested by means of numerical experiments. It was already confirmed!! that in-
situ star formation close to the black hole can take place when a cold molecular
cloud of about 100 solar masses falls in towards the black hole from the region
where there is a molecular circum-nuclear disc that contains clumps of a similar
mass (approximately 1-5-6 parsecs from Sgr A*). In this model, the critical
density for the onset of the collapse is reached by the tidal focussing because
of the black hole’s gravity — one can talk about so-called black-hole-assisted
star formation. Another proposed scenario is the gravitational instability and
the fragmentation of a massive accretion disc encircling the black hole!2, which
is supported by the observed stellar disc containing massive young stars with an
age of only a few million years. On-going star formation in the central 2 parsecs
was also supported by recent radio and infrared observations!? in terms of
finding localized water and SiO masers and identifying infrared-excess sources
whose spectral energy distribution is consistent with massive young stellar
objects.
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Since the star formation close to the massive black hole has many intricacies,
several important details of how stars are formed at the Galactic centre remain
still blurred. New, powerful instruments in the near future, such as the Fames Webb
Space Telescope or European Extremely Large Telescope, will certainly shed new light on
the problem. Regardless of some remaining theoretical problems, the observations
seem to show that star formation can proceed in different environments throughout
the Galaxy — from the close vicinity of the supermassive black hole at the
Galactic centre all the way to the Galaxy outskirts.
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SPECTROSCOPIC BINARY ORBITS
FROM PHOTOELECTRIC RADIAL VELOCITIES

PAPER 254: HD 155878, HD 156613, HD 159027, AND HD 162054

By R. E Griffin

Cambridge Observatories

The stars mainly discussed in this paper are all between about the
eighth and ninth magnitudes and are located in the constellation
Hercules. They came to attention as binaries in the course of the
writer’s ‘Clube Selected Areas’ programme! of radial-velocity
observations (recent succinct descriptions of which may be found
in the Introductions to Papers 251 and 25323). HD 159027 and
HD 162054 are in Area 1, and so is HD 155878 although it was
not actually on the Clube programme, while HD 156613, which
is at a somewhat higher declination, is in Area 2. All except for
HD 162054 are Hipparcos stars, and they all have good magnitudes
and colour indices determined by the satellite’s 7ycho programme.
In no case has the companion star been apparent in the radial-
velocity traces.
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CHAPTER

Interaction modes of neutron stars

Currently we observe many young, massive stars as well as older late-type stars in the Galactic
centre. Based on this it is possible to approximately reconstruct the recent star-formation
history of the Galactic centre. Because of several episodes of star formation, neutron stars
should be present in the Nuclear star cluster as end-products of massive star evolution, in a
similar way as they occur in globular clusters (Freire et al. 2003).

Isolated neutron stars of different ages have a characteristic distribution of periods and
magnetic field intensities. Even older isolated neutron stars have still magnetic fields large
enough to effectively interact with the plasma environment in the Galactic centre region.
Since the environment has significant density gradients, especially in the minispiral region,
I dedicated some time to study the distribution of interaction modes of neutron stars as a
function of the temperature and the density of the ambient medium, and different distributions
of periods and magnetic field intensities of neutron stars.

These results are included in the peer-reviewed paper published in Acta Polytechnica,
which is a part of IBWS 2014 proceedings.

Credit: Zajacek, Karas, & Kunneriath, Acta Polytechnica 55, 203 (2015). Reproduced
with permission ©Czech Technical University in Prague.
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GALACTIC CENTER MINISPIRAL: INTERACTION MODES OF
NEUTRON STARS
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ABSTRACT. Streams of gas and dust in the inner parsec of the Galactic center form a distinct
feature known as the Minispiral, which has been studied in radio waveband as well as in the infrared
wavebands. A large fraction of the Minispiral gas is ionized by radiation of OB stars present in the
Nuclear Star Cluster (NSC). Based on the inferred mass in the innermost parsec (~ 108 solar masses),
over ~ 10%-10* neutron stars should move in the sphere of gravitational influence of the SMBH. We
estimate that a fraction of them propagate through the denser, ionized medium concentrated mainly
along the three arms of the Minispiral. Based on the properties of the gaseous medium, we discuss
different interaction regimes of magnetised neutron stars passing through this region. Moreover, we
sketch expected observational effects of these regimes. The simulation results may be applied to other
galactic nuclei hosting NSC, where the expected distribution of the interaction regimes is different

across different galaxy types.

KEYWORDS: galaxy center; individual objects; Sagittarius A; neutron stars.

1. INTRODUCTION

The Galactic center hosts the supermassive black hole
(SMBH) observed as the compact radio source Sgr A*
which is surrounded by the Nuclear star cluster (NSC)
and gaseous-dusty structures, such as HII Minispiral
arms of Sgr A West, supernova remnant Sgr A East,
molecular clouds, and the Circumnuclear disk [1, 2].
It is the closest SMBH and hence its environment
can be studied with the highest resolution among
galactic nuclei in the radio-, mm-, submm-, infrared,
and X-ray wavebands [2]. However, despite high-
resolution multiwavelength studies several processes
are still not satisfactorily explained, such as the star-
formation near the SMBH, the feeding and feedback
of Sgr A*, and the distribution of the magnetic field
and its interaction with other stellar and non-stellar
components.

The observations of the Galactic center region re-
vealed a large population of young massive stars or-
biting the SMBH as close as ~ 0.1 pc [3]. In fact, the
NSC seems to be one of the densest concentrations
of young massive stars in the Galaxy [1]. On the
other hand, there is an observable flat distribution of
late-type stars with a radius of as much as 10” [4, 5].
Thus, a steep relaxed Bahcall-Wolf cusp of stars with
a slope of 7/4 or 3/2 [6, 7] is probably absent [5, §].

The estimates of the number of stellar remnants
that use the power-law initial mass function (IMF)
(standard Salpeter or top-heavy) combined with the
mass segregation over the age of the bulge (~ 10 Gyr)

lead to a considerable population of stellar black holes
of the order of ~ 10* [9, 10]. The same order is ex-
pected for neutron stars based on multiwavelength
statistical studies [11]. Based on the total X-ray lumi-
nosity of the innermost parsec, [12] set an upper limit
on the number of compact remnants (< 40000).

Such an abundant population of neutron stars ex-
hibiting strong magnetic fields could be utilized to
further extend our knowledge about the processes in
the Galactic center. The observations of neutron stars
(pulsars as well as X-ray sources) near the SMBH
would contribute to:

e our understanding of the star formation processes
near the Galactic center using the number and the
age distribution of observed sources,

e mapping the gravitational potential near the SMBH
using their period derivatives,

e constraining the electron density profile in the
Galactic center using their dispersion measures.

Despite continued efforts only very few pulsars have
been detected in the broader Galactic center region.
It is thought that the lack of detections is due to pro-
found interstellar dispersion and scattering. However,
there are observational hints that such a population
is present. [13] report the discovery of two highly
dispersed pulsars with angular separation < 0.3° from
the Galactic center. [14] confirm the detection of three
pulsars with large dispersion measures with an offset
of ~ 10’-15 from Sgr A*. There is an indication of the
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Y [kpc]

X[kpc]

F1GureE 1. The distribution of 2302 pulsars in the
XY Galactic plane. Four logarithmic spiral arms
are marked by white lines. Sgr A* and the Sun are
labelled as white points at position (0,0)kpc and
(0,7.9) kpc, respectively. The data are taken from
the ATNF Pulsar Catalogue http://www.atnf.csiro.
au/research/pulsar/psrcat [16].

relation between the Sgr A East SNR and the “Can-
nonball” source, which was detected in both the X-ray
and radio wavebands and appears to be a pulsar wind
nebula (PWN) [15]. This shows that neutron stars
can form directly in the Galactic center environment.

In the innermost parsec only one magnetar PSR
J1745-2900 was affirmed by independent detections
[17-19] at a projected distance of ~ 2.4 + 0.3"” from
Sgr A*, having a period of 3.7635537(2) [20]. The
consequence of the lack of sensitivity to detect more
neutron stars in the Bulge and the Galactic center
is shown in Figure 1, where most of the of detected
sources are concentrated relatively close to the Sun.

In this contribution we aim to clarify the distribu-
tion of the interaction modes of neutron stars in the
Galactic center. Based on the results we discuss the
possibility of detecting neutron stars in the innermost
parsec indirectly, specifically by looking for bow-shock
structures similar to that of the “Cannonball” [15].

The structure of the paper is as follows. In Section 2
we explain the set-up of the model and the methods
that are employed, including the introduction to a
simple, analytical theory of interaction modes of neu-
tron stars that is, however, sufficient for our purposes.
Subsequently, in Section 3 we study the distribution
of interaction modes in the innermost parsec of the
Galaxy. In Section 4 we discuss the consequences
of this distribution and the possibilities of detecting
a fraction of the population indirectly. Finally, we
summarize our conclusions in Section 5.

2. SET-UP OF THE MODEL AND
METHODS

In our model we concentrate on the innermost parsec
of the Galactic center, which lies within the sphere
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FIGURE 2. The Minispiral model. Top panel: the
nomenclature of the main components. Bottom panel:
Keplerian velocity profile of the gaseous material ac-
cording to [21, 22].

of influence of the supermassive black hole (Sgr A*)
with the radius rgr:

rSy ~ 17( ]\1. )( g — ) 27 (1)
4.0 x 106 Mg/ \100km s—1!

where M, is the central black hole mass and o is the

stellar velocity dispersion.

Since we are studying processes that occur at a
distance of 2 1000 gravitational radii from the SMBH
we approximate the gravitational field by a Newtonian
point mass of M, = 4.0 x 10° M, [1, 2]. We employ
a Monte Carlo approach for studying the rate of in-
teractions between neutron stars and gaseous-dusty
structures. Initially, we generate the orbits of neutron
stars that do not interact with each other and with
other stellar and non-stellar components of the NSC
except for the SMBH. Hence, the orbital elements of
individual stars do not change in the course of the
simulation. Although this may seem an oversimpli-
fication, it is sufficient for statistical studies of the
distribution of interaction modes.

The thermal HIT region of Sgr A West known as the
Minispiral has been studied in the radio-, mm-, and
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infrared wavelengths [21-23]. It consists of four main
components: the Northern Arm, the Western Arc, the
Eastern Arm, and the Bar (see Figure 2) [21-23]. The
Minispiral consists of a mixture of ionised and neutral
gas and dust, with temperature ranging from ~ 100K
for dust up to 10*K for the hot ionised gas phase.
The inferred electron densities are ~ 10*-10° cm—3
[21, 22].

In our simplified model the Minispiral is represented
as a system of spherical clumps along the three arms
(~ 20 for each arm) with the length-scale of each clump
1-2 arcsec. The density and temperature profiles are
taken from [21-23], but we also analyse the interaction
modes for values outside this range. The velocity
profile is assumed to be roughly Keplerian, consisting
of three streams as inferred from observations by [21,
22] (see Figure 2). We note that deviations from
Keplerian motion were also detected, probably due to
magnetohydrodynamic effects [21, 22].

2.1. INTERACTION MODES OF MAGNETIZED
NEUTRON STARS

Many observed neutron stars exhibit considerable mag-
netic fields, in the case of pulsars most frequently of
the order of 10'2 Gauss. The warm ionized gas that is
also detected close to the Galactic centre, specifically
in the Sgr A West region (see, e.g., [23] and references
therein) has high electric conductivity that is propor-
tional to its temperature, \. =~ 107 Tf/z cm~L. There-
fore, this plasma must interact effectively with the
large magnetic field of neutron stars. Consequently,
we need magnetohydrodynamic (MHD) equations de-
scribing the gas dynamics in the potential of a neutron
star. In fact, if we are close to the neutron star surface,
we have to solve a system of relativistic magnetohydro-
dynamic equations (RMHD), which is often difficult
for real systems.

In our analysis, we focus on the fundamental char-
acteristics of the interaction of a rotating magnetized
neutron star with the plasma in the surroundings.
This interaction consists of two parts: gravitational
interaction characterized by an accretion rate M of
the captured medium; and electromagnetic interaction
which is described by a magnetic dipolar moment p
and by a rotational period of a neutron star P. These
three basic parameters, M, u, and P, are further com-
plemented by the mass of neutron star Myg and the
relative velocity with respect to the medium v,,. In
fact, neutron stars are a part of the broader class
of gravimagnetic rotators characterized by mass M,
angular momentum J = 12, and the magnetic field,
which is as the first approximation characterized by
the dipole moment .

In order to simplify the problem, we consider the
following assumptions:

(a) the interaction takes place far from the neutron
star surface, so relativistic approach is not neces-
sary,

Light cylinder

i lines of force

lines of force

superfluid n and p,
normal e

Fi1GURE 3. Sketch of a canonical pulsar. In the lower
right corner, a cross-section of the neutron star is
depicted with two basic components: the crust and
the superfluid neutron interior. Magnetic field lines are
closed up to the light cylinder. Closer to the magnetic
pole, field lines open and relativistic particles escape.

(b) the electromagnetic part of the interaction is in-
dependent of the accretion flux parameters,

(c) the intrinsic magnetic field of neutron stars is a
dipole field.

Let us make a few notes concerning the the as-
sumptions (a), (b), and (c). Point (a) means that the
interaction of interstellar plasma with the magnetic
field or a relativistic particle wind of the neutron star
takes place at 7 > G Mys/c?, which is often the case.
Assumption (b) means that infalling plasma does not
distort the intrinsic magnetic field of the neutron star
significantly. Point (c) is approximately valid due
to the conservation of the magnetic flux. The ratio
of the quadrupole ¢ and dipole  components of the
field scales with the stellar radius as ¢/ x R during
the core-collapse, so the field is effectively cleansed of
higher multipole components. The dipole field is the
most representative component far away from the sur-
face, where the interaction with the ambient medium
takes place. The closer to the surface the matter gets,
the more important the quadrupole and the higher
multipole components become.

Given assumptions (a), (b), (c), the problem be-
comes much simpler and many effects of the interac-
tion are thus neglected. However, one still gets basic
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information about the character and the scale of the
interaction if fundamental parameters of the neutron
star and those of the ambient medium are given.

For a non-rotating neutron star, the harmonic sur-
face current j = sinf induces a dipole field outside
the sphere having the following form:

21 8in 0 cos 6
_ L0 sin er_u o

Bd 05 (2)

where e, and ey are unit vectors, u denotes the dipole
moment. The angle § is measured from the axis
perpendicular to the dipole field axis (see the sketch
in Figure 3). The magnetic field magnitude By at the
poles is twice as big as at the equator, which follows
from the magnitude relation Bq = /73 (14+3sin? )'/2.
The magnetic dipole moment is given by the field
magnitude at the poles By and the neutron star radius
Rys, = 1/2ByR3g, yielding typical values p =~
1/2(2 x 10'2 Oe) x 10'8 cm?® = 1030 Oe cm?.!

In the case of a rotating dipole, the electric com-
ponent of the electromagnetic field also has to be
considered. If the rotational axis of a neutron star is
inclined with respect to the dipole axis by angle «, the
neutron star emits electromagnetic dipole radiation
at rotational frequency 2. In the frame of this model,
there exists the distance Ry = ¢/, below which the
electromagnetic field is static and the electric compo-
nent is given by E ~ v/c¢B = (Qr/c)B = (r/R)B.
While approaching the radius of the light cylinder,
R), the electric component becomes comparable to
the magnetic component. On the crossing of the
light cylinder, the electromagnetic field is no longer
static and it becomes a propagating electromagnetic
wave. The magnetic dipole radiation carries away
energy that may be written in terms of the magnetic
dipole p,

73 73

dBwa _ 2 5
a 33"

01 sin? . (3)

Gaseous environment and possible modes of
accretion. A neutron star is assumed to pass
through an ideally conducting plasma of density peo,
temperature T, and the sound speed ¢, at infinity.
We also consider the relative motion of a star with re-
spect to the surrounding medium, v = v,. The plasma
starts falling onto the neutron star, due to its attrac-
tion. In the case of neutron stars with a negligible
magnetic field, the stationary flow of matter, or the
capture rate, is given by the Bondi-Hoyle-Lyttleton
relation (cf., e.g., [24]):

(2G Mys)?
(F + 2"

o0

M,=46 (4)
where § is a dimensionless factor of the order of unity.
Defining the capture cross-section o¢ = dTR%, with
Rg denoting the capture radius,

. QGMNS

Rg =
v2 42’

()

11 Oe is a unit of H field in cgs units. The equivalent in ST
units is 1 A/m, 1 A/m = (47 10~3) Oe.
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we may use a convenient form of the capture rate:
M, = 06 ooVs- (6)

In realistic astrophysical problems, quantities T\,
Poo, and Coo are taken at finite distances, R > Rg.

Possible accretion modes may be divided into three
distinct groups:

® 1, < Co; spherical accretion, without angular mo-
mentum in accreting matter,

® v, > Coo; cylindrical accretion — axially-symmetric
accretion, without angular momentum in the ac-
creting matter,

e the disk accretion, infalling matter has a consider-
able angular momentum.

The following critical radii can be distinguished in
agreement with the terminology of [25].

Stopping radius. Neutron stars as gravimagnetic
rotators attract ionized matter due to gravitational
forces on the one hand, and they prevent accretion due
to electromagnetic forces on the other. In the rotating
dipole model, the electromagnetic field is stationary
inside the light cylinder, R} = ¢/, and changes into
a freely propagating electromagnetic wave beyond it.

The luminosity L,, of the magnetic dipole radiation
may be estimated by (3), Ly, = dEyaq/dt. Goldreich
and Julian [26] found out that near the magnetic
axis of the neutron star, which is inclined by a small
angle with respect to the rotational axis, the electric
component is directed along the magnetic field, E ~
(Qr/c)Bo, and it accelerates charged particles beyond
the light cylinder up to relativistic energies, which
effectively forms a pulsar wind. It is assumed that
this wind becomes frozen in the surrounding medium
and passes its impulse to it.

The pressure of the wind may be estimated as
Py = Ly /(47r2v). However, it may happen that
the accreted plasma penetrates into the region sur-
rounded by the light cylinder. It is prevented from
accretion onto the surface by the pressure of the static
magnetic field, P, = B%/(87) = u?/(87r°%). To sum
up, the pressure of electromagnetic forces is of a dif-
ferent character inside and outside the light cylinder,
and may be approximated by the following relations:

Il .
Pa= {5

dnr3c

if r <Ry,
if r > R].

(7)

Using the light cylinder radius, R), we may rewrite
the dipole radiation luminosity of the neutron star
L., (3), into the form:

12

Ly = k=59, 8
tR? ( )

where s = 2/3sin? o is a dimensionless factor. Using
(8), the electromagnetic pressure acting on the sur-

rounding gas expressed by (7) may be rewritten into
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FIGURE 4. Left panel: the pressure exerted by a stationary magnetic field varies as ~ r~%, whereas outside the
light cylinder the pressure of relativistic particles that act on infalling plasma, falls off with distance as ~ r~2. The
distance is expressed in light radii (Ri). Right panel: the pressure caused by accreted plasma is approximately
constant beyond the gravitational capture radius, whereas for smaller radii gas falls freely and the pressure increases

as ~ /2

the following relations:

2
o .
p _ ) m, if r < Ry, 9)
T e ifr >R
47TR1 r2 1-

Electromagnetic pressure Py, is continuous for xy =
1/2 at r = Ry.

Matter being accreted onto the neutron star ex-
erts pressure, which is approximately constant beyond
the gravitational capture radius Rg and is equal to
1/2poov?. For radii smaller than capture radius Rg,
matter falls almost freely and exerts dynamic pres-
sure 1/2p(r)v(r)2. Under the assumption of spher-
ical accretion, M, = 4mr?p(r)v(r), which becomes
M, = 471'Ré Poo¥s beyond the capture radius, the ac-
cretion pressure P, can be estimated as follows:

M.v :
Mcby if r > Rg,

b= {?\;.IZG Re\1/2 . (10)
87:r2’* ( T ) if r S RG'

The accretion pressure is a continuous function ac-
cording to (10).

Both the electromagnetic pressure P, and the accre-
tion pressure P, as functions of distance are plotted in
Figure 4 for the following set of parameters: P = 1s,
By = 2 x 102G, Ry = 10%cm, ng = 10*cm ™3,
T, =6 x 103K, Mys = 1.4 Mg, v, = 100kms™".

The plasma being accreted by a neutron star is
halted at the stopping radius where the pressure of the
electromagnetic forces is in balance with the pressure
of the accreted matter. The stopping radius may be
derived from the following condition:

Py =P, (11)

If the pressure of electromagnetic forces is repre-
sented by the pressure of a static dipole field, then (11)
yields the Alfvén radius, Ra. If the electromagnetic
pressure P, is related to the outflow of relativistic
particles (pulsar wind), then the corresponding radius

while approaching the star. The units are expressed in gravitational capture radii (Rg).

is the so-called Shvartsman radius, Rsy. The stopping
radius may therefore be expressed as [25]:

R
Rst = 8
RSh

For the case when Ry < Ry, the Alfvén radius is
given by the corresponding relations in (9) and (10),
S0 again we get two cases for distances larger or smaller
than the capture radius Rg:

if Rst S R17

12
it Rgt > Ry. (12)

WSMENYS ep g
RA _ ( ]\Icv::’2 ) A G (13)

(rado—)"" iR\ <R

M. (2GMys)'/? I [ia S G-

For Ry > Ry, the relativistic pulsar wind interacts
with the accreted matter. By comparing the depen-
dencies in Figure 4, we see that the accretion pressure
increases as ~ r~9/2 for Ry < R¢g and thus more
rapidly than the pressure of the pulsar wind, which
decreases as ~ r~2. Hence, for Ry, < R, no stable
cavern can be maintained by the ejection of matter.
However, using (9) for r > R; and (10) for r > Rg, we
may find the stopping radius for distances Ryt > Rg.
This radius is also known as the Shvartsman radius
and may be expressed in the following way:

B 2L, 1/2
Rgp = (| —— Rq,
M, Ve

(8/€tu2(G]V[Ns)2Q4
Rsp = ————F—F—

1/2
Aobed ) if vgg=c. (14)

Let us note that the relations (13) and (14) are valid
for accretion rates below the Eddington limit for accre-
tion, GMC]V[NS/RSt < Lgqq. The supercritical regime
occurs in disk accretion modes that do not develop
when neutron stars are just passing through an ionized
plasma medium that has low angular momentum.

Corotation radius. The corotation radius of a ro-
tating neutron star is another important distance scale.
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Name Notation Relation between distances Observational effects
Ejector E Ry > max{Rg,Ri} radiopulsars
Propeller P R. < Ryt < max{Rg,Ri} spinning-down more efficient, transient sources
Accretor A Ryt < Rg and Ryt < R X-ray pulsars, X-ray bursters

TABLE 1. Summary of the interaction modes and the types of neutron stars that appear to be relevant in different

regimes within the environment of the Minispiral.

Propeller Accretor

FIGURE 5. Illustrations of basic interaction modes of magnetized neutron stars with the surrounding environment:

ejector, propeller, accretor.

If accreting plasma penetrates beyond the light cylin-
der, it is stopped at the Alfvén radius, Ry =~ Ra,
where the plasma pressure and the pressure of the
static magnetic field are in balance. Further evolution
of stopped plasma is given by the rotational velocity
of the neutron star. Let us assume that the plasma
becomes frozen at Ry in the magnetic field and coro-
tates with it at the angular velocity of the neutron
star, (2. The plasma clump will eventually reach the
surface of the neutron star if the rotational velocity at
the stopping radius Ry is smaller than the Keplerian
velocity at the same distance:

Gl ) . (15)

QR
¢ < < Rst

However, if the condition (15) is not met, a centrifugal
barrier develops that prevents plasma from accreting
further. The critical, corotation radius R. that sepa-
rates the two modes is given by the equality in (15):

G Mys 1/3
R (Se) " (16)

If Ryt < R., rotation does not considerably effect
the accretion flux. If Rg; > R., stationary accretion
is not allowed.

Interaction modes. The mode of interaction of
magnetized rotating neutron stars and also other grav-
imagnetic rotators is given by the relations between
four fundamental distance scales: stopping radius R,
light cylinder radius R), gravitational capture radius
Rg and corotation radius R.. Elementary combina-
torics yields 4! = 24 possible relations between these
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Quantity I o

log P —0.2188  0.3488
log B 12.0900 0.4711

TABLE 2. Parameters of the synthetic distribution of
the period (in seconds) and the synthetic distribution
of the surface magnetic field (in Gauss).

radii. However, when taking astrophysics into consid-
eration, we get just a few modes. For example, R is
always greater than R.. We do not take supercritical
regimes into account in our analysis, since they occur
in systems with disk accretion, and binary systems are
also not considered. The classification of three main
interaction modes — ejector (E), propeller (P), and
accretor (A) — and thus types of neutron stars ac-
cording to [25] is summarized in Table 1. The sketches
of these basic regimes are shown in Figure 5.

3. REsuULTS: DISTRIBUTION OF
INTERACTION MODES IN THE
(GALACTIC CENTER

In our Monte Carlo simulations we produce a suffi-
ciently large synthetic population of neutron stars.
The number of members of this population is of the
order of 10*-108. As a nominal distribution of period
log P and surface dipole magnetic field log B we take
the Gaussian fit of the main peak of the observed
distributions in the catalogue by [16]

(log P — pp)?
20% ’

oo B — 2
( gf;U%MB) )7 (17)

N(log P) x exp <—

N(log B) x exp (—
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FIGURE 6. Histograms of the relative distribution of interaction modes of neutron stars in the Galactic center. The
relative number is in the logarithmic scale. Top left panel: the distribution of interaction modes of the neutron stars
that interact with the ionized gas in the Minispiral region. Three basic modes are monitored: ejector (E), propeller
(P), and accretor (A). The distribution alters significantly as the density increases. The temperature is fixed at

Te. =6 x 10°K. Top right panel: the distribution of interaction modes for the fixed density of me = 5 x 10* cm

-3

We vary the temperature according to the description in the plot. Only two modes, ejector and propeller, are present.
The relative number of ejector modes increases (0.9187,0.9189,0.9191,0.9192,0.9192,0.9196) with the increasing
temperature. Bottom left panel: distribution of interaction modes of neutron stars passing through the Minispiral
for four different distributions: (1) Gaussian, (2) broader Gaussian, (3) uniform distribution, and (4) combined
distribution: Gaussian + uniform. Parameters of individual distributions are summarized in Table 3. Bottom right
panel: distribution of interaction modes of neutron stars for an increasing distance from the Galactic center. The
magnetic field and period of neutron stars are distributed according to the combined distribution (4) in Table 3.

where pp and pp are mean values of the Gaussian
distribution and 0% and 0% are the corresponding vari-
ances. The values of the period and surface magnetic
field are independently attributed to each neutron star
according to the distribution with the parameters in
Table 2.

First, we fix the mean temperature of the ionized
gas, T, = 6 x 103K. The density is continually
increased by an order of magnitude, starting with
10* cm™3; we consider densities up to 10° cm=3.

Neutron stars are distributed uniformly in the space
of orbital elements, having a uniform distribution of
the logarithm of semi-major axis, (0.05,1.00) pc, eccen-
tricity, (0.0,1.0), and the cosine of inclination, (—1,1).
The number of interactions with the Minispiral arms
per unit of time is ~ 1-10 %, depending on the length-
scale of individual clumps, 1-2 arcsec, respectively.
Thus, for an expected size of the population ~ 104,

about 100 to 1000 members may interact with the
ionized gas of the Minispiral.

Furthermore, the occurrence of interaction modes
(E, P, A) is investigated according to the classification
in Table 1. We summarize the results via a series of
histograms in Figure 6 (Top left panel). It is obvious
that for typical densities in the Sgr A West region
inferred from observations (104-10% cm ™3, see [22, 23])
ejector mode is predominant (2 90 %); for larger den-
sities the fraction of propeller neutron stars increases
and at ~ 107 cm ™3 it is approximately the same as
the fraction of ejectors and starts to prevail for higher
densities, at which the accretor regime also becomes
more prominent. This behaviour can be explained by
the dependence of the stopping radius, see (13) and
(14), on the accretion rate: for higher densities, M.
increases and the stopping radius decreases. Thus, we
naturally obtain a larger fraction of propellers and
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Number Distribution type Parameters

1 Gaussian up = —0.2188, op = 0.3488
ps = 12.0900, o = 0.4711

2 Gaussian pp = —0.2178, op = 0.7019
up = 12.0888, op = 0.85098

3 Uniform log Pin = —3, log Ppax =2
log Biin = 7, 1og Bpax = 15

4 Combined pp = —0.2189, op = 0.3478

UB = 12.097 oB = 0.47
10g Pmin = _37 10g Pmax =2
10g Buin = 77 log Brax = 15

TABLE 3. Distributions of the period and the maximum surface intensity of the dipole magnetic field of neutron stars

considered in our work.

accretors for higher densities. Such densities may hy-
pothetically be found in cold, obscured regions of the
Minispiral [27], in the Circumnuclear disk [1, 2], and
in dense gaseous-dusty tori and disks of AGN.

Second, we perform the simulation run with fixed
density Me = 5 x 10 cm™3. The parameters related to
the magnetic field and period distributions are kept
as before. The electron temperature is varied from
1000 K to 60000 K. We just make a note that the
motivation for these density and temperature varia-
tions comes from the fact that the Minispiral consists
of several streams and clumps of different properties
that coexist [23]. After several runs we find that
the distribution of the interaction regimes does not
vary significantly: ejectors constitute > 92 % and pro-
pellers < 8% of those neutron stars that collide with
the streams, see Figure 6 (Top right panel). For higher
temperature the accretion rate M, drops and the stop-
ping radius increases, see (13) and (14). Hence, the
number of propellers decreases whereas ejectors are
more abundant. However, the dependence of distri-
bution on temperature is rather weak. No accretors
appear since we keep the density at 5 x 10%cm™3
(compare also with Figure 6 — Top left panel).

Moreover, we study the distribution of the interac-
tion regimes of neutron stars for stratified Minispi-
ral clumps and different distributions. To this end,
we implement clumps with a variable density pro-
file. They consist of four concentric shells with the
corresponding outer radii ry = (1/2)V~! x 0.08 pc,
N €[1,2,3,4]. The number density increases towards
the center, starting with 10*cm=3 up to 107 cm™3,
increasing inwards by one order of magnitude for each
concentric shell. The temperature is set at the mean
value of T, = 6000 K. This scheme ensures that most
of the gaseous medium has number densities in the
range (10,10%) cm ™3, which in agreement with radio
and infrared observations.

We analyse the interaction modes for four different
distributions whose types and parameters are summa-
rized in Table 3. Distribution (1) is inferred from the
Gaussian fit of the main peak of both the period and
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the magnetic field distributions of observed neutron
stars [16]. Distribution (2) is a broader Gaussian distri-
bution, (3) is a uniform distribution across a large span
of values: B € (107,10'®)G and P € (1073,10%)s.
Distribution (4) is a combined distribution of (1) and
(3), where (3) uniformly fills an ellipse in PB plane
that satisfies the following condition,

log P — up)?  (log By — uup)?
(log - pp) +(0g 0 ©B) <1,
5p 5B

where sp and sp are the corresponding semi-major
axes:

Sp = (10g Pmax - lOg Pmin)/27
sB = (10g Bmax — 10og Bmin)/2.

We perform Monte Carlo simulations with the dis-
tribution of the orbital elements of neutron stars as de-
scribed before. The results of the study of the modes of
neutron stars that interact with the Minispiral are pre-
sented in Figure 6 (Bottom left panel). In the case of
distribution (1), the ejector mode dominates, whereas
the propeller and the accretor modes are represented
by small amounts, (E; P; A) ~ (95.4;4.6;2 x 1073) %.
For the broader Gaussian distribution (2), the ejector
mode decreases, whereas the propeller and the accre-
tor modes increase in comparison with the distribution
(1), (B;P; A) = (81.9;17.8;0.3) %. This trend contin-
ues in the case of uniform distribution (3), for which
the accretor mode rises considerably, (E;P;A) =~
(60.2;20.3;19.5) %. Finally, the combined distribu-
tion (4) with a Gaussian peak results in the dominant
ejector mode again, (F; P; A) ~ (82.3;13.4;4.3) %. In
all studied cases the ejector mode dominates (2 60 %).
However, the distribution of the interaction modes
is very sensitive to the internal properties of neutron
stars (surface magnetic field and period), which evolve
with time. The purpose of the four discussed distri-
butions of the period and magnetic field is to show
general trends; more detailed studies based on the
age distribution of stars in the Galactic center are
required to constrain the distribution further.
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FIGURE 7. The uniform distribution of interacting
neutron stars in the PB plane. Interaction modes
are color-coded: ejector-red, propeller—green, and
accretor—blue. Two white lines mark the death lines,
below which pulsating neutron stars turn off.

Finally, we study the change in the distribution of
interaction regimes with increasing distance from the
Galactic center. We use the combined distribution
(4) of the period and magnetic field to analyse the
general behaviour, see Figure 6 (bottom right panel).
The greater the distance, the smaller the abundance
of ejectors is, whereas the number of propellers and
accretors increases. This is due to the fact that the
relative velocity between stars and gaseous clumps de-
creases for a larger distance, which implies an increase
in the capture rate M,, see (4). This is translated into
shrinkage of the stopping sphere, according to (13)
and (14). Hence, there is a higher probability that
the gravitational capture radius and also the light
radius become larger than the stopping radius, which
favours the onset of the propeller and accretor stage,
see Table 1.

Distribution of interaction modes in the PB
plane. It is useful to plot the interaction modes of
neutron stars passing through the ionized Minispiral
region in the PB plane (period-magnetic field). We
plot such a map for a uniform distribution (3; see
Table 3) and distinguish individual regimes by colour:
ejector — red, propeller — green, and accretor — blue.
The points in the PB plane where multiple modes
occur are marked by shades of these colours according
to the probability of occurrence of particular regimes.

The PB plane is divided by a pair of death lines,
B~ 2.5 x 10'° P2(G) and B = 3.1 x 10° P3/2(G).
Above these lines, electron-positron pairs can be pro-
duced in strong magnetic fields, and the pulsars are
active, whereas below these lines pair production no
longer proceeds and pulsars are turned off [28]. The
ejector mode dominates the region above these lines,
the accretor stage prevails below them, and the pro-
peller mode occurs in the vicinity of these lines, see
Figure 7.

107 L
0.01 0.1 1

alpc]

F1GURE 8. The relative velocity of interacting neutron
stars with respect to the Minispiral streams versus the
semi-major axes of neutron stars. Red points label
the interactions with the Northern Arm, green points
stand for the Eastern Arm, and blue points represent
passages through the Western Arc.

4. DISCUSSION

Let us briefly discuss plausible observable conse-
quences of the results presented here.

Ejectors manifest themselves mainly as radiopulsars.
The predicted number of neutron stars in the central
parsec of the Galactic centre is ~ 10%; the expected
fraction of ejectors is ~ 90 % (see Figure 6) assuming
that the dominant population of neutron stars is the
same as is observed in the disk population. This
fraction could be decreased if the population of old,
isolated accreting neutron stars is more prominent.
One should be aware of the fact that pulsars stay
active for a certain amount of time, which can be
approximated as 7 &~ 100 Myr, when they reach the
death lines and turn off, see Fig. 7. Around the death
lines they become propellers and with further spin-
down and magnetic field decay they start to accrete
interstellar matter.

We take the beaming fraction of the ejectors fy, =
0.2 [29], i.e. pulsars that are expected to beam towards
us, so potentially ~ 1800 pulsars could be detectable
with sufficient sensitivity. However, there is an ap-
parent lack of pulsar detections in the Galactic centre
region. The pulsar searches in the Galactic disk are
generally affected by high background temperature,
which increases the minimum detectable flux. More-
over, all observations pointed toward the Galactic cen-
tre region suffer from interstellar scattering resulting
from turbulent plasma, which causes temporal broad-
ening of the pulses to ~ 2000vg;y, s [30] (v, is the
observing frequency in GHz). At usual observing fre-
quencies ~ 1 GHz it is not possible to detect even long-
period pulsars and the surveys have to increase the
frequency to ~ 10 GHz. However, since pulsars have
spectral energy distribution in the power-law form
S, x v*, where a < 0, the flux decreases for higher
frequencies. To sum up, the lack of observed radiopul-
sars in the Galactic centre may be explained by the
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FIGURE 9. Exemplary simulated distribution of bow-shock sizes associated with neutron stars according to Gaussian
distribution (1) in Table 3. Left panel: histogram of bow-shock sizes. The green histogram represents propeller
bow-shocks with rather small characteristic length-scales that are beyond the detection limit. Right panel: comparison
of bow-shock sizes in the simulated 20” x 20" image of the Minispiral. The ejector bow-shocks (red circles) are
artificially enlarged by a factor of 100 and propeller bow-shocks are enlarged 10°-times for clarity. The elliptical

orbits of selected S-stars are also plotted for illustration.

low sensitivity of current observing facilities. A major
breakthrough is expected to come with Square Kilome-
tre Array-SKA project [31], which will provide much
higher sensitivity than current instruments.Mapping
the close vicinity of Sgr A* will be the task of the
FEvent Horizon Telescope—EHT [32], which may detect
pulsars strongly bound to the supermassive black hole
and the data could the be used to put the theory of
general relativity to very precise tests.

Another way to detect ejectors—pulsars is to look
for the cavities, pulsar wind nebulae (PWN), and
bow-shock structures formed when supersonic eject-
ing neutron stars emitting relativistic wind propagate
through the denser medium of the Minispiral. For
the average electron temperature of the plasma in
the Minispiral region, T\, ~ 6 x 103K [22], the speed
of sound is ¢s ~ (kTe/mu)"/? ~ Tkms~'. Accord-
ing to Fig. 8 of the semi-major axis—relative velocity
plot, typical relative velocities of neutron stars that
encounter the high-density gas of the Minispiral are
greather than the speed of sound of the interstellar
medium by one-two orders of magnitude. Hence, the
motion is generally supersonic and bow-shock struc-
tures associated with neutron stars potentially form
in the Minispiral arms. The size of such a cavity is
determined by the energy input, B ~ —F,op = fIQQ,
from the central ejector, and also by the structure
and the properties of the surrounding medium. The
velocity of the pulsar v, with respect to the ambient
medium also influences the size and the orientation of
the bow-shock structure. Along the relative velocity
Viel, the pressure of the wind of the ejector and the
ram pressure of the ISM are in balance at the contact
discontinuity.
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The distance of the contact discontinuity from the
central ejector is given by the stand-off distance (see,

e.g., [33]):
E 1/2
= () 1
> (47rcpavrzel) (18)

where the density of the ambient medium (the Min-
ispiral) is p, & mugny, and we adopt the values from
[22, 23]; the major part of the Minispiral gaseous
clumps has nyg ~ 10*-10° cm ™3, with the core of each
clump of 107 ecm™3. Equation (18) describes the char-
acteristic size of both the bow-shock associated with
a fast neutron star and the pulsar wind nebula, i.e.
the distance of the contact discontinuity from the
central pulsar. In the case of PWN, the termination
shock is characterized by concentric tori and jets, as
is observed in the Crab nebula, for example.

We compute the typical sizes of bow shocks and/or
PWN for an ensemble of 10* neutron stars using (18)
and the assumption that the Gaussian distribution
in Table 3, 1st line, is approximately valid for the
Galactic center population. Assuming that = 90 % of
interacting pulsars are ejectors, about one thousand
(in our exemplary runs ~ 1500) bow-shock structures
could be present along the Minispiral arms. However,
most of them are rather small (< 1 mas) and are there-
fore below the detection limit. Propeller bow shocks
are all below ~ 0.01 mas, whereas the bow-shock struc-
tures of ejectors have sizes above this value and up to
~ 10mas, see Fig. 9 (Left panel) for comparison; the
values along the horizontal axis are decadic logarithms
of stand-off radii in milliarcseconds.

The number of larger bow-shock structures (2
1mas) is ~ 30 for ~ 1500 neutron stars that interact
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with the Minispiral out of ~ 10% neutron stars that oc-
cupy the innermost parsec. However, ~ 10 of them are
greather than 10 mas. Fig. 9 (Right panel) compareis
of their sizes with the whole Minispiral structure as
seen from the Earth for an exemplary simulation.

In addition, neutron stars are expected to occur
closer to the SMBH where relativistic effects could
be detected. They may be members of the S-cluster,
where they were originally locked in binary systems
with hot stars. Close pericenter passages can, however,
disrupt such binary systems due to triple scattering.
The components become separated, and for a certain
set of orbital parameters, one component can escape
the system on a hyperbolic orbit (see [34] for details).
These hypervelocity neutron stars could potentially
be seen to interact with the gaseous environment of
Sgr A West and further away.

The HII region of Sgr A West, especially the dense
Minispiral arms and the bar, seem to be a promising
target to search for the effects of interaction with pass-
ing compact objects both for the number of encounters
and for the observable effects. Due to its large size,
the Minispiral appears to be a more favourable target
for detectiing the manifestation of the neutron star
population than an isolated clump, such as G2/DSO
currently observed in the Galactic center [35].

5. CONCLUSIONS

We have studied the distribution of interaction modes
of the neutron star population in the Galactic cen-
ter. We have explained that the established mode of
interaction depends on the intrinsic properties of a
neutron star (the rotational period and the magnetic
dipole surface intensity) and the external conditions
(parameters of the gaseous medium: density and tem-
perature).

We focused on the distribution of three main inter-
action regimes of neutron stars: ejector (E), propeller
(P), and accretor (A). We found that the distribution
of the modes is strongly dependent on the plasma
density, where it is only weakly dependent on tem-
perature in the range ~ (10%,10*) K. This further
implies that the distribution varies across different
galaxy types.

We went on propose an alternative way to look for
ejecting neutron stars in the Galactic center. One
can look for the signatures of the interaction of neu-
tron stars with the dense Minispiral arms. Common
structures associated with the supersonic motion of
pulsars are bow-shocks. Our analysis shows that the
number of relatively large structures in this region,
2 10mas, can be of the order of ~ 10. However, we
stress that the results depend on the assumed dis-
tribution of the rotational periods and the surface
magnetic fields. The comparison of different synthetic
distributions of bow-shock sizes with the observed
structures will help to constrain the parameters of
the Galactic center population of young neutron stars.

These bow-shocks are expected to be sources of polar-
ized non-thermal radiation, possibly detectable in the
X-ray, infrared, and radio wavelengths. Several cases
of such comet-shaped sources are indeed observed in
this region [15, 36]. Further analysis is required to
strengthen or reject their association with propagating
neutron stars. In our upcoming paper we will further
explore the observability of these features (Zajacek et
al., in preparation).
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CHAPTER

Charge of the Galactic centre black
hole

The Galactic centre black hole associated with the compact radio source Sgr A* is fully
characterized by three classical, externally observable parameters: mass M,, the angular
momentum or dimensionless spin parameter a,, and the electric charge Q.,, according to the
no-hair theorem for stationary Kerr-Newman black holes (Heusler 1996).

The mass of the black hole is constrained well based on the motion of S stars in the
innermost arcsecond. The current value is M, = (4.3 + 0.3) x 10° M, (Eckart et al. 2017).
The spin parameter is constrained to be rather large, a, > 0.4, based on the modelling of the
total and polarized NIR variable emission (Eckart et al. 2006; Meyer et al. 2006a).

The third parameter — the electric charge of the black hole Q, — is not constrained at all,
but is usually set to zero due to neutralization by the surrounding plasma, Q, = 0. In our
study, we revisit the question of the electric charge of the Galactic centre black hole and we
put constraints on the realistic values of the charge based on the properties of the ambient
medium. We also analyse the typical timescales for charging/discharging. Finally, we look at
the potential observable effects of the charged SMBH at the Galactic centre. These can be
used in the future to constrain the values of the charge of Sgr A*.

This analysis and the main results are included in the peer-reviewed paper, which was
published in the Monthly Notices of the Royal Astronomical Society.

Credit: Zajacek, Tursunov, Eckart & Britzen, MNRAS 480, 4408 (2018). Reproduced
with permission ©Oxford University Press.
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ABSTRACT

The Galactic centre supermassive black hole (SMBH), in sharp contrast with its complex
environment, is characterized by only three classical parameters — mass, spin, and electric
charge. Its charge is poorly constrained. It is, however, usually assumed to be zero because
of neutralization due to the presence of plasma. We revisit the question of the SMBH charge
and put realistic limits on its value, time-scales of charging and discharging, and observable
consequences of the potential, small charge associated with the Galactic centre black hole.
The electric charge due to classical arguments based on the mass difference between protons
and electrons is ,<VIOQC and is of a transient nature on the viscous time-scale. However,
the rotation of a black hole in magnetic field generates electric field due to the twisting of
magnetic field lines. This electric field can be associated with induced charge, for which
we estimate an upper limit of <10'5 C. Moreover, this charge is most likely positive due
to an expected alignment between the magnetic field and the black hole spin. Even a small
charge of this order significantly shifts the position of the innermost stable circular orbit
(ISCO) of charged particles. In addition, we propose a novel observational test based on
the presence of the bremsstrahlung surface brightness decrease, which is more sensitive for
smaller unshielded electric charges than the black hole shadow size. Based on this test, the
current upper observational limit on the charge of Sgr A* is <3 x 108 C.

Key words: black hole physics —radiation mechanisms: general — Galaxy: centre.

cise value has been determined — ~(4.15 £ 0.13 £ 0.57) x 10° Mg,
(Parsa et al. 2017). If we associate this dark mass with a non-

1 INTRODUCTION

The observations of the Galactic centre across the electromag-
netic spectrum, ranging from radio to gamma wavelengths, re-
vealed the complex structure of the Nuclear Star Cluster (NSC)
as well as that of the gaseous-dusty medium of the central par-
sec (Eckart, Schodel & Straubmeier 2005; Melia 2007; Genzel,
Eisenhauer & Gillessen 2010; Eckart et al. 2017). The presence
of the concentrated, dark mass at the dynamical centre of the
NSC was revealed by the near-infrared (NIR) observations of stars
using adaptive optics. The first proof for the compact dark sin-
gle object in the Galactic centre came with the detection and the
analysis of the first proper motion of stars orbiting Sgr A* in-
side 1 arcsec ~ 0.04 pc, so-called S stars (Eckart & Genzel 1996,
1997; Ghez et al. 1998; Zajacek & Tursunov 2018). Based on these
and follow-up observations (Gillessen et al. 2009, 2017; Boehle
et al. 2016; Parsa et al. 2017; Gravity Collaboration 2018), the
large mass of the dark object has been confirmed and a more pre-

* E-mail: zajacek @ph1.uni-koeln.de

rotating black hole for simplicity, this yields a Schwarzschild radius
of Rseny = 1.2 x 102 cm(M, /4 x 10° M) and the expected mean
density is

M.
e =17x10% ([ ————
P x (4 x 106M®>

RSchw - M 3 1
“\39x 107 pe ope M

In case of stellar orbits, the tightest constraint for the density of
the dark mass comes from the monitoring of B-type star S2 with
the pericentre distance of rp 2 5.8 x 107 pc (Schodel et al. 2002;
Gillessen et al. 2009, 2017; Parsa et al. 2017; Gravity Collaboration
2018):
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The most stringent density constraint was given by 3o very-long-
baseline interferometry (VLBI) source size of ~37 pas (Doeleman
etal. 2008; Lu et al. 2018). When combined with the lower limit on
the mass Msga. = 4 x 10° M, based on the proper motion mea-
surements (Reid & Brunthaler 2004), VLBI yields the lower limit
of psgrax > 9.3 x 10?22 M pc~2. This is about two orders of magni-
tude less than the density expected for a black hole of ~4 x 10® Mg,
see equation (1). The most plausible stable configuration that can ex-
plain such a large concentration of mass emerges within the frame-
work of general relativity: a singularity surrounded by an event
horizon — a black hole, ruling out most of the alternatives (Eckart
et al. 2017).

According to the uniqueness or the general relativistic ‘no-hair’
theorem (Heusler 1996), any stationary black hole is fully charac-
terized by only three classical and externally observable quantities:
mass M,, angular momentum J, (often the quantity a, = J,/M,c is
used that has a dimension of length), and the electric charge Q,."
Because of the high-precision observations of stars in the NSC,
including the innermost S cluster, the current value for the SMBH
mass is M, = (4.3 £0.3) x 10° Mg (Eckart et al. 2017), which is
based on different methods, primarily the orbits of S stars (Parsa
et al. 2017), the Jeans modelling of the properties of the NSC (Do
et al. 2013), and the general relativistic fits to the double-peaked
X-ray flares that show signs of gravitational lensing (Karssen et al.
2017). The constraints for the spin J, were inferred indirectly based
on the variable total and polarized NIR emission (Eckart et al.
2006). The spin can be determined based on the modelling of spin-
dependent quantities, mainly the light curves of a hot spot or a jet
base. In this way, Meyer et al. (2006) obtained constraints for the
spin — which are rather weak — and the spin parameter is a, = 0.4
as well as the inclination, which is inferred based on the stable po-
larization angle of the flares and tends to be rather large i 2> 35°.
The value of the spin parameter determined based on quasi-periodic
oscillations for Sgr A* reaches a unique value of ~0.44 (Kato et al.
2010), which is consistent with the value inferred from the fitting
of the NIR flares.

In general, the charge of the black hole Q, is often set equal
to zero due to the presence of plasma around astrophysical black
holes. However, a black hole can acquire primordial charge because
it was formed by a collapse of a charged (compact) star (Ray et al.
2003). It is not clear on which time-scales such a charged black
hole discharges or alternatively, can increase its charge. Also, from
an astrophysical point of view, it is of a general interest if a charged
black hole can be observationally distinguished from a non-charged
case, clearly depending on the value of the charge.

In addition, electric charge can be loaded or induced by black
hole due to its rotation in external magnetic field within the mecha-
nism similar to the Faraday unipolar generator. Such a mechanism
is more relevant for supermassive black holes (SMBHs) in the local
Universe, since the primordial charge information is expected to be
lost. The induction mechanism works in such a way that the rota-
tion of a black hole generates electric potential between horizon and
infinity that leads to the process of selective accretion of charged
particles of plasma surrounding the black hole. In particular, a ro-
tating black hole embedded in a uniform, aligned magnetic field
will acquire an electric charge until an equilibrium value is reached
Q.. w = 2ByJ,, a so-called Wald charge (Wald 1974), where B is
an asymptotic magnetic field strength. There is an evidence that
significant and highly aligned magnetic field must be present in the

'In case a magnetic monopole could exist, it could be the fourth parameter.
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Galactic centre with equipartition strength of 10 G in the vicinity of
the event horizon of the SMBH (Eckart et al. 2012; Eatough et al.
2013; Morris 2015).

The twisting of magnetic field lines threading the horizon of
rotating black hole produces an electric field that accelerates the
charged particles along the magnetic field lines. Moreover, magnetic
field plays the role of a catalysing element that allows the extraction
of rotational energy from rotating black hole through interaction of
charged particles with an induced electric field in such processes
as the Blandford—Znajek mechanism (Blandford & Znajek 1977)
and the magnetic Penrose process (Wagh, Dhurandhar & Dadhich
1985). Both of these processes that allow the energy extraction from
rotating black holes require the presence of an induced electric field
(Dadhich et al. 2018).

Even a small charge associated with the black hole can have
considerable effects on the electromagnetic processes in its vicinity,
such as the bremsstrahlung emission and the motion of charged
particles as we will show. The value of this small electric charge
for black holes embedded in plasma will be necessarily temporary
and fluctuating, mainly due to the attraction of oppositely charged
particles and/or the variability of the magnetic field in which the
black hole is immersed. Even for an extreme case of a charged black
hole in vacuum, a spontaneous loss of charge would occur due to pair
production with an exponential time-dependence (Gibbons 1975).

In this paper, we revisit the question of a charge, mainly of an
electric origin, associated with the Galactic centre SMBH. Previ-
ously, several theoretical studies have focused on the space—time
structure of charged black holes (Karas & Vokrouhlicky 1991a,b;
Kovar et al. 2011; Pugliese, Quevedo & Ruffini 2011). Here, we
are aiming at the connection between the current theoretical knowl-
edge with a real astrophysical case — Sgr A* SMBH, for which we
gathered most constraints on its nearby plasma environment (Eckart
et al. 2017) — in order to put realistic constraints on electric charge
of our nearest SMBH.

The study is structured as follows. In Section 2, we analyse the
potential for charging given the plasma properties in the surround-
ings of Sgr A*. Subsequently, we put constraints on the charge
of the Galactic centre black hole in Section 3, including different
processes that can induce charge and change its value, namely ac-
cretion of charged matter and the induction mechanism based on
the black hole rotation in the magnetic field. In Section 4, we fo-
cus on possible observational consequences of the charged SMBH,
specifically the effect of charge on the black hole shadow size, the
bremsstrahlung brightness profile, and the position of the inner-
most stable orbits of charged particles. We summarize the charge
constraints in Section 5, where we discuss additional effects of the
black hole rotation and a potential non-electric origin of the charge.
Finally, we conclude with Section 6.

2 PROSPECTS FOR CHARGING

Based on the analysis of surface brightness profiles in soft X-ray
bands, there is an evidence for hot extended plasma, which sur-
rounds the compact radio source Sgr A* (Shcherbakov & Baganoff
2010; Wang et al. 2013; Rézanska et al. 2015). In addition, observa-
tions of polarized emission show that a relatively strong magnetic
field is present in the Central Molecular Zone, which exhibits a
highly ordered configuration (Morris 2015). The large-scale or-
dered magnetic field as well as the ionized, extended gas surround-
ing Sgr A* in the central region can be used to put constraints
on the charge of the SMBH at the Galactic Centre, which has not
been done properly before for any black hole candidate. The de-
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Figure 1. Illustration of the basic set-up at the Galactic centre: an SMBH
characterized by mass M,, spin a,, and an electric charge Q, surrounded
by an NSC and hot plasma emitting thermal bremsstrahlung. The dark area
at the centre illustrates the shadow the black hole casts, which can be non-
spherical due to the black hole rotation and the viewing angle. The inner
circle denotes the stagnation radius, which is approximately equal to the
Bondi radius, inside which the gas inflow towards the black hole takes
place. The outer circle represents the sphere of gravitational influence of the
SMBH, inside which its potential prevails over the stellar cluster potential.

creasing surface brightness profile is satisfactorily fitted by thermal
bremsstrahlung (see Roézanska et al. 2015, for an analysis). The
plasma is dynamically modelled in the framework of hot accre-
tion flows, obtaining the temperature of kg7, = 1, 2, and 3.5keV
(T. = (11.6 — 40.6) x 10°K) at the outer radius of the flow, using
either the radiatively inefficient accretion flow (RIAF) model (Wang
et al. 2013), outflows of stars (Shcherbakov & Baganoff 2010), or
the classical Bondi accetion flow (Rézariska et al. 2015), respec-
tively. Although several models are consistent with the observed
surface brightness of plasma, both the RIAF and the Bondi accre-
tion, which occur within the NSC, are expected to have a stagnation
radius Ry, that divides the matter flowing in towards the SMBH
and the outflowing gas (Yalinewich et al. 2018). In Fig. 1, we illus-
trate the basic set-up, including the inflow, outflow region, and the
stagnation radius.

2.1 Magnetic field properties

There is an observational evidence for the highly ordered structure
of the magnetic field in the central regions of the Galaxy (Morris
2015). Two configurations were inferred from the observations of
the polarized emission: a toroidal magnetic field associated with
denser molecular clouds that is parallel with the Galactic plane
and a poloidal field in the diluted intercloud region approximately
perpendicular to the Galactic plane, which is also manifested by
non-thermal radio filaments. The poloidal field in the intercloud
region has magnitudes of ~10 puG (close to the equipartition value
with cosmic rays), and it reaches ~1 mG in thin non-thermal fila-
ments. The magnetic field in dense clouds has a toroidal geometry,
and it reaches the value of ~1 mG (Ferriere 2009).

Closer to Sgr A*, Eatough et al. (2013) inferred the lower limit
of magnetic field strength along the line of sight, B = 8 mG, based
on the Faraday rotation of the polarized emission of magnetar PSR
J1745-2900, which is located at the deprojected distance of r 2
0.12pc. In addition, they confirmed an ordered configuration of
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the magnetic field threading the hot plasma. Inside the stagnation
radius, hot and magnetized plasma descends towards Sgr A* and
in this direction, an increase in the plasma density as well as in
the magnetic field intensity is necessary. To explain the synchrotron
emission of flares on the event-horizon scales, a magnetic field
of the order of ~10-100G is required (Falcke & Markoff 2000,
Moscibrodzka et al. 2009; Dexter et al. 2010; Eckart et al. 2012).
A simple scaling B o r~! is generally consistent with the increase
from the Bondi-radius scales up to the event horizon.

2.2 Plasma properties

The inflow of plasma effectively takes place inside the Bondi radius,
which gives the range of influence of the SMBH on the hot plasma

M, . \"' /umn
Rg ~ 0.12 —_—
B~ 0 5(4><106M®> (1071() (o,s)pc’ ®

where we assumed a fully ionized hydrogen plasma with the mean
molecular weight of gy = 0.5 (Lang 1978). This assumption is
supported by the observation of hot, ionized gas in the central arc-
second (Rézanska et al. 2015). In addition, at the inferred tempera-
ture of several keV and the number density of the order of 10 cm™
at the Bondi radius (Baganoff et al. 2003), the ionization fraction
of hydrogen atoms is basically unity according to the Saha equa-
tion, (1 — x)/x* = 4.14 x 107%n T, 3% exp (1.58 x 10° K/Ty),
where x = ni/ny, is the ionization fraction of the gas with the
total gas number density of ny, and temperature of T,. However,
during the past high-luminosity states of Sgr A*, thermal instability
could have operated in the inner parsec, creating the multiphase en-
vironment where hot and cold phases could coexist (R6zarnska et al.
2014). In addition, observations at millimetre wavelengths show
the presence of both ionized and neutral/molecular medium in this
region (the denser and colder region is referred to as the minispiral,
Moser et al. 2017). In the following, we will focus on the hot ionized
phase, which is expected to dominate inside the Bondi radius.

Plasma in the Galactic centre region is so hot inside the Bondi
radius that it may be considered weakly coupled. This is easily
shown by the coupling ratio R. of the mean potential energy of
particles and their kinetic energy:

E, (Lidme)™!  en)/(4me)”
Ey kT. kTl

Rc = ) (4)
where L; is the mean interparticle distance, L; = n, 13 where n, is
the particle density. For the typical (electron) particle density at the
Bondi radius n, ~ n. ~ 10 cm™ and the electron temperature of
kg T. ~ 1keV (Baganoff et al. 2003; Wang et al. 2013) as inferred
from Chandra observations, we get R, ~ 3 x 10719, i.e. the Galactic
centre plasma is very weakly coupled.

The Bondi radius of the accretion flow in the Galactic centre
is thus well inside the sphere of influence of the SMBH, which
represents the length-scale on which the potential of the SMBH
prevails over the stellar cluster potential. For the Galactic centre
SMBH and the averaged 1D stellar velocity dispersion of o, ~
100kms™', we get (see e.g. Merritt 2013; Generozov, Stone &
Metzger 2015)

M o -2
Rt ~ GM. /o2 = 1.7 : ( . ) .
inf /e, (4 x 106M®> “\100kms—1/ P¢
(5)

When considering a 1D steady-state inflow—outflow structure of
the gas in the vicinity of a galactic nucleus, a characteristic feature is
the existence of the stagnation radius Ry, Where the radial velocity

8102 Joqueldag |z UO Jesn Uizipajy Jeny ¥euolqigenusz ayasinad Aq €1 ¥690S/8071/7/08FA0BISAe-[olE/SEIUL/WO0d dNO"0IWSpEo.//SARY WOl PSPEOJUMOQ



passes through zero (Generozov et al. 2015). Stellar winds inside
the stagnation radius flow towards the black hole and a fraction of
the matter is accreted, while the matter outside it forms an outflow,
which is illustrated in Fig. 1. For the case when the heating rate due
to fast outflows vy, is larger than the stellar velocity dispersion o,
vy > 0,, the stagnation radius can be approximately expressed as
(Generozov et al. 2015)

13 +8I" 3v GM,
Rslag ~

442T 24T ) v

0.30 (M][(‘;Iigm) (W’#):z pc, core(I =0.1), ©

0.16 <4><ll(‘)47"lvl@> <5001]:T) pe. cusp(T = 0.8),

where I" is the inner power-law slope of the stellar brightness profile,
where we consider two limiting cases, the core profile with I' = 0.1
and the cusp profile with I' = 0.8. The quantity v = —dp/dr|r,,
is the gas density power-law slope at Rg,g, Which according to the
numerical analysis of Generozov et al. (2015) is v &~ 1/6[(4T" + 3)].
According to the estimates in equation (6), the stagnation radius
is expected to be nearly coincident with the Bondi radius with an
offset given by the factor (Generozov et al. 2015)

Rsug _ 13480
Rp Q2+ D)3 +40)"

which is of the order of unity.

In the further analysis and estimates, we consider the dynam-
ical model of Rézanska et al. (2015), who fitted the thermal
bremsstrahlung emission of the hot plasma with the classical Bondi
solution. They found that the Bondi solution can reproduce well the
surface brightness profile up to the outer radius of r,, ~ 3 arcsec ~
Rp (where 1 arcsec ~ 0.04 pc), which is consistent with the Bondi
radius expressed in equation (3).

Considering the surface brightness profile of the hot flow in-
ferred from 134 ks Chandra ACIS-I observations, the best-fitting
model of the spherical Bondi flow gives the asymptotic val-
ues of the electron density of n®' = 18.3 & 0.1cm™>, the elec-
tron temperature of 7°" = 3.5 £+ 0.3keV, and the sound speed of
¢ = 7.4 x 10" cms™". The steady spherical Bondi solution gives
power-law profiles for the electron density and the electron temper-
ature inside the Bondi radius

-3/2
r
~
Ne = Neyo (*) s
ro

N
T. =~ Teo - , (8)
0

where 7,0 =70cm™> and T,o=9keV at r, = 0.4 arcsec
(Rézanska et al. 2015). The temperature has a virial profile for
the adiabatic index of y,q4 = 5/3.

The importance of collisional processes between plasma con-
stituents — mainly protons and electrons — can be evaluated by com-
paring the collisional time-scales of electron—electron and electron—
proton interactions with the typical dynamical time-scale (free-fall
time-scale) and the viscous time-scale. The electron—electron colli-
sional frequency approximately is vee 2 3.751. T, >/? log A Hz,
where log A.. is the Coulomb logarithm, while the frequency
of electrons colliding with protons may be estimated as ve, >
5.26n;T,7%? log A Hz. Assuming that the electron and proton num-
ber densities are approximately the same, n; = n., the correspond-
ing collisional time-scales of electrons with themselves and pro-
tons are approximately constant with radius, given the Bondi pro-
files in equations (8). The electron—electron collisional time-scale
iS Tee & (Vee) ™! &~ 13 yr for log Aee = 10. In a similar way, the
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Figure 2. Radial profiles of electron—electron and electron—proton colli-
sional time-scales estimated based on density and temperature radial pro-
files expressed by equation (8). Inside the innermost 1000 Schwarzschild
radii, the electron—electron and electron—proton collisions occur on longer
time-scales than the dynamical and accretion processes governed by Sgr A*.
On the other hand, the density and velocity plasma oscillations take place
on significantly shorter scales throughout the GC region. The same applies
to the range of cyclotron time-scales.

electron—proton collisional time-scale is 7., ~ 9yr. The free-fall
(dynamical) time-scale evaluated for the initial infall distance of
ro = 1000rg is

fagn A 11 =~ 0.062 [ —2 v M. o ©)
dyn 0= 1000 75 4 % 10°M, '

The viscous time-scale #;; may be in general expressed as (Lasota
2016)

tis & o~ (H [10) tayn 10)

where the ratio of the thickness of the accretion flow to the radial
length-scale is expected to be of the order of unity since the accretion
flow around Sgr A* is generally considered to be optically thin and
geometrically thick as for hot accretion flows in general (Yuan &
Narayan 2014). When the viscosity parameter « is of the order of 0.1
(King, Pringle & Livio 2007; Lasota 2016), the viscous time-scale
18 tyis & IOtdyn.

When compared to the free-fall and viscous time-scales, see
Fig. 2, the electron—electron and electron—proton interactions take
place on longer time-scales than the dynamical and accretion pro-
cesses inside the inner 1000 Schwarzschild radii. This implies that
particle collisions are irrelevant for the dynamical processes in the
immediate vicinity of Sgr A*.

On the other hand, the ordered plasma oscillations with the char-
acteristic plasma frequency v, are relevant on all spatial scales. The
presence of plasma close to the SMBH at the Galactic centre means
that the immediate vicinity of Sgr A* cannot be observed at frequen-
cies smaller than the plasma frequency, v < v, because of charge
oscillations in the plasma. The Bondi-flow model of Rézanska et al.
(2015) predicts the number densities of electrons at the scale of
r = 10rs tobe n, &~ 10" cm™ and that yields the plasma frequency
of

nC
107 cm—3
which would effectively block electromagnetic radiation with wave-
lengths longer than A, ~ 11 m from the innermost region. By coin-

12
v =284 ( ) Mz, (a1
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cidence, the plasma frequency close to the Galactic centre expressed
by equation (11), which depends on the electron density, is close to
the cyclotron frequency for electrons gyrating in the magnetic field
with the intensity of B ~ 10G:

B
8 —— )y ' MHz, 12
(10(})”L g (12)

where yy, is a Lorentz factor. The approximate profile of the cy-
clotron time-scale can be evaluated using the assumption that the
magnetic field pressure is a fraction of the gas pressure, Py =
nekgTe. Then, the magnetic field is B = /87 Py,s/B, where we
take p = 100 to reproduce the magnetic field strengths as de-
termined based on the magnetar observations at larger distances
and the flare observations on the ISCO scales (Eckart et al. 2012;
Eatough et al. 2013). The Lorentz factor is taken in the range y, =
10°—~10° as inferred from the flare observations in the X-ray and
infrared domains (Eckart et al. 2012). Based on Fig. 2, both the
plasma time-scale and the cyclotron time-scales for electrons are
shorter than the dynamical, viscous, and collisional time-scales in
the whole considered region.

Although particle collisions can be neglected for dynamical pro-
cesses in the vicinity of Sgr A*, this does not apply to radiative
processes in the same region, namely for the detected thermal X-
ray bremsstrahlung (Baganoff et al. 2003; Mossoux & Eckart 2018).
By definition, the bremsstrahlung requires the Coulomb interaction
of particles, with the dominant contribution of unlike particles, elec-
trons and protons. This is not in contradiction with the low estimated
rate of collisions in the central region since the interactions over the
whole region contribute to the observed surface brightness.

The average electron and proton (ion) density can be estimated
from the emissivity of thermal bremsstrahlung and the quiescent X-
ray luminosity of Sgr A*. In principle, the thermal bremsstrahlung
can experience losses due to Thomson scattering. The optical depth
along the line of sight may be estimated as r = fORB orne(l)dl,
where [ is the line-of-sight coordinate. Given the cross-section of
Thomson scattering, or = 6.65 x 10725 cm?, the electron density
profile given by equation (8), and the typical length-scale given by
the Bondi radius, Ry, the optical depth is given by

B e
T 2wy me

Veye

Ry 3/2
OTRe 07

TBrems = / orne(l)dl = Ref/zo

B

0

~2x 1077, (13)

and hence the losses due to Thomson scattering are negligible.
Given the average quiescent X-ray luminosity of Sgr A* in the
range of 2-10keV, L,_jo =2 x 103 ergs~! (Haggard 2017), one
can estimate the electron density from the thermal bremsstrahlung
luminosity

Ligems =~ 6.8 X 107 Z2nin T, "2V (Rg)gu (v, Ty)

v
></ exp(—hv/kT)dvergs™, (14)

Vi

where n; is the ion number density, Zis the proton number of partici-
pating ions, T, is the temperature of the gas, V (Rp) ~ 4/37 Ry is the
volume inside the Bondi radius, gg(v, T5) is a Gaunt factor used for
the quantum corrections to classical formulas, which we set to g =
1.5 in the given temperature range of (107, 10%) K and the frequency
range of (2, 10)keV = (vy, v2) = (0.5, 2.4) x 10'® Hz. The integral
in equation (14) can be approximated as [ :z exp (—hv/kT,)dv ~
0.98 x 10'° T,. For fully ionized hydrogen and helium plasma, the
term Z%n;n. becomes 1.55n§. Putting the numerical factors all to-
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gether into equation (14) yields

7, \'"?/ R !
~ 30--2 g B -1
Liprems ~ 3.725 x 10771 (108K) (0‘125 pc) ergs .

15)

Given the measured X-ray luminosity of Ly_jo &~ 2 x 103 ergs™!,

the mean electron density using equation (15) is 7z, ~ 23cm™,
which is very close to the asymptotic value of nd" = 18.3 +
0.1cm~ derived by Rézaniska et al. (2015) from the Bondi so-

lution.

2.3 Classical estimates of charging

The fundamental mechanism, which can lead to charging of the
black hole, are different thermal speeds for electrons and pro-
tons in the fully ionized plasma, vye = (kgTe/me)"* and vy, =
(kg Tp/my,)"2, following from the fact that the Galactic centre plasma
is collisionless. Given a considerable mass difference between elec-
trons and protons, m, = 1837me, it is expected that the ratio of
thermal speeds is

12
The (lﬂ> ~ 43, (16)
Uth,p Tp me

under the assumption that 7. = T},. This leads to the ratio of the
corresponding Bondi radii for protons and electrons

Rep _ Temy

= . a7
RB.e Tp ne

Next, we can estimate the total charge by integrating across
the corresponding Bondi radius. In the spherical symmetry, the
total charge inside the Bondi radius can be calculated as |Q| =
fORB po4mr?dr, where pg is the charge density. Under the assump-
tion of a power-law density profile for both electrons and protons,
Nep = no(r/ro)~" (yn = 3/2 for the spherical Bondi flow), the ra-
tio of positive and negative charge in the range of influence of the
SMBH can be calculated as follows:

‘& _ fORB“’ enpdmridr _ ( R )37“‘
o fORB‘E encdmridr Ry,
T 3=
= (=™ ~ 8 x 10%, (18)
T;
p Me

where the last estimate is valid for T, ~ T}, which, however, does not
have to be quite valid in the hot accretion flows that surround quies-
cent black holes, such as Sgr A* or M87, where a two-temperature
flow is expected to exist (Yuan & Narayan 2014). At large distances
from the black hole, close to the stagnation radius, the electron and
proton temperatures are expected to be almost same. Closer to the
black hole, in the free-fall regime of the Bondi flow, the electron
and the proton (ion) temperatures differ, the proton temperature is
larger than the electron temperature by about a factor of ~ 1-5,
T./T, > 1/5 (Moscibrodzka et al. 2009; Dexter et al. 2010), which
gives the lower limit to the excess of the positive charge in the range

of influence of the SMBH, ‘%’ = 7000.

A similar analysis as above was discussed and performed for
stationary plasma atmospheres of stars (see Neslusan 2001, and
references therein) and in general, for gravitationally bound systems
of plasma (Bally & Harrison 1978). In the hot atmosphere, where
the plasma may be considered collisionless, lighter electrons tend
to separate from heavier protons. The separation is stopped by an
induced electrostatic field ¥ = (1/4mw€()Qeq/r. In the gravitational
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field of an approximately spherical mass of M,, ¢ = GM,/r, the
potential energy of protons can be expressed as E, = —m,¢ +
ey, and for electrons with negative charge in a similar way, E, =
—me¢ — ey. Given the assumption of the stationary equilibrium
plasma densities, the number densities of protons and electrons are
proportional to exp (— E,/kgT,) and exp (— Ec./kgT}), respectively.
Given the quasineutrality of plasma around stars and Sgr A*, the
difference between the densities of protons and electrons is expected
to be small, which implies E, ~ E.. The induced equilibrium charge
of the central body surrounded by plasma then is

2menG(my — me) 8 M,
q=——"—"—"—"M,~31x10° ——— | C
Qeq e * 4 x 10°M,
(19)

Equation (19) was derived under the assumption of spherical sta-
tionary plasma around a point mass, which is certainly not met in the
environment of dynamical plasma around Sgr A*. The real charge
of Sgr A* will therefore deviate from the stationary value of Qcq.
The mechanism of charging will, however, still tend to operate and
a rough approximation of charge expressed by equation (19) is still
more precise than the assumption of a neutral black hole. The equi-
librium value Qe also expresses the upper limit of an electric charge
associated with Sgr A*, for which the stationary number densities of
protons and electrons in plasma remain approximately constant. For
charges Q > Q. a significant difference in the number densities is
expected that would decrease with the distance, unless the charge
of the black hole would be Debye shielded, as we will discuss later
in this paper.

Given the simple calculations above, it is expected that the black
hole at the Galactic centre can acquire a small positive charge, given
the fact that more positive charge is in the range of its gravitational
influence than negative charge. In the following, we will look at
more realistic scenarios of how the black hole charge could be
induced in the accretion flow, given the fact that black holes are
expected to have a non-zero spin and should be immersed in a
magnetic field.

3 LIMITS ON THE BLACK HOLE CHARGE

3.1 Maximum theoretical values of the charge of Sgr A*

The uppermost limit on the charge of Sgr A* may be derived using
the space-time of the black hole that is characterized by its mass M,,
electric charge Q,, and rotation parameter a,. In the most general
case, the Kerr—Newman (KN) solution (Newman et al. 1965) fully
describes such a black hole in vacuum. The KN metric can be
expressed in Boyer—Lindquist coordinates in the following way
(Misner, Thorne & Wheeler 1973):

2
ds? = — (% + dez) P>+ (cdt — a, sin® 6d®)’ %
in2
— [(* + ) d® — aycd]’ 51229 : (20)

where p? =r?+alcos’0 and A =r?—rsr+al+rl. The
length-scales rs and r2 correspond to the Schwarzschild ra-
dius rs = 2GM,/c* = 1.2 x 10">(M, /4 x 10° M) cm and ré =
G Q?/(4mepc®), respectively. The position of the event horizons
is obtained with the condition A = 0, which leads to the
quadratic equation, r> — rgr + a} + rg = 0, with two possible hori-

zons rp = 1/2(rs &= \/rd — 4(a? + ré)) forrsg > 24/a2 + ré. For
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rs <2y/a?+ ré, no horizons exist, so the object is a naked sin-

gularity. The condition rs = 24/a2 + ré leads to a single event
horizon located at r = 1/2rg, which represents an extremal black
hole, and it also gives an upper limit for an electric charge of the
SMBH at the Galactic centre:

ot _ 202

max G

€ GZZW.2
C

; ,ag) : @

which can be rewritten using a dimensionless parameter a, =
&.GM./C2 into the form

O — M,y /meoG(l — a2). 22)

Relation (21) represents a theoretical limit for the maximum
charge of a rotating black hole. Above this limit, the massive object
at the Galactic centre would be not a black hole anymore, but a
naked singularity, which can be ruled out based on observational
and causal arguments (Eckart et al. 2017). In addition, a direct
transition between a non-extremal black hole and an extremal one
due to the accretion of charged matter (test particles or shells) is
not possible as was shown in Wang et al. (1998, see also references
therein).

For a non-rotating black hole (a, = 0), the maximum charge is
proportional to the black hole mass. Evaluating for Sgr A* gives

M,
4 x 10° Mg

max

Mt = 24/7egGM, = 6.86 x 10% ( ) c. (23
In Fig. 3, we plot the effect of the rotation of the black hole on
its maximum electric charge. Close to the maximum rotation, the
maximum charge is close to zero.
In the following, we discuss limits on the electric charge of the
Galactic centre black hole based on induced electric field of a rotat-
ing black hole immersed in the circumnuclear magnetic field.

3.2 Charge induced by rotating SMBH

There are indications that a considerable magnetic field must be
present in the vicinity of SMBH at the Galactic centre (Eckart et al.
2012; Eatough et al. 2013; Rézanska et al. 2015), which suggests
the value of 10G in the vicinity of the even horizon. The exact
solution for the electromagnetic fields in the vicinity of Sgr A* is
far from being properly defined, however, it is natural to assume
that the magnetic field shares the symmetries of the background
space—time metric, such as the axial symmetry and stationarity. The
central SMBH is assumed to be a standard Kerr black hole whose
gravitational potential dominates the system. Moreover, the small
density of the plasma around Sgr A* implies that the magnetospere
of SMBH can be described within the test field approximation. This
assumption implies that the four-vector potential can be written
in the form A* = klég) + kﬁ{fm, where k; and k, are the arbitrary
parameters and &7, and £, are aunit time-like and space-like Killing
vectors, respectively, which are related to the symmetries of the
black hole space—time. For estimation purposes, one can assume
that the magnetic field is homogeneous and aligned along the axis
of rotation of black hole with the strength B. Then, the solution
of Maxwell equations for corresponding four-vector potential in
rotating black hole space—time can be written in the following form
(Wald 1974):

B B
A=< (8¢ +2agu), Ap= 5 (899 +2a8p) - (24)
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Figure 3. Left: Effect of the rotation of the black hole on its maximum electric charge. Right: The dependence of the relativistic correction to both the
maximum positive and negative charge of the SMBH. In the relativistic regime, the electrostatic force increases towards the event horizon, which becomes

apparent inside the innermost stable orbit.

The rotation of a black hole gives the contribution to the Faraday
induction that generates the electric potential A, and thus produces
an induced electric field, just in the same manner as if the field
would be induced in magnetic field by a rotating ring. This is how
the black hole obtains non-zero induced charge. The potential dif-
ference between the horizon of a black hole and infinity takes the
form

0 —2aMB

A = ¢y — o = M

(25)

The potential difference leads to the process of selective accretion,
which implies that a rotating black hole in external homogeneous
magnetic field can obtain maximum net electric charge Q = 2aMB.

The statement of selective accretion by rotating black hole in the
presence of magnetic field is quite general and independent of the
exact shape of the field and the type of accreting charged matter,
which can, however, put restrictions on the time-scales of selective
accretion due to charge separation in a plasma. In general, the
energy of charged particle in stationary field and space—time is E =
— P, &), where P, = mu, — gA, is generalized four-momentum.
The difference of electrostatic energy of a particle at infinity and at
the horizon is Ey — Eoo = qA;r—ry — A1y = 6. When § >
0, the black hole accretes the particles with ¢ charges, while when §
< 0, it is energetically more favourable to accrete the particles with
—q charge. In both cases, the black hole will accrete a net charge
until the difference § is reduced to zero. The sign of induced charge
depends on the relative orientation of magnetic field lines and black
hole spin (Tursunov, Stuchlik & Kolo§ 2016). If one assumes that
the magnetic field is created by the dynamics of the surrounding
conducting plasma that co-rotates with the black hole, then the sign
of induced charge is more likely positive.

This analysis can also put a limit on the maximum induced charge
of SMBH. If magnetic field is oriented along the rotation axis of a
black hole, the black hole induces electric charge given by Q4ing =
2aM,Bey. Given an upper boundary for the spin parameter a, <
M,, one can estimate the upper boundary for the induced charge as
follows:

M, 2/ Buy
e =232%x 10" [ ———— “)c, (26)
4 x 10°M,, 10G
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where the external magnetic field is expressed in units of 10 G,
which is the estimated magnetic field strength associated with the
flaring activity of Sgr A* (Eckart et al. 2012). Independently from
the precise configuration of magnetic field in the Galactic cen-
tre, the order of magnitude of estimated induced charge is about
10'3#1C, if the assumptions of the axial symmetry and station-
arity is preserved. In the case of Sgr A*, there is a convincing
evidence that the magnetic field in the Galactic centre is indeed
highly oriented and ordered (Morris 2015), which supports our
assumptions.

We would like to stress that the induced charge plays a role of
a driving force in the processes of energy extraction from rotating
black holes. Two leading processes by which the rotational energy
can be extracted out are the Blandford—Znajek mechanism (Bland-
ford & Znajek 1977) and the magnetic version of Penrose process
(Penrose 1969; Wagh et al. 1985), both of which use the existence
of negative energy states of particles with respect to observer at
infinity. In both of these processes, the rotation of a black hole in
magnetic field generates quadrupole electric field by twisting of
magnetic field lines (Dadhich et al. 2018). An infall of oppositely
charged particles (relative to the sign of induced charge) leads to
the discharge of the induced field and therefore the extraction of ro-
tational energy of a black hole. In Blandford—Znajek mechanisms,
the presence of induced field completes current circuit for infalling
oppositely charged negative energy flux. This field is responsible
for acceleration of charged particles that can be launched as black
hole jets. Similarly, e.g. in the case of a uniform magnetic field con-
sidered above, the discharge of induced electric field Q4ing = 2aM B
would lead to the decrease of black hole spin a and resulting ex-
traction of rotational energy of a black hole, while B is constant by
its definition.

Multiple numerical simulations of two processes for general rela-
tivistic magnetohydrodynamic flow showing the efficient extraction
of energy from rotating black holes imply that the induced electric
field is not screened at least in the close vicinity of black holes.
The problem of screening of induced electric field by surrounding
plasma for Sgr A* is discussed in Section 4.2.

The value of Q% is small in comparison with Q. implying
that its effect on the space—time geometry can be neglected. The
upper boundary for the charge-to-mass ratio for the Galactic centre
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SMBH (Kim, Lee & Lee 2001) is
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Qeina _ 2By < 2ByM,

M. M.
g0 (Do) (M) @7
- 10G ) \ 4 x 10° M, ’

Relation (27) implies that the induced black hole charge is weak
in a sense that its effect on the dynamics of neutral matter can be
neglected and Kerr metric approximation can be used. However,
induced charge can have considerable effect on the dynamics of
charged matter and consequently on some of the observables of
Sgr A*, which we specifically discuss in Section 4.

3.3 Charge fluctuation due to accretion

The electric charge of Qo' is a theoretical upper limit. In reality,
the accretion of positively charged particles (protons) will stop to
proceed when the Coulomb force between the SMBH and the proton
is of the same value and opposite orientation as the gravitational
force, giving the condition for the maximum positive charge in a

non-relativistic case:

M,
S GM.(ﬂ):alé 108 (— 2= ) ¢,
max = 77 €0 e x 4% 10°M,
(28)

which is much smaller than the maximum charge, O} /Omax =
2/megGmyje =9 x 10717,

In a similar way, the maximum negative charge derived for ac-
creting electrons is

- _4re,GM (E>—336x105 M. N\
max = RO\ T ) T 4x106Mg )
(29)

which leads to an even smaller ratio Q,/Omx =
2J/megGmeje ~ 4.9 x 10722, The ratios of maximum posi-
tive and negative charges to the maximum charge allowed for
the SMBH imply that the space-time metric is not affected by an
electric charge in a significant way.

Equations (28) and (29) are applicable only far from the black
hole. In the relativistic regime, the motion of charged particles in the
simplest regime without rotation can be studied within the Reissner—
Nordstrom solution, which can be acquired from the KN metric by
setting a, = 0 in equation (20). The line element in the geometrized
units with ¢ = 1 = G can be written as

ds® = — f(r)de* + f(r)"'dr* + r?d6* + r* sin> 0d¢>, (30)

where the lapse function is defined as

2
fr=1-"2472 31)
r r

The four-vector potential A, of electromagnetic field generated by

the charge Q, of the Reissner—Nordstrom black hole takes the form

A, = %53). (32)
r

The dynamics of charged particle in curved space—time in presence

of electromagnetic fields is governed by the equation

du” q

— + Thauu? = LFiu, 33
dr af m " G3)
where u = dx*/dt is the four-velocity of the particle with mass

m and charge g, normalized by the condition u/u, = —1, 7 is the
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proper time of the particle, F,,, = A, , — A, is an antisymmetric
tensor of the electromagnetic field and components of I’fjﬁ are the
Christoffel symbols.

One of the interesting features of the motion of charged particles
in the vicinity of Reissner—Nordstrom black hole is the existence
of trapped equilibrium state of a particle where the electrostatic
forces between two charges compensate the gravitational attrac-
tion of a black hole. The four-velocity of a particle at this state
is u* = (1//=8u.0,0, 0). Thus, the time component of equa-
tion (33) takes the form

b 0a (s B\
rg—2-2 42 1-=2-2) =o (34)
r

m r r2

Since the gravitational effect of the charge Q, is small in comparison
with those of the mass of the black hole (corresponding to rp < rs),
one can neglect the higher order terms in Q, (equation 34). Thus,
for the charge Q we get

0.=" (1= (35)

The charge (35) can be interpreted as the maximum net charge that
can be accreted into the black hole from the given position r before
the electrostatic force will prevail and the accretion of same-charge
particles stops. Restoring the constant in (35), we get charge in SI
units as

—12
0% = dmenGM, 2 (1 - r—s) . (36)
par r

The factor (1 - %)71/ % is the general relativistic correction to the
corresponding Newtonian equation. This implies that the electro-
static force increases while approaching black hole. Close to the
horizon, the divergence of (36) means that the black hole requires
infinite charge in order to keep the equilibrium position of the par-
ticle. We plot the ratio Q™! / O/, i.e. the relativistic correction in
Fig. 3.

3.4 Charge and dynamical time-scales

The electric charge of the SMBH is expected to fluctuate due to
discharging by particles of an opposite charge. This is especially
efficient when the free-fall time-scale of particles with the opposite
charge is significantly shorter than the free-fall time-scale of the
particles with the same charge as that of the black hole. The free-fall
time-scale for a charged black hole is modified due to the presence
of an additional Coulomb term in the equation of the motion for a
radial infall (neglecting the gas pressure):

dv GM, 1

dr — r?

0. par
dmeg r? mpy

(37

where gpa- and myp,, are the charge and the mass of the particle,
respectively. The signs in the equation are the following: for the
positive charge of the black hole Q, = +0Q*, the particle charge is
Gpar = +e for the proton (mp,, = m;) and ¢, = —e for the electron
(mpar = me). For the negative charge of the black hole O, = -0,
the signs of particle charges are kept as before.

The Newtonian free-fall time-scale derived from equation (37)
for a particle falling in from the initial distance of ry is

3/2
tir,Q = il , (38)
8(GM, — 0. 2)

4meg = mpar

MNRAS 480, 4408-4423 (2018)
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which becomes f#;(Q, = 0) = nr3/2/«/8GM, for zero charge of
the SMBH. The direct outcome of equation (38) is the difference of
free-fall time-scales for protons and electrons for a given charge of
the SMBH.

In Fig. 4, we plot the free-fall time-scales for protons and elec-
trons for a positive charge of the SMBH (left-hand panel) and for its
negative charge (right-hand panel). The time-scales are comparable
up to @+ < 1075 Qf  for the positively charged black hole and
upto Q= < 1072 Q. , which further limits a charge of the SMBH
since for larger charges the infall of opposite charges is progres-
sively faster than the infall of the same charges. For the maximum
positive charge of Sgr A*, the free-fall time-scale for electrons is
tig o, = 8-5 yr for an initial distance at the Bondi radius. This is
a much shorter time-scale than the free-fall time-scale of protons
for the maximum negative charge, which is close to the free-fall
time-scale for a non-charged black hole with an initial distance at
the Bondi radius, 7 = 366 yr.

The free-fall time-scale from the Bondi radius is the basic dy-
namical time-scale in the accretion flow. Any disturbance in the
accretion flow develops on the viscous time-scale given by equa-
tion (10), which for the assumption of the thick flow H ~ ry and
o ~ 0.1 is approximately ty;; ~ 10t(ro, Q,)-

In the following, we define a specific charge of accreted matter
€, which relates the accretion rate of the charged matter to the total
accretion rate as M1 = ¢ M, .. From this relation, the charging
rate of the black hole, Q., may be expressed as

Qo= g, (39)
Mpar

where M, is the total accretion rate. The total accretion rate was
inferred from the observations via the Faraday rotation by Mar-
rone et al. (2007), who obtain M, =2 x 10" Mgyr~' up to
2 x 107"Mg yr~!, depending on the configuration of the magnetic
field. For the induced positive charge Qj;, the charging (induction)
time-scale follows from equation (39):

4
+ _ mpQig 40
charge — g s ( )

€€pos Myee

while for the induced negative charge we get
_ meQing

T = —. (41
charge Cencg Macc )

To charge the black hole positively, mainly by the induction
process described in Section 3.2, the charging time-scale expressed
by equation (40) needs to be smaller than the discharge time-scale,
which can be estimated by the viscous time-scale of electrons on
the scale of the gravitational radius. On the other hand, the charging
time-scale must be larger than the time-scale given by the plasma
frequency for protons, T, = 27 (egme/(nce*))"?, which expresses
the charged density fluctuations on scales larger than the Debye
length. For the exemplary values of Qing = Q..1010'° C and My, =
M_g = 1078 Mg yr~!, we obtain the limits

1.3 x 1072 Q0 10M 73 S €pos S 1.4 x 107°Q, oM . (42)

In an analogous way, the negative charged fraction of the accre-
tion rate is
17 x 10780, 10MZ§ < €neg $3.3 % 10780, 10M 4, (43)

as inferred by comparing (41) to the viscous time-scale of protons
(upper time-scale limit for discharging) and to the time-scale of
electron plasma oscillations (both evaluated at the ISCO scale of
rsco & GM,/c?).

MNRAS 480, 4408-4423 (2018)

The charging of Sgr A* can thus effectively proceed when a
rather small fraction of accreted matter (€05 OF €peg) is charged.
The charging process of the accreted fluid may proceed at a larger
distance from the SMBH horizon plausibly due to strong irradiation
or the external (Galactic) magnetic field (Kovar et al. 2011).

The process of the black hole charging can proceed efficiently
when the gravitational and electrostatic forces acting on a particle
are greater than the thermal pressure forces inside a region of radius
Rcharge» Which is equivalent to the condition that the viscous time-
scale of the inward motion must be smaller than the thermal time-
scale, tyis o < fg inside Reparge. The thermal time-scale is simply,
th = Reharge/Vin, Where the thermal speed vy, is related to either
electrons or protons. The condition of the smaller viscous time-scale
is met inside the sphere of radius Reharge, Whose radius progressively
gets smaller and it reaches zero at either the maximum positive or
negative charge, see equations (28) and (29). Under the assumption
that the accretion flow is thick in a sense (H/ry) = 1, it can be simply
derived that

Renye < (/)" 22 (8GM. - ig.ﬂ) : (4)
Blg T € Mpar

with the sign convention as in equation (38). For the zero charge

of the black hole, the relation (44) is similar to the definition of the

Bondi radius, equation (3), Renare S 8(ct/7)2G M, /v},.

InFig. 5, we plot equation (44) for both positive charging (protons
falling into the positively charged black hole; see left-hand panel)
and negative charging (electrons falling into negatively charged
black hole; right-hand panel). Inside the radius Reparge, basic con-
dition for charging is met — particles with the same sign of the
charge are not prevented from descending towards the black hole
by thermal pressure. However, the particles of the opposite charge
also fall in progressively faster inside the discharging sphere with
the radius of Rgischarge defined analogously to equation (44), which
effectively limits the realistic values of the electrostatic charge of
the black hole.

The necessary condition for an increasing charge of the SMBH
is that Reparge 2 Ruischarge, Which is only met for the positive charg-
ing, see the left-hand panel of Fig. 5. For negative charging, the
discharging length-scale of protons is always larger than the charg-
ing length-scale of electrons purely because of the mass difference.
Therefore, the negative charging of black holes is rather inefficient.

Hence, the Galactic centre black hole and black holes in general
are prone to have a small positive charge. This is also supported by
the analysis in Section 3.2, where it is shown that black holes whose
spin is oriented parallel to the magnetic field intensity preferentially
accrete positively charged particles, while those with antiparallel
spin are being negatively charged. Since we expect a certain degree
of alignment in a relaxed system of a black hole and its associated
accretion flow, the induced charge is expected to be positive.

For the positive charging in Fig. 5 (left-hand panel), the charging
length-scale for protons is larger than the discharging radius of
electrons up to a certain charge Q.q, Which for the general case of
different electron and proton temperatures is

_ dmeoGM, [(T./Ty)m, — me]

= 45
“ e 1+ T./T, @

For the case of the same temperature 7. ~ T}, equation (45)
becomes identical to the equilibrium charge in equation (19),
Qeq = 3.1 x 10% (M, /4 x 10°Mg) C. This charge is associated
with the charging/discharging length-scale of Rcpage = 0.2 arc-
sec for the free-fall accretion and Repage = 2.1 mas for the ac-
cretion with the viscosity parameter of o = 0.1, which is one
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Figure 4. Left-hand panel: The free-fall time-scales for protons and electrons calculated for a positive charge of the SMBH at the Galactic centre expressed
in units of the maximum positive charge (Q}h,.. see equation 28). The scale on the left vertical axis expresses the ratio f, o/ffr, whereas the scale along the
right vertical axis is the free-fall time-scale for an initial distance equal to Bondi radius (equation (3)) expressed in years. Right-hand panel: The same as in the
left-hand panel, calculated for a negative charge of the SMBH expressed in units of the maximum negative charge (Q_ .., see equation 29).
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Figure 5. The dependence of the radius of the sphere, where the basic condition for the charging or the discharging, #yis, ¢ < i, is met for both the positive
charging (left-hand panel) and the negative charging (right-hand panel). The solid lines mark the charging/discharging length-scale for the purely free-fall
accretion, while the dashed lines represent the viscous infall for & = 0.1. The charging can effectively proceed when the charging length-scale Reparge is larger
than the discharging length-scale. The shaded region marks the region below the event horizon.

and three orders of magnitude smaller than the Bondi radius,
respectively.

4 OBSERVABLE EFFECTS ASSOCIATED WITH
A CHARGED BLACK HOLE

Although the simple analysis based on the first principles showed
that the charge associated with the Galactic centre black hole is at
least 10 orders of magnitude smaller than the charge corresponding
to an extremal black hole, it is useful to list observational signatures
that a charged black hole could have. The electric charge, if present,
most likely does not reach values significant for the space—time
metric. However, despite its expected small value, it is useful to
design observational tests of its presence. It is therefore of astro-
physical interest to name several potential observables that can be
employed to test the presence of the charged SMBH at the Galactic
centre.

4.1 Effect on the black hole shadow

For shorter wavelengths in the radio domain than A, plasma does
not block the emission, however, it causes significant scatter broad-
ening of any structure up to 1.4 mm (Lo et al. 1998). At wavelengths
A < 1.4mm, it is possible to resolve the structure using the VLBI
since the size of Sgr A* starts to be source-dominated (Krichbaum
et al. 1998; Doeleman et al. 2008). Of a particular interest is a
well-defined curve on the sky plane that divides the region, where
photon geodesics intersect the even horizon from the region where
photons can escape to the observer — the so-called black hole shadow
(Falcke, Melia & Agol 2000).

It was previously claimed by Zakharov (2014) that the charge
associated with the Galactic centre black hole could be detected
via the VLBI imaging of Sgr A*, based on the detection of the
shadow. They report that a Reissner—Nordstrom black hole with
a significant charge close to Q, = Q" is more consistent with
the VLBI detection of Sgr A* by Doeleman et al. (2008) with the
core diameter of 37715 pas. This argument is based on the the-
oretical calculations of the shadow diameter, namely the shadow
diameter for the Schwarzschild black hole is 64/3G M, /c?, which

MNRAS 480, 4408-4423 (2018)
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is ~51.2 pas at the distance of 8 kpc at the Galactic centre. For
an extremal Reissner—Nordstrom black hole, one gets the shadow
diameter 4GM,/c?, i.e. by about 38 percent smaller than for the
Schwarzschild black hole, which corresponds to ~39.4 pas. The
shadow diameter for the nearly extremal charged black hole is thus
closer to the core size found by Doeleman et al. (2008).

However, the core size found by Doeleman et al. (2008) does not
correspond in a straightforward way to the black hole shadow size.
It can be either a Doppler beamed accretion flow or the footpoint
of the jet (Doeleman et al. 2008; Dexter, McKinney & Agol 2012;
Eckart et al. 2017) and in these cases, it is difficult to make a con-
nection to the charge of the black hole. In general, the black hole
shadow is not a clean observable. Not only does the charge influ-
ence its size but also the spin, see Fig. 6 for comparison. In addition,
the charge starts significantly influencing the size of the shadow for
fractions of the maximum charge, Q, 2 0.1 Q. For the maxi-
mum positive charge value of O ~ 6 x 10% C, see equation (28),
there is practically no difference in the size of the shadow.

Next, we show that the bremsstrahlung surface brightness profile
on the scales of 100-1000rs can be used to test the presence of
a much smaller charge associated with Sgr A* than by using the
shadow size.

4.2 Testing the presence of a black hole Debye shield — does a
charged black hole have an impact on the bremsstrahlung
profile?

The charge associated with Sgr A* can have a considerable impact
on the motion and the distribution of charged particles, electrons,
protons, and ions, in its vicinity. However, this only applies to the
charged black hole that is not shielded. In the classical plasma
theory, any charged body immersed in stationary plasma with the
electron density . and temperature 7, is shielded beyond the char-
acteristic Debye length-scale, Ap = +/€okp T¢/(n.€2), which results
in the exponential potential decrease, ¢ = ¢poexp (— r/Ap), where
¢y is the potential of a point charge in vacuum.

The plasma around Sgr A* is, however, certainly not stationary
but rather dynamic, given the large velocity of accretion flow in the
potential of Sgr A* and turbulence. Therefore, the standard Debye
theory is not applicable to this environment.

Even if the Debye shield around Sgr A* were created, it would
have such a small length-scale that it would completely lie inside
the ISCO, where it would be dynamically sheared and it would
be therefore highly unstable. When evaluated on the scale of the
ISCO, using the extrapolated density and temperature profiles in

equation (8), the Debye length is
T, 12 e —1/2
, 46
8.7 % 10121() 1.7 x 10° cm? m. @0

while at the Bondi radius it would be only one order of magnitude
larger, Aongi ~ 141 m.

Moreover, using the classical estimates, the Debye sphere would
not be formed based purely on viscous time-scales if the charged
fraction of accreted matter is large enough. If we imagine that
the positively charged black hole is surrounded by a negatively
charged Debye shell, its mass can be estimated simple as Mpepye ~
(Qih,/e)m., where Qi is the induced positive black hole charge.
Since the Debye shell lies inside the ISCO, it is being depleted as
well as refilled all the time. If the depletion rate of electrons M, =
€neg Mcc is larger than the filling rate Mpevye, then the Debye shell
is highly transient and does not screen out the charge of the black
hole. The filling rate of the Debye shell is assumed to take place

Aisco =5 (
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on the viscous time-scale of electrons, taking into account the posi-
tive charge of the black hole, #;, = a_l(H/rlsco)‘ztff(rlsco, Qi';d).
Then, the Debye filling rate can be expressed as

Q;dme

MDebye ~ 7 . (47)

vis

The Debye shell will not form if M, > Mpebye, Which puts the
lower limit on the negatively charged fraction of the accreted mat-
ter, €neg > Qi yme/(eMyectyy) ~ 7 x 10717, It implies that if the
accreted matter contains a negatively charged fraction of the order
of €neg, then the Debye shell is expected not to form at all. Even if
the Debye shell forms temporarily, it would be strongly perturbed
by the turbulence and outflows. In addition, a more general analysis
done by Bally & Harrison (1978) showed that all self-gravitating
systems with length-scales L larger than the Debye length, L > Ap,
are positively charged in order to hold in the electron gas, i.e. these
objects are not Debye screened.

An unshielded charged black hole would lead to the charge
separation that directly influences the emissivity of the thermal
bremsstrahlung, because the emission efficiency drops signifi-
cantly for like particles, proton—proton and electron—electron in-
teractions, as there is no dipole component in the collisions. The
bremsstrahlung is dominantly produced by radiating electrons that
move in the Coulomb field of protons (or positively charged
ions), and the corresponding emissivity is given by equation (14),
€Brems Z°min.. Therefore, inside the sphere of the electrostatic in-
fluence of the black hole, the drop in bremsstrahlung emissivity
is expected, creating a drop or ‘hole’ in the surface density of the
thermal bremsstrahlung, which is centred at Sgr A*.

Let us assume that Sgr A* is positively charged with the charge of
Q.. The electrostatic potential further from the unscreened charged
black hole is ¢ ~ Q,/(4m€yr). Under the assumption of the equilib-
rium Maxwell-Boltzmann distribution, it would yield to the charge
separation and the corresponding charge particle density would
vary as nq o exp(— g¢/kgT,) on top of the power-law (Bondi)
dependence n, o 732, In Fig. 7 (left-hand panel), several num-
ber density profiles are plotted for electrons (solid lines) and pro-
tons (dashed lines) for increasing positive charge of the black hole,
Q. =107 — 10° C, including the zero charge.

To simulate the effect of an unscreened SMBH with the positive
charge of Q,, we use the Abel integral to obtain the projected
luminosity profile J(Ryj) from the deprojected one Liyems(r), see
equation (14):

R Lbrems(r)r dr

-](Rproj) = 2/ —
Ry (12— R,

where the truncation radius R, represents the length-scale where the
thermal bremsstrahlung in the Galactic centre becomes negligible.
‘We set the truncation radius to the Bondi radius (or approximately
the stagnation radius), R, & Rp & Ry, see also equations (3) and
).

The projected luminosity profile calculated using equation (48)
is plotted in Fig. 7 (right-hand panel). The solid line represents
the case of the non-charged black hole, or a completely Debye-
shielded black hole, and the dashed lines depict the cases of the
SMBH with the positive charge of Q, = 107 — 10° C, which have
progressively smaller luminosity profile than the non-charged case.
A special case is the equilibrium charge Q4. see equation (19), up
to which the electron and proton number densities are comparable
within a factor of a few, n. ~ n,, see also Fig. 7 (left-hand panel)
for Q, = 107 — 108 C. For larger black hole charges, the drop in

(48)
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Figure 6. Left: The black hole shadow size in gravitational units for a non-rotating, Reissner—Nordstrom black hole for an increasing value of the charge
according to the legend. The right vertical axis is expressed in microarcseconds for the distance of the Galactic centre — 8 kpc. Right: The same as the left
figure but for the rotating black hole (Kerr). The calculations are performed for the top view, in the direction of the spin axis, for increasing values of the spin

parameter according to the legend.
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Figure 7. Left: Density profiles of electrons and protons in the Galactic centre as affected by a potential charged SMBH. The black solid line represents the
non-charged power law. The coloured lines (blue, orange, green) manifest the changed profiles due to the presence of a positive point charge at the centre:
the blue solid and dashed lines represent the case for Q, = 107 C, the orange lines stand for Q, = 108 C, and blue lines represent Qo = 10° C. Right: The
bremsstrahlung surface brightness profile for the case of a non-charged black hole (solid black line) and for the case of a charged black hole in the Galactic
centre with the charge of 107 C, 108 C, and 10° C, represented by the dashed blue, orange, and green lines, respectively. The drops in the brightness profile with
respect to the non-charged case are depicted by a sub-plot that shows the ratio of the brightness profile for the charged case with respect to the non-charged

case.

the bremsstrahlung profile is more prominent, specifically reaching
~37 per cent of the luminosity for non-charged case at the projected
radius of R ~ 1 arcsec for Q, = +10°C. In general, the difference
in the electron and proton number densities by factor fy, ne = fun,,
corresponds to the black hole charge of

Q.(fo) =

where T is the electron (~ proton) temperature at radius ry. Rela-
tion (49) holds under the assumption of the equilibrium Maxwell—
Boltzmann distribution of electrons and protons.

The calculated surface brightness in Fig. 7 corresponds to the
quiescent state of Sgr A*, i.e. this profile is expected if one can
remove the non-thermal variable source at the very centre. In order
to satisfactorily do that, the angular resolution of X-ray instruments
should be better than ~0.1 arcsec. The effect of the bremsstrahlung

2 G(m, — 2. kg T,
49 (1:31; Wle)M. " 7'(60: e.070 log /. (49)

flattening or drop is just at (or rather beyond) the limit of what can
be measured right now. Therefore, this experiment and the analysis
speaks for next generation X-ray telescopes that have a half and the
full order of magnitude better resolving powers compared to the
current situation.

Rézariska et al. (2015) construct a projected bremsstrahlung pro-
file in their Fig. 6. At the lo level, the profile shows a decrease
in the brightness at radii < 0.4 arcsec. This is, however, still con-
sistent within uncertainties with the flat and the slightly rising pro-
file at the 30 level. Flat to slightly decreasing luminosity profile
allows us to put the upper limit on the black hole charge if we as-
sume that the charge is not screened. The projected profile inferred
from Chandra observations by Rézariska et al. (2015) is consis-
tent within the uncertainty with all profiles up to the equilibrium
value of Q S Qeq ~ 3.1 x 108 C, see Fig. 7 (right-hand panel).

MNRAS 480, 4408-4423 (2018)
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For larger charge values, the projected profile is expected to de-
crease below R = 2 arcsec, see the green dashed curve in Fig. 7,
which corresponds to Q, = 10° C. The equilibrium value of the
black hole charge Q4 ~ 3.1 x 10% C, which was derived based on
the classical mass segregation arguments, see equation (19), corre-
sponds to the charging/discharging length-scale of Repage ~ 0.21
arcsec according to equation (44), assuming the free-fall flow. This
scale is comparable to the projected radius, where the observed
bremsstralung profile is consistent with the flat to decreasing flux
density (R6zanska et al. 2015).

Within uncertainties, this is consistent with the constraints given
by induction mechanism presented in subsection 3.2, which gives
an upper limit of the order of 10" C. In the future, if the angular
resolution of X-ray instruments is one half to one order of magni-
tude better, one can distinguish the unresolved central component
from the surroundings and it will be possible to model it away
without assuming intrinsic physics. One could, in particular, take
multiple images of the flares and model a variable point source and
an extended quiescent component. Hence, this procedure should
yield a well-constrained background with a more precise bright-
ness profile, based on which the decrease could be confirmed or
excluded.

In case the drop in the bremsstrahlung profile is confirmed on
sub-arcsecond scales from Sgr A*, one should naturally consider
also other possibilities for the decrease, in particular the lower tem-
perature due to plasma cooling and/or the decrease in the ambient
gas density. However, the presence of small electric charge asso-
ciated with Sgr A* remains as an interesting possibility for both
explaining the bremsstrahlung flattening as well as for testing the
presence of the Debye-shell effect around SMBHs immersed in
plasma.

4.3 Effect of charge on ISCO of Sgr A*

One of the important characteristics of black holes in accretion
theory playing crucial role in observational constraints of black
hole parameters is the location of the innermost stable circular orbit
(ISCO). For a non-rotating neutral black hole, the ISCO is located
at r = 3rs. Rotation of black hole shifts the position of ISCO of
co-rotating particles towards the horizon matching with it in the
extremely rotating case a, = J,/M, = 1. The presence of the black
hole charge acts in a similar way to the ISCO, shifting it towards
the horizon for both neutral and charged particles (Pugliese et al.
2011). Motion of charged particle with mass mp,. and charge gpar
moving around non-rotating black hole with charge Q, is restricted
by the energy boundary function or the effective potential

EPar _ quparQ- + |:(1 . 1 + kZQ%)
r r

2 2
MparC r

12 12
1+ —2 , 50
X ( + mpmcer)] (50)

where Ep, and Ly, are the energy and angular momentum of
charged particle and r is the radius given in the units of grav-
itational radius rs. At infinity or in the absence of the fields
Epa,./(mpa,.cz) = 1. For neutral particles at ISCO of neutral black
hole Epq: /(mpa,cz) = /8/9. The constants k; and k, are the cou-
pling constants responsible for the interaction between charges and
the gravity. For an electron around Sgr A*, the constants can be
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Figure 8. Location of the ISCO of electrons ¢~ and protons p* around
Sgr A* for positive and negative configurations of the SMBH charge Q,.
The radii on vertical axis are given in the units of gravitational radii of
Sgr A*.
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Smallness of the constant k, representing the gravitational effect
of the black hole charge imply that the effect of the black hole
charge on the space—time curvature can be neglected in most of the
physically relevant cases. Indeed, the possible charge of the SMBH
at the Galactic centre restricted by the upper limits (see Section 3)
is not able to provide sufficient curvature of the background black
hole geometry, and thus, does not influence the motion of neutral
particles. However, for the motion of charged particles, the effect
of even small black hole charge can sufficiently shift the location of
orbits due to large values of the charge to mass ratio for elementary
particles.

The location of the ISCO of charged particles around Sgr A* as a
function of the black hole charge Q, is plotted in Fig. 8. As one can
see from the plot, the position of the ISCO for electrons shifts from
r = 3rg (corresponding to the ISCO of neutral particles) towards
or outwards from black hole starting already from relatively small
charges of the order of 10°-10°C. Thus, even a small black hole
charge that does not affect the background geometry can sufficiently
shift the ISCO of free electrons and protons orbiting around Sgr A*.
In case of like-charges (¢~, Q, < 0 or p*, Q, > 0), the ISCO can
be shifted from the distance r = 3rs up to r = 1.83 rg, which can
mimic the black hole spin with the value of a, = 0.64. This should
be taken into account in the spin determination of Sgr A* since
previous estimates are close to this value, in general above ~0.4
(Meyer et al. 2006; Kato et al. 2010; Zamaninasab et al. 2010).

Particles at the ISCO can have ultrarelativistic velocities, which
leads to the emission of electromagnetic radiation from the inner
parts of the accretion flow. The shift of the ISCO towards the event
horizon increases the gamma-factor of charges and the gravitational
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redshift z = (Ag — A)/A¢ of emitted photons, where A and A, are
the wavelengths of a photon measured by local and detached ob-
servers. The shift of the ISCO radius from r = 3rg (neutral) to
r = 1.83 rs (charged) increases the gravitational redshift of emitted
electromagnetic radiation from z = 0.225 to z = 0.485.

5 SUMMARY AND DISCUSSION

In this section, we summarize the constraints on the electric charge
of the Galactic centre black hole. Subsequently, we look at the
potential effects of the rotation on the maximum electric charge. In
addition, we discuss potential non-electric origins of the black hole
charge.

5.1 Charge values associated with the Galactic centre black
hole

In Section 3, we studied limits on the electric charge of Sgr A*
based on different mechanisms, namely the accretion of charged
constituents of plasma and the induction mechanism based on a
rotating SMBH in the external magnetic field. We summarize these
constraints in Table 1. The charging based on accretion of protons or
electrons is not stable and leads to the discharging on the discharging
time-scale. However, the rotation of the SMBH within the external
magnetic field is a plausible process that can result in a stable charge
of the SMBH not only in the Galactic centre but in galactic nuclei
in general.

All the upper limits on the electric charge in Table 1 are at least 10
orders of magnitude below the maximum charge (see equation 23),
and hence the space-time metric is not affected. However, the dy-
namics of charged particles is significantly affected by even these
small values and can be observationally tested via the change in the
bremsstrahlung brightness profile.

5.2 Effect of rotation

As was already indicated by equation (22), the rotation of the
SMBH does effect the value of the maximum allowed charge for
a black hole. For the maximum rotation, d, = 1, the maximum
charge vanishes completely. However, the dependence of Q% on
a, is only prominent for large spins, see also the left-hand panel
of Fig. 3. In astrophysical relevant systems, the maximum rota-
tion parameter is ay™* = 0.998 (Thorne 1974), which results in

ot A 0.06 QM = 4.3 x 10 C. This is still about 10 orders of
magnitude larger than the constraints analysed in Section 3. For
Sgr A*, the spin is estimated to be even smaller, a, ~ 0.5 (Meyer
et al. 2006; Zamaninasab et al. 2010). Therefore, the previous anal-

ysis is valid also for the case when Sgr A* has a significant spin.

5.3 Non-electric origin of the black hole charge

The black hole charge can also be of a non-electric origin (Zakharov
2014), namely a tidal charge induced by an extra dimension in the
Randall-Sundrum (RS) braneworld solutions or 5D warped geom-
etry theory (Randall & Sundrum 1999; Bin-Nun 2010, 2011), in
which the observable Universe is a (3 + 1)-brane (domain wall) that
includes the standard matter fields and the gravity field propagates
further to higher dimensions. The RS solution yields the 4D Ein-
stein gravity in the low-energy regime. However, in the high-energy
regime deviations from the Einstein solution appear, in particular in
the early universe and the vicinity of compact objects (Stuchlik &
Kotrlova 2009). Both the high-energy (local) and the bulk stress

155

Charge of the Galactic centre black hole 4421

(non-local) affects the matching problem on the brane in compar-
ison with Einstein solutions. In particular, the matching does not
result in the exterior Schwarzschild metric for spherical bodies in
general (Kotrlova, Stuchlik & Torok 2008).

A class of the RS brane black hole solutions is obtained by solv-
ing the effective gravitational field equations given the spherically
symmetric metric on the (3 + 1)-brane (see Maartens 2004, for a re-
view). These black holes are characterized by Reissner—Nordstrom-
like static metric that has the non-electric charge b instead of the
standard Q2. This charge characterizes the stresses induced by the
Weyl curvature tensor of the bulk space, i.e. SD graviton stresses
that effectively act like tides. Thus, the parameter b is often referred
to as the tidal charge and can be both negative and positive. Detailed
studies of the optical phenomena associated with brany black holes,
in particular quasiperiodic oscillations that are of an astrophysical
relevance, were performed in several studies (Schee & Stuchlik
2009; Stuchlik & Kotrlova 2009).

As pointed by Zakharov (2014), the tidal charge could be tested
by detecting the black hole shadow. While the electric charge causes
the shadow to shrink, which is only noticeable for nearly extremal
charges (see subsection 4.1), the tidal charge could act in the oppo-
site sense — enlarging the shadow size. Thus, if a noticeable change
in the shadow size is detected, it would most likely be caused by
non-electric tidal charge since the electric charge is expected to
have negligible effects on the metric as we showed in Section 3 and
summarized in subsection 5.1.

5.4 Comparison with previous studies

Zakharov (2014) uses an argument that the measured core size of
Sgr A* of ~40 pas (Doeleman et al. 2008; Fish et al. 2011) is more
consistent with the Reissner—Nordstrom black hole with the charge
close to the extremal value of QP than with the Schwarzschild
black hole whose shadow is expected to be ~53 pas. However, one
needs to stress that the core size does not directly express the shadow
size at all since it does not have to be centred at the black hole —
it can, for instance, be caused by a Doppler-boosted accretion flow
or the jet-launching site (Dexter et al. 2012; Eckart et al. 2017).
Hence, the charge constraint given by Zakharov (2014) is uncertain
at this point and should be further tested when the analysis of the
observations by the Event Horizon Telescope? is available.

Torio (2012) gives the following estimate on the charge of Sgr A*
based on the geodesic trajectories of the orbital motion (Chaliasos
2001), in particular using S2 star orbit, Q, < 3.6 x 10%” C, leaving
space for the charge larger than an extremal value.

In comparison with Iorio (2012) and Zakharov (2014), we take
into account the presence of plasma and the magnetic field in the
vicinity of Sgr A*, which leads to tighter constraints and signif-
icantly smaller values, see Table 1. Moreover, our suggested test
based on the bremsstrahlung brightness profile, see subsection 4.2,
is significantly more sensitive to smaller charge than the shadow
size or stellar trajectories.

6 CONCLUSIONS

We performed analytical calculations to find out if the SMBH at
the Galactic centre can get charged and what the realistic values of
its charge are. Based on the classical estimates and total amount of
the charge in the sphere of influence of the black hole, we expect

Zhttp://eventhorizontelescope.org/
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Table 1. Summary of the constraints on the electric charge of the SMBH at the Galactic centre presented in Section 3.

Process Limit

Notes Subsection

Mass difference between p and e
Accretion of protons

Accretion of electrons

Magnetic field & SMBH rotation oun < 105 (4)(]1‘57;[\/[@
Extremal SMBH Omax = 6.86 x 1026 (

Qeq = 3.1 x 108 (M{(ﬁ’iﬁ.Me)C
Ot = 6.16 x 108 (M\:W) c
Opmax = 336 x 10° (MIA(;Ii@M@) c
) (

M. 2 .
4><106M®) 1-a;C uppermost limit

stable charge Subsection 2.3

unstable charge Subsection 3.3

unstable charge Subsection 3.3

ﬁ;g) C stable charge Subsection 3.2

. Subsection 3

that the black hole can acquire a small, transient positive charge of
5109 C, which does not have an influence on the space—time metric.
Based on the general relativistic calculations, we further explore the
induced charge based on the rotating black hole that is immersed
in the external magnetic field. Such a configuration is in general
expected in almost all galactic nuclei. If the black hole spin axis is
approximately aligned with the external magnetic field, we again
expect that the induced charge is positive, with the uppermost limit
of Q. < 10" C. Although the space—time metric is not influenced
significantly by electric charge within the limits we found, even such
a small charge can significantly influence the typical viscous time-
scales for protons and electrons as well as an infall of small charged
particles (dust particles). Most importantly, for like charges of test
particles and Sgr A*, the ISCO shifts significantly in comparison
with the no-charge case even for a small charge of the order of
10°-10'" C, which effectively mimics the black hole spin of a, ~
0.6. This effect should be taken into account in the future numerical
calculations as well as the analysis of observation data.

We also revisited observational tests of the presence of the charge
for the Galactic centre black hole. The black shadow size, which
was proposed previously, is only sensitive for large values of the
charge, close to an extremal value, which are unrealistic as we
showed. We propose a new test based on the observed surface
brightness profile of the thermal bremsstrahlung inside the inner-
most 10° Schwarzschild radii, which is the region that coincides
with the S cluster. Within this range, a flattening and a decrease
in the bremsstrahlung surface brightness is expected to occur due
to the presence of the charged, unshielded black hole starting with
about 20 orders of magnitude smaller values than the extremal case.
Since the Chandra X-ray observations with the angular resolution
of 0.5 arcsec did detect a weak indication of the drop in the bright-
ness profile at Rpoj < 0.4 arcsec, it puts an observational upper limit
on the charge Qggrar < 3 x 108C.
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CHAPTER

Conclusions and Outlook

10.1 Summary and discussion

In this thesis, we studied the interplay between the black hole environment and the interstellar
medium, with the focus on the Galactic centre, which can be studied in the greatest detail
among galactic nuclei. It is possible to resolve both the stellar content and gaseous structures
in the sphere of influence of the supermassive black hole. In particular, I focused with my
colleagues on the properties of rather extreme stellar populations that had not been studied
before in detail. Among these, there are localized sources with NIR-excess, which can be
attributed to the dusty material, and these appear to be pre-main-sequence stars. Moreover,
there are end-products of massive star formation — neutron stars — which can effectively
interact with the ionized medium in the central Cavity due to their large magnetic fields of
the order of By, ~ 102 G. Finally, we were interested in the parameters of Sgr A*, which
are expected to be only three classical, externally observable parameters — mass, spin, and
electric charge — with the charge being only weakly constrained and not tested at all in the
observational studies.

Below we summarize the main results of the thesis with the focus on the NIR-excess
sources, interaction modes of neutron stars, and the charge of Sgr A*.

10.1.1 NIR-excess sources: Nature of Dusty S-cluster Object (G2)

When the Dusty S-cluster Object (DSO/G2) was discovered (Gillessen et al. 2012b,b; Phifer
et al. 2013), its nature was not clear and many favoured the core-less cloud hypothesis due to a
reported tidal interaction of the source with the SMBH. Subsequently, many models appeared
that could capture some of the characteristics of the source. We summarize these models and
a few corresponding papers in Table 10.1:

Observationally, the DSO appears to be a rather stable source in both continuum and line
emission, with the bolometric luminosity of Lpso < 30 L, and the luminosity of Bry line
emission of Lg,, ~ 107 L. Although the detection of tidal stretching in the line emission
remains to be controversial, the continuum emission in L’-band is consistent with being a
point source (Witzel et al. 2014). The Bry line emission is likely Doppler broadened to the line
width of several 100 km s~! (Valencia-S. et al. 2015). In terms of linearly polarized continuum
emission, Shahzamanian et al. (2016) detected a polarized K,-band emission (2.2 um) with
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Table 10.1: Summary of proposed scenarios of the DSO/G2 source with several corresponding
papers.

Scenario Papers
Murray-Clay & Loeb (2012); Eckart et al. (2013); Scoville & Burkert (2013); Ballone et al. (2013)
Zajacek et al. (2014); De Colle et al. (2014); Valencia-S. et al. (2015); Ballone et al. (2016); Shahzamanian et al. (2016); Morsony et al. (2017)
binary/binary dynamics Zajacek et al. (2014); Prodan et al. (2015); Witzel et al. (2014); Stephan et al. (2016)
Gillessen et al. (2012a); Burkert et al. (2012); Schartmann et al. (2012); Shcherbakov (2014)
Pfuhl et al. (2015); Schartmann et al. (2015); McCourt et al. (2015); McCourt & Madigan (2016); Madigan et al. (2017)

star with dusty envelope/disc and outflow

core-less cloud/streamer

tidal disruption Miralda-Escudé (2012); Guillochon et al. (2014)
nova outburst Meyer & Meyer-Hofmeister (2012)
planet/pr 1 Mapelli & Ripamonti (2015); Trani et al. (2016)
neutron star dynamics ZajaCek et al. (2017); Bortolas et al. (2017)

the polarization degree of pp. = 30% and a variable polarization angle before the periapse of
the source. The main observational constraints are summarized in Table 10.2.

Table 10.2: Observational constraints for the modelling of DSO.

Constraint Note
SED, reddening K,-L >3
broad emission lines FWHMsg,, ~ 100kms™!
source of polarized K, band emission  polarization degree ~ 30%
stability and compactness no significant tidal elongation

Given the observational constraints, we concluded in Zajacek et al. (2017) that depending
on the character of the spectral energy distribution, i.e. whether it is of thermal nature or
non-thermal, two basic scenarios are possible: a dust-enshrouded star/binary or a young
neutron star formed after a recent supernova explosion in the Clockwise Disc (CWD) outside
the S-cluster. The roadmap towards solving the problem of the nature of the DSO is sketched
in Figure 10.1.

Given the fact that no localized radio and X-ray counterparts of the DSO were detected, the
observational constraints imply a dusty stellar source, plausibly a young dust-enshrouded star
or a binary merger product. Using Monte Carlo code Hyperion (an open-source parallelized
three-dimensional dust continuum radiative transfer code; Robitaille 2011), we performed
a series of 3D Monte Carlo simulations of various set-ups to look for the model that can
reproduce the constraints in Table 10.2 best.

We obtained a composite stellar model that consists of a pre-main-sequence star sur-
rounded by a dense, optically thick dusty envelope dissected by bipolar cavities and a bow
shock layer, whose density changes depending on the distance of the source from Sgr A*.
Such a set-up can match both the total and polarized continuum emission of the source. Given
an assumed young age of the star corresponding to Class I Young Stellar Object (having an
age of 10° yr), the star is still accreting material from an inner rim of a circumstellar accretion
disc, which can explain the broad emission recombination lines, mainly Bry. The formation
of a bow shock is expected due to a supersonic motion of the DSO/G?2 close to the pericentre
and its evolution along the orbit becomes asymmetric when an outflow from the direction of
Sgr A* is present (Zajacek et al. 2016). The asymmetry between the pre-pericentre and the
post-pericentre parts is profound for an expected outflow speed of < 2000 km s~ (Muzi¢ et al.
2010).

The spectral energy distribution and the simulated RGB image of the final model is in
Fig. 10.2
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Figure 10.1: Roadmap towards solving the nature of the DSO/G2 source. So far the most
plausible scenario is the dust-enshrouded star/binary merger surrounded by a non-spherical
dusty envelope. In case a radio and X-ray counterpart are detected in the future, the roadmap
would switch be towards a pulsar wind nebula scenario. With modifications adopted from
Zajacek et al. (2017).

10.1.2 Interaction modes of neutron stars

We studied the distribution of interaction modes of neutron stars, focusing on the basic
regimes, namely the ejector, accretor, propeller, and georotator. The mode is determined
by the intrinsic characteristics of neutron stars (rotational period and magnetic field surface
intensity) as well as by the properties of the ambient medium (density and temperature).
Finally, the relative velocity of the neutron star with respect to the ambient medium also
influences the type of interaction.

In our analysis, we focused on the interaction of neutron stars with the gas in the central
Cavity, which is located in the innermost 1.5 pc. In particular, the fraction of neutron stars that
interact with the denser Minispiral arms is in the range ~ 0.3 — 10%, depending on the spatial
distribution of neutron stars (steep profile, declining density towards the centre, flat density
profile towards the centre). The interaction fraction is depicted in Fig. 10.3 for different orbital
distributions.

We found out that the distribution of interaction modes is strongly dependent on the
density of the ambient medium and only weakly dependent on the ambient temperature in the
range 10° — 10* K. The interaction modes in the 2D parameter space of the relative velocity—
dipole magnetic field are depicted in Fig. 10.4. The dividing lines between individual modes
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Figure 10.2: Left: Spectral energy distribution of a composite stellar model of the DSO
source. Individual components are represented by lines according to the legend. The points
with errorbars mark the observationally inferred continuum flux densities according to Eckart
et al. (2013) and Shahzamanian et al. (2016). For the flux density at NIR K band, a significant
linearly polarized signal was detected by Shahzamanian et al. (2016). Adopted from Zajacek
et al. (2017) with modifications. Right: A simulated RGB image of the source model; the
red colour represents M-band flux density, the green colour stands for L’-band flux density,
and the blue colour corresponds to Ks-band flux density. Adopted from Shahzamanian et al.
(2016) with modifications.
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Figure 10.3: Interaction of the population of neutron stars with the denser Minispiral stream-
ers in the central Cavity of the Galactic centre. Blue dots represent the whole population of
10000 neutron stars around Sgr A*, while red dots stand for the neutron stars that interact
with the Minispiral. Left: a broken power-law density profile (a); Middle: a broken power-law
profile with a declining density (b); Right: a density cusp of neutron stars (c).

were obtained using the theory presented in Lipunov (1992).

Furthermore, we looked for alternative ways to search for neutron stars, besides standard
radio timing measurements of pulsars. One of the alternative ways is to look for the interaction
between supersonic neutron stars and the denser ambient medium concentrated along the
Minispiral arms, which can be detected in the form of bow shocks emitting non-thermal
synchrotron emission that should be linearly polarized. In Zajacek et al. (2015), we found
that the number of bow shocks larger than > 10 mas should be of the order of 10. This
number is, however, dependent on the assumed distribution of rotational periods and surface
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Figure 10.4: Left: Interaction modes of neutron stars in the relative velocity—dipole magnetic
field space for a number density of 1 cm™ of the ambient medium. Right: The same as in the
left figure calculated for the ambient number density 10* cm™, approximately corresponding
to the Minispiral arms.

magnetic fields — in our case we considered the distribution based on the observed pulsar
population (Manchester et al. 2005), which is naturally biased towards ejecting neutron stars
that have powerful pulsar winds. In principle, comparing the synthetic distribution of bow
shocks associated with neutron stars with the observed one can be used to constrain the basic
parameters of the Galactic centre neutron star population.

Another alternative way to look for neutron stars, especially recently created in supernova
explosions, is to use current and future IR facilities (VLT, ELT), which can obtain spectral
energy distribution of faint sources in the Nuclear Star Cluster. Sources that will have positive
spectral indices (rising flux densities towards longer wavelengths) in combination with a
polarization degree of the order of 10% will be suitable candidates for young neutron stars
(Zajacek et al. 2017).

10.1.3 Charge of Sgr A*

Among three externally observable, classical parameters of the Galactic centre black hole
(Sgr A*), only its mass is constrained well through the monitoring of S stars bound to it.
The spin is only weakly constrained to be a, > 0.5 based on the fitting of variable NIR
emission (Eckart et al. 2017). The electric charge of the black hole is usually set to zero due
to neutralization by plasma environment in the vicinity.

However, we showed that there is a potential for obtaining a small positive charge due to
the fact that more positive charge is in the sphere of influence of the SMBH than a negative
charge. This prevalence of the positively charged protons over electrons is estimated based on
the relation we derived,

Te 3_7n
‘% :(—@) ~ 8% 10, (10.1)

T, m

where v, is the power-law index of the plasma density distribution, which is y, = 3/2 for the
spherical Bondi flow. Subsequently, we estimated that the maximum positive and negative
charge that the Galactic centre black hole can obtain is at least ten orders of magnitude smaller
than the charge corresponding to an extremal black hole,
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M,
Omax = 2 VnegGM, = 6.86 X 10*° (m) C. (10.2)

Such a small charge does not have naturally any effect on the spacetime metric of the
black hole solution, i.e. it does not, for instance, influence the size of the black hole shadow.
However, even such a small electric charge can significantly influence the free-fall timescale
and dynamics of charged particles (protons, electrons, and dust particles depending on the
charge-to-mass ratio g/m).

From an astrophysical point of view, it is useful to design observational tests of the
presence of the black hole charge associated with Sgr A* source. As we mentioned, the
black hole shadow test is only sensitive to the charge starting at ~ 10% of the extremal
value. A much more sensitive test that we propose is based on the flattening/decline of the
surface brightness profile of the thermal bremsstrahlung observed in the X-ray domain. This
bremsstrahlung “hole” can occur for the radius of 100 r; for the electric charge Q, ~ 10"* C,
1.e. about thirteen orders of magnitude smaller than the extremal charge, Eq. (10.2). For a
detailed analysis, see Zajacek et al. (2018).

10.2 Future prospects

The research presented in the previous chapters was not only relevant for the time when it
was published, but it has a potential for the further development in the future. Below we list
several projects I have been working on at the time this PhD thesis was finished.

10.2.1 More dusty sources: DSO/G2, G1 and their friends

DSO/G2 source is not the only source with a NIR-excess emission in the S-cluster (r < 17 =
0.04 pc). Other sources were previously detected. The first NIR-excess source close to Sgr A*
was detected by Clénet et al. (2004), see also Genzel et al. (2003); Ghez et al. (2005), which
is called now as G1 (Pfuhl et al. 2015; Witzel et al. 2017). The comprehensive study of
NIR-excess sources in continuum and the comparison of their colour indices was presented in
Eckart et al. (2013). The first spectra of some of them were published in Meyer et al. (2014).
Some of their characteristics are summarized in Table 10.3.

The spectral indices calculated in Table 10.3 show that some of the characteristics are
qualitatively similar, namely the positive slopes apyk and ak;,, except for S90 and D3-1. Also,
for most of the sources, ag;, > ayg, which points towards the dust emission that is more
dominant towards longer wavelengths. As noted by Meyer et al. (2014), the sources do not
exhibit absorption features in their spectra which are typical for late-type stars. Some sources
have Bry emission line in their spectra, but not all of them. Two sources have an extended
structure, at least D4/S50/X7 and D1/G1, while others appear point-like.

For the future, it will be of interest to consider the model of a dust-enshrouded star
presented in Zajacek et al. (2017) to other sources. In particular, Witzel et al. (2017) claim
that G1 shows signs of tidal interaction with Sgr A*, so in principle we can apply the model of
a dust-enshrouded star and see if the changes in L’-band magnitude of G1 can be reproduced.
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Table 10.3: Summary of detected, localized NIR-excess sources, including their continuum
and line emission characteristics; ayk and @k express the slopes between the corresponding
NIR bands with the convention, F, o« 1%. References: (1) Eckart et al. (2013); (2) Meyer et al.
(2014); (3) Pfuhl et al. (2015); (4) Ghez et al. (2005); (5) Clénet et al. (2004); (6) Muzic et al.
(2010).

Source H K; L' |H-K; K;-L | agx | akxr | Bryline emission References Notes
D2/S43-3 18.7 16.5 | 13.5 22 3.0 08 | 29 yes 1), (2) -
D6/S79 17.6 154 | 135 22 1.9 0.8 1.1 - (1) -
S90 174 153 | 14.6 2.1 0.7 05 | -1.0 - 1) -
Fl1 18.3 16.0 | 13.7 2.3 2.3 12 | 1.7 - (1) -
F2 18.0 15.8 | 129 22 2.9 08 | 2.7 - 1) -
D3-1 21.3 19.8 | 13.8 1.5 6.0 -14 1] 8.0 yes (1),(2) -
D5-2 19.8 17.3 | 134 2.5 39 1.8 | 44 no 1), 2) -
D4/S50/X7 | 19.3 17.1 | 12.6 22 4.5 0.8 54 - (1), (6) bow-shock shape
D7 234 18.5 | 14.1 4.9 4.4 95 | 53 - (@) -
D1/G1 - > 173 | 144 - 29 - 2.7 yes (3),(4),(5) | extended cloudy structure
DSO/G2 | 2212 | 18.7 | 144 2.5 4.3 1.8 | 5.1 yes 1), 2) high eccentricity

10.2.2 Neutron star dynamics

In the Clockwise Disc of massive and bright OB stars, which has a radius span of 0.04 pc to
0.5 pc (Genzel et al. 2010), it is expected that supernova explosions will result in the formation
of neutron stars with an initial kick velocity of Avii = 380 km s~ (Faucher-Giguere & Kaspi
2006) that is similar to the Keplerian circular velocity at the distance range of the Disc,

M. 1/2 r -1/2
circ = 415 , 10.3
Y (4 % 106 MO) (().lpc) (10.3)

which implies that the kick velocity can significantly affect the angular momentum of a
newborn neutron star. If the kick velocity is in opposite direction to that of an original orbital
velocity, the loss of an angular momentum leads to an increase in eccentricity and the final
plunging orbit is similar to that of the DSO/G2 NIR-excess source. We illustrate this effect in
Fig. 10.5.

In the simplified case of a natal kick that would occur in the Clockwise Disc at the distance
corresponding to the apocentre distance of the DSO, rp = a(l + e) ~ 0.06 pc, in the direction
opposite to the orbital motion, we can obtain a sufficient angular momentum change, as it is
illustrated in Fig. 10.5. The required change in the angular momentum AJ between a nearly
circular orbit of the object at r, and the angular momentum corresponding to the current highly-
eccentric orbit of the DSO can be evaluated as AJo i = Jo(ra)—Jpso = VGM.ra(1— V1 —e),
which for the eccentricity of e = 0.98 and the semi-major axis of a = 0.033 pc gives AJgwir =
0.85J.(ra) ~ 8.5 x 10** cm? s™!. If we assume, for simplicity, that the kick velocity vector
is anti-parallel to the original circular velocity at ra, the change of the angular momentum
per unit mass is AJyia = raAvkic, which for the mean kick velocity of Ave = 380 km s™!
(Faucher-Giguere & Kaspi 2006), leads to AJyic = 0.74J.(ra) = 7.6 x 10?* cm? s~!, which is
comparable to AJyw;. Natal kicks during supernova explosions in the Clockwise Disc can thus
lead to the formation of infalling pulsars towards Sgr A*, with similar orbital characteristics
as those of the DSO.

Further work in this project may be focused on the statistical distribution of the neutron star
population that originates in a single starburst population, such as in the case of the Clockwise
Disc. In particular, one can calculate numerically the distribution of orbital elements for such
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S cluster

Figure 10.5: The illustration of how a supernova kick in the Clockwise Disc can influence
the orbital parameters of its end-product — the result is a neutron star on a highly eccentric
orbit, approaching Sgr A* as close as the inner parts of the S-cluster. Courtesy of M. Zajacek.

a population. The fractions of neutron stars that are kept in the Nuclear Star Cluster and of
those that escape are of special interest for further calculations of gravitational-wave emission
from neutron stars (Mys ~ 1.4 M) infalling towards Sgr A* black hole (so-called Extreme
Mass Ratio Inspirals - EMRIs, see Eckart et al. 2017, for more details).

10.2.3 Dynamics of binary black hole systems: QJ287 as a special case

0J287 is one of the best candidates among Active Galactic Nuclei (AGN) to host a supermas-
sive black hole binary. This was motivated by thermal optical flares that occur every ~ 12
years. These optical flares, which have been observed since 1890, are fully predictable under
the assumption that they occur at constant phase angles of a quasi-Keplerian orbit of a binary
black hole system (Valtonen et al. 2016).

With the luminosity distance of 1.592 Mpc (redshift of 0.306) and the mass of the primary
of the order of 10'° M, 0J287 is one of few AGNs that can be resolved at event horizon
scales with the Event Horizon Telescope (EHT). The system was also observed in April 2017,
which will help to confirm or exclude the binary nature of the AGN.

A new light on this enigmatic source was shed by the study of Britzen et al. (2018), who
reanalyzed 120 Very Long Baseline Array (VLBA) observations at 15 GHz with the time
coverage between April 1995 and January 2017. We found that the jet of OJ287 is both
rotating and precessing. Also, the analysis of components revealed, for the first time, the
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detailed kinematics of the jet, namely the spine of the jet (originating in the ergosphere of
a rotating black hole) and the sheath of the jet, which originates rather in an accretion disc.
Half of the precessing period of the jet coincides with the main periodicity of optical flares.
We suggest that the whole variability of the source may be fully explained by the geometry
— the rotating and precessing jet, which leads to the variable viewing angle and the Doppler
boosting. In this framework, the optical emission can be of a non-thermal, synchrotron
nature. The longer periodicity of ~ 24 years that is attributed to the jet precession may be
explained by the binary black hole model, in which the disc-jet precession is driven by a
secondary black hole. Alternatively, the Lense-Thirring precession of a misaligned disc with
respect to the black hole angular momentum (Caproni et al. 2004) can also explain the jet
precession, namely for the steeper density profile of an accretion disc. The geometry of the
model of OJ287 is illustrated in Fig. 10.6, including both the binary black hole model and the
Lense-Thirring precession. Note that the previous model involving a binary black hole, in
which the secondary component plunges through an accretion disc surrounding the primary
black hole, is not necessary.

Precession model for O)287

V'\\ Fobs

JBH

—_——
_—

precessioni
induced

by Jjer and Jgy
misalignment

binary component

counter-jet

Figure 10.6: The figure illustrates the geometry of the model representing the blazar OJ287.
The longer periodicity of ~ 24 years may be explained either by the disc/jet precession driven
by a secondary black hole or by a Lense-Thirring precession of an accretion disc surrounding
only a single black hole. The shorter period of 1 year is explained by the jet rotation. Courtesy
of M. Zajacek. For details, see Britzen et al. (2018).

In the future, we are planning to use the Very Long Baseline Array (VLBA) radio maps
to constrain the parameters of a precessing jet model, in a similar way as was previously
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done by Abraham (2000). One can use the simple precessing model to fit the kinematics of
superluminal as well as stationary components. This way one can obtain the limits on the
Lorentz factor y and on the bulk motion of the jet.

10.2.4 Analysis of JWST observations

James Webb Space Telescope (JWST) is the successor to the Hubble Space Telescope (HST)
that is going to be launched in 2018. Its primary aperture is 6.5 meters and it will be operate
in the infrared wavelength range of 0.6 um — 28 um. It will observe the surrounding Universe
from the Lagrange point L2, in the direction opposite to the Sun with respect to the Earth.
It is ideally suited for observing high-redshift (early) galaxies and cold objects such as
protoplanetary discs and exoplanets.

Concerning the Galactic centre, JWST will be able to detect clouds and clumps of dust
(the Minispiral) and the dust-enshrouded stars. One of the sources of interest is the association
of young, dusty stars IRS13N (Muzi¢ et al. 2008). The telescope can obtain images and
spectra and do the Integral Field Spectroscopy. An exemplary, simulated image is given in
Fig. 10.7 as modelled by MIRIsim, which shows Field of Views (FOVs) pointed at S-cluster
and IRS13N sources.

#IRS 10W

/

IRS 13N //
- ’///

v/

Figure 10.7: A simulated image depicting fields of view (FOVs) of 12 Medium Resolution
Spectrometer (MRS) channels pointed at S-cluster and IRS13N sources. The green circle
marks the region where the DSO/G2 orbits Sgr A*. Taken from Vider (2017).

When the data from JWST will be reduced and analysed, one can compare the observed
spectra of dusty sources with the simulated ones, e.g. obtained using Monte Carlo Radiative
Transfer codes, which should further constrain the fundamental parameters of these sources.
JWST observations will thus shed new light on young stars and their formation in the extreme
environment of the Galactic centre in particular.
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