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Abstract

The Galactic Center has been an intriguing topic for several decades. The center of the
Milky Way is located at a distance of 8 kiloparsec from us and harbors a supermassive black
hole (SMBH), known as Sagittarius A* (Sgr A*). The center of the Milky Way is the nearest
galactic nucleus to us. Therefore, it provides a great opportunity to study galactic nuclei
in general. Furthermore, high-resolution telescopes enable us to observe the stars in the
close vicinity of the SMBH. Despite the proximity to the center of our Galaxy, it is obscured
by dust lanes and gas clouds, making it invisible in the optical regime. Therefore, in order
to study the heart of our Galaxy, we must conduct infrared, radio, and X-ray observations.

In this thesis, I study the Galactic Center in the near and mid-infrared regime. I first
focus on the ambient medium of the SMBH, Sgr A*. I analyze L'-band observations to
investigate the probable bow shock features of the S2 star around the time of its periapse
along its orbit around Sgr A* in May 2018. I place an upper limit of 10° cm ™3 on the density
of the ambient medium of Sgr A*. However, the bow-shock synchrotron model provides
a tighter upper limit of about 10° cm™ at 1500 Schwarzschild radii. This upper limit
allows for a wide variety of ambient media properties at the S2 star’s pricenter distance,
but excludes the standard thin cold disk model. The improvements in the photometric
sensitivity of the Extremely Large Telescope can provide tighter constraints on the ambient
medium density around Sgr A*.

Investigating the ambient medium around Sgr A* by studying one of the most important
stars of the S-cluster provides a suitable foundation for concentrating my studies in the
next step on the stars in the vicinity of the supermassive black hole. The closest stellar
population to Sgr A* is the S-cluster, which played an important role in establishing the
existence of the supermassive black hole at the center of our Galaxy and in determining
its mass of 4.6 x 10° M, . However, the S-cluster is not the only stellar population in the
region. At a projected distance of ~0.15 pc to the south-west of Sgr A*, there is the stellar
association of IRS 13E. In my work, I discovered another apparent concentration of stars
at a distance of about 0.25 pc to the north-east of Sg A*. I investigated this sample of 42
stars which are located close to the bow shock source IRS 1W within a radius of 1.35”
corresponding to 0.05 pc. I analyze the proper motions of these sources with Ks-band
observations, determine their brightness in the H- and L'-band and investigate their colors.
The velocity dispersion of this subsample motivates me to consider them as an association
of stars. I name them N-sources due to their northward moving direction. This association
of stars can be a bound system due to a putative intermediate-mass black hole (IMBH) with
amass of about 103~% M,. Another plausible scenario could be a projection of a disk-like
distribution of young He-stars and/or dust-enshrouded stars. The non-detection of any
bright source in X-ray at the position of N-sources weakens the IMBH scenario, whereas
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the location of IRS 13E and N-sources on the west and east side of Sgr A*, respectively,
strengthens the disk-like distribution scenario.

The most important component of the Galactic Center research is the SMBH, Sgr A*,
which is a variable radio, near-infrared, and X-ray source. For this reason, in the last part of
my thesis, I conducted a research on the SMBH in near- and mid-infrared. In near-infrared,
I investigate the simultaneous K- and L'-band observations in 2018. These observations
were conducted in collaboration with the Event Horizon Telescope campaign to study the
flare activities of Sgr A*. I detected a flare activity in Ks-band in the observations. However,
after switching the filter to observe in L'-band, there the flare is not detectable anymore.
This could be due to the time gap between switching the filters or it could be one of the
K;-band flares of Sgr A* which does not have a L’-band counterpart. The origins of these
flares are believed to lie in the accretion flow onto Sgr A*. Most models include some
form of synchrotron emission to explain the occurring flares from the radio to the NIR
regime. However, the correlation pattern between the wavelengths is not yet completely
understood.

Related to this, in mid-infrared, I analyze observations of the Galactic Center in the N-
band with the Very Large Telescope/VISIR. The previous attempts to detect the counterpart
of Sgr A* in N-band led to placing an upper limit on the flux density of Sgr A*. I was able to
obtain a matching upper limit of 10 mJy on the brightness of the mid-infrared counterpart
of Sgr A*. This result is in agreement with the theoretically expected spectral energy density
of the mean emission from Sgr A*.

Finally, the launch of the most powerful infrared space telescope, the James Webb Space
Telescope (JWST), opened a new era in astrophysics. It will improve our understanding
of the universe, star formation, and galaxy formation from about two hundred million
years after the Big Bang to the current activities of the SMBH residing in the center of our
Galaxy. Due to the delay in its launch, I hereby present preliminary results of the first JWST
observations of the Galactic Center with NIRSpec. I compile a high-resolution, low-noise
spectrum towards the Galactic Center, which demonstrates the great potential of JWST.
Several lines can be identified in the spectrum, e.g. the [Felll] line which might originate
from the mini-spiral lying in the field of view. In general, the spectrum is in good agreement
with the previous ground-based spectral studies of the Galactic Center. Furthermore, I
present MIRI observations of three quasars, with redshifts of 0.4, 1.5, and 2.9, to establish
the foundations for the upcoming MIRI Galactic Center observations. The quasars are
observed in all four channels of MIRI. Heavy elements such as Cr, Fe, Mg, K, Si, Ar, and
others are detected in their spectra once again demonstrating the great capabilities of
JWST.
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CHAPTER

Introduction

1.1 Motivation

Humans have always been curious about the universe in which we live. We were mes-
merised by the night sky. Some people found the celestial bodies so intriguing that they
believed they were gods and worshiped them. Observing the night sky immediately brings
us to the orbits of stars and planets on the plane of sky. The efforts of scientists to under-
stand these orbits started very early in 380 B.C., when the geocentric model was designed
by Eudoxus. In 10th century, Persian polymaths such as Abu-Sa’id al-Sijzi (945-1020) and
Abu Rayhan al-Biruni (973-1050) introduced the heliocentric universe and only in the late
16th century, in the west world the geocentric model was substituted with the heliocentric
model by Copernicus (1473-1543), Galileo (1564-1642) and Kepler (1571-1630). Nowadays,
we know that, beside the solar system, the entire Milky Way galaxy is revolving around the
center of our Galaxy, which harbours, at its heart, a radio source known as the supermassive
black hole (SMBH), Sagittarius A* (Sgr A*).

During the last decades, technological developments brought up unprecedented op-
portunities to investigate the center of our Galaxy. The center of our Galaxy is obscured
in the visible regime. Therefore, we need observe it in other wavelengths than optical.
The Galactic Center research over the last decade has been stunning due to outstanding
ground-based telescopes such as the Very Large Telescope (VLT), the Very Large Telescope
Interferometer (VLTT)/GRAVITY and the Event Horizon Telescope (EHT) and - last but not
least — the largest and most powerful space telescope ever built, the James Webb Space
Telescope (JWST). The VLTI/GRAVITY observations could measure the precession of the S2
star’s orbit around Sgr A*, which is a stunning evidence to prove the general relativity (Parsa
et al. 2017; Gravity Collaboration et al. 2018). Furthermore, the EHT could produce an
amazing image of the "shadow" of the black hole M87* and Sgr A* (Event Horizon Telescope
Collaboration et al. 2019, 2022), which added overwhelming evidence for the existence of
black holes. Moreover, the upcoming years are going to be revolutionary with respect to
solving our questions about the cosmos, but also bringing up many more questions due to
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the breathtaking observations of JWST and - in a few years time — by the help of Extremely
Large Telescope. All in all, a new era of discoveries in the Galactic Center is awaiting us.

1.2 Obijectives of this thesis

Our Galactic Center (GC) is a unique laboratory to study different astrophysical processes
and phenomena such as star formation, stellar dynamics, the physics of the interstellar
medium and the emission associated with the accretion onto the closest SMBH, Sgr A*.
The existence of a SMBH at the GC, located at about 8 kpc away from us, plays an important
role in understanding the physical processes and the interaction between SMBHs and their
host galaxies. As one example, the expected bow-shock formation of stars passing through
the immediate ambient medium around a SMBH results in flux density enhancements,
predominantly observable in the mid-infrared wavelength domain. The high flux density
sensitivity of the MIRI camera on-board of JWST combined with the pointing stability of
the telescope, will allow us to compare measurements of stars in this region at different
epochs. Hence, in the future we will be able to measure or put limits on the density of the
interstellar medium in this region. As I will show, this thesis has laid the ground work for
this program.

Similarly, the GC region is predestined to be a promising location for the detection of
intermediate mass black holes (IMBHs) with masses around 10* M. The best candidate
so far is putatively located at the center of the IRS13E stellar association in the overall GC
stellar cluster. The discovery of an additional, apparent dense stellar association adjacent
to IRS1W, N-sources, reported in this work, which lies opposite of IRS13E eastward of SgrA*,
thus lays the groundwork for more sensitive observations with MIRI on-board JWST. MIRI
will allow us to carry out this investigation with the inclusion of spectroscopy such that
the entire 3-dimensional velocity field can be probed for dynamical evidence of the stellar
response to a putative IMBH.

Taken together, in this thesis I will address the following important scientific questions,
always under the aspect of the relevance for the JWST-MIRI program:

e What is the ambient medium density of the SMBH, Sgr A*? This is a crucial question
as measuring it more precisely will help us to understand the accretion flow towards
Sgr A*.

* Are there other stellar populations in the vicinity of the SMBH, Sgr A*? If so, what are
their properties? This is essential, as the stellar populations around the SMBH reveal
some information about itself, e.g. the S-star proper motions had an important role
in proving the existence of a black hole at the center of our Galaxy in the first place.

* However, the existence of such young stars in the close vicinity of a SMBH is also a
big paradox, referred as "Paradox of Youth".

* What is the flare activity correlation of Sgr A* in K- and L'-band?
* What is the upper limit on the mid-infrared flux density of Sgr A*?

* What science output can we expect from JWST for the GC?
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The aforementioned questions will be covered in this thesis, which has the following
structure: Before addressing the individual questions, I will first provide the essential
astrophysical background to understand the objectives by giving a general overview of
the structure of our Galaxy and the GC environment (Chapter 2). This is followed by a
brief description of the importance and challenges of infrared ground-based astronomy,
the related observational techniques and the data reduction procedure (Chapter 3). In
Chapter 4, I briefly discuss the space-based observatories. I introduce the largest and most
powerful space telescope ever built, the James Webb Space Telescope, and shortly discuss
its instruments.

In the scientific work part, I first focus on the S2 star in Chapter 5. I show that using
L’-band observations to study the bow shock features of such a star transiting in the
immediate vicinity of the SMBH Sgr A* can be used to put an upper limit on the gas density
of the ambient medium in the vicinity of the SMBH. In this region the ISM is dominated by
the accretion flow onto SgrA* and the winds emerging from it. Next, in Chapter 6 I report
the discovery of a dense association of stars located at ~6 arcseconds distance from Sgr A*
and discuss the features that make them candidates to be a dense association of stars. In
Chapter 7, will conduct additional observations towards the position of Sgr A* to study
its activity and to investigate the potential of JWST for GC research by analysing first GC
data released by it. In addition, I study three quasars in the redshift range between 0.4
and 2.9 observed by MIRI in order to present the its capabilities, which will be used in
future observations to investigate the inner half a parsec of the GC. I note that due to the
delay in JWST, no MIRI data on the GC had been taken yet. However, already now, the
preparatory work on JWST data presented here has lead to the acceptance of the GC as a
MIRI team guaranteed time target, that will be observed later in 2023. The investigation
presented here will also be relevant for the preparation of additional scientific observing
programs conducted by JWST and the MIRI spectrometer system. Finally, I summarise the
dissertation’s highlights, and provide the foundation for further research in Chapter 8.






CHAPTER

Astrophysical Background

This chapter provides the necessary background knowledge to understand the results of
this dissertation. This thesis is about the phenomenon occurring at the center of our Galaxy
in the close vicinity of the supermassive black hole Sagittarius A*. Therefore, I provide
some briefing on the components of our galaxy, from a few hundred parsec scale to the
very center of our Galaxy.

2.1 The Milky Way

The Milky Way galaxy is part of the Local Group and is located on the outskirt of the
Laniakea supercluster (Tully et al. 2014). Additionally, the fact that we are located on the
Milky Way’s periphery makes it considerably harder to investigate the Galactic Center. As
every nation had its own fantasy and stories about the night sky, Persians were not so
different. In Persian, galaxy is called "Kahkeshan". This name refers to the idea that a
bunch of hay, which was pulled over the night sky, where hay straws were pulled out from
that bunch and were left on the night sky. These straws appear as the bright band in the
night sky known as the Milky Way. The "Miky Way" is also alluded to as "Raah e Shiri" in
Persian which literally means Milky Way. The Milky Way is a barred spiral galaxy consisting
of more than 400 billion stars, gas clouds, dust and dark clouds and a dark matter halo and
was formed 12 billion years ago. Fig. 2.1 is an artistic illustration of the Milky Way which
shows its components and surroundings. In the following, I briefly introduce each of our
Galaxy components.

The dark matter halo surrounds our galaxy. This spherical-shape halo has a mass of 1
trillion My and extends hundreds of kpc. It gravitationally influences the rotation of the
Galaxy and contains dark matter sub-halos. At least 14 dwarf galaxies orbit the Milky Way
which have been formed in the dark matter halo. There exist streamers of stars tracing the
orbits of dwarf galaxies. These streams were disrupted by the Milky Way and became a
part of it. Furthermore, there exist Fermi bubbles composed of plasma starting from the
galactic disk at the Galactic Center and continuing perpendicular to it above and below
it for about 9 kpc with the maximum diameter of about 6 kpc. Fermi bubbles are visible
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Figure 2.1: An artistic view of the Milky Way galaxy and its surroundings. Image credit:
Finkbeiner (2012)

in maps observed at photon energies of more than 1 GeV. The emission might be caused
by the inverse Compton scattering of cosmic-ray electrons on the cosmic microwave
background and other radiation fields. eROSITA bubbles start from the galactic plane and
extend for 14 kpc perpendicular to the galactic disk above and below the Galactic Center
with a maximum width of 14 kpc (Predehl et al. 2020). The halo contains the oldest stars in
the Galaxy, globular clusters and very hot diffused highly ionised gas, which produces a
gamma-ray halo. The rotation curves of other spiral galaxies and other evidence show that
the halo is dominated by cold dark matter (Babcock 1939; Kahn & Woltjer 1959; Roberts &
Rots 1973; Einasto et al. 1974; Ostriker et al. 1974; Rubin et al. 1985; Carignan et al. 2006;
White & Rees 1978; Navarro et al. 1997). The halo is approximately spherical with no sharp
borders (Springel et al. 2005). The border of the halo is considered to be at the position,
where the gravity of the neighbouring galaxy is stronger than the gravity of the host galaxy.
For the Milky Way this happens at about half the distance to Andromeda (M31) at 780 kpc
(McConnachie et al. 2005). The stellar halo is a spherical halo of stars and globular clusters,
with a radius of 65 000 lyr (Eggen et al. 1962; Hesser 1992; Helmi 2008). The galactic disk
is made of young massive blue stars.The disk of our Galaxy is a flattened, rotating system
which contains the Sun (at about 2/3 of the way from the center to the edge of the disk) and
other intermediate-to-young stars. The bulge is the central part of the Milky Way (Baade
1946; Arp 1965; Oort 1977), which is thicker and brighter than the disk and, in the case of
the Milky Way, is a bar (Blitz & Spergel 1991; Dwek et al. 1995; Stanek et al. 1996). The bulge
is visible in the optical wavelengths located outside of the dust lanes. The high extinction in
the Galactic disk prevents us to determine the structure of the bulge. At the very heart of the
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stellar content of the bulge lies a supermassive black hole known as Sagittarius A* (Sgr A*)
with a mass of approximately 4 million solar masses (Balick & Brown 1974; Goss & McGee
1996a; Eckart & Genzel 1996; Ghez et al. 1998; Eckart et al. 2017; GRAVITY Collaboration
et al. 2019; Event Horizon Telescope Collaboration et al. 2022, and references therein). In
about six billion years it is possible that the Milky Way and Andromeda will collide with the
speed of ~100 km s~! and merge over one billion years and form one huge elliptical galaxy
(Sohn et al. 2012; van der Marel et al. 2012; van der Marel et al. 2012).

2.2 The Galactic Center

SNR
G0.9+0:1

A\

y SgrB1Y, ¢

S

Sgré2

SNR
G359.1-0.5

Figure 2.2: The Milky Way’s center over a few square degree, observed by MeerKAT, an
array of 62 radio dishes in South Africa. Sgr A at the center of the image hosts the super-
massive black hole, Sgr A*. Image credit: Photo, lan Heywood (Oxford U.), SARAO; Colour
Processing, Juan Carlos Munoz-Mateos(ESO).

The center of our Galaxy contains stars, stellar remnants, dust and molecular and
ionised gas. The center of the Milky Way galaxy is located at a distance of 8178 pc from us
(Reid 1993; Eisenhauer et al. 2005; Ghez et al. 2008; Gravity Collaboration et al. 2019) which
makes it the closest nucleus to us to observe. Moreover, the Galactic Center harbours a
supermassive black hole, Sgr A*, at its heart, making it a unique laboratory to investigate
galactic nuclei, star formation, dynamics and evolution of gas and stars in galactic nuclei,
accretion emission and effects of general relativity.

The Sagittarius A (Sgr A) radio complex was discovered in the Sgr constellation at
the center of the Milky Way galaxy by Karl Jansky in 1932 (Goss & McGee 1996b). It is
believed to trace matter orbiting Sgr A*. Fig. 2.2 shows a stunning image observed by the
South Africa MeerKAT radio telescope which covers about 6.5 square degrees. It indicates



Sgr A along with several giant molecular clouds, such as Sgr B1 and B2 as well as several
synchrotron emitting filaments (Heywood et al. 2022). By zooming onto the position
of Sgr A in Fig. 2.2 and moving from the radio regime to a shorter regime, such as the
X-ray domain, we can identify main components of the Sgr A complex. It consists of the
supernova remnant Sagittarius A East, the spiral structure of Sagittarius A West, and the
compact radio source at the center of the spiral structure, SMBH, Sgr A* (see Fig. 2.3). In
the following, I briefly describe the building components of Sgr A complex. Sgr A East is a
non-thermal X-ray/radio source appearing as a shell-like structure which is considered as a
supernova remnant (Ekers et al. 1975, 1983), with a size of about 10.5 times 8 pc (e.g. Yusef-
Zadeh & Morris 1987). Sgr A West is a three-armed structure, the so-called mini-spiral,

Sgr A West

Figure 2.3: The figure is a zoom-in at the position of Sgr A in Fig. 2.2 observed in the X-ray
domain over an extent of a few ~10 pc. The Chandra image illustrates the Sgr A complex
in the X-ray domain. The white thick dashed ellipse in image denotes the non-thermal
emission from the supernova remnant, Sgr A East. The thin dashed ellipse shows Sgr A
West and the position of Sgr A* is depicted. Image credit: NASA/Penn State/G.Garmire et
al.

which is surrounded by Sgr A East (see Fig. 2.4) (Ekers et al. 1983; Lo & Claussen 1983).
Fig. 2.4 shows vividly the three-armed structure of the mini-spiral. It consists of ionised and
atomic gas and dust stretched over 3 pc with a temperature of about 10 000 K (Yusef-Zadeh
et al. 1998; Kunneriath et al. 2012). The structures are streamers of ionised matter infalling
from the inner edge of the circumnuclear disk (CND) from east to west in projection with a
speed of approximately 100 km s~! (Yusef-Zadeh et al. 1998). These orbiting streamers are
named as the Northern arm, the Eastern Arm/Bar and the Western Arc. The enclosed mass
corresponding to an assumed Keplerian rotation of these streamers around the center
is about 3.5 million M, which was the first indication of a supermassive black hole at
the center of our Galaxy. The CND is a clumpy molecular ring with a radius of 1.5 to 7 pc



2.2. THE GALACTIC CENTER 9

IONIZED GAS

STARS, IONIZED GAS, & WARM DUST e el . WARM DUST

Figure 2.4: The figure is a zoom in-at the position of Sgr A in Fig. 2.3 showing a multi-
wavelength image of the central 10 light-years of the Galactic Center. The upper right image
shows a cluster of massive, young stars. The middle image illustrates the ionised gas by
stars. The bottom image shows the heated up dust by stars. Image credit: Stars and Ionised
Gas: NASA/HST/NICMOS; Warm Dust: NASA/DLR/USRA/DSI/FORCAST Team/Lau et al.
2013

and a mass of about a few 10* M, (Genzel et al. 1985; Mezger et al. 1989; Requena-Torres
et al. 2012). It is believed that the CND orbits Sgr A* and is fed by gas infall from dense
molecular clouds. It contains dense molecular clouds with densities up to about 10* to
107 cm~3 and warm dust with a temperature of up to a few hundred Kelvin (Guesten et al.
1987; Zylka et al. 1995; Wright et al. 2001; Herrnstein & Ho 2002; Christopher et al. 2005).
The nuclear stellar cluster (NSC) is the accumulation of stars at the center of our Galaxy.
The infrared observations revealed the existence of this high density population of stars
in the innermost parsec of the Galactic Center whereas this region is not visible in the
optical images due to high extinction. Nowadays, by the aid of Adaptive Optics we reach a
resolution of 1 mpc for the Galactic Center in the near-infrared. Moreover, interferometry
techniques elevate the reached astrometric resolution in the Galactic Center up to micro
parsec, enough to resolve the cluster. The NSC stars are relatively old with the age of
more than 5 Gyrs (Blum et al. 2003; Pfuhl et al. 2011). The cluster is dominated by old,
late-type giants, super-giants and asymptotic giant branch stars. Moreover, it contains
young stars with masses of 30 - 100 Mg, hot early-types, blue super-giants and Wolf-Rayet
stars (Krabbe et al. 1995; Genzel et al. 1996; Paumard et al. 2006; Tanner et al. 2006). In the
following, I discuss about the components within a few tenth of a parsec distance from the
supermassive black hole, Sgr A*.
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2.3 The Supermassive Black Hole in the Galactic Center

Looking at the Milky Way on the night sky, one notices the dark lanes of dust. A strong
dense component towards the Galactic Center causes an optical extinction of Ay = 30 mag.
Therefore, Galactic Center observations are carried out in other wavelengths to lower
the extinction. Fig. 2.5 shows the central half a parsec of our Galaxy in L’ band. The

Figure 2.5: The L' band image of the Galactic Center. The position of Sgr A* is denoted by a
magenta cross. The dashed circle around the position of Sgr A* shows the region of S-star
cluster. The IRS 13N and IRS 13E are on the south-west side of Sgr A*. The IRS 1S is located
on the north-east side of Sgr A*. Image credit: L. Thomkin

non-thermal radio point source Sgr A* (Brown 1982) residing at the center of our own
Galaxy was discovered at the center of the NSC by using the Green Bank 35 km radio link
interferometer at Huntresville (Balick & Brown 1974). It is a very compact bright source
and always visible in radio but variable in infrared (Witzel et al. 2021a) and has a dim
accretion flow. The mass of the SMBH associated with Sgr A* is obtained by various means
such as analyzing the Keplerian orbits of S-stars (e.g. Eckart & Genzel 1997; Ghez et al.
2000; Eckart et al. 2002; Eisenhauer et al. 2003; Ghez et al. 2008; Gillessen et al. 2009a,
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2017) , the relativistic approach using the stars S2, S38, and S55 (Parsa et al. 2017) and
using the stellar orbit of the S2 star (GRAVITY Collaboration et al. 2019). It is located at a
distance of 8 kpc from us (Shapley 1928; Reid 1993; Reid et al. 2007; Eisenhauer et al. 2003;
Gillessen et al. 2017; Parsa et al. 2017; GRAVITY Collaboration et al. 2019), which makes
it the closest SMBH to us and the best laboratory to investigate black holes and galactic
nuclei. Stellar proper motion measurements around Sgr A* are done in NIR via speckle
imaging and later on adaptive optics (Eckart & Genzel 1997; Schédel et al. 2002; Ghez et al.
2000; Eckart et al. 2002; Eisenhauer et al. 2003). After the outstanding success of the shadow
of M87 (Event Horizon Telescope Collaboration et al. 2019), it was the time to release a
time-averaged image of the shadow of Sgr A* (Event Horizon Telescope Collaboration et al.
2022). The temperature of the peak brightness is about 1.2 x 10 K. The diameter of the
ring is 51.8 + 2.3 parcsec, or 0.42 AU, which is consistent with the prediction of the general
relativistic models of the accretion flow onto a Kerr black hole with the mass of Sgr A*. The
EHT collaboration results show that Sgr A* has a non-zero and prograde spin with a spin
axis inclination of less than 50 degrees to the line of sight. This is only a start of outstanding
findings of EHT. Due to the upcoming increase in the number of EHT stations, there are
more refinements of the properties of Sgr A* expected to come with future observations.

2.4 The closest stellar cluster to Sgr A*: the S-star Cluster

The "S-star Cluster " or "S-cluster” (Fig. 2.7) is a distinct population of faint young stars
within a ~ 0.04 pc distance from the SMBH, Sgr A* (see the multi-wavelength image of the
central parsec in Fig. 2.6). The S-cluster is observed optimally in K;-band (2.2 um) due to
low extinction (less than 3 mag). These stars are mostly young, massive, B main-sequence
stars with very high velocities of a few thousand km s~! in addition to some late-type stars
(Eckart et al. 1999; Ghez et al. 2003; Eisenhauer et al. 2005; Genzel et al. 2010). Stars around
Sgr A* move on Keplerian orbits and up to now the orbits of 39 S-stars are known (Gillessen
et al. 2017; GRAVITY Collaboration et al. 2019; PeilRker et al. 2020b). Until recently, it was
believed that the stars in the orbits of the S-stars had a random distribution, supporting
the Hill mechanism as a possible migration theory. However, according to Peillker et al.
(2020Db), the stars’ orbits appear to be in an intercrossing two-disk distribution. S2 star
is the only star which has been observed throughout its ~ 15.9-year orbit and its orbital
studies have been used to determine the enclosed dark mass at the center of our galaxy
(~4x 1085 Mp) . It is an O8-B0 young dwarf, with a mass of 15 M, and an age of less than
106 yr determined by Ghez et al. (2003) and later by Eisenhauer et al. (2005). It had its
closest aproach towards Sgr A* in 2018. Therefore, it was a suitable candidate to observe
any bow shock features in order to identify the properties of the medium in the vicinity of
SMBH, Sgr A* (see also Chapter 5).

2.4.1 Paradox of Youth

In the Galactic Center, there are several factors to prevent star formation such as elevated
UV radiation, stellar winds and tidal forces from the SMBH (Morris 1993). Star formation
should only be possible within a 25 parsec distance from the SMBH in the center of our
Galaxy. However, we observe young stars with the age of less than 5 Myr. Therefore, the
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Figure 2.6: The superposition of the H, K and L’ band images observed by the Very Large
Telescope (ESO). Image credit: University of Cologne

presence of such young stars within the central parsec of our Galaxy is not well understood
and is referred to as the "Paradox of youth" (Ghez et al. 2003).

2.4.2 Star formation models

The investigations to solve this paradox led to three scenarios which I briefly describe in
the following. These scenarios are referred to as the rejuvenation, the in-spiral and the
in-situ scenario. The rejuvenation approach, which is the least favoured one, suggests that
late-type stars collide with other stars. Therefore, they loose their cold outer layer and make
them appear younger (Morris 1992, 1993; Genzel et al. 2003; Zajacek et al. 2020a,b). The
in-spiral scenario is based on assuming that stars form outside the central parsec and the
presence of an intermediate mass black hole to shorten the dynamical friction timescale
(Gerhard 2001; McMillan & Portegies Zwart 2003; Portegies Zwart et al. 2006; Berukoff &
Hansen 2006; Rizzuto et al. 2020; Peillker et al. 2021b). The last and most favoured scenario
is the in-situ approach. It suggests that the stars actually form in a gravitationally unstable
accretion disk or within an infalling molecular cloud (e.g. Morris 1993; Levin & Beloborodov
2003; Hobbs & Nayakshin 2009; Paumard et al. 2006; Jalali et al. 2014).
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Figure 2.7: The S-cluster in an image obtained by NACO/VLT in 2007. North is up and east
is to the left. The SMBH, Sgr A*, is located close to S2. Image credit: Gillessen et al. (2009a)

2.5 Astellar cluster in the vicinity of Sgr A*: IRS 13

The S-star cluster which is located within half a parsec around Sgr A* is not the only
accumulation of stars around the SMBH. IRS13, dense association of stars ,which is located
at the projected distance of ~ 0.12 — 0.16 pc on the south-west of Sgr A*, is a suitable
candidate to study the aforementioned star formation scenarios in the Galactic Center.
IRS 13 comprises a northern part, IRS13N, and an eastern part, IRS13E. The northern part
contains young, infrared-excess sources (Maillard et al. 2004; Eckart et al. 2004; Paumard
et al. 2006; Muzic et al. 2008; Eckart et al. 2013). The eastern part contains mostly massive
Wolf-Rayet stars and the violet supergiant E1(OBI) and some late-type stars, probably
background stars (Maillard et al. 2004; Moultaka et al. 2005; Paumard et al. 2006; Fritz et al.
2011). The velocity dispersion of IRS13E sources and the existence of an X-ray spectrum in
the region strengthen the scenario of in-spiral star formation. Therefore, the mass of the
putative IMBH residing within the IRS13E would be about ~ 10* My, (Maillard et al. 2004;
Schodel et al. 2005; Spitzer 1969; Portegies Zwart & McMillan 2002; Rose et al. 2021)
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2.6 IRS1W star and its surrounding

IRS 1W is a star with a bow-shock source and is located within the northern arm of the
mini-spiral at a distance of about ~ 6.05” north-east of the SMBH, Sgr A*. It could have
been formed in the northern arm of the mini-spiral or from the accreted gas and dust in
the infalling material of the northern arm. IRS 1W has been identified as a bow-shock
source with a central Wolf-Rayet star (Ott et al. 1999; Tanner et al. 2005) with a temperature
of ~ 300K (Tanner et al. 2002; Tanner et al. 2003; Tanner et al. 2005). The stellar-wind
properties and kinematics of IRS 1W are similar to the properties of the clockwise orbiting
He emission-line stars. Therefore, it seems that IRS 13 is not the only dense association of
stars in the close vicinity of Sgr A* and a number of sources around the IRS 1W source also
form an association of stars (see Chapter 6).



CHAPTER

Infrared Ground-Based Observations

3.1 Infrared astronomy

The Earth’s atmosphere protects us from a wide range of radiation and blocks out high
energy radiation such as X-rays, gamma rays and most of the ultraviolet radiation as well as
most of the infrared radiation and very low energy radio waves (see Fig. 3.1). The thermal
radiation beyond the red part of the visible light was discovered by William Herschel in
1800 and is called infrared (IR) radiation. He demonstrated experimentally that the Sun
emits electromagnetic radiation outside the visible spectrum by dispersing sunlight with
a prism and placing thermometers at the exit points of the different colors, showing that
the temperature would increase even when the thermometer was placed above the visibly
red part of the diffracted light. The wavelength range of the IR radiation is between 1 to
1000 um. The IR observational range is divided into three bands of near-infrared (NIR),
mid-infrared (MIR) and far-infrared (FIR) wavelengths and the first NIR observations
started in the 1960s. The NIR band ranges from 0.7 to 5 um, MIR observations from 5 to
30 um and FIR ranges from 30 to 1000 um.

Infrared astronomy is essential to investigate star forming regions, cool stars, bow
shocks, exoplanets, cool clouds and cosmic dust to achieve a comprehensive view on the
structure, composition and behavior of the celestial objects. Transitions in the infrared
regime are vital for understanding the physical processes in the distant galaxies and inter-
stellar clouds. Almost all objects embedded in dust are visible in the infrared. The research
on the early universe happens at IR wavelengths, as the visible and ultraviolet light emitted
in the early universe is now only observable in infrared as it appears to us at infrared wave-
lengths due to the effects of the cosmological redshift. However, while the atmospheric
opacity at these energies is essential to provide stable living conditions on earth, it makes
astronomical observations in the infrared more challenging. On earth most of the incident
infrared light is absorbed by water vapor and carbon dioxide in the atmosphere and only
a few narrow wavelength ranges in infrared allow the light to reach the ground-based
infrared telescopes. These ranges are referred to as atmospheric windows. The best solu-
tion to minimize the effect of atmospheric emission and absorption in the ground-based

15
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Figure 3.1: In this edited diagram, the brown curve shows how transparent the atmosphere
is at the given wavelength to radiation from space. The major windows are at visible
wavelengths (marked by the rainbow) and at radio wavelengths from about 1 mm to 10 m.
The radio telescope ALMA operates in a borderline region, where the opacity depends
strongly on how high and dry the site is. In space, observations can be done outside
the atmospheric windows as illustrated by XMM-Newton, Hubble and the Spitzer Space
Telescope and the James Webb Space Telescope. Image credit: ESA/JPL-Caltech, edited.

infrared observations is to place the telescopes on high, dry mountains where minimal
abundances of water vapor reduce the amount of absorption affecting incident rays from
astronomical objects. This is exemplified by the locations chosen for many of the world’s
most prominent telescopes such as the Very Large Telescope in the Atacama Desert, W. M.
Keck and Subaru observatory on the mount Mauna Kea in Hawaii, and in near future the
Extremely Large Telescope in the Atacama Desert. Infrared astronomy faces the challenge
of atmospheric emission, which reaches its peak at 10 um. To overcome this challenge,
astronomers employ the "Chopping and Nodding" observation technique (section 3.3).
However, for observing at certain wavelengths in the mid-infrared to far-infrared range,
where there are no atmospheric windows, the only viable options are to utilize rockets,
balloons, aircrafts, or space telescopes.

The ground-based observations which I investigated in this dissertation are obtained
by the Very Large Telescope (VLT) operated by the European Southern Observatory (ESO).
Figure 3.2 illustrates the VLT which consists of four Unit Telescopes (UT1 to 4) and four
movable Auxiliary Telescopes (AT). The UTs can be used individually, furthermore they can
be combined and make a baseline of 130 m and the ATs can provide a baseline of 200 m
(Glindemann et al. 2003) and operate as the Very Large Telescope Interferometer.
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Figure 3.2: The platform of VLT ESO harbors the four UTs and four movable ATs on Cerro
Paranal, Chile. The panorama pictures the Milky Way galaxy and the satellite galaxies
around the Milky Way such as the Small and Large Magellanic clouds. Image credit: ESO

In the Mapuche language, the UTs are named Antu (Sun), Kueyen (Moon), Melipal
(Southern Cross), and Yepun (Evening Star) 1 The primary mirror of the UTs has a diameter
of 8.2 m, while the ATs have a diameter of 1.8m?2. The UTs became operational in May 1998
followed by ATs between 2004 to 2007. The VLT is located in one of the driest areas on
Earth, in the Atacama desert of Chile, on top of Cerro Paranal at an altitude of 2635m which
provides optimal observational conditions such as the least water vapor in the atmosphere
and the least atmospheric turbulence for the infrared observations. These highly favorable
environmental factors and the telescope’s position in the southern hemisphere make it
uniquely suited to ground-based observations of the Galactic Center.

This work presents ground-based observations in the near-infrared (NIR) and mid-
infrared (MIR) wavelengths. The NIR observations were conducted using the Nasmmyth
Adaptive Optic System (NAOS) and the Coudé Near-Infrared Camera (CONICA), collectively
referred to as the NACO instrument®. NACO is capable of imaging and spectroscopy within
the 1- 5 um range. The MIR observations are conducted using the VLT spectrometer and
imager (VISIR) on the UT3.

In sections 3.2 and 3.3, I briefly introduce the principles of adaptive optics and the
chopping/nodding technique, respectively. These techniques are used to observe in the
NIR and MIR with ground-based telescopes such as the VLT. Adaptive optics enhances
the NIR observations, and chopping/nodding method corrects for the background in
MIR observations. These two techniques are widely used to observe in the IR regime.
In this work the adaptive optics assisted observations are carried out by NACO, and the
chopping/nodding technique is employed at VISIR.

IThese beautifully meaningful Mapuche names are taken from the essay of Albanez Castilla, a 17-year-old
pupil from Calama.

2https://www.eso.org/public/teles—instr/paranal—observatory/vlt/

3NACO observes between 1 and 5 pm. It was installed on the platform of UT4 from 2001 to 2013, in 2014
it was moved to UT1 and later at 2018 it was decommissioned after Period 103.


https://www.eso.org/public/teles-instr/paranal-observatory/vlt/
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3.2 Adaptive Optics Technique in the Near-Infrared

The angular resolution of telescopes in ideal conditions is given by the diffraction-limited
resolution of

o=1.2" 3.1)
D

which is determined by the observing wavelength (1) and the primary mirror diameter
of the telescope (D). Instrumental effects of the telescopes and atmospheric turbulence
reduce the image quality of the infrared telescopes and makes it impossible for the ground-
based telescopes to reach this diffraction-limited resolution. Due to the atmospheric
turbulence, the Fried parameter ry and the correlation time of the turbulence 7y become
influential factors (Fried 1996). The Fried parameter depends on the strength of the
turbulence, and the wavelength A raised to the power of as 6/5 and the correlation time
of the turbulence (7y) is related to ry and the wind speed. For instance, at 2.2 um the
diffraction-limited resolution of the VLT is ~ 0.057"; however, the atmospheric turbulence
alters the VLT resolution to A/ry ~ 0.7". Moreover, at the aforementioned wavelength for
average observing conditions at Paranal on VLI, the value of ry is approximately 60 cm.
If the wind speed is 10 m/s, then 7 is of the order of 60 ms?. Adaptive Optics (AO) is
a powerful method to account for the atmospheric turbulence and small degradation
of the image caused by the telescope structure deviation in real-time to enhance the
telescope resolution to approximate the diffraction limit and to allow for exposure beyond
the correlation time 7. The more stable atmospheric conditions result in larger ro and
79 and better performance of AO. Fig. 3.3 illustrates a schematic view of an AO loop. The
tip-tilt method is considered to be the simplest Adaptive Optics set up.

The incident plane wavefront (WF) is distorted as it passes through the atmosphere.
The corrugated wavefront of the guide star (GS) is split by a dichroic mirror at the beam-
splitter and a part of the beam reaches the wavefront sensor (WES). The WFS measures
the residual WF errors and they get processed and analyzed by a Real Time Computer
(RTC) which controls a deformable mirror (DM). The DM is a thin mirror mounted on a set
of piezoelectric actuators. 1170 actuators are used in NACO, which enable deformation
in the mirror to correct for the deformations in the WE The AO loop repeats every few
milliseconds to compensate the real-time atmospheric turbulence and conduct near-
diffraction-limited observations. In order to observe our targets with the aid of AO, the
WES needs a bright star as a GS in the isoplanatic patch. The GS can be a natural GS
(NGS) on the observed patch or an artificial star created by the laster beams called the
laser guide star (LGS). In the case of GC observations, the supergiant IRS 7, with a Ks-band
magnitude of 7 and located at a distance of about 5.6” to the north of Sgr A*, is used as
the NGS (Becklin & Neugebauer 1975; Lebofsky et al. 1982; Yusef-Zadeh & Morris 1991).
The LGSs in UT4 at the VLT are produced by the Sodium-laser (589.5 nm) at 90 km in the
mesosphere of visual magnitude of 11. The AO performance depends on the accuracy of
the WFS measurements, the number of actuators, the seeing (ry and 7¢), the brightness of
the GS, and the closeness of the GS to the observed region. The AO system employed on
the UT1 in a good seeing condition can reach a Strehl ratio of about a few percent, 50%
and 70% in ], Ks and L’ band images, respectively.

4NACO manual: https://www.eso. org/sci/facilities/paranal/decommissioned/naco/doc.
html
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Figure 3.3: Principle of the Adaptive Optics which is widely used for infrared observations.
It consists of a wavefront sensor, a tip-tilt mirror, a deformable mirror, a real-time computer
and a beam-splitter. Image credit: ESO NACO user manual.

3.3 Chopping/Nodding in the Mid-Infrared

The VLT spectrometer and imager for the MIR, VISIR, is located at UT3 and has been in
operation since 2005. It was upgraded in 2011. It provides diffraction-limited images
from 5 to 20 ym in three atmospheric windows, M, N and Q-band at 5, 8-13 and 17-
20 pm, respectively (see Fig. 3.4). Furthermore, it offers long-slit spectroscopy with a
spectral resolution between 150 to 30000 km s~!. Mid-infrared observations provide
unique information about warm dust and gas such as silicates, silicon, carbon, aluminum
oxides or polycyclic aromatic hydrocarbon (PAH) molecules. However, the majority of the
MIR emission is absorbed by H,O, CH4, CO2, CO, O, and O3 in the Earth’s atmosphere
(see Fig. 3.4). In low humidity environments, the sky becomes near-transparent at N band
wavelengths between 10.5 and 12.0 yum. However, in Q band the transmissivity decreases
quickly with the wavelength. The influence of precipitable water vapor (PWV) is a crucial
factor in achieving high quality MIR ground-based observations. Therefore, Paranal is
equipped with a real-time PWV monitoring program. The N band observations can be
carried out with a precipitable water vapor (PWV) column of even higher than 3 mm,
whereas the Q band observations must be obtained with a PWV of below 3mm. Almost
only 10% of a year in Paranal the PWV content is below 1 mm.

The spatial resolution is limited either by the telescope diffraction (solid line in Fig. 3.5)
or by the seeing based on the Foddier formula (seeing~ A1~%2, the dot-dashed lines in Fig.
3.5). Figure 3.5 shows that for the optical seeing below 0.6”, the VISIR data are diffraction
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Figure 3.4: Green shows the MIR atmospheric transmission for an altitude of 2600 m at
zenith for 1 mm of PWV, whereas the blue line shows the transmissivity for 3 mm of PWV
and airmass of 1.5 (Lord 1992) Image credit: ESO VISIR user manual

limited. However, MIR background emission is a big issue. The MIR background is caused
by either the sky or the telescope. Based on Kirchhoff’s law, the black-body radiation of the
Earth’s atmosphere with a temperature of 253 K and the VLT telescope with a temperature
of 283 K peak in their emission in the MIR. Therefore, the detectors of the telescope are
cooled to 9 K to avoid internal background contamination. As the number of the photons
received by the detector is of the order of 102 photon/s, the Detector Integration time
(DIT) is of the order of a few tens of milli-seconds. One efficient technique to correct
for the variable background of the MIR imaging observations caused by the sky or the
telescope is chopping and nodding. In the chopping technique, at the position of nod
A, we observe two images - one on-source image, which captures the source and the
background together, and the other off-source image, which captures only the background.
This technique is applied via the movement of the secondary mirror of the telescope
between two positions on the sky at a faster rate than the background fluctuations which
is usually of the order of a few seconds. The VISIR chopping frequency in N band is 0.25
Hz and in the Q band is 0.5 Hz. Subtracting the off-source images from the on-source
images in the chopping technique corrects the sky and telescope emission. On the other
hand, moving the secondary mirror for chopping results in two different optical light
paths between the two chopper positions, produces a residual background. Such residual
background is mainly suppressed by the nodding. In nodding, the telescope is moved
off-source to nod position B and the same chopping method is repeated. Depending on
the chopping/nodding setting of the telescope, after subtracting the two nodding position
images from each other, we end up with 3 to 4 images. Figure 3.6 shows an illustration of
the chopping/nodding technique. The high background emission from the atmosphere
and telescope drastically decreases the sensitivity of the ground-based MIR telescopes in
comparison with the space-borne ones, whereas the ground-based ones provide higher
spatial resolution. The VISIR images offer the spatial resolution of about 0.3” which is an
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Figure 3.5: VLT/VISIR diffraction limit versus seeing is in solid line. For 0.5” and 1” visible
seeing the Roddier dependence is in dashed-dot lines and the Spitzer Space Telescope
diffraction limit is in dashed line. The spatial resolution in the space-borne telescopes is
limited by the size of the telescope. Image credit: ESO VISIR user manual

order of magnitude higher than the resolution of the Spitzer Space Telescope (SST) (see
Fig. 3.5). However, the broad band imaging of the mid-infrared instrument (MIRI) of JWST
offers imaging with the spatial resolution of 0.11” due to the large primary mirror. In the
case of the GC, it is difficult to utilize the imaging capabilities of the MIRI JWST due to the
interference of intense radiation emitted by very bright sources.

3.4 Standard Data Reduction Process

The observational data from the ground-based telescopes presented in this thesis are
observed by two instruments at VLT, NACO and VISIR. The detector, thermal emission from
the telescope and the sky emission leave fingerprints on the images. In order to address
such issues, we need to correct the data. The process of correcting data is known as data
reduction. The main data reduction procedure applied to the data obtained by NACO and
VISIR are very similar. The regular data reduction processes applied to the data from NACO
consist of sky subtraction, flat-fielding, bad/dead-pixel correcting, jittering, and mosaicing.
I shortly describe the data reduction steps.

Sky subtraction: This is a method used to mitigate the impact of atmospheric thermal
radiation. It involves capturing sky frames from a nearby field that do not contain any
discernible sources of interest. The sky frames are subtracted from the object frames. In
the GC, the sky frames are taken from the region located at 713" west and 400" north of
IRS 7. In L' band, due to the strong atmospheric emission after each object frame, one
sky exposure is taken. However, for shorter wavelengths such as in the K band, the sky
exposures are captured every 2 hours.
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Figure 3.6: Illustration of the chopping and nodding technique in MIR observations on the
blue compact galaxy He2-10 which only appears after the chopping/nodding technique.
Image credit: VISIR commissioning team, June 2004, ESO VISIR user manual

Flat fielding: The detector’s response function can be recorded using either a sky
flat-field technique or a lamp flat-field technique. The sky flat-field technique involves
capturing images while the detector is illuminated by the twilight sky of the observation
night, while the lamp flat-field technique involves capturing images with a lamp switched
on and off. These flat-fields are maps presenting the pixel response of the detector array.
The object frames are divided by these maps to obtain the same detector response for the
entire image. However, in the MIR data obtained by VISIR, besides the chopping/nodding
corrections, there is no need for flat fielding due to the large fluctuations at the MIR
wavelengths.

Bad/dead-pixel correcting: These pixels are those with either very high values com-
pared to their neighboring pixels or a response function of zero.These pixels are detected
and substituted with the interpolation value from their neighboring pixels.

Jittering: The object frames are recorded by small offsets from each other. This method
enables us to prevent one source lying on the same position on the detector. In case
of imperfections in the detector the source gets observed within the offset frames and
minimizes the detector’s effect on the observation.

Mosaicing: Shifting and stacking the reduced images produces a mosaic image of the
observed region or object, increasing the signal-to-noise ratio.

After the successful application of the standard data reduction procedures at longer
wavelengths such as the L', M and N band, the data are ready for scientific analysis. How-
ever, at shorter wavelengths such as the K; band, which is essential to study point sources,



3.5. LUCY RICHARDSON DECONVOLUTION 23

the data still suffers from the degradation due to the variations of the point spread function.
In order to reach the diffraction limited images, I apply deconvolution to the data. In
section 3.5, I discuss some of the degradation factors and describe the deconvolution
method utilized in this work

3.5 Lucy Richardson Deconvolution

In an ideal case, if we could have an aberration-free telescope and no atmospheric effects,
the image of a point source, as represented by the point spread function (PSF), would
exhibit an Airy pattern. The pattern is described by the Airy function, due to the diffraction
of light by the telescope aperture. The following equation presents the Airy function.

02
10) = Io (57r")

where Ij is the maximum intensity of the diffraction pattern and J; is the first order Bessel
function of the first kind. The PSF varies over the observation time and the field of view
(FOV) due to the atmospheric turbulence and the time variations of the instrument. In
order to produce images which are close to the diffraction limit, I apply deconvolution algo-
rithms to the observed images. The convolution of the real object O(x, y) with a PSF(x, y),
and the c(x, y)-function, which describes the detector read-out noise, anisoplanasy and
other non-linear terms, all together describe the observed image I(x, y):

I(x,y) =PSF(x,y) 0 O(x,y) +c(x,y),

where © is the multiplication in Fourier space and thus describes the convolution operator.
In the absence of any noise, the Fourier transform of the real object is described by a
division in the Fourier space,

A I(u,v

Olu, v) = e,
where O(u, v), I(u, v) and PSF (u, v) represent the Fourier transforms of O(x, y), I(x, y), and
PSF(x,y), respectively. Here, u and v refer to the spatial frequencies which correspond
to the x and y coordinates. By employing the observed images and the derived PSE
I can determine the original object via deconvolution. However, the noise term and
the uncertainties in determining the PSF are the limitations of deconvolution. For the
Galactic Center images we use deconvolution algorithms such as LUCY (Lucy 1974), CLEAN
(Hogbom 1974) and Wiener filtering, which work effectively and reproduce the detection-
limited flux densities (Ott et al. 1999).

The Lucy-Richardson algorithm (Lucy 1974; Richardson 1972) is an iterative procedure
based on Bayes’ theorem on conditional probabilities. The deconvolution of the initial
image with the PSF results in the production of the point like source. The first step to apply
deconvolution is to pick or create an appropriate PSF which is a suitable representation
of a point like sources in the image. There are several methods to generate the PSF for
the Galactic Center images. A single isolated star or several point sources from the image
may be used to estimate the PSE The software package StarFinder (Diolaiti et al. 2000) is
utilized to extract the sources. StarFinder is an IDL-based package which can estimate the
PSF from the median of several isolated point sources in the image selected by the user.
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The Lucy-Richardson algorithm — through an iterative process — enables us to separate the
flux density contributions of close sources in the crowded stellar fields such as the Galactic
Center. The Lucy-Richardson algorithm uses PSF(x, y) to convolve the estimate of the
object distribution O, (x, y),

In(x,y) = On(x,y) © PSF(x,y) ,
where I,(x, y) is the obtained image and it is compared with the observed image I(x, y),

Qx,) = 1255 0 PSF(x,y)

The high spatial frequencies are affected by noise. The convolution with PSF(x, y) sup-
presses their effects and consequently reduces the noise level. Finally, multiplying the
original object distribution with Q(x, y) results in a new object distribution estimation,

On+1(x,) = On(x,y) 2 Q(x,y) .

The user determines the number of iterations in the deconvolution algorithm, which
requires some fine-tuning. The number of iterations are important because of two aspects.
Firstly, the higher number of iterations can lead to a long running time on the computer.
Secondly it can produce artifacts in the deconvolved images and resolve the diffused
background into point sources.

Finally, I note that the entire photometry analysis applied on the data presented in
this work is done via aperture photometry by utilizing the Photutils package®, which is a
phyton-based package and is developed to be used for the analysis of JWST data.

In summary, in this chapter I briefly introduced the challenges and limitations of
the ground-based observations for infrared astronomy. I discussed two observational
techniques, AO and chopping/nodding, employed in infrared ground-based observations.
The VLT/NACO observation presented in this thesis are AO assisted and the VLT/VISIR
observations utilized the chopping/nodding technique. In the next Chapter 4, I describe
the infrared space-based telescope, JWST.

Shttps://photutils.readthedocs.io/en/stable/
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CHAPTER

Infrared Sapce-Based Observations

In the previous chapter, I described the importance of infrared observations to investigate
star-forming regions and obscured regions in the optical domain, such as the Galactic
Center. There I discussed how ground-based infrared observations are limited to the
atmospheric windows; additionally, the resolution of the images is affected by atmospheric
turbulence. As was established before, the only way to completely circumvent the problem
of atmospheric absorption and to observe at those wavelengths to which the atmosphere
is opaque is to place an observatory outside its reach. With this in mind, this chapter will
deliver an introduction to and an overview of the James Webb Space Telescope - the largest
and most powerful space telescope ever built.

4.1 James Webb Space Telescope Contributors

The first space-based infrared telescope was the InfraRed Astronomical Satellite (IRAS),
launched in 1983. IRAS performed a survey of the entire night sky and succeeded in
detecting 350,000 infrared sources at wavelengths of 12, 25, 60, and 100 um . The launch of
IRAS marked the beginning of an era of the space-borne infrared observatories including
the Infrared Space Observatory, the Near-Infrared Camera and Multi-Object Spectrometer
(NICMOS) mounted on the Hubble Space Telescope with the mirror size of 2.4 m, the
Spitzer Space Telescope with the mirror diameter of 0.85 m, the Herschel observatory, and
the largest and most powerful ever launched into space telescope, the James Webb Space
Telescope, often known as JWST or the Webb Telescope, with a mirror size of 6.6 m (see Fig.
4.1 for size comparisons).

The outstanding James Webb Space Telescope mission became possible with the inter-
national partnership involving the European Space Agency (ESA), 12 European nations, the
National Aeronautics and Space Administration (NASA), and the Canadian Space Agency
(CSA)!. NASA's Goddard Space Flight Center took the lead in project management and
coordination of the development of the JWST, while Northrop Grumman was the main

Thttps://sci.esa.int/web/jwst/-/45728-europe-s-role

25


https://sci.esa.int/web/jwst/-/45728-europe-s-role

26

Figure 4.1: The full-scale replica of James Webb Space Telescope at the Goddard Space
Flight Center in Greenbelt, where the mirrors and instruments were assembled and tested,
and some of the telescope team members in front of the telescope. Over 1200 scientists,
engineers and technicians form 14 countries around the world contributed to the largest
and most potent space telescope ever developed and deployed. Together, NASA, ESA, and
CSA were able to make this mission possible. A size comparison of the primary mirrors of
the James Webb Space Telescope, Hubble, and Spitzer is shown in the upper right corner
of the image. Image credit: Webb/NASA, edited

industrial partner. The near-infrared camera was provided by the University of Arizona?,

the fine guidance sensor/ near-infrared imager and slitless spectrograph is built by the
Canadian Space Agency (CSA), the near-infrared spectrograph was built by Airbus in Otto-
brunn and Friedrichshafen® and 50% of the mid-infrared instrument (MIRI) , the optical
and mechanical component, was developed by the European consortium including the
University of Cologne* (Fischer et al. 2006, 2008) and the Max Planck Institute for Astron-
omy in Heidelberg. The detectors and the cooling systems of MIRI were provided by the
Jet Propulsion Laboratory and NASA's Goddard Space Flight Center. The MIRI consortium
is led by the UK Astronomy Technology Center in Edinburgh. Germany has the largest
contribution to the Webb’s mission among the European contributors. The German Space

2https://www.nasa.gov/mission_pages/webb/observatory/index.html
Shttps://www.dlr.html
4https://astro.uni-koeln.de
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Agency at the German Aerospace Center (DLR)° is coordinating the national contributions
to the European Space Agency. Europe provided the Ariane 5 launcher and the entire
launch services, and a team of scientists and engineers to support the science operations
(see Fig. 4.2). The technical and scientific operations of the JWST are coordinated by 15
astronomers from ESA at the Science Operation Center (SOC). It is located at the Space
Telescope Science Institute (STScI) in Baltimore, USA. The European contributions to the
JWST mission guarantee full access to the observatory for ESA member states astronomers.

This remarkable telescope is specifically designed to look at faint distant objects in
order to provide previously elusive answers to some of our questions about the universe
concerning topics like reionisation, early universe galaxy formation at high redshifts above
7 and their evolution, the assembly of galaxies, the planet formation and habitable zones,
the star formation and porto-planetary systems, and the planet formation. There is great
optimism that JWST’s scientific discoveries will lead to breakthroughs in all fields of astron-
omy.

The James Webb Space Telescope (JWST)

Launch segment \ | Observatory segment |Ground segment

Spacecraft
(bus,
sunshield...)

Telescope

. Science and operation
Payload module (ISIM) and instruments center (STScl)

wer] 58 O |
- e
b e
(deep space network)

[T Provided by ESA and Europe I Provided by CSA

D Provided by NASA

Figure 4.2: The four science instruments installed on the JWST, the mission requirements
including the contributing institute. The ESA and Europe contributions are highlighted in
red, the NASA contributions in white, and the CSA contributions in blue. ESA provided the
entire launch segment, NIRSpec instrument, 50% of the MIRI instrument, and a team of
staff members for the ground segment. Image credit: ESA

I briefly describe the structure of the James Webb Space Telescope and specifically
discuss two instruments of the JWST, MIRI, and present a showcase of simulations of ob-
servations with JWST MIRI, which will be used to conduct the Galactic Center observations
and deepen our understanding about the supermassive black hole, Sgr A*, as well as its
ambient medium.

5DLR stands for Deutsches Zentrum fiir Luft- und Raumfahrt
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4.2 James Webb Space Telescope mission and technology

Optical Telescope Element
OTE

\ Primary Mirror

> Secondary Mirror

Sunshield

Momentum Flap
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Earth-pointing Antenna

Figure 4.3: The James Webb Space Observatory is comprised of the OTE, the ISIM, the
sunshield, and the spacecraft bus. The Optical Telescope Element (OTE) consists of the
primary and secondary mirrors of the telescope. The Integrated Science Instrument
Module (ISIM) hosts the telescope’s science instruments and cameras. The multilayer
sunshield protects the observatory from the light and heat emitted by the sun and earth,
as well as the spacecraft bus. The trim flap stabilises the satellite. The solar power array
is on the sun-facing side of the telescope and converts the sunlight into electricity. The
Earth-pointing antenna sends the data to the Earth and receives the commands from
NASA’s Deep Space Network. The star tracker contains small telescopes for the observatory.
Image credit: Webb/NASA/Observatory, edited

The launch of IRAS in 1983 started the era of infrared space-borne observatories. After
the successful IRAS project, the Infrared Space Observatory was launched to observe
at wavelengths between 2.5 and 240 from 1995 to 1998. The next infrared observatory,
NICMOS, ran from 1997 to 1999 and from 2002 to 2008, operating at wavelengths between
0.8 and 2.4 um. Spitzer observed between 2003 and 2020 at 3.6-160 um, whereas Herschel
Space Observatory operated between 2009 and 2013 at 55-672 um. The James Webb Space
Telescope (Fig. 4.3) was launched as the successor to the Hubble Space Telescope.

The James Webb Space Telescope, with a primary mirror measuring 6.6 m across and
a collecting area of ~ 25m? is observing in the infrared regime, orbiting a halo around
the second Lagrange point of the Sun-Earth system (Gardner et al. 2006). It is a three-
mirror anastigmat telescope with a concave primary mirror and a convex secondary mirror
that works slightly off-axis. The tertiary mirror eliminates the astigmatism. The JWST



4.2. JAMES WEBB SPACE TELESCOPE MISSION AND TECHNOLOGY 29

was originally scheduled to launch in October 2018, but due to a number of technical
difficulties, the launch date was postponed to 2021. On December 25, 2021, at 13:20 CET,
the JWST was eventually launched by an Ariane 5 launcher to L2 from Europe’s Spaceport
in Kourou, French Guiana. The JWST orbits around the sun at a distance of about 1.5
million km from the Earth (Fig. 4.4).

The importance of the L2 point is that at this spot, the telescope’s shield protects the
telescope from the radiation of the sun, earth, and moon, which helps to keep the telescope
cold enough not to interfere with the observation of faint and distant objects in the infrared.
Moreover, observing the events that happened only 50 million years after the Big Bang and
revolutionizing our understanding of the universe.

L5

1.5 million km

~——_ 150 million km X
—  y — >

Figure 4.4: Five Lagrange points (L1, L2, L3, L4, and L5) are shown in their respective
locations. The three-body system, which in this example revolves around the sun, moves
along with any small object located at any of the Lagrange points. The Earth, Sun, and
Moon are all located on one side of the Webb telescope, which gives it the ability to block
their radiation from the observing-side of telescope with the aid of the sunshield of the
telescope. The Webb telescope also orbits around the L2 point. The graphic shows the
telescope’s orbit around the L2 point, which has an orbital period of around six months.
The Webb telescope took 30 days to reach the L2 point. The orbital trajectories of the Moon
around the Earth and the Webb telescope around the L2 point are indicated by the blue
arrows on their respective orbits. The Earth’s orbit and Webb’s orbit around the sun both
are shown with yellow arrows. Image credit: STScl, edited and annotated

The space-based part of the James Webb Space Telescope is the observatory part of it,
which includes the Optical Telescope Element (OTE), the Integrated Science Instrument
Module (ISIM), the sunshield, and the spacecraft bus (see Fig. 4.3). I give a brief overview
of each of the Webb observatory’s components in the sections that follow.
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1. The OTE is comprised of the mirrors and the backplane. The primary mirror of

the JWST is a round mirror with a diameter of 6.5 m. Such a large mirror has never
been built before for a space telescope (see Fig. 4.1). The primary mirror is made
of 18 hexagonal-shaped beryllium segments (weighing SI 20 kg each), and it is
manufactured in segments to fit into the rocket. The mirrors are gold-coated via
vacuum vapor deposition in order to enhance the infrared light reflection. The gold
coat thickness is 1000 A and is covered by a thin layer of Si O,, glass, to protect it from
any scratches. The other component of OTE is the backplane. It is the telescope’s
spine on which carries the primary mirror, other optics, and the science module.
The backplane has to carry 2400 kg.

. The sunshield is a five-layer, 21.197 m x 14.162 m, Kapton shield coated with alu-

minium and doped silicon. In order to look at the early universe galaxies, which
are very faint and distant galaxies, in infrared, we need to lower the thermal glow
of the telescope mirror and keep the telescope in cryogenic temperature. In order
to keep the telescope cold, it is sent to the L2 point of the Earth-Sun system and
equipped with the sunshield, where the sunshield can acts as a parasol to protect
the telescope from the sunlight, the Earth, and the Moon radiation and heat as well
as the warm spacecraft bus (see Fig. 4.3) and permit the telescope to cool down to
50K 6. It took a few months to cool down the telescope to 50 K because for months
after the sunshield was deployed, the heaters kept the instruments warm due to pre-
venting any icing on the electronics or mirrors. The sun-facing side of the telescope
reaches the maximum temperature of 383 K, and the observing-side has a minimum
temperature of 36 K.

. The spacecraft Bus hosts the computer, the reaction wheels, and most of the control

system.

. The momentum flap is responsible for balancing the solar pressure on the sunshield.

. The Earth-pointing antenna is the communicator part of the observatory with the

Earth. It receives commands from the control center and sends back data to Earth.

. The solar array is located on the sun-facing side of the telescope. This module

receives the sunlight and uses it to generate electricity for the Webb observatory.

. The star trackers are used to point the observatory at the targets.

. The integrated science instrument module (ISIM) comprises the four science in-

struments of the Webb telescope. ISIM consists of three near-infrared instruments
and one mid-infrared instrument. The near-infrared instruments are the Fine Guid-
ance Sensor/Near InfraRed Imager and Slitless Spectrograph (NGS-NIRISS), the
Near-Infrared Camera (NIRCam), the Near-Infrared Spectrograph (NIRSpec), and
the Mid-Infrared Instrument (MIRI). Figure 4.5 shows the wavelength range across
which each of the Webb telescope’s scientific instruments works. The telescope can
undertake observations with all four of its science instruments simultaneously since
each of the instruments occupies a different part of the total field of view (FOV).
Figure 4.6 displays the FOV and the data type obtained by each instrument.
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Infrared sensitivity of Webb’s instruments

wavelength
(in microns)
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Figure 4.5: While MIRI works between 5 and 28 mum, FGS/NIRISS, NIRSpec, and NIRCam
observe between 0.6 and 5 mum. Image credit: Webb/NASA/Observatory

* NIRSpec is a multi-object spectrometer in the near-infrared regime. It is a wide-field
(3.4' x 3.6") multi-object near-infrared spectrometer observing between 0.6 and 5.0
pm with spectral resolutions of R ~ 100, R ~ 1000 and R ~ 2700. NIRSpec is able to
perform large spectroscopic surveys due to the powerful Multi-Object Spectroscopy
(MOS) mode. The MOS is equipped with micro-shutter technology, allowing it to
obtain the spectra of around 200 objects simultaneously. This equipment is intended
to find galaxies in the early cosmos, 200 million years after the Big Bang. In addition,
it is a good option for studying the spectra of distant galaxies. NIRSpec is provided
by ESA, with some elements provided by NASA's Goddard Space Flight Center.

e MIRI is the mid-infrared instrument of the Webb telescope, which provides imaging,
coronagraphy, and integral field spectroscopy with a combined mid-infrared camera
(1.3" x 1.7") and spectrograph (R ~ 100 and R ~ 3000) between 5 and 28 um (Wright
et al. 2008, 2010; Rieke et al. 2015). This instrument supports all science goals of
the mission and has to be kept cool to —266°C. MIRI utilises a cryocooler, an active
cooling system with helium, to bring its temperature to only 7 degrees above absolute
zero. This instrument allows us to observe the mid infrared with an unparalleled
sensitivity, enabling us to detect signals which in older telescope generations would
have been indistinguishable from the background noise. MIRI is provided by the
partnership of the European Space Agency (ESA), a consortium of nationally funded
European institutes, the NASA Jet Propulsion Laboratory (JPL), and NASA’'s Goddard
Space Flight Center.

6The sunshield acts as a sunscreen with the Sun protection factor of 1.2 million.
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Figure 4.6: The area on the sky and the FOV of each of the four instruments of the JWST
are described, including illustrations of the types of data that can be obtained by some of
them. Colors around the FOV of each instrument indicate the observing modes. Image
credit: STScl

e NIRCam is a two-channel wide field (2.2" x 4.4") near-infrared camera that provides
imaging in the wavelength range between 0.6 and 5.0 um with narrow, medium,
and broad band filters (Fig. 4.6) and produces the highest resolution images of the
Webb telescope (Beichman et al. 2012; Rieke et al. 2005). It offers coronagraphic and
spectroscopic capabilities to characterize exoplanets and planetary systems. It was
used to align the primary mirror segments.

* FGS/ NIRISS is provided by the Canadian Space Agency (CSA) and observes in
the wavelength range of 0.8 to 5.0 um (see Fig. 4.6). FGS provides the accurate
pointing system of the Webb telescope. The instrument does imaging and slitless
spectroscopy in three modes with a wide-field camera of 2.2’ x2.2" (Doyon et al. 2012).
The importance of this telescope component is to address the science objectives
such as first light detection, high-redshift galaxies, star birth, exoplanet detection
and characterization, and exoplanet transit spectroscopy.

In this thesis, I explore three quasars observed with Medium Resolution Spectroscopy
(MRS) of MIRI instrument. Therefore, I shortly explain the MRS.

4.2.1 Medium Resolution Spectroscopy with MIRI

MIRI MRS uses 4 integral field units, which simultaneously observe from 4.9 to 27.9 um
over a field of view up to 6.6” x 7.7" in size (see Fig. 4.7). These four concentric IFUs starting
from the center are called channel 1 to 4. The size of the channels and the observed
wavelengths from the center outward increases. Spectra are projected into two detectors,
the SHORT Detector and LONG Detector. Channel 1 and 2 are on the SHORT detector and
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Figure 4.7: The image on the left shows the footprint of IFU on the sky. The four MRS
channels are projected on the sky. The middle image illustrated the two detectors. The
right image denotes that the observers receive the MRS data as a 3-D cube. Each channel
contains three grating settings. Image credit: STScI

channel 3 and 4 are on the LONG detector. MIRI MRS is the only configuration of JWST
which offers the medium-resolution spectroscopy at wavelengths longer than 5.2 um. The
spectral resolving power of MRS lies between 1500 to 3500 for the longest to the shortest
wavelength. Furthermore, the 4 channels of MRS are divided into 12 sub-bands. In the IFU
images, we have both the spectral and spatial information. MRS 4-point dither pattern is
used for the extended source observations in order to resolve the PSF and sampling the
spectral line resolution. Background emission starts to become strong in channel 3 and
dominates in channel 4. In the case of having a very bright isolated point source, for which
we can be sure that it is not contaminated by any other source, we can skip observing
the background emission. This is far from the situation which we have in the GC, where
background correction is always needed. Otherwise, the background is mainly important
to correct for the unexpected imperfections and artefacts of the detectors as well as the
cosmic showers.

4.2.2 MIR simulations for observations of Sgr A* with JWST

The GC will only be observed in MIR in August 2023 with the MIRI and NIRSpec instruments
of JWST. However, already now the MIR emission towards the GC observed with JWST MIRI
can be simulated by using the MIRI instrument simulator (MIRISim Klaassen et al. 2021).
Work in this direction was presented in the Bachelor theses of S. Vider and J. Bardey in our
working group and I briefly outline the main results here.

As input in these simulations, MIR data from VLT/VISIR presented in Sabha (2015)
were used. An exemplary, simulated image based on these data is shown in Fig. 4.8, which
shows an image of the overlay of the four channels of MIRI pointed at the S-cluster and the
IRS13N sources. The results of S. Vider showed that the observations of the S-cluster and
IRS13N cluster are possible with the MRS through all channels.

When the data from JWST will be reduced and analyzed, 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. The results the two Bachelor theses show that with JWST it will be possible to
obtain information about the nature of the S-stars and dusty stellar objects from the
observed spectra. Hence, JWST observations will shed light on young stars and their
formation in the extreme environment of the Galactic Centre in particular.
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Figure 4.8: A simulated image depicting the IFU footprint on the sky pointed at the S-
cluster and IRS13N sources. The green circle marks the region where the DSO/G2 orbits
Sgr A*. The observations of the S-cluster and IRS13N cluster are possible with the MRS
through all channels. Image credit: Bachelor thesis of S. Vider.

4.3 Datareduction

The JWST data are accessible via the Mikulski Archive for Space Telescopes portal’. The
JWST science calibration pipeline processes the data from all JWST instruments. The
pipeline is provided in Python and is accessible via Github. The data reduction process in
the pipeline consists of three main stages. There are different modules on each stage of the
pipeline in order to process the data from different instruments and observing modes. The
three pipeline stages are as follows:

 Stage 1: The detector-level corrections and ramp fitting are applied to individual
exposures. These corrections are needed for almost all imaging and spectroscopic
data.

e Stage 2: Further instrument-level corrections for individual exposures are applied to
the exposures. There are two pipeline modules for this stage, one for the imaging
and the other for the spectroscopic data.

* Stage 3: It combines the calibrated data from multiple exposures. This stage com-
prises five modules for imaging, spectroscopic, coronagraphic, aperture masking
interferometry, and time series observation modes.

In case there are issues with the final calibrated data, one can access the output from
each stage of the pipeline or the uncalibrated data and run the data through the customized
pipelines. In most cases, the science data files in MAST are sufficient to start the analysis.

"https://mast.stsci.edu/portal/Mashup/Clients/Mast/Portal.html
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The Space Telescope Science Institute (STScl) has developed several data analysis and
visualization (Jdaviz) tools to handle the JWST observations. These tools are categorized
into four groups: Imviz, Specviz, Cubeviz, and Mosviz.

1. Imviz provides image visualization and is able to visualize and analyze 2D astronom-
ical images.

2. Specviz stands for spectra visualization and is capable of visualizing and analyzing
the 1D astronomical spectra.

3. Cubeviz is designed to visualize and analyze the IFUs, which can be used for the data
produced by the MIRI, MRS, and NIRSpec IFUs as well as 1D spectra extraction from
the cube.

4. Mosviz is a visualization and analysis tool to investigate multi-object spectroscopy
(MOS), viewing 2D and 1D spectra.

I summary, [ showed here some of the important aspects of the JWST mission, and
introduced briefly some essential instruments of the Webb telescope. I provided an in-
troduction to the data handling tools. In the Chapter. 7, I present some examples of the
Galactic Center JWST NIRSpec data and three quasars observed with JWST MIRI. These
studies give us an insight to the type of the observed data by the space telescope and the
strength of the telescope in practice.






CHAPTER

Constraining the accretion flow density
profile near Sgr A* using the L' band
emission of the S2 Star

Measuring the density of the ambient medium of black holes helps to understand the
inflow-outflow mechanisms. The SMBH Sgr A* is categorised as an extremely low-luminous
source (Narayan et al. 1998) which has a radiatively inefficient and diluted accretion flow
(Yuan et al. 2003).

As the periapse of the star S2 happened in 2018, this closest ever observed approach at
a distance of 14.5 mas to Sgr A* provided a unique opportunity to study both relativistic
predictions (Zucker et al. 2006; Parsa et al. 2017; Gravity Collaboration et al. 2018; Do et al.
2019) and the ambient medium of Sgr A*.

In the following publication, I analysed the NIR L'-band data between 2004 and 2018,
which offer the possibility of observing gas and dust in order to detect any bow shock
effects. I applied aperture photometry on the data to obtain the light curve of the S2 star.
I did not detect any significant change in the flux density of S2 between 2002 and 2018.
There is only 2.5 % intrinsic flux variability measurable on the light curve of S2 star.

Furthermore, I used the light curve of the S2 star and the analytical dust extinction
model to infer the density slope of the ambient medium around Sgr A* and put an upper
limit on the density of the ambient medium. The upper limit of the ambient density is
~1.87 x 10° cm™3 at the S2 periapse and the density slope corresponds to 3.20.

These results are included in the peer-reviewed paper, which is published in A&A. For
this publication, I did the majority of the data reduction and the entire data analysis which
present by far the crucial and most time-demanding part of the publication. I wrote the
entire paper in collaboration with M. Zajacek. Credit: Hosseini et al., A&A 644, A105 (2020).
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ABSTRACT

Context. The density of the ambient medium around a supermassive black hole (SMBH) and the way it varies with distance plays an
important role in our understanding of the inflow-outflow mechanisms in the Galactic centre (GC). This dependence is often fitted by
spherical power-law profiles based on observations in the X-ray, infrared (IR), submillimetre (submm), and radio domains.

Aims. Nevertheless, the density profile is poorly constrained at the intermediate scales of 1000 Schwarzschild radii (Ry). Here we
independently constrain the spherical density profile using the stellar bow shock of the star S2 which orbits the SMBH at the GC with
the pericentre distance of 14.4 mas (~1500 Ry).

Methods. Assuming an elliptical orbit, we apply celestial mechanics and the theory of bow shocks that are at ram pressure equilibrium.
We analyse the measured IR flux density and magnitudes of S2 in the L’-band (3.8 micron) obtained over seven epochs in the years
between 2004-2018. We put an upper limit on the emission from S2’s associated putative bow shock and constrain the density profile
of the ambient medium.

Results. We detect no significant change in S2 flux density until the recent periapse in May 2018. The intrinsic flux variability
of S2 is at the level of 2-3%. Based on the dust-extinction model, the upper limit on the number density at the S2 periapse is
~1.87 x 10° cm™3, which yields a density slope of at most 3.20. Using the synchrotron bow-shock emission, we obtain the ambient
density of $1.01 x 10° cm™ and a slope of <1.47. These values are consistent with a wide variety of media from hot accretion flows
to potentially colder and denser media comparable in properties to broad-line-region clouds. However, a standard thin disc can be
excluded at the distance of S2’s pericentre.

Conclusions. With the current photometry sensitivity of 0.01 mag, we are not able to make stringent constraints on the density of the
ambient medium in the GC using S2-star observations. We can distinguish between hot accretion flows and thin, cold discs, where the
latter can be excluded at the scale of the S2 periapse. Future observations of stars in the S cluster using instruments such as Mid-IR
Extremely Large Telescope Imager and Spectrograph at Extremely Large Telescope with the photometric sensitivity of as much as
1073 mag will allow the GC medium to be probed at intermediate scales at densities as low as ~700 cm™ in case of non-thermal
bow-shock emission. The new instrumentation, in combination with discoveries of stars with smaller pericentre distances, will help
to independently constrain the density profile around Sagittarius A* (Sgr A¥*).

Key words. infrared: stars — black hole physics — Galaxy: center

1. Introduction

The Galactic centre (GC) is a unique astrophysical setting where
one can study the dynamical effects in one of the densest stel-
lar clusters (Alexander 2005; Merritt 2013; Schodel et al. 2014)
and the mutual interaction of stars, gaseous-dusty structures,
the magnetic field, and the supermassive black hole (SMBH,;
Genzel et al. 2010; Eckart et al. 2017). The dynamical centre
traced by orbiting stars coincides with the non-thermal com-
pact and variable radio source Sagittarius A* (Sgr A*) within
0.03” (Menten et al. 1997). Because of its well-constrained
mass of Mgy = (4.15 + 0.13 + 0.57) x 10° M, (Parsa et al.
2017) based mainly on monitoring of fast-moving S stars (see
also Schodel et al. 2002; Ghez et al. 2008; Gillessen et al. 2009,
2017; Boehle et al. 2016), Sgr A* is associated with the SMBH,
leaving only a little space for alternative scenarios of its com-
pact nature (Eckart et al. 2017). Given its distance of 8.1 kpc
(Eisenhauer et al. 2003; Reid et al. 2003; Gravity Collaboration

2019), it is the nearest SMBH, which allows us to perform
high-precision astrometric and interferometric observations of
Sgr A* and its immediate surroundings. In recent years, this pro-
vided an opportunity to confirm general relativistic predictions
by measuring the gravitational redshift (Gravity Collaboration
2018a; Do et al. 2019a) as well as the Schwarzschild precession
(Gravity Collaboration 2020) by monitoring the bright S2 star
(also referred to as S0-2) that orbits Sgr A* with a period of 16.2
years.

Sgr A* belongs to extremely low-luminous sources,
with its bolometric luminosity that is eight to nine orders of
magnitude below its Eddington limit (Narayanetal. 1998;
Yuan & Narayan 2014). Its broadband spectral energy distri-
bution is best described by a class of radiatively inefficient
accretion flows (RIAFs; Yuan et al. 2003). In order to better
comprehend its low-luminous, diluted accretion flow, it is of
prime importance to constrain its density at large, intermediate,
and eventually small spatial scales. This has been done by
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analysing the radiative properties of its surroundings. At larger
scales, the analysis of the X-ray bremsstrahlung emissivity pro-
file of 1.3 keV plasma in the central hot bubble yielded a number
density of ng ~ 267;°cm™ (with 7 being the filling
factor), close to the Bondi radius (Baganoffetal. 2003;
Wang et al. 2013), which lies at rg ~ 4”(T,/10" K)™' =~ 0.16 pc
given the plasma temperature 7, (Wang etal. 2013). Density
constraints at the scale of 10-100 Schwarzschild radii (hereafter
denoted r5) were obtained by analysing the polarised millimetre
(mm) and submillimetre (submm) emission, which implies non-
thermal self-absorbed synchrotron radiation in the mm domain
that becomes optically thin at submm wavelengths (Aitken et al.
2000; Agol 2000; Bower et al. 2003). Marrone et al. (2006, 2007)
detected the Faraday rotation of the polarised submm emission
based on which they constrain the accretion-rate of Sgr A* to
M ~2x107 =2 x 1077 Mg yr~!, which corresponds to the max-
imum number density of n™® < 1.4 x 107 cm™ close to the event
horizon. Generally, the hot accretion flow in the GC is described
by a power-law density profile n o r77, where the power-law
slope is typically inferred tobe y ~ 0.5—1.0 (Wang et al. 2013) in
agreement with the RIAF-type flows. Spherical Bondi-type flow
with y ~ 3/2 is also consistent with the X-ray surface brightness
profile up to 3” from Sgr A* (Rézariskaetal. 2015). Hence,
the number densities of the ambient flow and the correspond-
ing slopes are still quite uncertain, especially at intermediate
spatial scales where the fast-moving S stars are located. This
uncertainty was further enhanced by the possible detection of
a cooler (~10*K) and a denser disc with a number density of
~10°-10% cm™ at the radius of ~0.004 pc, which is comparable
to the semi-major axis of the bright S2 star (Murchikova et al.
2019). However, the detection by Murchikova et al. (2019) is
questionable, especially the association of the recombination
double-peak line of H30« at 1.3 mm with the gaseous material at
milliparsec spatial scales; it is especially controversial given that
near-infrared (NIR) line maps, for example of the recombination
Bry line that can trace ionised material of 10* K, do not seem
to imply any existence of such a compact disc-like structure.
On the other hand, there are indications of denser material
traced by the Bry line (Peifker et al. 2020a) and the blueshifted
H30e« line (Royster et al. 2019) at larger spatial scales closer to
the Bondi radius, which the study of Murchikova et al. (2019)
could be associated with. This underlines the need for better
and independent constraints on the accretion-flow density at the
intermediate range of radii.

The fast-moving stars of the S cluster could in principle
be used to constrain the accretion flow density at intermedi-
ate scales. As fast-moving probes, these stars drive shocks into
the ambient medium and provide radiative energy that can tem-
porarily affect the radiative properties of the accretion flow as
well as form localised density and extinction enhancements.
Any detected flares linked to an orbiting star would thus pro-
vide a way to infer density and other properties of the inter-
cepted ambient medium. Quataert & Loeb (2005) analysed the
possibility that the stellar wind shocks in the central arcsecond
could contribute to the ambient TeV and non-thermal broad-
band emission. It was predicted that the interaction of the fast-
moving B-type S2 star with the ambient hot accretion flow
is expected to form a bow shock, which should result in a
month-long thermal X-ray bremsstrahlung flare with the peak
luminosity of Lx = 4 x 10% ergs™! (Giannios & Sironi 2013;
Christie et al. 2016). The contribution to the emerging X-ray flux
is also expected to come from UV and optical photons of S2
that are Compton-upscattered by electrons of the inner hot RIAF
(Nayakshin 2005). According to these models, the S2 bow-shock
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X-ray luminosity is in principle comparable to the quiescent
X-ray emission of Sgr A* and hence could be detected with the
current X-ray instruments. The non-detection of any significant
X-ray flare around the pericentre crossings of S2 star in 2002
and 2018 is consistent with a diluted hot RIAF flow in the cen-
tral arcsecond (Yuan et al. 2003). The low X-ray flux from the
bow shock is also in agreement with numerical 3D adaptive-
mesh refinement simulations of the motion of S2 through the
RIAF (Schartmann et al. 2018).

The detection and the monitoring of the dusty G2 source
or the Dusty S-cluster Object (DSO; Gillessen et al. 2012;
Eckart et al. 2013; Witzel et al. 2014; Valencia-S et al. 2015;
PeiBker et al. 2020b; Ciurlo et al. 2020) triggered an effort to
predict and observe its potential interaction with the ambi-
ent environment. Narayan et al. (2012) predicted the radio syn-
chrotron emission from the DSO bow shock to be comparable
to the quiescent radio emission of Sgr A*. In theory, electrons
in the ambient accretion flow are expected to be accelerated in
the bow-shock region. The main sources of uncertainty are the
bow-shock size, which depends on the stellar-wind characteris-
tics and the ambient density, and the magnetic field strength that
is enhanced in the bow shock. For the more realistic estimates of
the DSO/G2 bow-shock size, assuming the low-mass star model,
the radio synchrotron emission was calculated to be well below
the radio emission of Sgr A*, and therefore no detectable flare
was expected (Crumley & Kumar 2013; Zajacek et al. 2016).
This was observationally confirmed by the non-detection of any
enhanced radio or mm emission by Bower et al. (2015) and
Borkar et al. (2016), who constrain the DSO/G?2 cross-section to
<2 x 10% cm?.

The bow-shock synchrotron emission can be generalised to
the S stars, predicting their broad-band synchrotron spectrum
with the peak close to 1 GHz and associated monochromatic
light-curves (Ginsburg et al. 2016). Ginsburg et al. (2016) esti-
mated that the synchrotron emission from S-star bow shocks
can be comparable to the Sgr A* radio (10 GHz) and IR flux
densities (10'* GHz) for rather extreme combinations of the
wind mass-loss rate and its terminal velocity — (7ity,vy) =
(1072 Mo yr™,103kms™!) and (iiry,vy) = (1070 Mgyr~!, 4 x
10°kms™"). These values deviate from those inferred for S2
(Martins et al. 2008; Habibi et al. 2017): (rity,vy) = (< 3 X
1077 My yr~!,103kms™!). For these observationally inferred
values, the S star non-thermal flux densities are below those of
Sgr A*. Another, independent way to constrain the density of the
ambient medium is the detection of deviation from the Keplerian
ellipse due to hydrodynamic drag force. Gillessen et al. (2019)
claimed the detection of a significant deviation for the DSO/G2
object due to the drag force, from which they inferred a density
of 4 x 103 cm™ at the DSO/G2 pericentre close to 1000 1.

Here we report NIR L’-band emission from one of the bright-
est members of the S cluster, star S2. Close to its first observed
pericentre passage in 2002, Clénetetal. (2004) reported a
brightening of S2 in L’-band, which could be associated with
its interaction with the ambient medium at the scale of 1500
Schwarzschild radii'. Based on our reanalysis of the 2002 epoch
and an additional seven epochs, including close to the sub-
sequent pericentre passage in 2018, we can exclude any sig-
nificant brightening related to the pericentre passage of S2 in
L’-band. The intrinsic fractional variability of the S2 light curve
is only ~2.5%. Using the model of the thermal dust emission
in the shocked ambient medium, we place an upper limit on

! The S2 pericentre distance according to Gravity Collaboration
(2018a) is 1513 Schwarzschild radii.
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Fig. 1. S2 star and known dusty objects close to its orbit. Left panel: position of S2 and the dusty source G1 close to the pericentre of S2
around 2002. We also show the orbit of the DSO (Dusty S-cluster Object, also known as G2). The points of the sources represent colour-coded
radial velocities according to the axis on the right. The grey circle in the bottom left corner represents the diffraction limited FWHM of 98 mas
corresponding to NACO L’-band. Right panel: position of S2 and dusty source G1 at the pericentre passage of S2 at 2018.38. The orbital parameters
were adopted from Gravity Collaboration (2018a) (S2 star), Valencia-S et al. (2015) (DSO source), and Witzel et al. (2017) (G1 source).

the ambient density of <10°cm™, which can accommodate
a wide variety of ambient media at the S2 pericentre dis-
tance of 1500 Schwarzschild radii, except for a standard thin
cold disc. The bow-shock synchrotron model gives a tighter
upper limit of ~10°cm™. An improved photometric sensitiv-
ity of the next-generation of instruments, in particular Mid-IR
Extremely Large Telescope Imager and Spectrograph (METIS)
at Extremely Large Telescope (ELT), will help to further con-
strain the density at intermediate scales.

The current paper is structured as follows. Section 2
describes the observations and data-reduction methods used for
this work. We then briefly discuss the photometry and its results
for S2 in Sects. 2.1 and 2.2, respectively. In Sect. 3 we constrain
the slope and density of the ambient accretion flow using S2 star
observations in L’ band. Section 3.1 is dedicated to the explo-
ration of the extinction caused by the ambient gas and dust inside
the Bondi radius. In Sect. 3.2, the upper limit of the ambient
density is inferred based on the thermal bow-shock emission. In
Sect. 3.3, we then constrain the ambient density based on the
non-thermal bow-shock emission. We discuss the obtained den-
sity values in the broader context of the accretion flows and the
GC gaseous-dusty structures in Sect. 4. Finally, in Sect. 5 we
summarise the main results.

2. Observations and data reduction

Observations of the GC in the NIR were carried out with the
European Southern Observatory (ESO) Very Large Telescope
(VLT) Unit 1 (UT1)-YEPUN on Paranal, Chile. The data were
obtained from the IR camera Coude NIR Camera (CONICA) and
the Nasmyth Adaptive Optics System (NAOS) adaptive optics
(AO) module, known as NACO. The central parsec of the GC has
been frequently observed with the VLT in the L’-band (3.8 um,
0.0271” pixel™).

In Table 1, we summarise the obtained data that are anal-
ysed in this study. The total time-coverage of the data set is
from 2004.317 until 2018.307. The only applied criterion on the
epoch selection is the imaging quality, because a large number of
the available data sets in the archive were observed during poor
atmospheric conditions, in particular bad and fast seeing. We

used the standard data-reduction process that consists of the sky
subtraction, flat-fielding, and bad pixel correction for all imag-
ing data and combined them via a shift-add algorithm to obtain
a final array size of 28" x 28" for all epochs.

The first observed periapse of S2 occurred in 2002. The
spatial resolution of NACO at 3.8 um is 0.096”, while the dis-
tance between Sgr A* and S2 in 2002 is approximately 0.040”.
Therefore, it is impossible to obtain the emission of S2 from
the images completely separated from Sgr A* emission. Further-
more, we know that Sgr A* is flaring in the observation which
is done in 2002 (Genzel et al. 2003), and in 2002 and 2003 the
NIR-excess extended source denoted G1 is sufficiently close to
the S2-Sgr A* system that it cannot be disentangled from the
Sgr A*-S2 system (Clénet et al. 2004; Witzel et al. 2017).

We show the superposition of S2 and G1 in Fig. 1, where we
plot the projected orbits of S2, G1, and DSO/G2. Immediately
before the pericentre passage around 2002, the mutual separa-
tion between S2 and G1 was less than 0.1 arcsec; see Fig. 1 (left
panel). The G1 cloud is currently going to larger distances from
Sgr A* (more than 0.2 arcsec, see Fig. 1, right panel), and there-
fore potential changes of the brightness of S2 after 2002 pericen-
tre passage would be due to other effects, most likely due to bow-
shock emission, which we analyse in this contribution. Hence,
to prevent further uncertainties in our analysis, we excluded the
first observed periapse of S2.

2.1. Photometry

Flux densities of S2 and calibrators were determined via aper-
ture photometry using a circular aperture of 82 mas in L’-
band. Dereddened fluxes were computed with the extinction of
Ap =1.09 £ 0.13 (Fritz et al. 2011) and a zero magnitude value
of Fo(L) = 249 Jy.

The magnitude calibration is done by considering S26,
S30, and S35 as calibrators using their known brightness from
Gillessen et al. (2009). These S-stars are chosen because they are
sufficiently isolated over the epochs of our study. In Fig. 2, we
show the surroundings of S2 within about +1” on 9 May 2013.

In general, the grainy background at the centre of our Galaxy
is variable due to the proper motion of the stars (Sabha et al.
2012). Therefore, to correct for background brightness, we used
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1 arcsec

Fig. 2. NACO L’-band mosaic of the GC in 2013.356. North is up and
east is to the left. The identification of three stars (526, S30 and S35) as
photometric calibrators is depicted in particular. The black cross shows
the IR counterpart of Sgr A*. In order to check any variability in the
flux of S2, we used S65 as a reference star.

five apertures with the same size as our photometric apertures
close enough to the calibrators and S2 to get an appropriate
representative of the existing background. Because of the high-
velocity S-stars, the background is highly variable, and therefore
background apertures are not located at the same position for all
the epochs considered in this study.

2.2. Photometry results

S2 is an early B-type dwarf of spectral type BO-B2.5 V with a
stellar wind that has an estimated velocity of v, ~ 1000kms™!
and a mass-loss rate of 71, < 3 x 1077 Mg yr~! (Martins et al.
2008). We did the aperture photometry with local background
subtraction for seven selected epochs from 2004 to 2018. S65
flux and magnitude were also studied in order to use this object
as a test star to reveal any meaningful changes in S2 flux or mag-
nitude.

The photometry results are presented in Table 1. As shown
in Fig. 3, there is essentially no change detected in the measured
flux density of S2 within the uncertainties over the seven epochs.
The total coverage is 15 years, which is close to the S2 orbital
period around Sgr A*, including epochs close to the pericentre
passages of S2. The light curve has a mean value of the flux den-
sity of F = 8.88+0.33 mJy, with a difference between maximum
and minimum values of 0.90 mJy. In terms of the L’-band mag-
nitude, the mean magnitude of S2 in the L’-band is 11.12 + 0.04.
The intrinsic variability of S2 is characterised by a normalised
excess variance (Nandra et al. 1997),

N

1 —
Ugms == [(ﬁ - f)2 - 0-12]’ (1)
N 2

i=1

where f; are individual flux measurements, f = 1/N Zﬁl fiis
the mean flux density, and o; are individual measurement errors.
We obtain the value of the fractional variability Fyy = /0% =
2.52% in terms of the flux density and M, = 0.22% in terms of
the magnitude. For the control star S65, we obtain Fy,, = 4.53%,
which is almost a factor of two larger than S2. These values are
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fully consistent with no intrinsic changes in the L’-band flux den-
sity of S2 within measurement uncertainties. For completeness,
the mean, the maximum difference, and the fractional variability
F . are listed in Table 1 for both S2 and S65.

In order to study the S2 flux and magnitude closely during its
periapse in May 2018 at around 1500 R; distance from Sgr A*,
we performed the aperture photometry on all single exposures
from the observation on 2018.307, on the position of S2 and the
IR counterpart of radio source Sgr A*. The physical separation
of S2 and Sgr A* was only 1.38 mpc, corresponding to 34.6 mas,
while the angular resolution is 99.5 mas in L’-band. The photom-
etry results are shown in Fig. 4. As can be seen, there is no sud-
den increase in the received flux from the position, and therefore
Sgr A* is in its quiescent state in L’-band over the observation
2018.307. In addition to the non-detection of any flare from the
IR counterpart of Sgr A*, no apparent increase in the S2 flux was
observed within the measurement uncertainties.

For the 2002.663 epoch, we measure 17.41 = 1.18 mlJy at
the —at that time— combined position of S2, G1, and L’-band
counterpart of Sgr A*. Taking into account S2’s mean stellar
flux density of 8.88 + 0.33 mJy (dreddened with A; = 1.09)
and the G1 L’-band flux density of ~2.58 + 1.40 mJy close to
the 2002 epoch (Witzel et al. 2017), the flux of Sgr A* ends
up being around 6.03 + 0.52 mJy. Schodel et al. (2011) obtains
the mean flux of Sgr A* in the L’-band as 4.33 + 0.18 mJy,
which leads us to 1.70 mJy surplus in the measured flux den-
sity. However, due to the lack of a longer (at least days) light-
curve time coverage during the S2 periapse passage of the
variable source black hole counterpart SgrA* in 2002, it is not
possible to determine whether this flux density excess is due
to a Sgr A* flare or the S2 stellar bow-shock effect. However,
since during the subsequent pericentre passage in 2018 the flux
density of S2 is within the uncertainty comparable to its mean
value (see Table 1), the excess can be attributed to the Sgr A*
flare, unless the accretion flow density changes dramatically
by several orders of magnitude from one periapse to another.
The flux excess of 1.70mJy that corresponds to the magnitude
change of ~0.19 mag would require the pericentre number den-
sity of ~4.2 x 10!° cm™ according to the dust-extinction model
we present in Sect. 3.2. Considering the synchrotron bow-shock
emission (see Sect 3.3), the required density at the pericentre
is smaller, n, ~ 2.1 x 10°cm™, but still larger by two orders
of magnitude than expected for the RIAF density profile with
y = 1,n, ~7.2x10% cm™3. Such a large density present only for
epoch 2002 is unlikely. The excess flux of 1.70 mJy can there-
fore be attributed to the L’-band flare of Sgr A*. In the L’-band,
Sgr A* is permanently variable (Schodel et al. 2011) with the
flux densities in the range between 1 mJy and 10 mJy (Ghez et al.
2005; Eckart et al. 2008; Dodds-Eden et al. 2009).

3. Constraining the slope and density of the
ambient accretion flow using S2’s L’-band
emission

In this section, we develop a simple method for inferring the
density slope and the maximum density at the pericentre of
a wind-blowing star using the observed light curve and an
analytical dust extinction model. This method is suitable for
stars with an unresolved bow shock. For a fully resolved bow
shock at least two positions of a star along an elliptical orbit,
one can infer the density slope from the bow-shock size ratio
and an orbital eccentricity; see Appendix B for more details.
Furthermore, we also consider the non-thermal bow-shock
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Table 1. L’-band flux and magnitude of S2 and S65 for seven epochs over a 15-year interval from 2004.317 to 2018.307.

S. Elaheh Hosseini et al.: Constraining the accretion flow density profile near Sgr A*

UT date Decimal date  S2 flux (mJy) S65 flux (mJy) S2 mag S65 mag Observation ID
2004 April 25 2004.317 9.02+0.30 1456+094  11.10+0.04 10.59+0.07  60.A-9026(A)
2005 May 14 2005.367 9.30+0.30 15.07+0.91 11.07+0.04 10.55+0.07 073.B-0085(D)
2006 May 29 2006.408 9.30+0.30 15.07+0.91 11.07+0.04 10.55+0.07 077.B-0552(A)
2007 April 01 2007.249 8.88+0.19 14.49 +£0.63 11.12+0.02  10.59+0.05 179.B-0261(A)
2008 May 26 2008.402 8.54+0.15 14.19+£0.59 11.16+0.02 10.61 +0.05 081.B-0648(A)
2013 May 09 2013.356 8.40+0.25 14.82+1.12  11.18+0.03 10.57+0.08 091.C-0159(A)
2018 April 22 2018.307 8.70+0.10 13.62+0.33 11.13+0.01 10.64+0.03 0101.B-0052(B)
Mean 8.88 £0.33 14.55+048 11.12+0.04 10.59 +£0.03

difference (max — min) 0.90 1.45 0.11 0.09

Frar = O (%) 2.52 4.53 0.22 0.51

Notes. The DIT for all cases is 0.200s. Light-curve characteristics, namely the mean, the difference between the maximum and the minimum,
and the fractional variability are also included. With the fractional variability of 2.52%, no significant difference is detected for S2 flux within the

uncertainties. The reported fluxes are dereddened.
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Fig. 3. Light curve of S2 and S65 in L’-band over seven observational
epochs.
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Fig. 4. Light curve at the position of S2 and the IR counterpart of Sgr A*
and our reference star, S65, in 2018.307 in L'-band. The light curve
shows that the IR counterpart of Sgr A* is in quiescence during our
observation, and therefore the light curve belongs to S2.

emission as an independent way of constraining the ambi-
ent density. The S2 star is currently intensively monitored by
the Very-Large-Telescope Interferometer GRAVITY, as well
as the NIR imager NACO and SINFONI at VLT, which is
capable of performing integral field spectroscopy. Using the

data over the past 25 years, post-Newtonian effects were mea-
sured, including the gravitational redshift (Gravity Collaboration
2018a) and the Schwarzschild precession (Parsaetal. 2017;
Gravity Collaboration 2020), which are consistent with general
relativity so far. Its highly eccentric orbit (e = 0.885) implies that
the ambient gas density is expected to change along its orbit; it
is expected to be the lowest close to its apocentre and the high-
est close to the pericentre due to the radial power-law profile of
the hot X-ray atmosphere (Wang et al. 2013). The dust compo-
nent is expected to coexist to a certain extent in this hot envi-
ronment, which is also manifested by the presence of L’-band
dusty sources in the central ~0.04 pc, namely DSO/G2, G1, and
several other dusty and bow-shock sources in the central arcsec-
ond (Gillessen et al. 2012; Valencia-S et al. 2015; Witzel et al.
2017). In particular, for the orbital solutions and radiative prop-
erties of the dust-enshrouded objects, see Peifiker et al. (2020b)
and Ciurlo et al. (2020). An increase in the ambient gas-and-dust
density ratio along with the change in the orbital velocity are
expected to lead to a larger local extinction around S2 due to the
formation of a bow shock, and hence to a change in the NIR mag-
nitudes and corresponding colour indices. We considered here in
particular the NIR L’-band emission of S2, which can trace such
a change as S2 moves through the accretion flow of different gas
and dust density; see Fig. 5 for an illustration. A potential forma-
tion of a stellar bow shock associated with S2 can enhance the
colour change despite the insufficient capability of current NIR
instruments to resolve the bow-shock structure; see Fig. 5. Both
the detection as well as the non-detection of the L’-band magni-
tude can be used to constrain the density as well as the slope of
the gas-and-dust density distribution. The density changes along
the S2 orbit depends on the density slope y. Assuming the radial
gas distribution, n, = no(r/ro)”", where v > 0, the density ratio
between the pericentre and the apocentre can be estimated as,

Nap _ ra 7_ l+e k4

naa \rp) \l-e)’
As the orbital eccentricity is well constrained for S2, e = 0.885,
the ratio can be estimated to be n,p/n,a ~ 4.05, 16.39, and
66.36 for the plausible density slopes of 0.5, 1.0, and 1.5, where
the first two values represent the radiatively inefficient accretion
flow (see e.g. Xu et al. 2006; Wang et al. 2013) and the last value
corresponds to the spherical steady Bondi flow (Rézanska et al.

2015). As the variation in density is large (by a factor of 16.4)
for a rather small variation in the density slope (by a factor of

2
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Fig. 5. Illustrative figure of the motion of S2 through the hot flow around
Sgr A* of variable density. The density may change by as much as an
order of magnitude from the apocentre to the pericentre, from several
hundred particles per cubic centimetre to several thousand particles per
cubic centimetre, respectively, depending on the power-law slope of the
radial number density distribution. For the exemplary calculation, we
used n, = ng(r/rg)”", where ng = 20.3cm™ is the particle density
at the Bondi radius. The white circle in the bottom left corner depicts
the L’-band point spread function corresponding to 8m-class telescopes,
from which it is apparent that the S2 bow shock remains unresolved,
especially close to the pericentre.

6
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Fig. 6. Temporal evolution of the number density of the ambient
medium for the three different density slopes of the radial density pro-
file, n, = no(r/ro)~Y, where vy is equal to 0.5, 1.0, and 1.5; see the plot
legend. The dashed red lines indicate the number densities that were
observationally inferred by Baganoff et al. (2003) (26 cm™ at the Bondi
radius) and Gillessen et al. (2019) (4000 cm™ at ~1000 ).

three), the L’-band observations of S2 can be used to constrain
the density distribution of the hot accretion flow close to Sgr A*
at the length scales of the order of 1500 Schwarzschild radii,
where there are essentially no constraints for the ambient density
(see, however, Gillessen et al. 2019).

In the further model, we approximate the orbit of S2 with
an ellipse with a semimajor axis of 0.12538” ~ S5Smpc and
an eccentricity of 0.88473 according to recent GRAVITY mea-
surements (Gravity Collaboration 2018a). These orbital ele-
ments imply that S2 covers a large distance range, with a
pericentre distance of r, = 119.2AU = 1512r; and an apoc-
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Fig. 7. Total SED of the S2 star (black solid line) around L’ band.

entre distance of r, = (1 + e)/(1 — e)r, = 16.35r, = 24724 r.
The power-law density distribution is adopted according to the
Chandra X-ray studies of the extended emission of Sgr A* in the
X-ray domain (Baganoff et al. 2003; Wang et al. 2013). The den-
sity distribution can be scaled with respect to the Bondi capture
radius, n, ~ n,p(r/rg)”™, where n,g ~ 2677;1/2 cm™3 and g &
4"(T,/10’K)™! = 0.16 pc (Baganoff et al. 2003; Wang et al.
2013). Figure 6 shows the number gas density per cubic cen-
timetre (cm) that is expected to be intercepted by S2 star during
its entire orbit (zero time stands for the orbit periapse). Different
lines stand for different density slopes (0.5; 1.0; 1.5) according to
the key. The bottom dashed red line depicts the inferred number
density close to the Bondi radius according to X-ray observa-

tions of Baganoff et al. (2003), while the upper dashed red line

stands for the number density of n2°%/9% ~ 4x10% cm™? inferred

for the periapse of the DSO/G2 object (Gillessen et al. 2019).
We see that due to an eccentric orbit, S2 can in principle
serve as a good probe of the ambient gaseous-dusty medium. For
the S2 stellar blackbody emission, we adopt the stellar parame-
ters that can reproduce the L’ flux density of ~9mly. For the
model with log (Lsy/Le) = 4.54, Tsy = 26800K, Rsy = 6 Ry, we
obtain the L’ flux density of F; = 8.9 mlJy; see also Fig. 7 for the
spectral energy distribution (SED) of S2 around L’-band.

3.1. Extinction estimate inside the Bondi radius

We assume that the ambient gas inside the Bondi radius has a
power-law profile, n, ~ n,p(r/rg)™", which we scaled to the
number density at the Bondi radius rg. To estimate the local
extinction due to the gas and dust inside the Bondi radius, we
calculate the local column density of hydrogen,

" MaBry (- 1-
thf ny(rydr = — T —re’ ),
o 1_y(B sz)

3

where we integrated from a certain inner radius associated with
S2, in this case its pericentre distance of rp = asy(1 — esy) =
0.577mpc, up to the Bondi radius. The column density esti-
mate for the number density of ng ~ 26cm™ (Baganoff et al.
2003) at the Bondi radius and the maximum density power-law
slope of y ~ 1.5 for the Bondi-type flow is Ny(y = 1.5) =
4.02 x 10%° cm™2, whereas for the flat slope of y = 0.5, we get
Nu(y = 0.5) = 2.41 x 10" cm™2. The visual extinction due to
the ambient gas inside the Bondi radius for the steep density
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Fig. 8. Number density and thickness of the two shock layers in the two-shock approximation model as a function of the distance from Sgr A* (in
Schwarzschild radii). Left: number density (expressed in cm™) of the shock driven into the ambient medium (red lines) and of the shocked stellar
wind (blue lines) calculated for three specific values of the ambient density slope: y = 0.5, 1.0, and 1.5. Right: thickness (expressed in cm) of the
stellar-wind (blue lines) and ambient shock layers (red lines) calculated for the three different density slopes as in the left panel.

profile (y = 1.5) is given by Ay =~ 5.6 x 1072Ny(cm™?) =
0.23mag (see e.g. Reina & Tarenghi 1973; Gorenstein 1975;
Predehl & Schmitt 1995), which corresponds to the extinction
Ak ~ 0.1 Ay = 0.023 mag in the NIR K-band and A, ~ 0.5 Ak =
0.012 mag in the NIR L’-band (see Schodel et al. 2010, for the
extinction analysis towards the GC), in which our observations
were carried out. For the flat density profile of ¥y = 0.5, we
get A, ~ 0.0007 mag. Therefore, no increase in the L’-band
magnitude within uncertainties is expected from the S2 plung-
ing in deeper towards higher ambient densities. In summary, the
upper limit on the ambient extinction inside the Bondi radius is
Ap < 0.012mag. The only substantial increase at longer NIR
wavelengths can be produced locally due to the bow-shock for-
mation characterised by its density, radial scale, and thickness,
which allows us to estimate the extinction.

3.2. Constraining the ambient density based on the thermal
bow-shock emission

The S2 bow shock is modelled using a two-shock scenario
(Dyson 1975), where one shock is driven into the ambient
medium (ambient shock) and the other is formed from the
shocked stellar wind (stellar-wind shock). These two layers are
separated by a contact discontinuity at a distance approximately
given by the stagnation radius; see Eq. (B.1). This treatment is
based on the analytical theory of Dyson (1975), who modelled
an interaction of a fast stellar wind with an expanding gas glob-
ule. In the first approximation, two layers (warm and cold) mix
to form one shocked layer. In the second approximation, two lay-
ers are separated by a contact discontinuity. We apply the second
approximation in a similar way to Scoville & Burkert (2013) for
the GC NIR-excess source DSO/G2 interacting with the ambi-
ent diluted medium (see also their Fig. 3 for the illustration).
The extinction estimate is based on the number density of gas
and dust inside the shock and its characteristic length-scale, or
‘thickness’. At the stagnation point, the ambient shock is char-
acterised by the number density n,,s = 4n, and a thickness of
tams = 0.65R. The stellar wind shock has a characteristic num-
ber density of ngys = nyv2/c2, where ny, = riy /4TR3vyumy is
the stellar wind number density with the mean molecular weight
of 4 = 0.5 (ionised gas) and the hydrogen mass of my and the
sound speed of the stellar wind gas ¢, = (kg Tsw/umg)'/? is eval-

uated for the temperature of Ty, = 10* K. The thickness of the
stellar wind is given by fgws = 2.3(cs/ vw)?Ro. We show both the
number density and the thickness of both shocks in Fig. 8 as
a function of the distance of S2 from Sgr A* in Schwarzschild
radii. We see that the ambient shock is thicker and less dense
than the stellar wind shock for all ambient density profiles con-
sidered in the legend.

In our model, we further consider that the dust is more likely
to exist in the ambient medium through which S2 moves along
its orbit, and therefore the ambient shock is expected to be more
relevant in terms of the localised extinction and its contribution
in the L’-band. The B-type stars typically do not contain dust
in their stellar winds, and therefore the stellar wind shock is
not likely to contribute to L’-band emission. However, for com-
pleteness, we consider both shock layers in assessing the con-
straints on the ambient number density. This is also due to the
complex dynamics of dust grains and their potential of being
dragged by a denser material in the stellar-wind shock; espe-
cially smaller grains may be affected (see e.g. van Marle et al.
2011). During the motion of S2, the two shock layers are affected
by hydrodynamic instabilities that lead to the mixing of both
layers (Schartmann et al. 2018), which is likely to lead to the
exchange of material and the actual density of the gaseous-dusty
mixed layer may be closer to the denser stellar-wind shock.

We calculate the limits on the ambient number density at
the S2 periapse as well as the limits for the density slope 7.
The upper limit is obtained if we associate the upper limit
for the extinction with the standard deviation, Agoex < 0.04
mag. Another estimate is based on the fractional variability with
Aghock ~ 0.02mag. The values of the density and the slope are
inferred from the extinction-column density relation Ay = 5.6 X
10722 Ny (cm™2), where N, ~ Rghockfshock With the shock number
density nghock and a shock thickness tgock for each shock layer
as explained above. The extinction in L’-band is approximately
given by Ay = 0.5 X 0.1 X Ay (Schodel et al. 2010). This model
allows us to compute the whole light curve along the S2 trajec-
tory. In Table 2, we list the density slope and the number density
constraints for each extinction value, with the shock layer taken
into account. For the ambient shock, which is more likely to lead
to an increased dust emission, the upper limits on the number
density are in the range n™ < 7.15 x 10% — 1.87 x 10° cm™
with the density slope y < 3.03 — 3.20. For the stellar-wind
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Table 2. Summary of constraints for the ambient density close to the GC at the S2 periapse based on the two extinction limits, 1o~ and fractional
variability, and analytical bow-shock models for both the ambient shock and the stellar-wind shock thermal emission.

Thermal emission — upper limit

Power-law slope  Ambient number density (periapse)

Ambient shock (4 = 0.04) 3.20 1.87 x 10°cm™3
Stellar-wind shock (4 = 0.04) 1.57 1.86 x 10° cm™3
Thermal emission — upper limit Power-law slope ~ Ambient number density (periapse)
Ambient shock (A = 0.02) 3.03 7.15 x 108 cm™3
Stellar-wind shock (4 = 0.02) 1.41 7.53 x 10* cm™
Non-thermal emission — upper limit Power-law slope  Ambient number density (periapse)
Peak flux density of 0.91 mJy (maximum flux difference) 1.47 1.01 x 103 cm™
Peak flux density of 0.22 mJy (fractional variability) 1.17 1.88 x 10* cm™

Notes. In addition, we include the ambient density upper limit for the non-thermal synchrotron emission based on the maximum flux difference of

0.90 mJy and the fractional variability of 0.2 mJy.

shock, the number densities are smaller by four orders of mag-
nitude and the density slope is smaller by a factor of two,
™ < 7.53%10* - 1.86 x 10°cm™> and y < 1.41 — 1.57.

Figure 9 shows a comparison of model light curves with the
actual L’-band data, with the upper panels representing the larger
extinction value of A = 0.04 based on the standard deviation
of the light-curve points and the lower panels showing results
with the smaller extinction of A = 0.02 based on the fractional
variability. The peak of the observed light curve has an apparent
offset from the peak of the modelled light curves (at the peri-
apse), which is most likely a systematic effect and not an intrin-
sic brightening.

3.3. Constraining the ambient density based on the
non-thermal bow-shock emission

The thermal bow-shock emission in L’-band is clearly affected
by the presence of dust along the S2 orbit. While on one hand the
dust is clearly present in dusty objects whose orbits lie in the S
cluster, the hot ambient medium likely destroys the dust particles
continually. In cases where the presence of dust is diminished
along the S2 orbit, the thermal emission of the bow shock in the
L’-band is even smaller than we predicted in Sect. 3.2.

Another way to constrain the ambient density at the S2 peri-
centre is to take into consideration the broadband non-thermal
synchrotron emission of the bow shock, which does not depend
on the presence of dust. When the bow shock develops ahead of
the star, it provides a volume where electrons can be accelerated
by the enhanced magnetic field. Subsequently, they cool off by
emitting synchrotron emission. Ginsburg et al. (2016) used the
same mechanism to claim that the non-thermal emission of stel-
lar bow shocks in the S cluster may be comparable to the radio
and NIR emission of Sgr A*, and therefore could be detected.

One can reverse the task and instead constrain the upper
limit of the ambient density based on the statistical variations we
detect in the L’-band light curve of S2. According to Table 1, the
maximum flux difference in our light curve is 0.90 mJy, while
the rms fractional variability is at the level of 0.2mly. There-
fore, the maximum contribution of the bow-shock synchrotron
emission in L’-band can only be at this flux density level, which
allows us to place an upper limit on the ambient density.

For the calculation of the bow-shock synchrotron light curve
and broad-band spectrum, we follow the model of Sadowski et al.
(2013), originally developed for the estimate of the bow-shock
emission of the DSO/G2 object; see also Zajacek et al. (2016).
As in Sadowskietal. (2013) and Zajacek et al. (2016), for
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calculating synchrotron light curves and spectra, we use the
temperature profile of the ADAF, T, = 9.5 x 1019(/r,)!
(Yuan et al. 2003), with the ratio between the magnetic and the
gas pressure of y = Ppae/Pgs = 0.3, and the Mach num-
ber of the star at the pericentre distance of S2, M = 2.6.
Other relevant parameters were adopted from particle-in-cell sim-
ulations performed by Sadowski et al. (2013); specifically, the
slope of the high-energy power-law electron distribution, p =
2.4, the minimum Lorentz factor, { = 7.5, and the fraction
of accelerated electrons to high energies, n = 0.05. Specifically
for S2, we used its mass-loss rate 7z, ~ 3 x 1077 Mg yr~! and
the terminal wind velocity v, ~ 103 kms~! inferred from spec-
troscopy (Martins et al. 2008; Habibi et al. 2017).

In contrast to Sadowski et al. (2013), we perform only the
plowing synchrotron model, in which the accelerated electrons
are kept in the shocked region and radiate in the shocked mag-
netic field. The plowing model is more likely to contribute in L’-
band than the local model, in which accelerated electrons leave
the shock and radiate in the unshocked magnetic field. Due to
the short cooling time for the NIR L’-band synchrotron emis-
sion, feo & 0.25(B/0.08 G)~3/2(v. /8 x 1013 Hz)~1/2 yr, the local
model would have a negligible contribution.

In Fig. 10 (left panel), we plot the L’-band synchrotron
light curve for the peak flux density of 0.91 mJy, which cor-
responds to the maximum flux difference, and the light curve
with the peak flux density of 0.22 mly, which corresponds to
the fractional variability. The non-thermal bow-shock emission
is also compared with the Sgr A* mean flux density in L’-band
(Schodel et al. 2011), the S2 total flux, and the actual S2 mea-
sured flux density from 2018.307, which are all larger by at
least a factor of a few than the bow-shock non-thermal emis-
sion. In the right panel of Fig. 10, we plot the SED of the
S2 bow-shock synchrotron emission calculated for the pericen-
tre for both L’-band flux density values (maximum difference
and fractional variability). We also compare the synchrotron
bow-shock SED with the SED of Sgr A* calculated using the
advection-dominated accretion flow model (ADAF; Yuan et al.
2003; Yuan & Narayan 2014). Taking into account the maxi-
mum flux difference as an upper limit for the L’-band syn-
chrotron contribution, we get the pericentre number density of
n, = 1.01 x 10° cm™ (the slope of 1.47). The fractional vari-
ability flux limit yields the number density of 1.88 x 10*cm™
(the density slope of 1.17). Both limiting cases are sum-
marised in Table 2. For both density limits, the bow-shock syn-
chrotron flux density would be comparable to that of Sgr A* at
frequencies of a few GHz, where the peak of its SED occurs.
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Fig. 9. Comparison of model light curves based on the mean S2 emission and the modelled thermal emission of its bow shock (solid green and
blue lines) with the observed L’-band emission of S2 (red points with errorbars). Upper panels: modelled thermal emission of the bow shock is
associated with the extinction of A = 0.04 mag, which was inferred from the standard deviation of observed light curve points. We model the
thermal dust emission of the ambient bow shock (solid green line in left panel) and the thermal emission of the stellar-wind shock (solid blue line
in right panel) separately. The horizontal solid black line represents the light curve mean value, while the dashed black lines stand for the standard
deviation. Lower panels: as in the upper panels, but for the extinction of A = 0.02 mag based on the excess variance of the observed light-curve

points.

To separate Sg A* and the predicted S2 bow-shock emission is
challenging as it requires highly sensitive measurements at cm
to decimetre (dm) wavelengths with an angular resolution of a
tenth of an arcsecond or better. However, around the time of
the periapse passage, long-term (weeks to a few months) light
curves should reveal an overall increase of the spatially unre-
solved emission of both sources. Such a data set is not available
at present. Very-long-baseline interferometry (VLBI) measure-
ments at GHz frequencies (or cm wavelengths) could in prin-
ciple be possible due to the high brightness temperature of the
S2 bow-shock emission at its pericentre. We outline here a few
basic estimates. For the assumed maximum non-thermal excess
in L’-band of ~1mly, the calculated peak of the bow-shock
synchrotron spectrum is at 4.61 GHz. The peak flux density is
expected to be 0.86 Jy at the S2 pericentre, which is comparable
to or even larger than the flux density of Sgr A* at cm wave-
lengths. The characteristic size of the bow shock given by the
stagnation distance would be Ry ~ 5.6 X 10'3 cm at the pericen-
tre, which gives the angular scale of ~0.5 mas, which is below
the resolution capabilities of the cm VLBI, namely ~1 mas at
best. The angular distance between the S2 radio source and

Sgr A* at the pericentre is ~14.4 mas, which is smaller than
the intrinsic size of Sgr A* at 6cm (~20 mas), because of A2
scatter-broadening of the size of Sgr A* (Bower et al. 2006;
Doeleman et al. 2008). The brightness temperature? of the S2
bow shock at its pericentre would be large, Tg ~ 8.5 x 109K,
comparable to that of Sgr A*, 22 x 10'°K (Krichbaum et al.
1998; Doeleman et al. 2008). However, before and after the
S2 pericentre, its brightness temperature is expected to drop
rather fast, remaining above 10° K from the epoch 2017.08 up
to 2020.54, with the peak at the pericentre in 2018.38. Tak-
ing into account the smaller contribution of S2 bow-shock non-
thermal emission at L’-band at the level of ~0.2mlJy, which
results from a smaller ambient density, mainly the characteristic
size is affected; it increases to Ry = 1.29 x 10'* cm, which corre-
sponds to the angular scale of 1.1 mas, which is at the limit of the

2 We estimate the brightness temperature using the standard relation

derived from the Rayleigh-Jeans approximation in the radio domain,
Ty = % 2, where the solid angle Q ~ 7R}/d%. with Ry being the
stagnation radius of the bow shock.
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Fig. 10. Non-thermal contribution of the S2 bow shock to its L’-band emission. In the left panel, we plot the L’-band light curve as calculated for
the S2 bow-shock synchrotron emission for the peak flux of 0.91 mJy (solid black line) and for the peak flux of 0.22 mJy (dashed black line). For
comparison, we also show the fractional variability of S2 (dotted green line) and its maximum flux difference (dot-dashed line). The measured
mean flux of Sgr A* in L’-band, 4.33 + 0.18 mly, is depicted by a dashed blue line. The sum of the mean flux density of S2 with the maximum
potential contribution of the non-thermal bow-shock emission is represented by a solid red line. The measured flux density of S2 from 2018.307 is
marked by an orange cross. In the right panel, we show the SED of S2 bow-shock synchrotron emission as calculated for the S2 pericentre for the
L’-band flux of 0.91 mJy (solid line) and for the L’-band flux of 0.22 mJy (dashed line). The orange dot-dashed line marks the L’-band frequency
range and the red star symbol represents the mean flux density of S2 in L’-band. The blue solid line represents the SED of Sgr A* based on the
advection dominated accretion flows (ADAFs; Yuan et al. 2003; Yuan & Narayan 2014).

resolving power of the cm VLBI. However, as for a lower density
the resulting spectrum of the S2 bow shock is shifted towards the
lower frequency at 1.5 GHz (see Fig. 10), the bow-shock size is
actually smaller than the typical VLBI beam FWHM of ~ 3”.
With the peak flux of 435 mly, the brightness temperature of
Tg ~ 7 x 10'°K is again comparable to that of Sgr A* and
remains above 10° K in the time window between 2016.98 and
2020.90. In general, the cm VLBI observations could reveal a
deviation from the Gaussian core of Sgr A* in the epochs of
~1.5 years before and after the pericentre when the brightness
temperature is still above 10° K. At the pericentre, it is not possi-
ble to resolve the S2 bow-shock emission because of the scatter-
broadening of Sgr A* and the bow-shock source. Only the flux
excess could be detected; however, in that case a correspond-
ing light curve at cm wavelengths would need to be analysed to
distinguish the long-term bow-shock excess from the short-term
stochastic radio flares.

Based on the upper limit inferred from the maximum syn-
chrotron contribution to the L’-band emission of S2, accretion
flows exceeding the particle density of ~10°cm™ at ~1500 r
are unlikely. On the other hand, the presence of the Bondi-type
flow with y ~ 3/2 cannot be excluded based on our L’-band
light-curve analysis.

4. Discussion

Our observational analysis of the L’-band emission of the star
S2 yields a light curve that is essentially flat within uncertain-
ties and shows intrinsic flux variations due to the interaction
of S2 with the ambient medium or due to intrinsic stellar vari-
ability at the level of ~2.5% only, as given by the fractional
variability. Using the theory of a two-layer bow shock (Dyson
1975), we are therefore only able to place an upper limit on
the ambient density at the S2 periapse as well as an upper
limit on the density slope. The upper limit considering the con-
tribution of the ambient bow shock, which is more likely to
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contain dust, is 7, < 1.87 x 10°cm™ , and the upper limit for
the slope is ¥ < 3.20. These values change only slightly when
one considers the smaller extinction of (A = 0.02) as indicated
by the excess variance, n, ~ 7.15 x 10%cm™ and y = 3.03. If
the stellar-wind shock layer were found to contain dust, which
would require the turbulence and the mixing of shocked layers,
then the density and the slope constraints would decrease to n, =
7.53x10*~1.86x10° cm™ and y = 1.41—1.57. The non-thermal
synchrotron emission of the bow-shock appears to put tighter
constraints on the S2 pericentre density: 7, < 1.01 x 10’ cm™
for the maximum flux difference and n, < 1.88 x 10*cm™ for
the fractional variability. For the slope, we obtain y < 1.47 for
the maximum flux difference and y < 1.17 for the fractional
variability.

Therefore, the L’-band data is consistent with the S2 star
interacting with a hot, diluted ambient flow with a power-law
density slope of y ~ 0.5 (generally the advection-dominated
flow (ADAF); Wang et al. 2013) and with a spherical Bondi-
type solution with a density slope of y ~ 1.5 (also consistent
with the convection-dominated flow (CDAF); Roézanska et al.
2015). Moreover, we cannot exclude the possibility that S2 inter-
acts with an even denser and colder type of medium, such as
the proposed cool disc with densities in the interval of ncp ~
10°-10° cm™ (Murchikova et al. 2019). Indeed, the uppermost
limit for the density n, < 1.87 x 10°cm™ is well in the
range for the number density of broad-line region (BLR) clouds
npir ~ 108—10" cm™ (Gaskell 2009). Although we do not
expect the presence of BLR clouds in such a low-luminosity
nucleus as Sgr A* (see, however, Bianchi et al., 2019 for the
discovery of the compact BLR in the low-luminosity Seyfert
galaxy NGC3147 with L/Lggq ~ 10™), we cannot exclude the
presence of denser gaseous-dusty structures, with which stars
can occasionally interact, such as dust-enshrouded objects mon-
itored in the S-cluster (Peillker et al. 2020b; Ciurlo et al. 2020).
This is also supported by the multiphase medium of Sgr A* on
the scale of one parsec (Moser et al. 2017), which could also be
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present on smaller scales due to for example thermal instabil-
ity (Rozanska et al. 2017). In particular, Peilker et al. (2020a)
report a detection of the proper motion of a Bry filament, whose
estimated distance is close to the Bondi radius at ~0.2pc. At
comparable scales, Royster et al. (2019) used the H30« line to
trace a blueshifted, ionised gas with a velocity of between —480
and -300kms~!, which appears to be outflowing. Hence, the
environment close to the Bondi radius is complex in terms of
both kinematics and density.

Based on the flat L’-band light curve and the upper limits on
the density, we can exclude the presence of a cold, thin accretion
disc (Shakura & Sunyaev 1973), whose number densities close
to the periapse of S2 at ~1500 r can be estimated using the rela-
tion for the number density as given by the standard accretion
disc theory; see also Frank et al. (2002). Using the mean atomic
weight of ¢ = 0.615 for the fully ionised gas, we obtain

7710 i 11/20
n=27% 1012(ﬁ) L L—
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where the factor f stands for f = [1 — (r;/R)"/?]"/*. We calculate
a number density range of ngisc = 7.6 x 1011-9.6 x 102 cm™3
for the accretion rate in the range iz = 107°—1077 Mg yr~! and
a viscous parameter of @ = 0.1 for the S2 pericentre distance.
In Fig. 11, we plot the thin disc density profiles up to 100r,
since the density profile below this radius is relatively uncer-
tain and the accretion flow likely breaks up due to the accumu-
lation of poloidal magnetic flux, which results in a magnetically
arrested disc (MAD; Narayan et al. 2003). This transition occurs
where the magnetic energy density and the gravitational poten-
tial energy are at balance, B?/87 = GM,pfiow/Ru, from which
we can easily derive the magnetospheric radius,
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where the poloidal magnetic field is scaled to 10 G and the
number density of the flow to 10°cm™ according to the syn-
chrotron models of the Sgr A* flares (Yusef-Zadeh et al. 2006;
Eckart et al. 2012). The putative MAD part of the flow is high-
lighted by the blue vertical line in Fig. 11.

The thin disc is expected to contain dust from the sublima-
tion radius towards larger distances. If we associate the effective
thin disc temperature, Toy = [3GM,ri/(8ariog)]'/*, with the
dust sublimation temperature of Ty, = 1000 K, we get a relation
for the dust sublimation radius (see also Czerny & Hryniewicz
2011)
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We obtain the range of ryp, = 35-163r for the accretion

rate range of /i1 = 107°-1077 My yr~!. Hence, the dusty bow-
shock layer should be formed when the S2 plunges through the
disc midplane close to its periapse at ~1500 rs. The formation
of the shock in the disc material would lead to the extinction
increase in L’-band magnitude by 0.65 mag for the density of
4.9 x 10" cm™ and by as much as 2.30 mag for the density of

6.13 x 10'2cm™3. We can therefore exclude the possibility that
the S2 star crosses a thin, dense, and cold disc.

Although the comparison with the thin disc density in Fig. 11
may seem purely academic for the Sgr A* environment, it is still
instructive to compare our upper limits with the thin-disc density
for two reasons. Firstly, although the presence of a thin disc was
implicitly excluded already based on X-ray and mm observa-
tions (Yuan et al. 2003; Baganoff et al. 2003; Dexter et al. 2010),
the upper density limit inferred from the stellar bow shock
is independent of these previous measurements. Secondly, the
transition between the hot advection-dominated accretion flows
(ADAFs) and thin discs at such low accretion-rate values, such
as those for Sgr A*, is still not well understood. For « discs, the
viscously stable branch at low i exists in the stability curve of
surface density—accretion rate or X-7iz plot and these discs would
be both geometrically and optically thin; see e.g. Frank et al.
(2002). Furthermore, they would primarily cool via the free-
free emission instead of black-body radiation (Tylenda 1981)
and one of the main reasons why such a disc is likely not
present for Sgr A* is the short time for plasma to cool down via
bremsstrahlung due to the low-angular momentum of the flow.
On the other hand, they are low accretion-rate systems where
the thin disc was detected, such as for example the maser source
NGC4258 (Gammie et al. 1999) and NGC3147 (Bianchi et al.
2019). Most likely, the boundary conditions of the flow, that is,
either feeding by stellar winds or the inflow of gas from larger
scales, determine the transition between the ADAF and the thin
disc at low i and vice versa. In addition, hybrid models of discs
have been suggested, with an outer thin disc part and an inner
hot ADAF part, with the transition at 10-100 gravitational radii
(Gammie et al. 1999).

In order to better constrain the density and lower the upper
density limit and the slope, the photometry precision needs to
improve, with values below 0.01 mag. Also, a more precise the-
ory for the bow shock formation and its corresponding NIR
emission needs to be taken into account. However, the current
methodology that we provide here can be directly transferred to
the more precise photometry.

In terms of future instruments, the METIS at ELT will be
particularly well suited for high-precision photometry in near-
and mid-IR domains. All observing modes of METIS will ini-
tially work with a single conjugate adaptive optics (SCAO)
system at or close to the diffraction limit of the 39m ELT. At a
wavelength of 3.5 um, the ELT will allow operation at an angu-
lar resolution of 23 milliarcseconds. Here, METIS will have a
point source sensitivity (10-o- in 1 hour) of 21.2 mag (or about
1 uJy) (Brandl et al. 2018a,b). In the N band at a wavelength
around 10um, the point-source sensitivity can be expected to
be about 1.6 orders of magnitude lower. The field of view of
about 10” x 10” in imaging and 1.0” x0.5” in IFU (integral
field unit) spectroscopy mode at L- and M-bands is ideally suited
for the densely populated GC region. However, the limiting sen-
sitivity for flux density measurements in this field will be deter-
mined by confusion due to source crowding. Hence, the effective
sensitivity available to determine flux densities and to establish
light curves can safely be assumed to be an order of magnitude
lower than the nominal point-source sensitivity, but will still be
about an order of magnitude better than the currently reached
sensitivity. For specific estimates of the potentially probed den-
sity range, we consider the limiting flux density value for the
bow-shock emission in the L’-band to be 0.01 mJy, which cor-
responds to an ~1073 mag difference in the S2 star L’-band
magnitude. Taking into account the model of thermal ambient-
shock emission, which is the least sensitive in terms of the
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Fig. 11. Comparison of the upper density limits that are marked as downward arrows inferred from the L’-band light curve of the S2 star based
on modelling ambient and stellar-wind shocks for the dust-extinction values of 0.04 and 0.02 mag with different density profiles and structures
according to the plot legend and the description. Alongside the density limit based on the thermal bow-shock emission, we also depict the
limit based on the non-thermal bow-shock emission (bluish downward arrows). For comparison, we show the density limit of 26 cm™ inferred by
Baganoff et al. (2003) based on the analysis of the X-ray thermal bremsstrahlung profile. Then we show the density constraint of (5 + 3) x 103 cm™
inferred from the potential hydrodynamic drag acting on the DSO/G2 object (Gillessen et al. 2019). The general density power-law profiles are
depicted by black lines: the solid line stands for the slope of 1.0, the dashed line represents the flat profile of y = 0.5, and the dot-dashed line
depicts the steeper Bondi-like spherical flow with y = 1.5. The shaded rectangle shows the distance and the density limits (n ~ 10°—10° cm™)
of the putative cool disc whose discovery is claimed by Murchikova et al. (2019). The black-framed rectangle depicts the typical densities of
the broad-line region (BLR) clouds in the range of n ~ 108-10'"' cm™. The gray lines depict the number density values expected for a thin
disc (Shakura & Sunyaev 1973) for the accretion rate of M = 107°—10"7 M, yr~" and the viscosity parameter of @ = 0.1. The brown-shaded
area to the lower left shows the set of density profiles determined using the rotation measure of the submillimeter polarisation measurements
(Marrone et al. 2006, 2007) for the inner radii of r, = 300r; and ry, = 3r;, density slopes of ¥y = 0.5 — 1.5, and the accretion rates in the
range 2 X 1072 x 1077 M, yr~!. The blue dot-dashed vertical at 100 r, and the blue dot-dashed arrow to the left denote the region of a potential
magnetically arrested flow (MAD), where the accretion flow changes from continuous to clumpy due to the accumulated poloidal magnetic flux
(see e.g. Narayan et al. 2003; Tursunov et al. 2020). The dotted vertical lines mark the periapsis of the S62 star at ~225 r¢ and the periapsis of the
S2 star at ~1512 r,. Next to the S2 pericentre vertical line, we highlight the range of densities potentially being explored using L’-band METIS at
ELT imaging mode.

density, we obtain a value of ~1.5 x 10% cm™3. This provides an
improvement by three orders of magnitude in comparison to the
current upper limit. The more sensitive non-thermal bow-shock
emission model implies a lower ambient-density limit of only
~700 cm™3, which is two orders of magnitude lower than current
limits in Table 2. The density range probed by METIS is also
shown specifically in the summary plot in Fig. 11. In particular,
using the lower limit of 700 cm™3 inferred from the non-thermal
model, METIS should be able to directly detect a non-thermal
emission increase in case the hot-flow slope is larger thany = 0.5
between the Bondi radius and the S2 pericentre distance. Further
details will have to be determined through observations on the
target.

The next-best target to observe both the potential thermal and
non-thermal bow-shock emission at the periapse would be S62
in early 2023 which appears to be a suitable time to observe the
closest S-star to the SMBH by the JWST. This will be an oppor-
tunity to shed further light on the density of the accretion flow
around Sgr A* along the S62 orbital plane (Peiflker et al. 2020c),
in particular at its pericentre distance of 5% ~ 225 r, ~ 18 AU,
where the conditions of the accretion flow were only constrained
via the rotation measure (Marrone et al. 2006, 2007); see Fig. 11.
The detection of the bow-shock emission of S62 would provide
an independent means of assessing the ambient number density
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on the scale of ~100 r,. Furthermore, the S stars S2 and S62 as
well as the dusty source DSO/G2 orbit Sgr A* at different incli-
nations. Therefore, detecting the bow-shock emission for each
of them would enable us to constrain the density profile of the
accretion flow around Sgr A* not only as a function of distance,
but for a broader range of inclinations.

NIR bow-shock emission from the S stars, which is expected
to be most prominent at the pericentre, could be detected via
peculiar, longer K or L’-band flares. Moreover, the total bow-
shock flare duration would be of the order of a few months
up to one year and the peak flux is coincident with the peri-
centre of the star, see our model predictions in Fig. 9 for the
thermal dust emission and in Fig. 10 for the non-thermal syn-
chrotron emission associated with the bow shock. The start of
the flux increase would be half a year before the pericentre. In
terms of the shocked stellar wind, Giannios & Sironi (2013) and
Christie et al. (2016) calculated the timescale of approximately
one month for the X-ray bremsstrahlung flare produced by S2
bow-shock with the luminosity of 4 x 10*3 ergs™'. However,
Schartmann et al. (2018) argued that for the expected accretion-
flow density, the X-ray emission from the bow shock is beyond
the detection limit. Ginsburg et al. (2016) calculated the non-
thermal synchrotron emission, which for the typical parame-
ters assumed for S2, the mass-loss rate of sty ~ 1077 Mg yr~!
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and the terminal wind velocity of v, ~ 10°kms~!, is below
the quiescent emission of Sgr A*. Therefore, the stochastic IR
flares of Sgr A* (Witzel et al. 2012, 2018), including the very
bright ones (Do et al. 2019b), are not associated with the stel-
lar bow shocks in the S cluster as they evolve on a timescale
of several hours only, which can be interpreted as an orbital
timescale of plasmoids close to the innermost stable circular
orbit (Gravity Collaboration 2018b). In other words, some short-
term NIR flares could be associated with short-period stars orbit-
ing Sgr A* on the scale of the innermost stable circular orbit
(Leibowitz 2020), which could be disentangled from the stochas-
tic background via their periodic or quasi-periodic signal. How-
ever, the bright IR flare analysed by Do et al. (2019b) could be
associated with a change of accretion state due to the recent peri-
centre passage of S2 in 2018 or even the pericentre passage of
DSO/G2 in 2014. The time delay between the pericentre and
the average flare statistics may be interpreted via the viscous
timescale of the hot accretion flow, which can be of the order
of one to ten years (Czerny et al. 2013).

5. Conclusions

For the brightest star in the S cluster, S2, we obtained a light
curve in the NIR L’-band, which is flat within the measure-
ment uncertainties with the fractional flux variability of only
2.52% in terms of the L’-band flux density. When we associate
the flux density standard deviation of 0.04 mag with the local
dust extinction due to the bow shock, we can place an upper
limit of n, < 1.87 x 10°cm™ on the ambient number den-
sity at ~1500 ry for the warm bow shock driven into the ambi-
ent medium, which is expected to contain dust. For the colder
and the denser stellar-wind shock, the number density limit is
n, < 1.86 x 10° cm™3, which is nevertheless less firm because
of the limited presence of dust in stellar winds of B-type stars.
Considering the non-thermal bow-shock emission, which does
not rely on the existence of dust, we can place an upper density
limit of 1.01 x 10° cm™.

These limits cannot yet constrain the type of the hot accre-
tion flow and therefore both the radiatively inefficient accretion
flow with the density profile of v = 0.5 and the spherical Bondi-
type flow with y = 1.5 can accommodate these number densities.
However, we can firmly exclude the standard, thin accretion disc
extending all the way to 1 500 rs, the density of which would be
at least two orders of magnitude greater and the star-disc interac-
tions would produce a shock with a local extinction of 0.65—-2.30
mag in L’ band, which is much larger than the inferred 1o excess
of 0.04 mag of the L’-band light curve, and a difference of 0.11
mag between the maximum and the minimum magnitude.

In terms of future prospects, a major challenge is to detect
and directly resolve bow shocks associated with the S-stars in
NIR bands because of the high confusion and stellar density
close to Sgr A*. It may become possible when high-resolution
mid-IR imaging becomes available with the next generation of
instruments, namely METIS at the ELT, because bow shocks are
generally more prominent because of the dust emission in mid-
IR bands. High-precision photometry associated with METIS
with the flux sensitivity of the ~0.01 mJy in L’-band is expected
to improve the density constraints by two to three orders of
magnitude in comparison with our current upper limits. For the
non-thermal bow-shock emission, the direct detection of the flux
excess is plausible in cases where the hot-flow density slope is
larger than y ~ 0.5 between the Bondi radius and the S2 peri-
centre distance.
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Appendix A: Flux table

Table A.1. Dereddened fluxes of S2 and S65 in L’-band in 2018.307.

UT time S2 S65
(mly) (mly)

05:57:34.4735 9.84+0.11 14.48 +0.25
05:59:43.8697 9.00+0.02 12.38+£0.06
06:00:25.8029 10.03+0.27 15.61 +0.62
06:02:34.9990 1.63+0.05 2.94+0.23
06:03:17.5402 8.15+0.01 12.43 +0.05
06:05:26.7352  8.68 +0.04 13.34+0.17
06:06:08.8654 9.15+0.13 13.81 +0.35
06:08:16.4643 10.21+0.38 15.21 +£0.83
06:09:01.9952 9.64+0.26 14.70+0.63
06:11:10.5931 8.72+0.10 13.86 +0.36
06:45:59.1812 10.07+0.13 13.38+0.26
06:48:07.7927 9.90+0.10 14.93+0.24
06:48:49.5321 12.52+0.63 15.67+0.92
06:53:54.6491 10.21+0.04 14.05+0.08
06:56:44.5710 10.41+0.18 14.11+0.36
06:57:29.3005 8.13+0.03 12.32+0.20
06:59:38.1146  8.63+0.03 13.97+0.13
07:34:08.2162  8.03+0.05 13.4+0.26
07:37:02.3746  8.14+0.03 12.95+0.17
07:39:11.7988  8.26 +0.02 12.55+0.14
07:39:54.9392 8.75+0.06 12.57+0.22
07:42:48.1058 7.82+0.17 12.75+0.87
07:44:58.3101 8.76 + 0.06 14.46 +0.21
07:47:53.4375 8.27+0.17 14.10+0.69
08:26:49.3672 7.40+0.03 12.60 +0.32
08:28:59.1627 7.93+0.03 12.82+0.02
08:29:42.3116 9.18 £0.06 14.00+0.24
08:31:51.9218 8.37+0.02 12.53+0.11
08:32:36.0531 8.61+0.08 12.88+0.29
08:34:47.4474 10.03+0.13 13.62+0.26
08:35:30.1790 8.73+0.11 14.57+0.42
08:38:23.3029 8.79+0.25 15.14 + 0.88
08:40:33.6955 7.45+0.03 13.72+0.03
09:16:05.5965 8.28 +0.03 13.75+0.13
09:18:58.3609 7.72+0.02 14.01+0.18
09:21:09.3821 7.09+0.03 13.30+0.34
09:21:52.5156  7.66 +0.02 13.09+0.24
09:24:03.3459 7.49+0.02 12.31+0.23
09:24:46.0790 9.80+0.25 16.09 + 0.66
09:26:55.2871 8.83+0.05 13.62+0.17
09:27:38.2308 8.46+0.10 13.89+0.49
09:29:47.4548 8.89+0.07 14.16+0.22
10:05:26.0274  8.25+0.02 14.11 £ 0.08
10:07:35.2335 8.32+0.10 16.33+0.41
10:08:18.1657 8.71+0.10 13.24+0.46
10:10:30.5604 9.35+0.18 14.43+0.49
10:11:11.8925  9.24+0.03 15.21+0.12
10:13:20.2894  8.34 +£0.03 12.99 +0.19
10:14:03.2225 8.48+0.02 13.07+0.12
10:16:13.2227 8.44+0.09 12.47+0.47
10:19:10.3576 10.80+0.47 16.81+1.12

As described in Sect. 2.2, we performed photometry for the sin-
gle exposures of the observation 0101.B-0052(B) in 2018.307.
As shown in Fig. 4 there is no significant change in flux
at the position of S2 and the IR counterpart of Sgr A%,

suggesting that Sgr A* is in its quiescent period in L’-band dur-
ing the observation epoch of 2018.307.

Appendix B: The S2 star bow-shock evolution
along the orbit: formula for the density slope

The size of a bow shock formed due to the supersonic motion of
the star close the supermassive black hole is scaled by the stand-
off distance Ry, which depends on two stellar parameters, the
mass-loss rate ri1,, and the terminal wind velocity vy, as well as
on the density of the ambient medium p, and the relative veloc-
ity of the star with respect to the surrounding medium vy. In
the most general form, it can be expressed in the following way
(Wilkin 1996; Zhang & Zheng 1997; Christie et al. 2016),

Ty Uy
Ro=|or 7
Q1 + a)p,v

rel

1/2
) = Cavpy ", (B.1)

where Q stands for the solid angle into which the stellar wind is
blown (in case it is fully isotropic Q = 4r). The coefficient « is
the ratio of thermal and the ram pressure of the ambient medium,
@ = Py, / Pram- The supersonic motion takes place when the Mach
number is larger than one, M = vy/cs = 1/ vka > 1, where ¢
is the sound speed and « is an adiabatic index. The last equality
in Eq. (B.1) is valid for the supersonic limit when @ — 0, that is,
when the thermal pressure is low. The term Cy = (7 0y /Q)'/?
then represents a stellar parameter that we assume to be constant
during one orbital period, which for S-stars with a semi-major
axis a is typically (in years),

-1/2

) VyI.

a \32 M.
=11.85 (—) —_—
Torb 0.1 (4>< 106 M,
The stellar parameter C, may be evaluated for the mass-loss
rate riry, and the terminal wind velocity v, as inferred for S2
based on spectroscopic information (Martins et al. 2008),

(B.2)

m 12 v
1077 Mg yr~! ) (103 kms~!

12
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(B.3)

C. =7.1><1o‘2(

Now we consider the relation between the scale lengths of the
bow shock Ry at two different positions. We assume that the
number density profile near the GC as a function of distance r
from the black hole has a power-law form:

r Y
Ny =no|— ’
1o

where the power-law index 7y is positive, ¥ > 0. It follows
directly from Eq. (B.1) that the ratio of the standoff radii between
two positions of the bow shock along the orbit is as follows,

(B.4)

Ror _ e (@)“2 _ o (@)“2 _ ten (r_l)y”

Rop  Urenn \pai Urell \7al Vet \12)
where the subscripts 1 and 2 stand for two positions along the
elliptical orbit characterised by velocities vye; and vy and dis-
tances from the focus (SMBH) r; and r, (r; > r), respectively.
The last equality in Eq. (B.5) is derived using a general expres-
sion for the power-law density profile, Eq. (B.4). Unless other-
wise indicated in the text, we consider the ambient medium to
be stationary with respect to the star, and therefore the relative
velocity is approximately given by the orbital velocity of the star

(B.5)
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around the GC, vy =~ v4. By taking this into consideration, we
obtain a slightly modified relation for the ratio,

fo (1)) (202)

Rz Vst \ai r 2a-r)
The last equality is obtained using the expression for the orbital
velocity of a star on an elliptic orbit, or the opposite equation,
v = AuQ2/r—1/a), where u = GM,. In cases where the
orbital elements for a given S star are constrained, one can invert
Eq. (B.6) to get the power-law index y as function of the bow-

shock standoff ratio at two positions R (r1)/Ro2(r2), orbital dis-
tances r; and r,, and the semi-major axis a,

(B.6)

_ 2log[Roi(r1)/Roz2(r2)] +1og [(2a — r)/2a —ry)]
a log (r1/r2)

1.

(B.7)

The number of parameters in relation B.7 may be reduced when
evaluated at special points on the orbit, especially the pericentre
(true anomaly v = 0°), the apocentre (v = 180°), and the semi-
latus rectum (v = 90°). From classical celestial mechanics, we
easily obtain the ratios for corresponding distances and veloc-
ities at the apocentre and the pericentre for a general elliptical
orbit with an eccentricity e. The ratio of the distances from the
supermassive black hole is (rp/ra) = (1 — e)/(1 + €)° and the
ratio of velocities iS (Voiop/Vorba) = (1+¢€)/(1 —e). Thus, the ratio
between the apocentre and the pericentre bow-shock size is sim-
ply a function of two parameters: the orbital eccentricity e and
the power-law index for the ambient density distribution vy,

RQA _ 1+e +y/2
Rop - 1-e '
In the same way as in Eq. (B.7), one can express the power-law
index in the following way,

Yap = 2[log (Roa/Rop)/ log [(1 + €)/(1 - €)] = 1].

A similar simple expression is obtained when evaluating the
ratio between the points at the latus-rectum intersection with the
ellipse and the pericentre. We denote the standoff distance at that
point Ry gp (the true anomaly is 90 degrees). The following rela-
tion then holds:

Rogo (1 +e)t22
Rop  (1+e)12”

(B.8)

(B.9)

(B.10)

from which the density power-law index trivially follows (or
from Eq. (B.7)),

21og [Rogo/Rop] + log (1 + €%)

g (170 2. (B.11)

YLp =

As the star passes through the medium with a variable density n,,
the bow-shock emission is also expected to change. An upper
limit for the thermal bow-shock emission is given by the rate
of thermalised kinetic terms of the stellar and ambient winds,
Liy = 1/2y (0%, + 03) = 1/2#y, (0% + v}) (Wilkin et al. 1997).
The ratio of thermal bow-shock luminosities between two points
is then given by,

Lt /Lo = (B + /(B3 + 1),

3 We use the indices P, A, and 90° to denote the quantities evaluated at
the pericentre, apocentre, and the semi-latus rectum, respectively.

(B.12)
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Table B.1. Power-law index y and the corresponding ratio between the
apocentre and the pericentre bow-shock sizes and the thermal emission
luminosities calculated for different eccentricities.

e Y  (Roa/Rop)o (Eq. (B.8))  Lma/Lup (S2)
0 >0 1 1
05 00 3.0 0.19
05 05 3.9 0.19
05 1.0 5.2 0.19
05 20 9.0 0.19
09 0.0 19.0 1.8x 1072
09 05 39.7 1.8 x 1072
09 1.0 82.8 1.8x 1072
09 20 361.0 1.8 x 1072
104
- 3
§ 10
£ 8
§ 102 G\Eé
ug’ o
]
10’
v 10°
0 0.2 0.4 0.6 0.8 1
orbital eccentricity e

Fig. B.1. Colour-coded ratio Rys/Rop of stellar bow-shock sizes
between the apocentre and the pericentre of the corresponding orbit in
the e — y plane (see also Eq. (B.8)). The white and black lines corre-
spond to the contours of the constant ratio with numbers indicating the
value of Ry4/Rop for a given contour.

where 8 = v4/vy. Table B.1 summarises different exemplary
values of the index y and the corresponding values of the ratio
of bow-shock sizes between the apocentre and the pericentre —
Eq. (B.8) — as well as the ratio of luminosities of thermal emis-
sion, Eq. (B.12), for different eccentricities. As a standard pro-
totype of S stars, we take S2 with inferred a ~ 0.123", e ~ 0.88,
and v, = 1000kms~! (Martins et al. 2008; Habibi et al. 2017;
Gravity Collaboration 2018a).

In Fig. B.1, we plot the colour-coded ratio R4 /Rop in the
e-y plane (eccentricity—power-law index). We see that in gen-
eral the ratio Ro4/Rop has a broad range between 1 and 10* for
plausible values of the density power-law slope, y € (0,2), and
the orbital eccentricity, e € (0,0.99). For the mean eccentricity
of ¢ = 2/3 in the thermal (isotropic) distribution of eccentrici-
ties, n(e)de = 2ede, and the flat density profile of y = 0.5 — 1.0
(Wang et al. 2013), the ratio Ros/Rop is between 7.5 and 11.2
according to Eq. (B.8). Effect of thermal pressure. In the anal-
ysis above, we considered the thermal pressure of the ambi-
ent medium to be negligible with respect to the ram pressure,
that is, @« = Py/Pram — 0. Yet, at different distances from the
SMBH, the factor &/(r) = Py/Pram = ¢s(r)?/v+(r)*> may in prin-
ciple change and become non-negligible. The ratio of standoff
radii between the apocentre and the pericentre of the orbit then
becomes

o o) (10e) o
Rop  \RopJo\1+aa) '
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where (Roa/Rop)o is the ratio with a neglected thermal pressure,
Eq. (B.8). The thermal term at the pericentre may be evaluated
as follows,

kkgTpal—e

ap = c(rp)* [va(rp)* = (B.14)

um, pl+e’

where Tp is the gas temperature at the pericentre, {1 is the mean
molecular weight, and m1, is a proton mass. The ratio of the ther-
mal terms at the apocentre and the pericentre is then

apn  Tafl+e 2_ rp “M+e 2_ 1+e\?
ap Tp\l—e] \ra)/ \1-¢] \l1-e ’
where 6 > 0 is a power-law index of the spherical temperature
profile of the ambient medium, T,(r) = To(ro/r)°, where Ty =
Ta(rp). The extra term in Eq. (B.13) would vanish if ap = a4,

which would occur if e = 0. Using Eq. (B.15) we may rewrite
Eq. (B.13) in the following form,

Roa _ (%)
Rop \Ror /g

(B.15)

1/2
1+ ap(Tp,a,e) ] (B.16)

2-5
1+ ap(Tp,a,e) (%—fﬁ

Fap(Tp,a,e,0)

For the estimation of the factor F4p in brackets, which arises
because of thermal pressure, we consider the orbital elements of

S2 and the following temperature profile of the ambient medium
(Psaltis 2012; Broderick et al. 2011),

GM. )6, (B.17)

T ZT(
P N\ ez

where 6 = 0.84 and Top = 9.5 x 10'9K. After calculation,
the correction term is =~ 0.8 for S2 star, and so every ratio in
Table B.1 should be slightly adjusted, Roa/Rop = 0.8(Roa/Rop)o,
if the temperature profile, Eq. (B.17), holds. Including the ther-
mal pressure term, the formula for the density power-law index
v based on the ratio of the apocentre and the pericentre standoff
radii changes accordingly,

Yap = 2[(log (Roa/Rop) —log Fap)/log[(1 + €)/(1 —e)] - 1].
(B.18)

Similarly, using the semi-latus rectum—pericentre ratio R oo/
Rop, one can derive the slope y; , modified by the thermal therm
F1p in the following way,

_ 2[log (Ro00/Rop) — log Frp] +log (1 + %) B

YLp log(1 +e) 2. B
where the thermal term is expressed by
1/2
Fun(Tya,e) = | —tedpa:©) l (B.20)
1 + ap(Tp,a, e)((l;rfi)z
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CHAPTER

Discovery of a dense association of stars in
the vicinity of the supermassive black hole
Sgr A*

The young stellar population around Sgr A* has been puzzling for scientists over the last
decades and has been introduced as "Paradox of Youth" (Ghez et al. 2003). Up to now we
know of three stellar populations around Sgr A*, the IRS16 complex, the S-star cluster and
IRS13.

In this paper we discover another dense association of stars located at a distance of ~ 6"
corresponding to ~0.25 pc north-east of Sgr A*. I investigated this sample of in total 42 stars
within a radius of 1.35” around the bow shock source IRS 1W. I analyse the proper motions
of these source in Ks band and determine their brightness in H and L’ bands. I identified a
sub-sample of stars which have similar proper motion directions towards the north-west.
The dispersion velocity of this subsample motivates me to consider them as an association
of stars. I name them N-sources due to their northward flying direction. This association
of stars can be a bound system due to a putative intermediate mass black hole (IMBH)
with a mass of about 103 M. However, I discuss another plausible scenario that this is
a projection of a disk-like distribution of young He-stars and/or dust-enshrouded stars.
However, in the Chanda image from 0.5 to 8 keV, there is no significant X-ray emission at
the position of N-sources, which weakens the IMBH scenario. In contrast, the location of
IRS13E and N-sources on the west and east side of Sgr A*, respectively, strengthens the
disk-like distribution scenario.

The results of this publication are submitted to ApJ and I am currently incorporating
the reviewers comments. I did the entire data reduction and analysis and wrote the entire
publication by myself. The remaining authors contributed with comments during the
writing process. Credit: Hosseini et al., submitted to Ap].
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ABSTRACT

We focus on a sample of 42 sources adjacent to the bow shock source IRS 1W (N-sources), located at the
distance of 6.05” north-east of the supermassive black hole (SMBH) Sagittarius A* (Sgr A*), within the radius
of 1.35”. We present the first proper motion measurements of N-sources and suggest that a larger subset of
N-sources (28 sources) exhibit a north-westward flying angle. These sources can be bound by an intermediate
mass black hole (IMBH), or the concentration that we observe is due to a disk-like distribution projection along
the line of sight. We detect the N-sources in H, K, L’ bands. The north-westward flying sources could be a
bound collection of stars. We discuss a tentative existence of an IMBH or an inclined disk distribution to explain
a significant overdensity of stars. The first scenario of having an IMBH implies the lower limit of ~ 10°> M for
the putative IMBH. The second scenario suggests that the appearance of the N-sources might be influenced by
the projection of a disk-like distribution of younger He-stars and/or dust-enshrouded stars. Our measurements
for the first time reveal that the dense association of stars containing IRS 1W is a co-moving group of massive,
young stars. This stellar association might be the remnant core of a massive stellar cluster bound by an IMBH
that is currently being tidally stripped as it inspirals towards Sgr A*. The cluster exhibits features similar to the
IRS 13N cluster.

Keywords: black hole physics — IRS 1W — Galactic Centre — Sgr A* — Intermediate mass black hole — IRS 13 —

N-sources

1. INTRODUCTION

The extended radio source Sgr A consists of three compo-
nents: Sgr A East, which is a non-thermal supernova rem-
nant, Sgr A West which is a thermal region associated with
the ionized mini-spiral structure, and the compact variable
radio source Sgr A * associated with the supermassive black
hole (SMBH) of ~ 4 x 10° M, (Balick & Brown 1974; Goss
& McGee 1996; Eckart & Genzel 1996; Ghez et al. 1998;
Eckart et al. 2017; GRAVITY Collaboration et al. 2019;
Event Horizon Telescope Collaboration et al. 2022, and ref-
erences therein) at the center of the Milky Way. The ther-
mal Sgr A West region or the mini-spiral (Ekers et al. 1983;
Lo & Claussen 1983) is detected as a distinct filamentary
structure in near- and mid-infrared bands (Clénet et al. 2004,
Viehmann et al. 2006; Muzi¢ et al. 2007; Bhat et al. 2022) as
well as in the mm- and radio domain (Zhao et al. 2009, 2010;
Moser et al. 2017). It is composed of three clumpy streamers
orbiting around Sgr A* that consist of dust and ionized and
atomic gas with the dust temperature of ~ 100 K and the gas

temperature of ~ 10* K (Yusef-Zadeh et al. 1998; Kunneriath
etal. 2012).

A surprisingly large number of massive young stars with
the age of a few million years resides in the Milky Way’s
innermost half parsec (pc). They form at least one disk-
like structure of clockwise orbiting stars (CW) (Genzel et al.
2003; Levin & Beloborodov 2003). Paumard et al. (2006)
also propose the existence of a second disk of counter-
clockwise orbiting stars (CCW), which, however, appears to
be less populous. The existence of disk-like structures sug-
gests the association of star-formation in the Galactic Center
with the accretion disks that formed during the previous en-
hanced accretion activity of Sgr A*.

The mechanism which leads to the presence of young stars
with the age of < SMyr is still not completely understood
because there are several factors in the Galactic Center envi-
ronment that should be inhibiting the star-formation process,
such as intense UV radiation and stellar winds, large turbu-
lence, enhanced magnetic field, and the tidal forces from the
SMBH (Morris 1993). This problem is known as the “Para-
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dox of youth” (Ghez et al. 2003), though with the advance
of star-formation and dynamical models in galactic nuclei, it
has been possible to explain the occurrence of young stars in
the Galactic Center, see e.g. Mapelli & Gualandris (2016) for
areview.

Three plausible scenarios are generally discussed:

1. in-situ star-formation approach, in which stars form
in the gravitationally unstable accretion disk or within
an infalling molecular cloud that gets shocked due to
collisions with the surrounding gas or is tidally com-
pressed (Morris 1993; Levin & Beloborodov 2003;
Nayakshin et al. 2006; Hobbs & Nayakshin 2009; Lu
et al. 2009; Bartko et al. 2009; Paumard et al. 20006;
Jalali et al. 2014; Bartko et al. 2010);

2. in-spiral star formation approach which claims that the
star cluster first starts forming outside the central par-
sec, e.g. within the circum-nuclear disk or even fur-
ther away in the central molecular zone. The pres-
ence of an IMBH can shorten the dynamical friction
timescale, which needs to be at most a few million
years long in order for stars to be still young when they
settle around the SMBH (Gerhard 2001; McMillan &
Portegies Zwart 2003; Hansen & Milosavljevi¢ 2003;
Portegies Zwart et al. 2006; Berukoft & Hansen 2006;
Rizzuto et al. 2020; Peillker et al. 2021);

3. rejuvenation scenario, which proposes that late-type
stars have undergone collisions with other stars, a
dense accretion disc, or a jet, which caused their colder
outer layers to be stripped off and made them ap-
pear hotter and younger than they actually would be
(Morris 1992, 1993; Genzel et al. 2003; Zajacek et al.
2020a,b). In addition, late-type stars aligned with an
accretion disk accrete material from it, which also
leads to their rejuvenation by gaining fresh hydrogen
(Cantiello et al. 2021).

Apart from the cluster of young stars centered around Sgr A*
within ~ 0.5 pc, there is a distinct concentration of infrared
sources IRS 13 located at the projected distance of ~ 3 — 4"
(~ 0.12 - 0.16 pc) south-west of Sgr A *. IRS 13 has been
studied as a suitable candidate for the first two aforemen-
tioned scenarios for the origin of young stars in the central
parsec. IRS 13 consists of two components — the northern
part IRS 13N and the eastern part IRS 13E. IRS 13N hosts
young, infrared-excess sources (Maillard et al. 2004; Eckart
et al. 2004; Paumard et al. 2006; Muzi¢ et al. 2008; Eckart
et al. 2013). IRS 13E mainly contains massive Wolf- Rayet
(WR) stars and the violet supergiant E1(OBI) (Maillard et al.
2004; Moultaka et al. 2005; Paumard et al. 2006), whereas
the rest of the stars are fainter ones, identified as late-type

stars and are most likely the background stars (Fritz et al.
2010).

The velocity dispersion of the IRS 13E sources motivated
the speculation about the existence of an intermediate-mass
black hole (IMBH) to bind the cluster. The required mass of
the assumed IMBH was inferred to be about ~ 10* M, (Mail-
lard et al. 2004; Schodel et al. 2005). The existence of the
prominent X-ray source in the IRS 13E cluster reinforced the
discussion about the IMBH. On the other hand, Zhu et al.
(2020) argue that a colliding wind scenario between E2 and
E4 can explain the X-ray spectrum as well as the morphology
of IRS 13E and suggests that there is no significant evidence
that IRS 13E hosts an IMBH more massive than ~ 10°M,. In
general, the occurrence of IMBHs in nuclear star clusters is
expected based on dynamical arguments. Rose et al. (2021)
propose that dynamical mechanisms operating in galactic nu-
clei, specifically black hole-star collisions, mass segregation,
and relaxation, are particularly effective in the formation of
IMBHs of < 10*M,. Their findings imply that at least one
IMBH is likely to exist in the central parsec of the Galaxy.
Another channel for the occurrence of IMBHs in galactic
nuclei is their infall within massive stellar clusters (Spitzer
1969; Portegies Zwart & McMillan 2002; Rasio et al. 2004;
Fragione 2022), which directly relates dense stellar associa-
tions such as IRS13 with an IMBH. Rose et al. (2021) suggest
that the collisions between black holes and stars can con-
tribute to the diffuse X-ray emission in the Galactic Center
region. Hence, also a growing black hole inside IRS13E that
collides with the surrounding stars could contribute to the X-
ray emission of the cluster.

Another apparent concentration of stars in the inner par-
sec of the Galactic Center is associated with the source IRS
1W that is located within the northern arm of the mini-spiral.
The mini-spiral contains mostly hot, ionized gas traced by
bright Bry emission. Vollmer & Duschl (2000) interpret the
kinematics of the ionized gas in the northern arm to be Kep-
lerian. IRS 1W has been studied previously as a bow shock
source interacting with the material of the northern arm. Its
broad-band infrared continuum emission is consistent with
the temperature of ~ 300 K (Tanner et al. 2002; Tanner et al.
2003; Tanner et al. 2005) suggesting the presence of warm
dust in its bow shock.

Ott et al. (1999) used the speckle camera SHARP on the
New Technology Telescope (NTT) and showed that IRS 1W
is an extended source which could be a young star. Pre-
viously it was suggested that it could have formed in the
northern arm of the mini-spiral or from the accreted gas
and dust in the infalling material out of the northern arm.
However, due to the current low inferred mass of the min-
ispiral gas of ~ 100 My, it is unlikely that it formed within
the northerm arm. Tanner et al. (2005) observed IRS 1W
alongside IRS 10W and IRS 21 by W.M. Keck 10 meter
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and Gemini 8 meter telescopes and identified them as bow-
shock sources with central sources as Wolf-Rayet stars. The
stellar-wind properties and kinematics of IRS 1W are similar
to the properties of the clockwise orbiting He emission-line
stars. Viehmann et al. (2006) showed that IRS 1W is very
red and has a featureless spectral energy distribution (SED).
Sanchez-Bermudez et al. (2014) analyzed the bow-shock ori-
entation alongside the proper motion and confirmed that IRS
1W is a Wolf-Rayet star with a bow shock created by the in-
teraction between the mass-losing star and the surrounding
interstellar gas.

The apparent stellar overabundance in the vicinity of IRS
1W could hypothetically be a stellar cluster similar to IRS 13
that is getting tidally disrupted upon the approach towards the
SMBH. We investigate this possibility in more detail in this
paper. We focus on the area around IRS 1W that contains 42
sources including IRS 1W. The geometrical center of these
sources is situated at ~ 6.02” £ 0.8 RA., 0.28” + 0.79 Dec.
with respect to Sgr A* in 2005.366 epoch within the circular
region with a radius of 1.35”.

The paper is structured as follows. In Section 2, we de-
scribe analyzed datasets in the near-infrared (NIR) domain.
The identification of stars associated with IRS 1W that con-
stitute an apparent overabundance in comparison with other
fields around Sgr A* is analyzed in Section 3. The NIR pho-
tometry colour-colour diagram of the sources is presented
in Section 4. Proper motions of the sources are analyzed
in Section 5, where the significant stellar concentration with
the common proper motion in the north-western direction is
identified. We discuss potential clustering scenarios (IMBH-
bound cluster or a projected disk-like distribution) in Sec-
tion 6. Finally, we summarize the main results in Section 7.

2. OBSERVATIONS AND DATA REDUCTION

The Galactic Center observations presented in this paper
are obtained in the infrared and X-ray domains. The infrared
observations were carried out using the Nasmyth Adaptive
Optics System/Coude NIR Camera (NAOS/CONICA) at the
European Southern Observatory (ESO) Very Large Tele-
scope (VLT). The M-type supergiant IRS 7 located at ~ 5.5”
north of Sgr A* (Becklin & Neugebauer 1975; Lebofsky
et al. 1982; Yusef-Zadeh & Morris 1991) serves as a natu-
ral guide star for the adaptive optics system. The X-ray data
was obtained using the Chandra X-ray observatory. The K-
band data (2.2 um) were taken at Unit 4 (UT4)-YEPUN from
2002 to 2013 and from 2014 at UT1-Antu on Paranal, Chile.
The K,-band images taken with the S13 camera have a pixel
scale of 13 mas/pixel and there is one data set among our
studied data sets in K -band data taken by the S27 camera
which has a pixel scale of 27 mas/pixel. We use 16 epochs
from 2003.451 to 2018.311 (28 observations) to derive the
proper motions of a group of stars located at the east side of

the bow-shock object IRS 1W in a circular region with the
radius of about 1.35”. The X-ray data span the energy range
from 0.5 to 8 keV and from 4 to 8 keV in 2005.

In this work, for the photometric purposes, we use the H-
( 1.6 um), K-(2.2um) and L’-(3.8um) band data obtained
with the NACO@VLT with a pixel scale of 13, 13, and 27
mas/ pixel, respectively, and the X-ray data with the pixel
scale of 492 mas/pixel. In Table 1, we summarize all data
sets which are a part of our analysis.

Date Camera Filter  Observation ID

2003.451 S13 K, 713-0078(A)
2003.453 S13 K, 713-0078(A)
2003.456 SI3 K, 713-0078(A)
2003.464 SI3 K, 271.B-5019(A)
2003.763 SI3 K, 072.B-0285(A)
2004.518 SI3 K, 073.B-0775(A)
2004.663 SI3 K, 073.B-0775(A)
2004.671 SI3 K, 073.B-0775(B)
2004.728 SI3 K, 073.B-0085(C)
2005.270 SI3 K,  073.B-0085(I)
2005.366 SI3 K, 073.B-0085(D)
2005.371 S13 K, 073.B-0085(D)
2005.374 S13 K, 073.B-0085(D)
2005.467 S27 K, 073.B-0085(F)
2005.569 SI3 K, 075.B-0093(C)
2005.574 SI3 K, 075.B-0093(C)
2005.577 S13 K, 075.B-0093(C)
2005.585 SI3 K, 075.B-0093(C)
2006.585 SI3 K, 077.B-0014(D)
2007.253 SI3 K, 179.B-0261(C)
2007.256 S13 H  179.B-0261(A)
2009.503 SI3 K, 183.B-0100(D)
2009.508 SI3 K, 183.B-0100(D)
2010.240 SI3 K, 183.B-0100(L)
2013.667 SI3 K, 091.B-0183(B)
2017.456 SI3 K, 598.B-0043(L)
2018.306 SI3 K, 598.B-0043(0)
2018.311 SI3 K, 0101.B-0052(B)

2008.400 L27 L’ 081.B-0648(A)

Table 1. Summary of NIR observations in H, K, L’ bands including
the date, camera, filter, and observation ID. K,-band data is used
for proper-motion measurements. Photometric measurements are
performed in all bands. The pixel scale of NACO S13 camera is 13
mas/pixel and that of S27 is 27 mas/pixel.

The standard data reduction process is applied to all of our
infrared data sets that consists of the sky subtraction, flat-
fielding, bad and dead pixel correction and finally combining
the images for each epoch via a shift-and-add algorithm to
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Figure 1. The image obtained in K -band from 2005.366 epoch.
Symbol “x” denotes the position of Sgr A*. The encircled N-
sources at the projected distance of ~ 6.05” with respect to Sgr A*
stands for the region of our study.

obtain the final array. The X-ray data reduction follows the
procedure as explained in Mossoux & Eckart (2017).

3. SOURCE IDENTIFICATION

We study sources within a circular region located at ~
6.05” north-east of Sgr A* with a radius of ~ 1.35” (shown
in Fig. 1). In this section, we show that the circular region
is not chosen arbitrarily but it rather encompasses the stellar
overabundance in the region. By increasing the aperture size,
the density of sources drops significantly. In addition, there
is a visible gap between the N-sources’ region and the IRS16
sources’ region.

The brightest star in this region is the aforementioned bow-
shock source IRS 1W. We identify 42 sources including IRS
1W in the previously described region. We name the sources
starting with the letter N from N1 for IRS 1W to N42. In
Fig. 2, we show the identified sources in K -band. We call
these sources the N-sources for simplicity. The N-sources
are not only identified in the K;-band but also in the H- and
the L’-bands.

We determined the positions of the N-sources using the
StarFinder software (Diolaiti et al. 2000) in the K -band
high-pass filtered images from 2003.451 to 2018.311 over
16 epochs.

When we investigate the number of the N-sources with re-
spect to the radial distance from the geometrical center of the
N-sources (Fig. 3), we find a gradual decrease in the number
of the sources with the increasing radial distance. This is an
expected trend for at least partially relaxed star cluster with a
cusp-like power-law density distribution.

To test the cluster hypothesis for the N-sources, it is crucial
to compare its number density with random areas distributed
isotropically at a comparable distance from Sgr A*. A sta-
ble cluster or a stellar association in the Galactic Center must
necessarily be characterized by an overdensity with respect
to other comparable regions. To this goal, we select random
eleven circular regions with two conditions. First, the center
of each region should have the same distance from Sgr A* as

Figure 2. The K;-band image from 2005.366 epoch. The sources
are labeled from N1/IRS 1W to N42. The figure is a zoom-in of the
encircled N-sources’ region in Fig. 1, which is located at ~ 6.05”
north-east of Sgr A*.
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Figure 3. Distribution of N-sources as a function of the projected
distance with respect to the geometrical center of the association.
The y-axis denotes the number of sources and the x-axis shows the
radial distance (in arcseconds) from the geometrical center of N-
sources. The length of the bins in the histogram is defined by con-
centric apertures centered at the geometrical center of N-sources. In
addition, each annulus has an equal area to the central disk, with the
radius of 0.6” for the central disk, and the radial extent of 0.6” to
0.8” for the first annulus, 0.8” to 1.0” for the second annulus, 1.0”
to 1.2” for the third annulus, and 1.2” to 1.3” for the fourth annulus.

the distance of the N-sources’ region. Second, each of these
circular regions should have the same radius as the chosen
aperture representing the N-source region. These compari-
son regions are labeled from “Region 1” to “Region 11” as
shown in the Appendix, Fig. 12. The number of detected
stars in K-band in each region is listed in Table 2. The mean
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Aperture ID  number of sources

N-sources 42
Region 1 15
Region 2 13
Region 3 13
Region 4 16
Region 5 16
Region 6 17
Region 7 14
Region 8 14
Region 9 12

Region 10 15

Region 11 16

Table 2. Number of sources in eleven randomly chosen regions with
a comparable distance from Sgr A* and a radius to the N-source
association region. Each region is located at a distance of about
6.05” from Sgr A* and its radius is ~ 1.35”. The mean number of
sources in these 11 regions is 14.6 + 1.5

number of sources in our eleven random samples is 14.6+1.5.
The number of sources in our 11 regions shows that the N-
source region is characterized by a significant stellar over-
density, which leads us to speculate that the N-sources or
their subgroup form a bound stellar association.

4. COLOUR-COLOUR DIAGRAM

The flux densities of N-sources in H, K, and L’-bands are
obtained using aperture photometry with an aperture radius
of 4, 4 and 3 pixels in H, K; and L’-bands, respectively.
Our reference stars for photometry are IRS 10W, IRS21 and
IRS16NW and their magnitudes are taken from Blum et al.
(1996). In order to optimize the background subtraction for
each source and reference stars, we use two apertures around
the source with the same size as photometry apertures. The
flux densities for Vega in H, K- and L’-bands are 1050, 667
and 248 Jy, respectively. All N-sources are detected in H,
K, and L’-bands. The results are presented in the colour-
colour diagram, see Fig. 4. An interpretation of the colour-
colour diagram shown in Fig. 4 is possible in the framework
of the corresponding diagrams shown in Fig. 16 of Eckart
et al. (2013). Within the uncertainties, the sources that are
located to the right of the single-component black-body line
are objects reddened by the extinction towards the Galactic
Center region. Objects that are located above the black-body
line experience additional local extinction due to dust locally
present in or in front of the IRS 1W region.

5. PROPER MOTION

For the first time, we derive and present proper motions
of N-sources. The prevailing angle of the proper motion
is northward, which suggests that N-sources could be a co-
moving group of stars.

. * % N1 e« N6 > N31
* N2 e N17 > N32
* N3 N18 > N33
* N4 A N19 > N34
* N5 A N20 > N36
NG A N21 N37
¢ N7 A N22 < N38
¢ N8 A N23 < N39
A % no N24 < N4O
¢ NIO - N25 < N4l
¢ N11 > N26 < N42
N12 - N27 N35
e NI13 >~ N28 > IRS1OW
N14 -~ N29 % IRS21
e NI5 N30 e+ IRSI6NW
1 2 3
H-K

Figure 4. HKL two-colour diagram. The solid blue line denotes
the colors of a one-component black body at different temperatures.
The red cross represents the uncertainty of the values.

In order to study the proper motions of candidate stars,
we identified the N-sources in K;-band images from 2003
to 2018. With the aid of the S2 star position in each epoch,
the position of each source was transformed into the common
coordinate system with the central position of Sgr A*. As an
example, we show the best-fitting proper motions based on
the derived positions as a function of time in right-ascension
(R.A.) and declination (Dec.) directions in Fig. 13 for the
star N2.

We adopt the distance of 8 kpc to Sgr A* (Shapley 1928;
Reid 1993; Eisenhauer et al. 2003; Gravity Collaboration
etal. 2019) to transform the proper motions to velocities. The
inferred velocities are listed in Table 3 alongside the R.A. and
Dec. coordinates with respect to Sgr A* for all the sources.
IRS 1W, IRS 16C, IRS 16CC, IRS 16NE, and IRS 16NW are
adopted as reference stars (Table 4), which show an agree-
ment in terms of the inferred velocities with the presented
values in Paumard et al. (2006) within uncertainties.

In Fig. 5, we show the proper motions of the N-sources
superposed on a Ks-band (2.2 um) image. In general, these
sources move towards either north-east or north-west. In
Fig. 6, we plot the distribution of the N-sources with re-
spect to their flying angle, which indicates two distinct pop-
ulations of stars. The North-West (NW) flying sources are
depicted in blue, whereas the North-East flying ones in red.
The Gaussian-like distribution of the number of the North-
West flying sources with respect to the flying angle supports
the clustering model of these sources. On the other hand,
North-East (NE) flying sources exhibit a flat distribution of
the number of sources with respect to the flying angle. In
summary, 28 sources out of the total 42 identified N-sources
move NW-ward (N1, 2, 3,4, 5,6,7,9, 10, 11, 12, 15, 18, 19,
22,23, 24, 25, 26, 27, 30, 31, 35, 36, 37, 39, 40, 42), while
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Name A« (arcsec) A9 (arcsec) Vra. (km/s) Vbee. (km/s) V (km/s) Angle (degree)
N1 5.15+0.01 058 +0.01 -89.11+£16.31 349.24 £43.99 360.43 +42.81 -14.31 +8.56
N2 539+0.01 095001 -72.43 +£10.62 336.35+36.78 344.06 +36.03  -12.15 +6.09
N3 551+0.01 0.84+001 -48.16+28.06 111.11 +31.85 121.10+31.28 -23.43 +35.88
N4 5.80+0.01 0.89+0.01 -86.84+1593 304.88 +27.68 317.01 £26.98 -15.90 + 8.30
N5 591+0.01 0.82+0.01 -11528+13.65 271.89 +32.23 29532 +30.15 -22.98 +9.80
N6 6.18+0.01 0.79+0.01 -180.12+15.55 479.31 £29.96 512.04 +28.57 -20.60 + 5.62
N7 6.53+£0.01 0.77+0.01 -63.33 +£34.51 99.35 +45.50 117.82 £42.62 -32.52 +49.92
N8 6.57 £0.01 -0.49 +0.01 97.83 £ 12.51  299.19 +43.23 314.78 + 41.27 18.11 + -0.57
N9 6.82+0.01 -0.20+0.01 -89.11 £16.31  349.62 +43.99 360.80 + 42.82 -14.3 + 8.55
NI0O 548 +0.01 0.63+0.01 -121.34+9.86 521.78 £2541 53570 +24.85 -13.09 +3.29
NIl  559+0.01 056+0.01 -96.70 + 12.51 185.05 +£25.79 208.79 + 23.58 -27.59 + 12.67
NI12 575+0.01 0.39+001 -269.23+14.79 203.25+28.06 337.34 +£20.62 -52.95+ 10.6
N13 589+0.01 043+0.01 61.43 £ 15.55 401.95 +27.68 406.62 +27.46 8.69 +3.17
N14 596+0.01 044+0.01 12931+17.82 497.89 +£27.68 514.41 +27.16 14.56 + 2.30
N15 6.07+0.01 041+0.01 -48.16 £ 1593  200.22 +£32.23 20593 +31.56 -13.52 +12.99
N16 5.10+0.01 0.12+0.01 106.56 +21.24  236.24 +31.47 259.16 + 29.99 24.28 +£2.90
N17 522+0.01 0.08+0.01 186.19+16.31 324.60 +22.37 374.21 +21.03 29.84 + 0.93
N18 5.69+0.01 0.06+0.01 -32.61+17.44 58093 +£37.92 581.84 +37.87 -3.21 £ 3.87
N19 624 +0.01 0.23 +0.01 -98.97 +9.48  308.67 +£42.85 324.15+4091 -17.78 +7.91
N20 6.66+0.01 0.24+0.01 195671479 304.12+32.23 361.63 +28.26 32.76 + 1.60
N21  6.73+0.01 0.18+0.01 243.07 = 16.68  295.78 +40.95 382.84 + 33.36 39.41 +3.97
N22 6.80+0.01 031+0.01 -59.53+10.24 286.68 +47.02 292.80 +46.08 -11.73+7.83
N23  6.25+0.01 -0.06+0.01 -91.39+20.86 306.77 + 38.68 320.09 +37.55 -16.59 +11.18
N24 631+0.01 0.04+0.01 -73.56+28.44 447.08 +36.40 453.09 + 36.21 -9.34 + 8.62
N25 6.36+0.01 -0.06+0.01 -38.68 +16.31 273.40+31.85 276.12 +31.62 -8.05 + 8.64
N26 643 +0.01 0.07+0.01 -131.96+30.34  428.50 +47.02 448.36+45.82 -17.12+10.99
N27 547+0.01 -0.26+001 -81.15+17.06 211.21 £28.44 22626 +27.24 -21.02 +13.28
N28 598 +0.01 -0.35+0.01 53.09 + 14.41 503.96 + 29.58 506.75 + 29.46 6.01 £2.55
N29  6.54+£0.01 -0.33+0.01 74.70 £ 16.68  150.54 + 37.54 168.05 + 34.44 26.39 + 1.27
N30 591+0.01 -0.58+0.01 -95.94 + 1593 190.74 + 28.44 213.51 £26.40 -26.70 + 14.53
N31 5.72£0.01 -0.77 +£0.01 -42.47 +£19.34  301.46 +£30.72 304.44 + 30.54 -8.02 + 8.88
N32 6.24+0.01 -0.78+0.01 5043 +19.34  284.78 +30.72 289.21 +30.44 10.04 +5.49
N33 6.51+0.01 -0.74+0.01 117.17 £28.06 720.86 +37.54 730.32 + 37.33 9.23 +£3.41
N34 561 +£0.01 -0.80+0.01 156.61 +£19.34  396.64 +40.57 426.44 +38.40 21.55 +0.84
N35 7.14+0.01 -0.29+0.01 -77.36+2275 289.33 +£50.81 299.49 +49.44 -14.97 + 13.65
N36 6.77+0.01 0.87=+0.01 -21.24+18.96 353.41 £45.5 354.05 + 4543 -3.44 +£7.11
N37 6.37+0.01 1.17+0.01 -257.10+ 34.13 197.18 £ 56.12  324.01 £43.59 -52.51 +22.80
N38 6.73+0.01 1.22+0.01 144.10+22.75 319.29 +72.05 350.30 + 66.34 24.29 + 3.05
N39 6.56+0.01 1.33+0.01 -28.06+18.58 519.88 +58.78 520.64 + 58.70 -3.09 + 4.84
N40 7.06+0.01 0.25+0.01 -38.68 +10.62  487.65+37.92 489.18 + 37.81 -4.54 +3.20
N41 727+0.01 0.33+001 122.10+17.06 155.09 +35.27 197.39 +29.65 38.21 +£5.07
N42  732+0.01 0.27+0.01 -200.60+51.57 47779 +11831 518.19+1109 -22.78 +21.01

Table 3. Velocities of N-sources over the 16 years of monitoring. N1 represents the IRS 1W bow-shock source. The positions of N-sources are
given with respect to the position of Sgr A* in 2005 epoch.
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Name Vra. (kms) Vbec. (km/s)
IRS IW  -89.11 £ 16.31  349.24 + 43.99
IRS16C -348.48+ 5.31 288.19 + 8.34
IRS16CC -95.56 £5.31  266.96 + 14.03
IRSI6NE  84.18 + 10.62 -283.64 + 21.61

Figure 5. The K,-band image from 2005.366 epoch with superim-
posed proper motions for each N source. Four arrows are shown for
each source. The white arrows demonstrate the velocity vectors of
each source including the uncertainty of the velocity angle, whereas
the red arrows indicate the uncertainty in the velocity magnitude.
The size of the arrows is proportional to the velocity magnitude.
The proper motion vectors are based on Table 3 and the arrows are
one order of magnitude smaller than proper motions. In total, 42
sources move North-ward (N-sources).
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Figure 6. Distribution of flying angles of N-sources. The zero an-
gle stands for a Northward flying angle. The negative angles in-
dicate the North-West-ward (NW) flying angles up to —35 degrees,
whereas the positive angles represent the North-East-ward (NE) fly-
ing angles up to about 40 degrees. There is an indication that the
NW-ward sources are members of a denser association of stars,
while the rest of the sources might be the foreground/background
sources of the nuclear star cluster.

IRS1I6NW  195.29 + 6.83 19.30 + 4.17

Table 4. R.A. and Dec. velocities of the reference stars which are
within uncertainties in agreement with Paumard et al. (2006).
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Figure 7. The spatial distribution of the NW-ward flying sources.
The zero point of the x-axis is at the geometrical center of the N-
sources. The spatial distribution is Gaussian-like.

the rest (14 sources) move NE-ward (N8, 13, 14, 16, 17, 20,
21, 28, 29, 32, 33, 34, 38, 41). The number of NE flying
sources is consistent with the mean number in random test
regions, see Table 2, which suggests that they mostly belong
to the background/foreground nuclear star cluster population.
On the other hand, 28 NW-ward flying sources constitute a
significant overabundance that we investigate in more detail
in the following Section.

6. CLUSTERING SCENARIOS

In the previous section, with the support of Fig. 6, we
showed that the N-sources can be divided into two kine-
matically distinct categories: more abundant NW-ward fly-
ing sources and the NE-ward flying sources consisting most
likely of foreground/background sources. In Figs. 7 and Fig.
8, we show the number of sources as a function of radial
distance for NW-ward and NE-ward flying sources, respec-
tively. In these two figures, we kept the geometrical center
of the N-sources as the center of each population. In Fig. 7,
we demonstrate that the spatial distribution of the NW-ward
flying sources is Gaussian-like, while the spatial distribution
of NE-ward flying sources is flat within uncertainties (see
Fig. 8). Thus, based on the flying-angle distribution as well
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Figure 8. The spatial distribution of the NE-ward flying sources.
The zero point of the x-axis is at the geometrical center of the N-
sources. The spatial distribution is flat within the uncertainties.

as on the spatial distribution of the NW-ward sources, we
can speculate that these sources exhibit the characteristics of
a stellar cluster or an association. Therefore, we discuss two
plausible scenarios which can result in a bound system or an
apparent overdensity. As the first scenario, we propose the
existence of an intermediate-mass black hole (IMBH), which
keeps the stars bound in the vicinity of the SMBH. In the sec-
ond scenario, we explain the apparent overdensity on the sky
as a result of an inclined disk-like distribution of stars.

6.1. Putative IMBH

In the first scenario, we obtain the mass estimate of a puta-
tive IMBH for the association of NW-ward flying sources.
Our co-moving group of stars has a random velocity dis-
persion distribution. Therefore, the center of mass of the
NW-ward flying association could be associated with a mas-
sive object that would prevent this group from tidal disrup-
tion. We assume that the hypothetical IMBH is located at
the geometrical center of our group of stars. In order to esti-
mate the characteristic size of the cluster, we obtain the ge-
ometrical center of the NW-ward sources and consider the
standard deviation of the source distribution as the charac-
teristic radius of the cluster, which leads to the estimate of
R. = 0.57” + 0.10”" Hence, the cluster has 103 members

"In order to fit a Gaussian model on the plot 14 we indicate each bin by
means of three data points, at the start, center and the end of it. Each data
point indicates the value and the associated uncertainty of the correspond-
ing bin. Fitting a Gaussian model on the aforesaid plot produces the o~ and
its uncertainty, which represent the size of the cluster and its uncertainty.

within the core region 2. We determine the required bind-

ing mass by applying the virial theorem, Myypy ~ 02R./G,
where R, = 22’_’3{ mpc, G is the gravitational constant, and o,
is the stellar velocity dispersion. We consider two perpendic-
ular directions for the estimate of o, — along the right ascen-
sion and the declination. For ogs = 66’_’1 kms~!, we obtain
Musn = 2.5%)5 x 10*M; and for ope. = 114*$kms™!
, MivBH = 7.6f;:; x 10*M,. Thus, using the virial theorem,
we obtain the first estimate of the required IMBH mass of the
order of ~ 10* — 10° M, to bind the NW-ward flying sources
gravitationally. The second estimate comes from the tidal
stability criterion of the putative NW-ward cluster. This can
be formulated using the condition that the effective cluster
radius is smaller or comparable to its tidal (Hill) radius as it
orbits Sgr A* SMBH, hence

ey

1/3
mNw )

3M,

where dyw 2 6.05” ~ 0.242 pc is the distance of the NW-
ward flying association from Sgr A*, where the lower limit
is given by the projected distance. For the SMBH mass,
we take M, ~ 4 x 10° M, and the cluster radius is esti-
mated from the dispersion of the Gaussian fit to the num-
ber density distribution, R, = 223 mpc as before. From
the tidal stability condition given by Eq. (1), the total mass
of the NW-ward cluster then is mnw = 3M.(R./daw)>,
which gives mnw 2 (1.03%097) x 10* My, where we deter-
mined the upper and the lower uncertainty from the range
of the effective cluster radius. Considering the total radius
of the N-source region, Ry ~ 1.35” ~ 54 mpc, we obtain
maw 2 1.33 x 10° M. Since the stars contribute < 10° M,
to the cluster mass, which follows from the total number of
detected stars of the order of 10, the required mass for the
tidal stability of the cluster is significantly larger and could
be complemented by a single or more IMBHs of the mass
mmvpr ~ Maxw ~ 103 — 10° My, considering the total range
of the N-source region size. The mass range ~ 103 — 10° M,
of the hypothetical IMBH associated with the NW-ward fly-
ing association, which was inferred using both the virial the-
orem and the tidal stability criterion, is consistent with the
expected IMBH mass of ~ 10> — 10°> M,, in various stellar
environments (Greene et al. 2020).

Using the 1999-2012 X-ray Chandra data available from
the Chandra Search and Retrieval interface, we limit our
study to the observations when Sgr A* was observed with an
off-axis angle lower than 2 arcmin. This results in 84 obser-

R. 5 de(

2 Eight sources located in the area with radius of 18 mpc : N6, 12, 15, 19,
23, 24,25, 26.
Ten sources located in the area with the radius of 22 mpc : N5, 6,7, 12, 15,
19, 23, 24, 25, 26.
13 sources located in the area with the radius of 25 mpc : N5, 6, 7, 11, 12,
15, 18, 19, 22, 23, 24, 25, 26.
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Figure 9. The Chandra X-ray image from 0.5 to 8 keV. The north is
up and the east to the left. Distinct X-ray bright sources are labelled,
namely Sgr A*, IRS 13, and the pulsar wind nebula. There is no
significant X-ray source at the position of the N-source association.
The angular scale is indicated in the upper left corner.

vations with the ACIS-I or ACIS-S/HETG cameras (Garmire
et al. 2003) and a total exposure time of 4.6 Ms (see details
in Mossoux & Eckart (2017)). The pixel scale of the Chan-
dra X-ray data is 492 mas/pixel. In Fig. 9 and Fig. 15 (Ap-
pendix), we plot contours at 100, 80, 60, 40 % of the peak
counts detected at the position of Sgr A*. In the central few
arcseconds, Chandra observations have revealed both the ex-
tended X-ray emission as well as the emission from compact
sources that can be associated with stars (e.g. X-ray binaries).
These data confirm a thermal X-ray spectrum of IRS13E. Fit-
ting the spectrum with an optically thin plasma model, one
finds a temperature of 2.0 keV and an unabsorbed 2-10 keV
luminosity of about ~ 2.0 X 1033ergs™! for the IRS13 region
(Zhu et al. 2020; Wang et al. 2006).

No X-ray source could be identified at the position of N-
sources. We find that in a 1.5” diameter aperture the X-ray
luminosity at the position of N-sources is about three times
fainter than that of IRS 13 in the 0.5 to 8 keV image and about
10 times fainter in the 4 to 8 keV image. Hence, the X-ray
luminosity that can be associated with the N-source region is
below Lx < 0.2x 10*3ergs™!. In comparison to IRS 13E, this
may indicate either a lack of hot optically-thin plasma or an
increased extinction from the foreground material, possibly
associated with the circumnuclear disk (CND, see Mossoux

& Eckart, 2017). In fact, Moser et al. (2017) report high-
velocity SiO gas south-west of IRS 1W, see their Fig. 11.

The lack of X-ray emission does not support the presence
of a hypothetical IMBH accreting in a radiatively efficient
way, see e.g. Schodel et al. (2005). In other words, the Ed-
dington ratio® of the system Agqq = kporLx/Lgag < 1.6 X 1077
(estimated for mpypp scaled to 10* My and the bolometric
correction kpo < 1000) would imply a radiatively ineffi-
cient mode of accretion in the form of e.g. Advection Domi-
nated Accretion Flow (ADAF), which is expected for IMBHs
across various galactic environments (see e.g. Seepaul et al.
2022; Pacucci & Loeb 2022). Under the approximation of the
spherical, Bondi-like accretion of the surrounding hot plasma
onto the IMBH, we can estimate the Bondi rate as

. 4nG*m?, N
My = —— MBI @

Cs

where 7, is the ambient medium number density, ¢ is the
sound speed in the ambient plasma, my; is the hydrogen atom
mass, and u is the mean molecular weight (u ~ 0.5 for
fully ionized plasma). Here we consider the ambient plasma
properties similar to those inferred for the Bondi radius, i.e.
n, ~ 26cm=3 and kT, ~ 1.3keV (Baganoft et al. 2003).
For mppr = 10* M, we obtain Mg ~ 6.1 x 107! Myyr!
according to Eq. (2), which implies the radiative efficiency
of g < 6 x 107 — 0.06 to yield the bolometric lumi-
nosity of the IMBH of Ly, < kpoilx, where the bolomet-
ric correction kp, < 1000. Such radiative efficiencies are
expected for the Eddington ratios Aggq < 107°, see e.g.
Yuan & Narayan (2014), depending on the electron heat-
ing parameter. Hence, Bondi-like hot flow feeding the pu-
tative IMBH can explain its low X-ray emission and thus the
difficulty to detect it directly within the nuclear star clus-
ter, not only in the IRS 1W NW-ward flying region, but
also in IRS 13E. The sound speed of the virialized plasma
can be estimated using the stellar velocity dispersion, i.e.
¢ = V202, + 03 )"? ~ 186kms™!, which implies the
temperature of T, ~ 2.1 x 10° K. Taking the accretion lumi-
nosity of Lyy < kboiLx Where kyo < 1000, Eq. (2) implies
the asymptotic number density of n, ~ 8 cm™ for g = 0.01.
The sound speed of the virialized gas yields the Bondi-radius
estimate of,

_ 2GmvpH
B — - 5
CS
MIMBH T, !
=25 ( ) mpe~ 006", 3
(1O4M@) 2.1x 100K/ "¢ ©)

3 The Eddington luminosity is estimated using the standard upper limit for

the steady spherical accretion, Lgaq = 4nGmmpumpc/o.
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which is about ten times smaller than the cluster core radius,
and hence the expected number of massive stars that can feed
the IMBH via stellar winds is of the order of unity.

In case there is no IMBH at the center of the NW-ward
flying association, it will be tidally disrupted on the orbital
timescale,

3/2
Py 2 21 \/gLM,
dow 2 M. ~1/2
~ 5577 . ¢
(QZQpJ im0 @

which is such a short timescale in comparison with the stel-
lar lifetime that it is unlikely that we observe the NW-ward
group just at the beginning of tidal dissociation. Therefore,
it is more likely that either the group is bound by a quiescent
IMBH or the overdensity is due to the projection effect, in
particular the inclined disk-like distribution of stars that we
discuss in the following subsection.

Eventually, the lifetime of the IMBH-bound stellar asso-
ciation similar to the NW-ward flying group is given by the
dynamical friction timescale, during which the IMBH inspi-
rals towards Sgr A*,

3 \/5 ol
Ty = — -
a 8 m G? *mIMBHlnA

~3x1m(

(%" 3 Px !
88kms! ) (2.4 x 10° Mopc‘3)
MIMBH ! InA !

><(104M@) (F) " ®
where o, is the stellar velocity dispersion that we scale to
o, ~ 88kms™! according to M,-0, relation (Giiltekin et al.
2009); the stellar mass density p, is estimated using the con-
dition that there is the stellar mass of M,(r < r,) ~ 2 M,
inside the Sgr A* sphere of influence, which is r, ~ 2pc
(Merritt 2013); the IMBH mass is scaled to mpvpy ~ 10* M
following the previous estimates, and the Coulomb logarithm
is estimated as InA ~ In(M,/Mg) ~ 15. Hence, the stellar as-
sociation would be disrupted on the timescale of the order of
74¢ as the IMBH inspirals via dynamical scattering through
the nuclear star cluster. The tidal stripping of the stellar clus-
ter during the IMBH inspiral towards the SMBH may be one

of the mechanisms how early-type stars of spectral type O
and B are deposited close to the SMBH on the scale of ~ 0.01

pe.

6.2. Disk-like distribution projection

Paumard et al. (2006) and Lu et al. (2009) categorized IRS
1W as a member of the clockwise disk and IRS13E mem-
bers were introduced as members of the counter-clockwise
disk. However, later Yelda et al. (2014) did not find evidence

region to the north

IRS1W region

region to the south IRS13 region

inclination 80 degrees

Figure 10. Top: Face on view of the East West (EW) stellar disk
system with outer and inner radii given in the text. For the case
of s1 we indicated the corresponding quantities. Bottom: The disk
system is inclined by 80 degrees. The clustering at the eastern and
western tips of the disk become evident.

for the existence of the counter-clockwise disk and Sanchez-
Bermudez et al. (2014) also did not categorize IRS 1W as a
member of the clockwise disk based on the bow-shock orien-
tation and the proper motion. The fact that the N-sources and
the IRS13 region are located on opposite sides to each other
at similar distances from Sgr A* (6” and 4”, respectively),
suggests that their appearance may in fact be the result of the
projection of a disk-like distribution, such as the clockwise
disk of young He-stars and/or dust-enshrouded stars.

We show that the corresponding projected stellar surface
density on the sky may be about a factor of two higher than
the density of the northern and southern projected disk sec-
tions. We can estimate this effect in the following way. We
assume that the disk-forming fraction of stars is arranged
in a disk with an inclination of i = 10 degrees (Levin &
Beloborodov 2003; Lu et al. 2008), with an outer radius of



66

DENSE ASSOCIATION OF STARS IN THE GALACTIC CENTRE 11

15+

stellar surface density

104

radius in East West direction

Figure 11. Stellar sky surface density in arbitrary units as a function
of radius in the east west direction in arcseconds. Here also, the
clustering at the eastern and western tips of the disk become evident.
The source density is almost a factor of 2 higher than in the northern
and southern part of the disk.

roue = 5", and an inner radius of r;,, = 1.5” (shown in Fig.
10). We can then calculate cross-sections through that disk
system as:

s1= 2415, — ¥ Q)

(see the left side of the upper panel in Fig. 10.)

52 = 51— 24[Ir}, — x| @)

(see the right side of the upper panel in Fig. 10.)

The projected surface density p is proportional to s;/cos(i)
for the regions beyond the inner radius 7;, and is proportional
to %sz /cos(i) for the regions within the inner radius r;, to the
north and the south of Sgr A*. The fact that both N-sources
and IRS13 lie on the opposite sides of Sgr A* at a rather sim-
ilar distance may support this model. Hence, the overdensity
of these compact stellar systems could be explained by the
projection effect in which the excess in velocity dispersion is
given to a large part by the disk dynamics, see Fig.11 .

7. CONCLUSIONS

For the first time, we show that N-sources are north-ward
moving sources located in the Galactic Center in the vicinity
of the bow-shock source IRS 1W. Moreover, we demonstrate
that these sources possess a Gaussian-like number density
distribution with respect to the geometrical center. The over-
density is apparent in comparison with the number of sources
in random test regions at a comparable distance from Sgr A*.
These circular regions have the same size as the size of the
N-source region. The mean number of the detected sources

in our eleven test regions is 14.6 + 1.5, while the number of
N-sources is 42, which indicates that the N-source group is
potentially a stellar association in the vicinity of Sgr A*.

Further investigation of the proper motions of N-sources
reveals that N-sources can be divided into two categories.
One category encompasses the NW-ward flying sources
which show a spatial Gaussian number density distribu-
tion, while the NE-ward flying sources have a rather spa-
tially flat distribution. Therefore, the NW-ward flying
sources could potentially be bound or have a common origin,
while NE-ward flying sources most likely consist of back-
ground/foreground stars of the nuclear star cluster.

The high concentration of the N-sources, mainly the NW-
ward flying group, can be interpreted in terms of the stellar
cluster that is kept stable by the central IMBH or it could be
the result of a disk-like stellar distribution that is projected at
a high angle.

First scenario is supported by a likely occurrence of
IMBHs in the Galactic center. One formation channel is a
series of collisions of stellar-mass black holes with main-
sequence stars, which was analyzed by Rose et al. (2021).
This formation mechanism appears quite efficient and it can
produce IMBHs of mass < 10* M, which is within the un-
certainties the IMBH mass constrained for IRS 1W associa-
tion, specifically using either the velocity dispersion of NW-
ward flying sources or the tidal stability criterion. Another
mechanism is the cluster infall scenario (see e.g. Fragione
2022, and references therein), which assumes that massive
clusters, such as young star-forming clusters or globular clus-
ter, host IMBHs with a certain occupation fraction. In this re-
gard, the NW-ward flying group could be a remnant, tidally
stable core of such an infalling massive cluster. However, our
present data from the Chandra X-ray telescope do not provide
evidence for an X-ray bright IMBH, which may be caused by
either a high level of extinction in the area or a dearth of hot,
optically-thin plasma. Future spectroscopic data collected by
the James Webb Space Telescope will be crucial for a better
understanding of the stellar composition of the N sources and
this may also help clarify their potential origin in a common
cluster whose core can only be kept stable by the IMBH at a
given distance from Sgr A*.

The second scenario is supported by a curious distribution
of cluster-like stellar associations in the vicinity of Sgr A*.
Specifically, the IRS13 and the N-source areas are positioned
at ~ 4” south-west and ~ 6” north-east of Sgr A*, respec-
tively, nearly along the same line, which raises the possibility
that the observed overdensities may actually be formed due
to the projection when the two regions are situated on the
same stellar disk with the characteristics similar to that of the
clockwise stellar disk.

In the current investigation, we do not find preference for
any of the two models. It is therefore necessary to conduct
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detailed spectroscopic measurements to rule out one of the
models. More information about the orbital properties of
these sources, in particular specroscopically determined line-
of-sight velocities, will be crucial for the further study of this
and similar regions.
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APPENDIX

Figure 12. The K;-band is from 2005.366 observation. The K;-band image denotes eleven regions in addition to the assumed region of IRS
1W region. The eleven regions are chosen completely randomly in order to identify the number of sources in each region. The only criterion
to choose the regions is the distance from Sgr A*. All regions are located in the distance of almost 6”” from Sgr A*. The radius of all circular
regions are about 1.3”.
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Figure 13. The plots show the derived positions of N2 star as a function of time, along with the best-fitting proper motions. The left panel is
along RA and the right panel is along Dec. The slope of each best-fitting line is given in Table 3 in km/s.
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Figure 14. The spatial distribution of the NW-ward flying sources. The zero point of the x-axis is at the geometrical center of the NW ward
flying sources. The spatial distribution is Gaussian-like.

Figure 15. The Chandra X-ray image from 4 to 8 keV. The north is up and the east is to the left. Distinct X-ray bright sources are labelled,
namely Sgr A*, IRS 13, and the pulsar wind nebula. There is no significant X-ray source at the position of the N-source association. The
angular scale is indicated in the upper left corner.






CHAPTER

Sgr A* and its ambient medium in near-
and mid-infrared in the era of JWST

In this chapter, I study the flare activities and brightness of the SMBH, Sgr A*, in infrared
and mid-infrared regimes by means of VLT/ESO observations. First, I investigate two
nights of simultaneous observations in K; and L' band. Then, I study the brightness of
Sgr A* in mid infrared, to strengthen the upper limit on the flux density of the SMBH in this
regime. By having one JWST NIRSpec observations of the Galactic Center (GC) at hand, I
will demonstrate the importance of upcoming JWST observations for the GC. Moreover, in
order to achieve a better understanding of the upcoming JWST MIRI observations, I will
dig in to the MIRI observations of three quasars. Finally, I summarize the results of the
chapter with a few concluding remarks.

7.1 Observations of Sgr A* in NIR with VLT

In order to have a deeper understanding of SMBHs and their activities, it is of great im-
portance to observe Sgr A* in different wavelengths and monitor its activities. The SMBH
Sgr A* has been extensively observed in the NIR domain (Witzel et al. 2021b). Moreover,
investigating its activities during the periapse of close stars to the black hole’s event horizon
improves our understanding of black holes.

7.1.1 The simultaneous observation of Sgr A* in K; and L'-band during
the periapse

In the infrared domain we conducted observations of Sgr A* in two bands of Ks and L’
simultaneously. These observations took place in 2018 at the time of the periapse passage
of the S2 star around Sgr A*. The following section is dedicated to detailed information of
the infrared observations taking place in 2018 by VLT and determining the flare activity of
Sgr A* in K and L'-band. These results are obtained within the Event Horizon Telescope
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Collaboration and will be used in the subsequent publications of observing campaign of
Sgr A* in the X-ray, infrared and radio regime by EHT.

7.1.2 Observations and data reduction

Observations of the GC in near-infrared (NIR) were carried out with the Unit Telescope
4 (YEPUN) of the ESO VLT in Paranal, Chile. The data were obtained from the IR camera
CONICA and the NAOS adaptive optics (AO) module in K;-band (2.2 ym) and L'-band (3.8
pm) on the nights of 22nd and 24th of April 2018. We applied the standard data reduction
process consisting of sky subtraction, flat-fielding, and bad pixel correction for all imaging
data.

The K;-band data contain 120 exposures per night. The GC in Ks-band is observed
throughout the course of 6 time slots with an integration time of 10.00 seconds per image,
20 exposures per time slot. The GC is observed in L'-band in between the intervals of
K;-band observations. The L'-band observations have been done within 6 time slots in
the first observation night and within 5 time slots in the second observation night. Each
time slot contains 10 exposures with an integration time of 0.200 seconds. Some of the
exposures are excluded due to the poor image quality because of the noise in the detector.
Alist of the observations analyzed in the current study may be found in Table 7.1.

In the L'-band, the S-stars S26, S30, and S35 are utilized as calibrators, while in the
K;-band S6, S30, and S85 are used. The calibrator flux densities are taken from Gillessen
etal. (2009b). Flux densities of Sgr A* and calibrators are measured by aperture photometry
using circular apertures with a radius of 66 mas in K;-band and 82 mas in L'-band. The
flux measurements were corrected for extinction, using Ag,=2.42+ 0.10 and A;/=1.09+ 0.13
derived by Fritz et al. (2011).

7.1.3 Photometry

We used S65 as a reference star in both K and L'-band images to detect any increase
in the brightness of Sgr A*. The subtracted background flux density is derived from 5
circular apertures located in "clear" regions within the central 2” which is an approximately
constant value.

During the time of the observations, S2 and Sgr A* could not be spatially resolved. The
physical separation of S2 and Sgr A* was only 1.38 mpc at the observation time which
corresponds to 34.6 mas, while the spatial resolution is 46 mas in Ks-band and 99.5 mas in
L'-band. S2 reached its periapse position approximately one month later, on May 19, 2018.
The S2 nominal magnitude is taken from Habibi et al. (2017).

7.1.4 Results: The first observation night, 22.04.2018

Fig. 7.1 and 7.2 show the light curve of Sgr A* and the reference star, S65, on the 22nd of
April 2018, in K and L'-band, respectively. In Fig. 7.1, there are six time intervals starting
from 5:27:27.77 UT (see Table 7.1) in K;-band. Fig. 7.2 shows the corresponding six time
intervals starting from 5:57:34.47 UT (see Table 7.1) in L'-band. These L'-band observations
are taken in between the Ks-band observations. As can be seen, the flux density of Sgr A*
shows no increase in Fig. 7.1 and Fig. 7.2 in neither the K- nor the L'-band. The flux
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Date Start Filter Number Number Integration

T of of used time

time) frames frames (sec)
2018-04-22 05:27:27.77 K 20 20 10.00
2018-04-22 06:20:49.80 K 20 20 10.00
2018-04-22 07:07:13.12 K 20 20 10.00
2018-04-22 07:56:51.88 K 20 20 10.00
2018-04-22 08:48:39.73 K 20 20 10.00
2018-04-22 09:39:33.65 K 20 20 10.00
2018-04-22 05:57:34.47 L' 10 9 0.200
2018-04-22 06:45:59.18 L’ 10 9 0.200
2018-04-22 07:34:08.22 L’ 10 10 0.200
2018-04-22 08:26:49.37 L’ 10 10 0.200
2018-04-22 09:16:05.60 L’ 10 9 0.200
2018-04-22 10:05:26.03 L’ 10 9 0.200
2018-04-24 05:11:24.21 K 20 20 10.00
2018-04-24 06:22:19.05 K 20 20 10.00
2018-04-24 07:32:39.96 K 20 20 10.00
2018-04-24 08:29:59.37 K 20 20 10.00
2018-04-24 09:19:21.77 K 20 20 10.00
2018-04-24 10:09:50.40 K 20 20 10.00
2018-04-24 05:59:54.27 L’ 10 9 0.200
2018-04-24 07:09:50.72 L’ 10 8 0.200
2018-04-24 08:02:24.79 L’ 10 0 0.200
2018-04-24 08:56:01.82 L’ 10 10 0.200
2018-04-24 09:47:20.54 L’ 10 10 0.200

Table 7.1: The list of the observations, along with their timings. The L'-band observations
were conducted in between the K;-band observations. Due to the poor image quality in
L'-band within six observation intervals, in five cases one frame and in one case two frames
are left out.

density of Sgr A* and S65 on the 22nd of April 2018 in K and L'-band are listed in Table 9.1
and 9.2, respectively.

7.1.5 Results: The second observation night, 24.04.2018

The second night of the observation, 24th of April 2018, starts with observations in the
Ks-band at 5:11:24.21 UT. The first time slot in Ks-band in Fig. 7.3 shows on average an
almost six times higher flux density of Sgr A* in comparison with the flux densities in the
following time slots of the observation. Furthermore, in Fig. 7.3, we see that the flux density
of the reference star, S65, remains unchanged.

Interestingly, the first L'-band observational interval after the detected flare in the
K;-band reveals no flare increase in the flux density of Sgr A* (see Fig. 7.4). As the last
frame with a detectable flare in Ks-band is observed at 5:25:14.4236 UT and as the first
observation in L'-band after the flare detection in Ks-band is conducted at 5:59:54.27, this
leaves about 34 minutes between the K;-band and L'-band observation. Moreover, from
Fig. 7.3 we can see that the peak of the flare happens in the first part of the observation
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Figure 7.1: The light curve plot shows the flux density of Sgr A* and S65 in Ks-band on the
22nd of April 2018. The observations happen in six time intervals and the empty spaces in
between the K;-band observations are the time slots in which the L'-band observations are
carried out. There is no flare detected in K;-band over this course of observations.

and that the flux density is descending towards the end of the first time interval in K¢-band.
Taken together, this might indicate that, within the 34 minutes between the two band
observations, the flare has already descended and when the L'-band observation started,
Sgr A* is in its quiescent phase again. The detailed flux density of Sgr A* and S65 in K and
L'-band on the 24th of April 2018 are listed in Table 9.3 and 9.4. Finally, Fig. 7.5 shows two
K;-band exposures of the central 2 arcseconds. The right image is one of the exposures
within the time interval, in which we have detected the flare in Sgr A* (Fig. 7.3), whereas the
left image is an exposure from the quiescent phase of Sgr A*. Comparing the two images in
Fig. 7.5 also clearly shows the increase in the brightness of Sgr A*.

7.1.6 Conclusion

In conclusion, we showed the simultaneous observations in K; and L’ band over two nights
within the Event Horizon collaboration. We have shown a clear flare activity in the K;
band during the second night, whereas in the L' band we do at no point detect any flare
activity. The origins of these flares are believed to lie in the accretion flow onto Sgr A*. Most
models include some form of synchrotron emission to explain the occurring flares from
the radio to the NIR regime. However, the correlation pattern between the wavelengths
is not yet completely understood. Possible interpretations for the non-detection in the
L'-band are that either the flare activity has decreased during the time of the filter switch
or that for this specific flare there is no correlation between these two bands as e.g. already
seen at other (Genzel et al. 2010; Witzel et al. 2018, 2021a). I note, however, that during the
same time where the flare is recognizable in K band, there was a flare activity detected
in X-ray observations (Event Horizon collaboration, D. Haggerd, private communication).
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Sgr A* and S65 Flux 2018-04-22 in L band
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Figure 7.2: The six intervals of L'-band observations obtained on the 22nd of April 2018.
The plot shows the flux density of Sgr A* and S65 within these six intervals which are in
between the Ks-band time intervals in Fig 7.1. As for the K;-band, the flux density of Sgr A*
in L'-band shows there is no flare activity detected on the 22nd of April 2018.

Sgr A* and S65 Flux 2018-04-24 in K band

25

LN

Flux(m]y)

0 w*
-5 T T
D $ o D & S S &
25 \2) © S . Y %)
AR N I I G
& N N N & N % ~
uT

Figure 7.3: This plot depicts the flux density of Sgr A* and S65 in Ks-band on the 24th of
April 2018. The observations are carried out in six time intervals. In the first time interval,
which starts from 5:11:24.21 UT, there is an increase in the flux density of Sgr A* of almost

of factor of 6 detectable.

Overall, however, the reason for the discrepancy in the K and L' remains debated and
more simultaneous observations are required.
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Figure 7.4: The plot shows the four L'-band observational intervals on the 24th of April
2018. The first observation block in L'-band starts at 5:59:54.27 UT, 34 minutes after the
corresponding K-band observation. In contrast to that observations, there is no increase
in the flux density of Sgr A* in L'-band.
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Figure 7.5: K;-band images of the central 2 arcseconds, which are taken on the 24th of
April 2018 by NAOS/CONICA. Up is north and east is left in both images, the color scale
is logarithmic. The arrow in each image denotes the position of Sgr A* and S2 which are
not spatially resolved at this time. Comparing the brightness at the position of the infrared
counterpart of Sgr A* and S2 in the right and the left image shows a clear flaring activity of
Sgr A* on the right image, whereas in the left image Sgr A* is in its quiescent phase.

7.2 Observations of Sgr A* in MIR with VLT

To date, Sgr A* has not been yet been detected at a wavelength of 8 um. This non-detection
is due to its location on a dust ridge and the high background emission emitted by the
associated mini-spiral. For this reason, in the following we will present some observations
of Sgr A* with VLT in order to give some constrains on future JWST observations. If observed
with JWST, the successful detection of Sgr A* in MIR would support the thin synchrotron
emission model.
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7.2.1 Previous MIR observations of Sgr A* with VLT

Schoedel et al. (2006) observe an extended ridge of emission at the immediate vicinity of
Sgr A*. They did simultaneous observations at 2.2 ym and 8.6um on 4./5. and 5./6. of June
2006. The authors suggest that Sgr A* on the aforesaid dates was in its quasi-quiescent
state because of a lack of any bright flare in 2.2 ym. They could put an upper limit on the
flux density of Sgr A* at 8.6 um of 22 + 14 mJy and 60 + 30 m]y for the two days, respectively.
In a follow-up observation, Schidel et al. (2011) report no detection for the counterpart of
Sgr A* in 8.6 um in May 2007 with the VISIR BURST mode observations. They subtracted
5, 10 and 15 mJy at the position of Sgr A* from the maps and they obtain an upper limit
of 10 mJy for the flux density of Sgr A* as the observed value (84 mJy de-reddening value).
The authors conclude that the flux density of Sgr A* should be below 10 mJy and state
that with the current instruments Sgr A* is not detectable in MIR even during its flaring
activities. Haubois et al. (2012) provide the simultaneous observation of Sgr A* in mid-
infrared, near-infrared, and sub-millimeter. For the mid-infrared observations, they used
the MIR instrument in the BURST imaging mode in July 2007 for five nights. They observed
a correlation between the NIR emission and sub-mm emission, but no source was detected
in the MIR. They put a lowest upper limit for a flare at 8.59 ym of 22.4 mJy with an extinction
of A=1.6+0.5.

7.2.2 Result: Current observation of Sgr A* with VLT

For the current study I used the data observed by the VLT Imager and Spectrometer for
the mid-infraRed (VISIR) in BURST mode in May, June and August 2018 in N-band (PAH1
filter at 8.59 um) with a resolution of 45 mas/pixel. These data and reduction process are
presented in detail in our common publication of Bhat et al. (2022). I applied aperture
photometry to the data by using IRS5NE, IRS10W, IRS7 and IRS1W as calibrators, using an
extinction of 2.04 for the PAH1 filter as given by Fritz et al. (2011).

[ used three apertures for background calculations. To determine the position of Sgr A*
in the N-band image, I took the position from K-band data (Parsa et al. 2017) and converted
it to the corresponding coordinates in the N-band image. With this, [ was able to determine
the de-reddened flux density at the calculated position of the assumed counterpart of
Sgr A* in N-band to 10 + 0.3 m]y. This result is in very good agreement with the result of
10 mJy obtained by Schodel et al. (2011), thus presenting an independent support of their
photometry results. The result is also in agreement with the theoretically expected spectral
energy density of the mean emission from Sgr A* given by the aforementioned authors.

All in all, this result strengthens our afore-made statement that the detection of Sgr A*
in MIR is highly challenging, also due to its projected position on-top of a dust ridge. Hence,
further and higher sensitivity observations, e.g. with JWST, will be required to put a more
restrictive upper bound on the flux density of Sgr A* in MIR.

7.3 First observations of the Galactic Center with JWST
NIRSpec

As the main GC observations are scheduled for August 2023, at the moment there are no
data available for the close vicinity of the SMBH SgrA*. However, there exist some NIRSpec
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Figure 7.6: Combination of K and L band data towards the GC. The four cyan color squares
show the jittering positions. The jitter position 4 has some overlaps with the dust emission
from the mini-spiral. The spectra from these four jitter positions are used to produce the
single spectrum (see Fig. 7.7)

IFU spectroscopy observations around the central black hole which cover some parts of the
mini-spiral. The regular spectroscopy heavily limits us in structure finding. However, the
integral field spectroscopy (IFU) empowers us to study the details of the structures. These
data are observed within the first General Observers (GO) program of the Webb telescope
observation programs. The program number is 1939 and the Principal Investigator (PI) of
the program is J. Ryan Lu. The program is supposed to observe the entire central 0.36 pc in
the GC. However, only some parts of these observations are available at the time of writing
this thesis.

Fig. 7.6 shows the observed region. The observation is centered on Sgr A* with a
fixed jitter pattern. The data is obtained by the higher-resolution G235H grating in the
F170LP filter. The spectrum taken ranges from 1.6 to 3.3 ym and covers 4 disconnected
3 x 3 arcseconds wide field of views and no overlaps. The data from these four regions
were combined into one single spectrum shown in Fig. 7.7. Unlike the ground-based
spectroscopic observations, which need to get corrected for the telluric absorption and
emission lines, in the space-based observations the cosmic showers/rays are challenging.
Hence, a modified Whitaker-Hayes algorithm is used to correct the data. I emphasis that,
although the spectrum is averaged over a wide region in the plane of sky, it already gives a
very good impression of the capabilities of NIRSpec regarding GC observations, which I
will discuss in the following.
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Figure 7.7: First spectrum of the GC obtained with JWST NIRSpec in units of MJy/sr. The
spectrum shows several bright emission lines indicated in the figure which are in good
agreement with the ground-based telescope observations from GC observed with Sinfoni
(Eisenhauer et al. 2005). Image credit: E Peil3ker.

7.3.1 Results

As stated before, Fig. 7.7 shows the first spectrum of the GC obtained by JWST NIRSpec. The
lines close to HI and Hell around 2.7 um can be associated with Deuterium. The observed
[FellI] lines around 2.2 — 2.3 ym might originate from the mini-spiral (jitter position 4 in
Fig. 7.6). A prominent water ice absorptions are detectable. Importantly, the confusion-free
Paschen « line enables new possibilities regarding the so-called dusty sources (see Ciurlo
et al. 2020; PeiBker et al. 2020c). However, the spectrum is dominated by emission from
the interstellar medium as indicated by the height of the Hel/Bry emission peak ratio:
bright He stars in the GC would dominate the spectrum with a resulting Hel/Bry ratio >>1;
however, we find a Hel/Bry ratio < 1.

In summary, the preliminary results presented here already indicate the great potential
of JWST to put further constrains on the properties of the ambient medium of Sgr A*
concerning its elemental composition. Moreover, the spectra of the GC can be used to
identify the age and radial velocity of the stars, and their metallicities.

7.4 JWST MIRI observations of quasars

During the writing stage of this thesis, the MIRI data for the GC were not yet observed.
Moreover, no observations of galactic centers of nearby galaxies were available yet. How-
ever, in the context of this thesis, I am interested in presenting the capability of MIRI
to observe the GC. Therefore, I chose to study the spectra of three quasars which were
observed within the already observed Early Released Science (ERS) programs of JWST.
Within the ERS observations, quasars appear to be the most appealing option to demon-
strate the capabilities of MIRI observations. The data presented in this section are from
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MIRI observations of three quasars, namely F2M1106, XID2028 and SDSSJ1652 at redshifts
of 0.4, 1.5 and 2.9, respectively. The observations are conducted based on the ERS of JWST
with the proposal number 1335. Certainly, the main drawback of these observations are
the large redshifts of these quasars, being not lower than z = 0.4. In addition, due to the
large distance, the quasars are only poorly resolved and almost point-source like. Despite
that, we expect from this study to gain insight into the analysis and usage of MIRI data,
which is great benefit for future JWST MIRI observations of the GC, for which we have
guaranteed observation time within the proposal number 1226. In section 7.4.1, I first
briefly introduce the basic properties of aforementioned quasars, before I discuss the JWST
results (section 7.4.2).

7.4.1 Overview of the quasars

Figure 7.8: SDSS image of the quasar F2M1106. Image credits: The Sloan Digital Sky Survey
(SDSS).

Quasi-stellar radio sources (quasars) are associated with extremely bright active galac-
tic nuclei. Furthermore, quasars emit across the entire electromagnetic spectrum. Their
spectra reveal absorption lines in addition to emission lines. However, usually the redshift
of the absorption lines, caused by the intergalactic medium lying in front of it, are smaller
than the redshifts of the emission lines. This gives us the opportunity to study the inter-
galactic medium in the early universe. Furthermore, for quasars within a redshift from 0 to
1, the Fell, OIII, H alpha lines are expected to be detected. From quasars within a redshift
of 1 to 2, emission lines such as CIV, CIII, MglI, Fell are expected to be observed.

The first quasar in my study, which is the closest among three quasars that I study, is
called F2M1106!. It is a red quasar and the only one among the sample which is visible in
optical (see Fig. 7.8). It is located at (11" 06™" 48.3200°, +48" 07™" 12.30°) with a redshift
of z = 0.43499+0.00008 corresponding to a velocity of 130407.339160+22.784230 km s L. It

IThis quasar is observed in surveys such as WISEA, 2MASS]J, SDSS and GALEXASC and is also called SDSS
DR12 or J110648.32+480712.3.
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Survey: boss Program: sequels Target:
RA=166.70136, Dec=48.12009, Plate=7380, Fiber=35, MJD=56753
2=0.43487+0.00007 Class=QS0O STARBURST BROADLINE
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Figure 7.9: Spectrum of the quasar F2M 1106 observed with SDSS showing various emission
lines of different elements. Image credit: SDSS

is observed in UV, visible, NIR, far-infrared and radio regimes. The apparent magnitude of
F2M1106 in UV is 20.3089 + 0.156104 (Véron-Cetty & Véron 2006), in visible 17.697 + 0.011,
and in NIR 10.325 + 0.006 (Cutri et al. 2013a). The flux in the radio regime is 74.55879 +
14.93394 mJy (Shimwell et al. 2017). The SDSS spectrum observed towards F2M11106 is
shown in Fig. 7.9. The spectrum of the source indicates the existence of emission lines
such as Mg, OI, OII, OIII Nelll, SII, ArIII, NII, NIII, Ha, HB, Hy, H6, and Hel.

XID2028 is an obscured quasar located at (100 p2min 11.2700°, +01P 37Mi0 6.60°) at
redshift z =1.59200 + 0.00000 (Trump et al. 2007; Brusa et al. 2010). It has been observed
in the X-ray (Wang et al. 2016), visible (Gabor et al. 2009), NIR, FIR (Kartaltepe et al. 2010)
and the radio regime (Schinnerer et al. 2007). Furthermore, XID2028 is observed in several
surveys such as WISEA and several series of COSMOS. Unfortunately, there exists no
spectrum of this source in SDSS.

The last quasar in my study, SDSSJ1652, is an obscured, extremely red quasar with out-
flows at the epoch of peak galaxy formation located at (16" 52™i" 2.6448°, +17" 28™i" 52,39°)
at a redshift of z = 2.94229 + 0.00014 with a corresponding velocity of 882076.474825 +
40.471987 km s™L. It is observed in the visible and NIR regime (Cutri et al. 2013b). In
Fig. 7.10 we show the spectrum of SDSSJ1652 provided by SDSS. The spectrum shows
emission lines such as Lya, SIV+O1V, CIV, Hell, CIII and CII, which are among the most
common absorption lines detected in quasar spectra. In section 7.4.2, I present the spectra
of three aforementioned quasars, obtained by JWST MIRI, some size analysis of the quasars
based on the MRS images.
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Survey: boss Program: boss Target: QSO_NN QSO_FIRST_BOSS QSO_BONUS_MAIN
RA=253.01103, Dec=17.48122, Plate=4176, Fiber=370, MID=55682
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Figure 7.10: Spectrum of SDSSJ1652 taken with SDSS. Image credit: SDSS

7.4.2 Results

7.4.2.1 Size of the quasar

First, I investigate the apparent sizes of the three quasars in the obtained images. For this
purpose, I take the stage-3 reduced data from the MAST portal (see Chapter 4). In Table 7.2
I lists the size, namely the Full-Width-Half-Maximum (FWHM), of the three quasars, which
I determined via a Gaussian fit to the observed data. I list the mean of their measured
FWHM in orthogonal directions. While XID2028 appears to be as compact as SDSSJ1652,
the F2M1106 values are all somewhat larger than the value around 2.3 pixels which is
obtained for SDSSJ1652 in channel 2 and 4. The latter quasar has the larges redshift and
we therefore assume that here the infrared emission region can be taken as a point source
for the JWST mirror.

Hence, I can estimate the infrared emission regions of the closest quasars by quadrati-
cally subtracting the SDSSJ1652 FWHM values from those of F2M1106. Using pixels scales
0f 0.196, 0.245, and 0.273 arcsec/pixel for channels 2 to 4, respectively, I can also calculate
the source sizes in arcseconds. The results for F2M116 are given in Table 7.3.

For a Hubble constant of 70 km/s/Mpc and a cosmological deceleration factor q=0.05,
we therefore find that the 7 ym to 27 ym MIR emission in F2M1106 is extended on a size
scale of 1 to 1.5 kpc. This is exactly the size of many starburst rings found in nearby AGN
hosts like e.g. IZw1, NGC1097, NGC6574 and others (see e.g. Purcell et al. 1993). Therefore,
we argue that the nuclear emission of F21106 observed with JWST is not only provided by a
compact AGN, but also by an extended star formation component.
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name redshift chan.1 chan.2 chan.3 chan.4
F2M1106 0.434  2.43+0.02 2.48+0.02 2.92+0.02 2.41+0.03
XID2028 1.592 - - 2.76+0.02 2.52+0.13
SDSSJ1652 2.942 - 2.33+£0.04 2.72+0.02 2.27+0.03

Table 7.2: Apparent size of quasars measured in pixels for individual channels. Here the
channels correspond to the following wavelength intervals: Channel 1: 4.9 - 7.65 um,
Channel 2: 7.51- 11.7 yum, Channel 3: 11.55 - 17.98 um, Channel 4: 17.7- 27.9 ym.

name redshift unit chan.2 chan.3 chan.4
F2M1106 0.434 pixels 0.85+0.02 1.06+0.02 0.81+0.03
F2M1106 0.434 arcsec 0.17+0.01 0.26+0.01 0.2240.01

Table 7.3: Deconvolved (by quadratical subtraction) apparent quasar sizes for F2M1106 in
pixels and arcseconds for individual channels.

Finally, I note that for all three quasars the FWHM of channel 3 are consistently larger
than those of the other channels. One possible option would be related to the data reduc-
tion process of the stage-3 JWST pipeline. The actual origin of this discrepancy, however, is
currently unclear and needs further investigation.

7.4.2.2 Spectroscopic results

Next, I investigate the spectral properties of the three quasars. I show the resulting spectra
in the Figs. 7.11, 7.12 and 7.13. For all three spectra we see clear emission lines. In the MIRI
observations of F2M1106 (Fig. 7.11), the CrlII, Fel, Fell, KIV, KVI and Colll emission lines
are detected. For the quasar XID2028, the MgVIII, CalV, SiIX, ArVI and Fell emission lines
are detected in the MIRI spectrum (see Fig. 7.12). For SDSSJ1652, the Coll, SiIX, CaVII and
MglIV emission lines among others are the detected lines in the MIRI spectrum (see Fig.
7.13). All the identified lines are well above the noise level of the observations.

However, I see that the fringing patterns affect the spectra. Particularly in channel 4,
the identification of emission lines is not possible due to the strong fringing, an elevated
background emission level, and the overall lack of strong emission lines. Moreover, we see
that for all channels, the fringing patterns increase towards longer wavelengths. Therefore,
it would be more beneficial to download the stage-2 data from MAST portal and run it
through the JWST pipeline and apply the de-fringing algorithm on them. Another way to
improve the quality of the spectra would be to run the data through the Q3dfit pipeline
(Wylezalek et al. 2022). There de-fringing algorithms, will be very beneficial in case of
nearby galaxies and Galactic Center. In summary, although these are still rather preliminary
results, it shows the great potential of JWST to observe spectra with great detail within a
short observation times.
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7.5 Concluding remarks

In this chapter I have presented various NIR and MIR observations of the GC and quasars
as their luminous extragalactic counterparts, which I have investigated during the course of
my PhD. I have demonstrated the possibility of detecting flares towards Sgr A*, also showing
that, possibly due to their short duration, it can be difficult to observe them simultaneously
in different bands. I also confirmed the previously proposed challenge to observe Sgr A* in
MIR due to its projected position on a dust ridge. Finally, I discussed novel spectra taken
with JWST towards the GC and three quasars in order to demonstrate the great capability
of JWST to obtain detailed, high-resolution, low-noise spectra with short observation
times. My results demonstrate that with the expected, upcoming observations of JWST
towards the GC, we will be able to characterize the structure, dynamics and metallicity of
the ambient medium around Sgr A* and of the nuclear star cluster around it.
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Figure 7.11: The spectra of F2M1106 from the channel 1 -4 (from top to bottom) of the
MIRI observations. Several emission lines can be detected in the spectra. In addition, for
each channel we can recognize the effect of fringing towards longer wavelengths, leading
to an increase in the noise. In channel 4, the spectrum is very noisy due strong fringing
and a high background emission, making the identification of emission lines challenging.
In addition, a lack of strong emission lines complicates line identification.
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Figure 7.13: Same as in Fig. 7.11, but for the quasar SDSSJ1652.






CHAPTER

Summary and Outlook

8.1 Summary

In this thesis, I conducted research in the near- and mid-infrared domain in the Galactic
Center (GC) at the close vicinity of the supermassive black hole (SMBH), Sgr A* and its
infrared counterpart. The investigation presented in this thesis is relevant for the prepa-
ration of scientific observing programs conducted by the James Webb Space Telescope
(JWST) and the MIRI spectrometer system on-board.

I began this thesis by introducing the physics of our own Milky Way, the environment of
the GC focusing on its ambient medium, its associated stellar cluster as well as the SMBH,
Sgr A* itself (Chapter 2). Next, I gave a brief overview of the basics of ground-based infrared
astronomy (Chapter 3) and space-based observations with the focus on JWST (Chapter 4).

The first scientific paper related to my thesis (Chapter 5) is about my investigation of
the ambient medium of the SMBH, Sgr A*, in mid-infrared. I constrained the accretion flow
density profile near Sgr A* using the L’-band emission of the S2 star by deriving an upper
density limit of 10° cm™3 at 1500 Schwarzschild radii. This research demonstrates how
repeated observations of stars transiting the very center of the Milky Way in the immediate
vicinity of the SMBH, Sgr A*, can be used to characterise the interstellar medium in this
particular region. In this vicinity the ISM is dominated by the accretion flow onto Sgr A*
and its winds. The expected bow shocks of fast-moving stars through that medium cause
an enhancement of the flux density predominantly in the MIR wavelength domain. Due to
the high flux density sensitivity of MIRI combined with the pointing stability of JWST, this
will allow us to compare measurements of stars in this region. Hence, the GC community
will be able to measure or put limits on the density of the interstellar medium in this region.
The first paper in this thesis has laid the ground work for this methodology.

The second paper presented in this thesis (Chapter 6) is on the discovery of a dense
association of stars in the vicinity of the SMBH, Sgr A*. The research highlights the apparent
dense stellar association in the vicinity of IRSIW (N-sources) which lies opposite of IRS13E
and eastward of Sgr A*. This association can be interpreted as a bound system due to
a putative intermediate-mass black hole IMBH) with a mass of about 103~* M,, or a
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projection of a disk-like distribution of young He-stars and/or dust-enshrouded stars. This
investigation has thus laid the groundwork for more sensitive observations with MIRI
on-board JWST. Such observations including the spectroscopic information will provide
the entire 3-dimensional velocity field to better probe the dynamical response of the stellar
cluster to a putative IMBH.

The third part of this thesis (Chapter 7) presents first near- and mid-infrared GC ob-
servations obtained by VLI, observations with NIRSpec on-board of JWST showing the
spectrum towards the GC, as well as extra-galactic observations taken by JWST-MIRI to-
wards three quasars. The latter two show the great potential of the JWST MIRI and NIRSpec
instruments to obtain high-resolution, low-noise spectra towards the GC. Unfortunately,
at the time at which this thesis was submitted, no MIRI data on the GC had been taken.
However, my preparatory work has allowed for the successful adoption of the GC as a MIRI
team guaranteed time target, which will be observed in late 2023.

8.1.1 Relevance for future JWST observations

Overall, in this thesis I concentrated on the scientific applications and results obtained
in the framework of MIRI projects which are focused on GC research. The technical as-
pects, I was involved in, comprehend the inclusion of tests of different operating modes
of the simulation program MIRISim in its latest version, specifically for the GC, for ob-
servation planning and for verification of the detectability of different objects with MIRI
and NIRSpec. It also included the designing of a sample application for the international
astronomical community, in collaboration with the MIRI test team, for observation plan-
ning with MIRISim and data reduction with the data analysis pipeline. Finally, my work
included the testing of the MIRISim application for the upcoming GC observations within
the Guaranteed Time Observations for the Nearby Galaxy Collaboration. This also included
the verification of the image quality on initial MIRI observational data of the GC and
quasars which is shown in the final chapter of the thesis. Additional, more technical parts
of the DLR-supported project were carried out in a participation in the MIRI Science Team,
Calibration Team and Operations Group in the context of MIRI post-delivery support.

8.2 Outlook

By the aid of deep and high-resolution IFU data provided by the MIRI and NIRSpec instru-
ments of JWST, we expect our understanding of the GC concerning the SMBH Sgr A*, star
formation and the possible presence of IMBHs to be revolutionised within a few years time.
The upcoming observations with JWST enable us to get access to the so-far neglected MIR
wavelength regime in the GC. For example, the MIRI observations of the GC will be used
to investigate the close approach of stars to the SMBH. Furthermore, MIRI observations
from the adjacent region of IRS 1W can provide the radial velocities of the N-sources. This
would allow us to fit their orbits, which would present a major step forward to confine the
mass of the postulated IMBH.

In addition, MIRI observations on dusty sources, which might be associated with young
stellar objects (Eckart et al. 2004, 2013; Moultaka et al. 2005; Muzic¢ et al. 2010; Peillker et al.
2019, 2020c, 2021a; Ciurlo et al. 2020), can directly contribute to solving the "Paradox of
Youth" with all its implications to star formation in crowded stellar fields. This can serve



93

as a blueprint to extragalactic sources opening the door to explain so far speculative star
formation processes in other galaxy centers. Furthermore, the dust filaments (MuZic¢ et al.
2007; Bhat et al. 2022), bow-shock sources, dusty sources and YSOs in IRS13, X3, X7 and X8
are important candidates to investigate with the MIRI instrument.

Next to the JWST, the Extremely Large Telescope (ELT), which is currently under con-
struction, will outperform all the optical telescopes existing up to this date with a diameter
of 39 m and a collecting area of about 1,000 m?. The Multi-Adaptive Optics Imaging Camera
for Deep Observations (MICADO) on the ELT with a field of view of about 19” x 19” and a
relative astrometric resolution of about 1 mas will reveal unprecedented details about the
GC. We expect many more resolved sources to be observed, which opens an opportunity to
deepen our understanding of accretion flow mechanisms of black holes and star formation
in the vicinity of black holes.

Furthermore, the Mid-infrared ELT Imager and Spectrograph (METIS) can be used to
investigate the proper motion and the origin of the filaments in the GC, which will allow to
put constrains on the wind and outflow motions around the SMBH, Sgr A*. In addition, as
during the last years stars belonging to the S-star cluster, which are closer to Sgr A* than
the S2 star, were observed (Peillker et al. 2020b,a; GRAVITY Collaboration et al. 2021), the
method developed in Chapter 5 of this thesis would be a great opportunity to constrain the
ambient medium density of Sgr A* with ELT at even smaller distance to it.






CHAPTER

Appendix

In Table 9.1 to 9.4 I list the observational data in K; and L'-band from 22.04.2018 and

24.04.2018.

Date UT time Filter =~ Sgr A* S65
(mJy) (mJy)
2018-04-22 05:27:27.7743  K; 1.53 £0.51 17.58 + 0.59
2018-04-22 05:28:10.6704  K; 1.56 £ 0.53 17.76 £ 0.95
2018-04-22 05:28:54.1529 K,  4.60+0.53 16.35+0.98
2018-04-22 05:29:36.3104 K; 2.36+0.53 17.78+1.05
2018-04-22 05:30:20.7227 K;  0.22+0.51 17.93+0.74
2018-04-22 05:31:03.7129 K; -0.19 £ 051 17.31 +£0.64
2018-04-22 05:31:46.8436 K;  0.11+0.51 17.89+0.62
2018-04-22 05:32:30.6488 K 1.22 £0.51 18.01 +0.67
2018-04-22 05:33:13.5090 K; 095+0.51 16.93+0.73
2018-04-22 05:33:55.7793 K 1.06 £ 0.51 17.69 + 0.62
2018-04-22 05:34:38.6875 K; 1.54 £0.50 17.29 £0.52
2018-04-22 05:35:22.5070 K 1.73£0.51 17.67 £0.72
2018-04-22 05:36:08.4177 K,  0.51+0.51 17.31+0.63
2018-04-22 05:36:52.2950 K;  0.08 £0.51 17.18 £0.62
2018-04-22 05:37:34.6384 K 1.23 £0.51 18.25 +0.69
2018-04-22 05:38:19.0569 K 0.71 £0.51 18.08 +£0.70
2018-04-22 05:39:04.1524  K; 1.80 £ 0.51 18.67 £0.73
2018-04-22 05:39:46.3737  K; 1.77 £ 0.50 17.34 + 0.58
2018-04-22 05:40:29.5719 K,  4.51+0.51 16.48 +£0.69
2018-04-22 05:41:12.6704 K 1.20+£0.51 18.46 +0.64
2018-04-22 06:20:49.8042 K 1.06 £ 0.51 18.05 £ 0.67
2018-04-22 06:21:34.4458 K; 226+ 050 17.97 £0.58
2018-04-22 06:22:17.5522 K 1.02 £ 0.50 18.88 +0.55
2018-04-22 06:23:00.9025 K 1.03 £0.50 16.96 + 0.58
2018-04-22 06:23:44.0070 K 1.06 £ 0.50 18.69 + 0.59
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2018-04-22
2018-04-22
2018-04-22
2018-04-22
2018-04-22
2018-04-22
2018-04-22
2018-04-22
2018-04-22
2018-04-22
2018-04-22
2018-04-22
2018-04-22
2018-04-22
2018-04-22
2018-04-22
2018-04-22
2018-04-22
2018-04-22
2018-04-22
2018-04-22
2018-04-22
2018-04-22
2018-04-22
2018-04-22
2018-04-22
2018-04-22
2018-04-22
2018-04-22
2018-04-22
2018-04-22
2018-04-22
2018-04-22
2018-04-22
2018-04-22
2018-04-22
2018-04-22
2018-04-22
2018-04-22
2018-04-22
2018-04-22
2018-04-22
2018-04-22
2018-04-22
2018-04-22
2018-04-22
2018-04-22

06:24:26.6891
06:25:09.6864
06:25:51.3438
06:26:34.4630
06:27:16.6304
06:27:59.7117
06:28:42.9800
06:29:26.6951
06:30:11.2257
06:30:54.5711
06:31:37.3946
06:32:19.7216
06:33:02.6469
06:33:45.7505
06:34:28.9178
07:07:13.1175
07:07:55.7177
07:08:38.0800
07:09:21.7354
07:10:04.6969
07:10:47.7391
07:11:30.9094
07:12:14.7568
07:12:57.0831
07:13:39.5556
07:14:22.6287
07:15:05.6510
07:15:48.9194
07:16:33.5469
07:17:15.9911
07:17:58.9685
07:18:43.0579
07:19:25.9884
07:20:09.6918
07:20:52.1539
07:56:51.8827
07:57:37.2482
07:58:21.9270
07:59:05.0092
07:59:47.5694
08:00:30.7068
08:01:14.5833
08:01:58.6577
08:02:41.6840
08:03:24.9321
08:04:08.2329
08:04:51.6171

0.74 £ 0.52
1.57 £ 0.50
1.28 £ 0.50
0.85+0.51
3.61 £ 0.51
1.30 £ 0.51
1.71 £ 0.51
1.99 £ 0.51
1.03 £ 0.51
0.42 + 0.50
0.48 £ 0.51
0.16 + 0.51
1.53 £ 0.51
1.22 + 0.51
1.34 £ 0.50
0.53 £ 0.50
0.27 £ 0.51
0.64 £ 0.50
0.27 £ 0.51
1.37 £ 0.51
0.48 + 0.52
1.78 £ 0.51
1.63 £ 0.51
4.45 £ 0.50
0.27 £ 0.51
0.25+0.50
0.68 + 0.51
0.36 £ 0.51
0.25 £ 0.51
0.36 £ 0.51
-0.62 £ 0.51
1.18 £ 0.50
0.68 + 0.50
-0.69 £ 0.51
2.42 + 0.50
0.60 + 0.56
-1.30 £ 0.53
-0.80 £ 0.54
1.63 £ 0.58
-0.60 £ 0.53
-3.00 £ 0.51
-0.90 +£ 0.53
-1.20 £ 0.54
-0.00 £ 0.54
0.31 £0.56
-2,00 £ 0.53
-1.50 £ 0.54

18.88 + 0.91
17.28 £ 0.56
18.34 + 0.58
17.51 £ 0.61
18.25 + 0.64
19.75 + 0.62
18.50 £ 0.69
18.53 + 0.66
19.27 £ 0.65
17.76 £ 0.51
18.31 + 0.61
18.99 + 0.64
19.73 £ 0.61
19.36 £ 0.73
18.39 + 0.59
17.80 + 0.55
18.98 + 0.61
18.70 £ 0.59
18.59 + 0.68
19.92 + 0.69
19.87 + 0.84
18.79 £ 0.73
18.78 £ 0.76
18.62 + 0.56
18.82 + 0.61
19.23 + 0.58
18.55 + 0.66
17.64 £ 0.66
18.83 £ 0.63
18.85 + 0.61
18.06 + 0.61
19.76 + 0.52
18.15+ 0.58
17.67 = 0.62
19.55 £ 0.55
19.62 + 1.32
20.04 + 0.99
20.22+1.14
22.75+1.86
19.80 + 0.89
19.05 + 0.64
20.49 £ 0.99
17.83 + 1.06
18.01 £ 1.03
19.81 £ 1.33
19.85 + 0.91
17.69 + 0.97



2018-04-22
2018-04-22
2018-04-22
2018-04-22
2018-04-22
2018-04-22
2018-04-22
2018-04-22
2018-04-22
2018-04-22
2018-04-22
2018-04-22
2018-04-22
2018-04-22
2018-04-22
2018-04-22
2018-04-22
2018-04-22
2018-04-22
2018-04-22
2018-04-22
2018-04-22
2018-04-22
2018-04-22
2018-04-22
2018-04-22
2018-04-22
2018-04-22
2018-04-22
2018-04-22
2018-04-22
2018-04-22
2018-04-22
2018-04-22
2018-04-22
2018-04-22
2018-04-22
2018-04-22
2018-04-22
2018-04-22
2018-04-22
2018-04-22
2018-04-22
2018-04-22
2018-04-22
2018-04-22
2018-04-22

08:05:36.3789
08:06:20.2230
08:07:04.0785
08:07:46.6000
08:08:29.1232
08:09:11.5243
08:09:56.1679
08:10:38.6621
08:48:39.7330
08:49:23.6496
08:50:06.8276
08:50:50.1713
08:51:32.5810
08:52:17.5683
08:53:01.0096
08:53:44.1769
08:54:26.7681
08:55:10.1348
08:55:52.7008
08:56:35.8401
08:57:19.5458
08:58:02.6832
08:58:45.2092
08:59:27.7714
09:00:10.6917
09:00:53.7882
09:01:37.0024
09:02:19.4307
09:39:33.6517
09:40:17.6693
09:41:00.7034
09:41:43.7550
09:42:27.1911
09:43:09.6284
09:43:52.1497
09:44:36.1653
09:45:19.9906
09:46:03.7332
09:46:46.7635
09:47:30.1210
09:48:12.5621
09:48:54.8193
09:49:37.9706
09:50:22.1471
09:51:04.5892
09:51:47.7788
09:52:32.1343

-2.20 £ 0.52
3.10 £ 0.56
-1.20 £ 0.56
1.23 £ 0.50
-1.10 £ 0.53
-2.40 £ 0.51
-0.70 £ 0.52
0.87 £ 0.57
1.73 £ 0.53
2.17+0.51
5.68 + 0.52
3.19 £ 0.51
2.78 £ 0.50
1.04 £ 0.52
2.45 +0.50
2.96 + 0.52
3.57 £0.52
2.00+£0.50
3.66 + 0.51
4.19 £ 0.54
1.58 £ 0.51
3.24 £ 0.52
2.00 £ 0.51
1.77 £ 0.51
1.70 £ 0.52
1.48 + 0.51
1.89 £ 0.52
3.04 £ 0.52
3.06 £ 0.55
2.31+£0.53
3.51 £ 0.54
5.60 + 0.52
4.55 +0.54
0.54 £ 0.50
2.23 £0.53
2.99 £ 0.52
2.43 +£0.52
2.78 £ 0.51
5.79 £ 0.56
5.91+0.54
3.34 £ 0.51
5.30 £ 0.57
2.21 £0.51
5.17+£0.53
2.99 £ 0.52
5.07 £ 0.55
2.96 + 0.52

19.15+0.80
19.01 £ 1.22
20.19+1.43
21.00 £ 0.54
19.03 + 0.98
18.24 + 0.68
18.98 £ 0.84
19.84 £ 1.51
18.75+0.98
18.51 + 0.66
18.60 + 0.77
18.46 + 0.66
18.44 + 0.54
18.21 £ 0.78
19.70 £ 0.54
19.74 + 0.85
18.60 + 0.83
19.05 £ 0.55
18.24 + 0.64
18.91 £ 1.15
17.98 + 0.60
19.45 + 0.89
19.10 £ 0.70
18.66 + 0.66
18.22 + 0.93
18.75 + 0.65
18.92 + 0.92
19.18 £ 0.82
16.36 + 1.21
16.36 = 0.96
16.46 + 1.06
16.27 + 0.83
18.26 + 1.25
15.39 £ 0.55
17.40 £ 0.93
17.72 + 0.84
16.90 + 0.87
18.12 + 0.60
18.90 + 1.51
18.56 + 1.18
16.44 + 0.71
16.95 + 1.59
16.24 + 0.68
18.49 £ 1.03
17.03 £0.79
18.24 + 1.42
19.60 + 0.91
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2018-04-22 09:53:14.5633

K

1.51 £ 0.51

16.02 + 0.72

Table 9.1: K;-band observations in 22.04.2018

Date UT time Filter = Sgr A* S65
(mJy) (mJy)
2018-04-22 05:57:34.4735 L 10.71 £ 0.79 36.37+1.14
2018-04-22 05:59:43.8697 L 8.61 £0.55 31.11 +0.66
2018-04-22 06:00:25.8029 L' 11.20+1.17 39.20 + 2.06
2018-04-22 06:03:17.5402 L' 6.47 +0.53 31.21 +£0.64
2018-04-22 06:05:26.7352 L' 7.81£0.60 33.52+0.92
2018-04-22 06:06:08.8654 L' 8.99+0.83 34.68 +1.38
2018-04-22 06:08:16.4643 L 11.65+£1.45 38.20 + 2.59
2018-04-22 06:09:01.9952 L' 10.22+1.15 36.93 +2.09
2018-04-22 06:11:10.5931 L' 791+0.76 34.81 £1.40
2018-04-22 06:45:59.1812 L' 11.28+0.82 33.61 +1.16
2018-04-22 06:48:07.7927 L' 10.88+0.75 37.50 +1.10
2018-04-22 06:48:49.5321 L 17.44 £2.08 39.35+ 2.81
2018-04-22 06:50:57.7229 L' 459 +0.51 32.18+1.00
2018-04-22 06:51:42.6497 L' 19.39+3.41 38.14+4.16
2018-04-22 06:53:54.6491 L' 11.65+0.60 35.29 +0.71
2018-04-22 06:56:44.5710 L' 12.15+0.95 35.44 +1.39
2018-04-22 06:57:29.3005 L 6.42 £0.57 30.95%1.00
2018-04-22 06:59:38.1146 L’ 7.69+0.57 35.08 £0.83
2018-04-22 07:34:08.2162 L' 6.18 +0.63 33.67 £1.16
2018-04-22 07:36:17.2320 L' 6.75+ 1.07 43.50 +£2.97
2018-04-22 07:37:02.3746 L' 6.45+0.58 32.54+0.93
2018-04-22 07:39:11.7988 L 6.75+£0.55 31.54 +0.86
2018-04-22 07:39:54.9392 L 797 £065 31.56+1.04
2018-04-22 07:42:48.1058 L' 564 £0.92 32.02 +2.67
2018-04-22 07:44:58.3101 L' 8.01£0.66 36.31+1.04
2018-04-22 07:45:42.2473 L/ 0.50£0.62 31.00+0.98
2018-04-22 07:47:53.4375 L/ 6.78 £0.92 35.42+2.23
2018-04-22 08:26:49.3672 L 460+ 0.57 31.66+1.29
2018-04-22 08:28:59.1627 L' 592+ 0.51 32.21£0.56
2018-04-22 08:29:42.3116 L' 9.07+0.64 35.16+1.09
2018-04-22 08:31:51.9218 L' 7.02+0.56 31.49+0.77
2018-04-22 08:32:36.0531 L' 7.62+0.70 32.36+1.22
2018-04-22 08:34:47.4474 L 11.21 £ 0.81 34.22+1.16
2018-04-22 08:35:30.1790 L' 7.94+£0.78 36.59 £1.55
2018-04-22 08:38:23.3029 L’ 8.07+1.12 38.02+2.71
2018-04-22 08:40:33.6955 L 472 +0.50 34.46 + 0.57
2018-04-22 09:16:05.5965 L' 6.79 £ 0.57 34.54 £0.82
2018-04-22 09:18:58.3609 L 5.39+£0.55 35.19+0.96
2018-04-22 09:21:09.3821 L’ 3.81+£0.51 33.40+1.36
2018-04-22 09:21:52.5156 L' 525+ 0.55 32.89+1.10



2018-04-22
2018-04-22
2018-04-22
2018-04-22
2018-04-22
2018-04-22
2018-04-22
2018-04-22
2018-04-22
2018-04-22
2018-04-22
2018-04-22
2018-04-22
2018-04-22

09:24:03.3459
09:24:46.0790
09:26:55.2871
09:27:38.2308
09:29:47.4548
10:05:26.0274
10:07:35.2335
10:08:18.1657
10:10:30.5604
10:11:11.8925
10:13:20.2894
10:14:03.2225
10:16:13.2227
10:19:10.3576

Ll
L/
Ll
Ll
Ll
Ll
L/
L/
Ll
Ll
Ll
LI
L/
Ll

4.82 £ 0.54
10.61 £ 1.13
8.17 £ 0.63
8.17 £ 0.63
8.33 £ 0.66
6.73 £ 0.54
6.89 £0.74
7.87+0.75
9.49 + 0.96
9.20 £ 0.59
6.96 + 0.58
7.30 + 0.56
7.21+£0.72
13.12 + 1.69

30.93 + 1.09
40.42 £ 2.15
34.21 £ 0.92
34.21 £ 0.92
35.57 £ 1.05
35.43 £ 0.69
41.01 £1.53
33.25+1.66
36.25+1.74
38.21 £ 0.80
32.64 + 0.98
32.83 + 0.81
31.31+1.68
42.22 + 3.30

Table 9.2: 1'-band observations in 22.04.2018

Date UT time Filter = Sgr A* S65
(mJy) (mJy)
2018-04-24 05:11:24.2143 K; 545+0.92 18.00+0.86
2018-04-24 05:12:07.4617 K 5.74 £ 0.63 18.00 + 0.61
2018-04-24 05:12:51.4141 K 6.92 +1.14 18.22+1.03
2018-04-24 05:13:34.4076 K; 5.58+0.80 17.41+0.75
2018-04-24 05:14:16.4347 K; 8.68+0.98 19.11 +0.88
2018-04-24 05:14:59.4362 K; 7.04 £0.73 19.04 £0.70
2018-04-24 05:15:42.3767 K 6.69+0.81 18.52+0.76
2018-04-24 05:16:25.4289 K 6.07+£0.76 18.87 +0.73
2018-04-24 05:17:10.4166 K; 4.74+0.69 18.00 £ 0.67
2018-04-24 05:17:53.4773 K; 574+0.82 18.00+0.77
2018-04-24 05:18:38.4007 K; 546 £0.66 17.97 +0.64
2018-04-24 05:19:23.4496 K 4.52+0.65 17.60 +0.63
2018-04-24 05:20:08.3730 K 498+0.79 17.76 £0.75
2018-04-24 05:20:51.4927 K 6.52 £ 0.90 18.00 +0.84
2018-04-24 05:21:36.4231 K; 4.74+1.05 18.00+1.03
2018-04-24 05:22:19.4107 K; 5.17£0.58 17.33 £ 0.57
2018-04-24 05:23:02.4523 K; 6.60 £0.95 18.48 +0.88
2018-04-24 05:23:46.4223 K; 447 +£0.61 17.65 £ 0.61
2018-04-24 05:24:30.4201 K; 4.77+0.60 18.49 +0.60
2018-04-24 05:25:14.4236 K 3.74+0.75 17.00 £0.74
2018-04-24 06:22:19.0477 K; 0.10£0.73 17.75+0.82
2018-04-24 06:23:04.4614 K; 223+1.19 18.82+1.33
2018-04-24 06:23:47.4347 K -0.11 £ 090 18.12 +1.07
2018-04-24 06:24:32.4544 K 0.74 £0.74 19.00 + 0.85
2018-04-24 06:25:15.4460 K; -0.26 £ 0.83 19.00 + 1.00
2018-04-24 06:26:00.4454 K; -0.04 £ 0.58 18.08 +0.62
2018-04-24 06:26:43.4643 K; -0.39 £+ 0.61 18.28 + 0.66
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2018-04-24
2018-04-24
2018-04-24
2018-04-24
2018-04-24
2018-04-24
2018-04-24
2018-04-24
2018-04-24
2018-04-24
2018-04-24
2018-04-24
2018-04-24
2018-04-24
2018-04-24
2018-04-24
2018-04-24
2018-04-24
2018-04-24
2018-04-24
2018-04-24
2018-04-24
2018-04-24
2018-04-24
2018-04-24
2018-04-24
2018-04-24
2018-04-24
2018-04-24
2018-04-24
2018-04-24
2018-04-24
2018-04-24
2018-04-24
2018-04-24
2018-04-24
2018-04-24
2018-04-24
2018-04-24
2018-04-24
2018-04-24
2018-04-24
2018-04-24
2018-04-24
2018-04-24
2018-04-24
2018-04-24

06:27:26.4344
06:28:09.3997
06:28:52.4974
06:29:35.4887
06:30:18.4779
06:31:03.3998
06:31:46.4129
06:32:29.4544
06:33:13.4578
06:33:58.4136
06:34:41.4413
06:35:24.4683
06:36:08.4681
07:32:39.9564
07:33:23.4358
07:34:06.4710
07:34:49.4705
07:35:36.4586
07:36:19.4210
07:37:02.4593
07:37:46.4648
07:38:29.4723
07:39:12.4779
07:39:55.4589
07:40:38.4443
07:41:23.5143
07:42:07.4778
07:42:51.4470
07:43:34.5057
07:44:17.4342
07:45:00.5033
07:45:43.4337
07:46:27.4991
08:29:59.3657
08:30:42.5113
08:31:25.5113
08:32:08.4728
08:32:51.5191
08:33:35.5337
08:34:18.5490
08:35:02.5184
08:35:46.4971
08:36:29.4429
08:37:12.4789
08:37:55.4433
08:38:38.5527
08:39:21.4670

1.48 £ 0.74
-0.26 £ 0.58
2.74 £ 0.73
0.56 £ 0.55
0.03 £ 0.90
-0.26 + 0.59
-0.18 £ 0.60
1.07 £ 0.70
-0.19+£0.63
0.74 £ 0.69
0.74 £ 0.64
0.65+0.84
0.76 £ 0.71
0.88 £ 0.69
0.91 £0.65
0.43 + 0.56
0.74 £ 0.54
-0.26 £ 0.90
-0.09 £ 0.58
1.08 £ 0.56
0.86 + 0.61
0.04 £ 0.58
-0.04 £ 0.53
0.74 £ 0.62
0.74 £0.71
2.10 £ 0.69
-0.07 £ 0.56
-0.16 £ 0.56
0.74 £ 0.67
1.74 £ 0.56
0.09 + 0.69
1.43 + 0.62
0.55+0.59
-0.26 £ 0.74
-0.08 £ 0.65
-0.08 £ 0.75
0.19 + 0.62
0.40 + 0.56
0.41 £ 0.67
2.53 £ 0.56
-0.26 + 0.57
-0.26 £ 0.55
0.22 + 0.62
0.24 £ 0.62
0.43 £0.57
1.15 £ 0.58
0.73 £ 0.65

19.19 + 0.81
18.00 =+ 0.61
18.11 £ 0.75
18.15 + 0.57
19.14 + 1.11
18.00 + 0.62
18.07 £ 0.65
18.02 £ 0.75
17.88 + 0.69
19.00 + 0.78
18.00 + 0.68
18.39 + 0.97
17.50 £ 0.76
18.22 £ 0.75
19.00 +£ 0.70
18.64 + 0.59
18.00 + 0.55
18.00 = 1.07
18.17 £ 0.61
18.79 £ 0.57
18.23 £ 0.65
16.99 + 0.60
17.90 £ 0.54
19.00 + 0.67
19.05 £ 0.79
18.21 +£0.72
18.58 + 0.59
18.87 £ 0.59
19.00 £ 0.73
19.61 + 0.58
18.49 + 0.77
18.78 + 0.66
18.16 + 0.62
18.00 = 0.85
18.32 £ 0.73
17.86 + 0.85
17.21 +£ 0.65
18.41 + 0.58
18.02 £ 0.73
18.63 + 0.56
17.00 + 0.59
18.00 + 0.57
17.66 + 0.66
18.06 = 0.67
17.00 £ 0.59
18.51 + 0.61
17.64 + 0.69



2018-04-24
2018-04-24
2018-04-24
2018-04-24
2018-04-24
2018-04-24
2018-04-24
2018-04-24
2018-04-24
2018-04-24
2018-04-24
2018-04-24
2018-04-24
2018-04-24
2018-04-24
2018-04-24
2018-04-24
2018-04-24
2018-04-24
2018-04-24
2018-04-24
2018-04-24
2018-04-24
2018-04-24
2018-04-24
2018-04-24
2018-04-24
2018-04-24
2018-04-24
2018-04-24
2018-04-24
2018-04-24
2018-04-24
2018-04-24
2018-04-24
2018-04-24
2018-04-24
2018-04-24
2018-04-24
2018-04-24
2018-04-24
2018-04-24

08:40:04.4663
08:40:47.4989
08:41:31.5503
08:42:16.4359
08:43:01.5658
08:43:44.5240
09:19:21.7716
09:20:04.4819
09:20:47.4723
09:21:30.5556
09:22:13.5341
09:22:56.5168
09:23:39.5539
09:24:22.4762
09:25:05.5376
09:25:48.5632
09:26:33.5437
09:27:18.5983
09:28:03.5422
09:28:46.5026
09:29:30.5060
09:30:13.5613
09:30:56.5058
09:31:39.4651
09:32:22.5595
09:33:07.5262
10:09:50.3978
10:10:33.5252
10:11:17.5508
10:12:01.5106
10:12:46.5259
10:13:30.5296
10:14:15.4991
10:14:59.5497
10:15:43.5676
10:16:26.5017
10:17:09.5371
10:17:53.5084
10:18:36.5269
10:19:21.5174
10:20:06.5090
10:20:50.5087

1.77 £ 0.70
-0.26 £ 0.57
0.59 £0.83
0.93 + 0.62
0.89 £ 0.91
0.65+0.71
0.36 £ 0.80
-0.16 £ 1.06
0.74+£0.77
-0.63 + 0.64
-0.39 £ 0.55
0.40 + 0.59
0.16 + 0.62
-0.26 £ 0.85
-0.41 £ 0.55
0.55+0.74
-0.23 £ 0.59
0.36 £ 0.94
0.32+0.73
0.06 + 0.66
-0.05 + 0.62
-0.26 + 0.82
-0.48 £ 0.64
-0.3 £0.62
0.19 + 0.69
0.48 + 0.60
1.57 £ 0.60
1.74 £ 0.72
0.74 £0.74
2.74 £ 0.89
0.64 £ 0.69
2.30 £ 0.86
1.13 £ 0.88
0.90 +1.88
1.73 £ 0.88
3.74 +£1.44
1.74 +£2.37
1.12 £+ 1.04
2.65+1.14
1.87 £0.87
2.53+0.71
0.34 £ 0.60

18.00 £ 0.73
18.00 £ 0.60
18.33 £0.95
18.49 + 0.66
18.71 + 1.06
18.37 £ 0.78
17.86 £ 0.90
18.00 £ 1.30
18.00 + 0.86
17.77 £ 0.72
17.76 + 0.57
18.25 + 0.62
17.35+ 0.66
19.00 + 1.02
17.75 + 0.57
18.02 + 0.82
17.34 +£ 0.62
17.72 £ 1.08
18.13 + 0.81
17.98 £ 0.72
18.00 + 0.68
19.00 + 1.01
18.47 £ 0.72
17.53 £ 0.67
18.29 + 0.77
18.73 + 0.64
18.14 + 0.62
17.92 £ 0.76
17.00 £ 0.81
19.67 £ 0.97
17.97 £ 0.75
19.03 £ 0.93
17.25+0.95
18.75 + 2.36
17.39 £ 0.93
19.00 + 1.49
18.00 + 2.70
17.46 + 1.14
18.53 £ 1.23
18.09 £ 0.93
17.91+£0.73
16.94 + 0.63

Table 9.3: K;-band observations in 24.04.2018
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Date UT time Filter = Sgr A* S65
(mJy) (mJy)
2018-04-24 05:59:54.2699 L 58.65 £1.42 58.65%1.65
2018-04-24 06:02:03.6762 L'  48.52+1.00 48.52 +2.15
2018-04-24 06:02:46.6076 L' 40.50 +0.96 40.50 + 0.79
2018-04-24 06:04:56.6002 L' 46.93+0.85 46.93 +0.52
2018-04-24 06:05:39.7347 L'  43.39+1.20 43.39+1.28
2018-04-24 06:08:33.6633 L 36.87 £0.71 36.87 +0.33
2018-04-24 06:10:42.6578 L 42.55+£2.08 42.55+1.89
2018-04-24 06:11:25.5900 L'  49.11+1.49 49.11+1.22
2018-04-24 06:13:34.5851 L'  48.85+2.85 48.85+2.97
2018-04-24 07:09:50.7207 L'  48.20+1.00 48.20 +0.83
2018-04-24 07:12:02.5121 L' 37.95+0.79 37.95+1.32
2018-04-24 07:12:45.6428 L 57.31 £2.88 57.31+4.51
2018-04-24 07:14:55.6339 L' 55.67+1.12 55.67 +1.05
2018-04-24 07:15:38.5614 L'  42.29+0.88 42.29 +0.85
2018-04-24 07:17:48.9540 L' 46.01 £1.09 46.01 +1.07
2018-04-24 07:21:26.6003 L'  47.64+2.13 47.64 +2.72
2018-04-24 07:23:36.6025 L 41.35+£2.59 41.35+2.90
2018-04-24 08:56:01.8162 L'  46.10+1.19 46.10+1.34
2018-04-24 08:58:13.8069 L'  46.65+1.31 46.65+ 1.97
2018-04-24 08:58:56.7402 L' 59.01 £1.89 59.01 +2.90
2018-04-24 09:01:09.7399 L'  40.13+0.79 40.13 +0.90
2018-04-24 09:01:52.6723 L 4272 £ 097 4272+ 1.22
2018-04-24 09:04:05.6670 L'  44.82+0.57 44.82+1.52
2018-04-24 09:04:48.6004 L' 37.67+0.60 37.67 +2.50
2018-04-24 09:06:58.5937 L' 49.07 +£1.31 49.07 +1.49
2018-04-24 09:07:41.7262 L'  40.40 +2.63 40.40 + 3.70
2018-04-24 09:09:51.7224 L 4591 £1.25 4591 +1.37
2018-04-24 09:47:20.5426 L 53.80 £1.52 53.80 +1.84
2018-04-24 09:49:33.7633 L' 43.95+1.54 43.95+2.11
2018-04-24 09:50:17.7009 L'  49.92+235 49.92+3.30
2018-04-24 09:52:28.9280 L'  40.47 +1.62 40.47 +1.77
2018-04-24 09:53:13.6630 L'  45.34+0.66 45.34 +0.46
2018-04-24 09:55:24.6675 L 49.76 £1.21 49.76 £+ 1.13
2018-04-24 09:56:09.0032 L'  44.46 +2.65 44.46 +4.45
2018-04-24 09:58:18.8474 L' 5233+ 1.76 52.33+2.21
2018-04-24 09:59:01.7859 L'  39.65+2.22 39.65+ 3.58
2018-04-24 10:01:11.7881 L'  48.73+2.74 48.73+4.01

Table 9.4: 1'-band observations in 24.04.2018
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In this edited diagram, the brown curve shows how transparent the atmosphere
is at the given wavelength to radiation from space. The major windows are at
visible wavelengths (marked by the rainbow) and at radio wavelengths from
about 1 mm to 10 m. The radio telescope ALMA operates in a borderline region,
where the opacity depends strongly on how high and dry the site is. In space,
observations can be done outside the atmospheric windows as illustrated by
XMM-Newton, Hubble and the Spitzer Space Telescope and the James Webb
Space Telescope. Image credit: ESA/JPL-Caltech, edited. . ... .........
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The platform of VLT ESO harbors the four UTs and four movable ATs on Cerro
Paranal, Chile. The panorama pictures the Milky Way galaxy and the satellite
galaxies around the Milky Way such as the Small and Large Magellanic clouds.
Image credit: ESO . . . . . . . .. . e

Principle of the Adaptive Optics which is widely used for infrared observations.
It consists of a wavefront sensor, a tip-tilt mirror, a deformable mirror, a real-
time computer and a beam-splitter. Image credit: ESO NACO user manual. . .

Green shows the MIR atmospheric transmission for an altitude of 2600 m at
zenith for 1 mm of PWV, whereas the blue line shows the transmissivity for
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3 mm of PWV and airmass of 1.5 (Lord 1992) Image credit: ESO VISIR user manual 20

VLT/VISIR diffraction limit versus seeing is in solid line. For 0.5” and 1” visible
seeing the Roddier dependence is in dashed-dot lines and the Spitzer Space
Telescope diffraction limit is in dashed line. The spatial resolution in the space-
borne telescopes is limited by the size of the telescope. Image credit: ESO VISIR
usermanual . . ...

[lustration of the chopping and nodding technique in MIR observations on the
blue compact galaxy He2-10 which only appears after the chopping/nodding
technique. Image credit: VISIR commissioning team, June 2004, ESO VISIR user
manual . . . ...

The full-scale replica of James Webb Space Telescope at the Goddard Space
Flight Center in Greenbelt, where the mirrors and instruments were assembled
and tested, and some of the telescope team members in front of the telescope.
Over 1200 scientists, engineers and technicians form 14 countries around the
world contributed to the largest and most potent space telescope ever developed
and deployed. Together, NASA, ESA, and CSA were able to make this mission
possible. A size comparison of the primary mirrors of the James Webb Space
Telescope, Hubble, and Spitzer is shown in the upper right corner of the image.
Image credit: Webb/NASA, edited . . . . . .. ... .. ... ... ... ...

The four science instruments installed on the JWST, the mission requirements
including the contributing institute. The ESA and Europe contributions are
highlighted in red, the NASA contributions in white, and the CSA contributions
in blue. ESA provided the entire launch segment, NIRSpec instrument, 50%
of the MIRI instrument, and a team of staff members for the ground segment.
Image credit: ESA . . . . . . . ..

The James Webb Space Observatory is comprised of the OTE, the ISIM, the
sunshield, and the spacecraft bus. The Optical Telescope Element (OTE) con-
sists of the primary and secondary mirrors of the telescope. The Integrated
Science Instrument Module (ISIM) hosts the telescope’s science instruments
and cameras. The multilayer sunshield protects the observatory from the light
and heat emitted by the sun and earth, as well as the spacecraft bus. The trim
flap stabilises the satellite. The solar power array is on the sun-facing side of the
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sends the data to the Earth and receives the commands from NASA’'s Deep Space
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Five Lagrange points (L1, L2, L3, L4, and L5) are shown in their respective
locations. The three-body system, which in this example revolves around the
sun, moves along with any small object located at any of the Lagrange points.
The Earth, Sun, and Moon are all located on one side of the Webb telescope,
which gives it the ability to block their radiation from the observing-side of
telescope with the aid of the sunshield of the telescope. The Webb telescope also
orbits around the L2 point. The graphic shows the telescope’s orbit around the
L2 point, which has an orbital period of around six months. The Webb telescope
took 30 days to reach the L2 point. The orbital trajectories of the Moon around
the Earth and the Webb telescope around the L2 point are indicated by the blue
arrows on their respective orbits. The Earth’s orbit and Webb’s orbit around the

sun both are shown with yellow arrows. Image credit: STScI, edited and annotated 29

While MIRI works between 5 and 28 mum, FGS/NIRISS, NIRSpec, and NIRCam
observe between 0.6 and 5 mum. Image credit: Webb/NASA/Observatory . . .

The area on the sky and the FOV of each of the four instruments of the JWST are
described, including illustrations of the types of data that can be obtained by
some of them. Colors around the FOV of each instrument indicate the observing
modes. Image credit: STScl . . . . . ... ... ... L

The image on the left shows the footprint of IFU on the sky. The four MRS chan-
nels are projected on the sky. The middle image illustrated the two detectors.
The right image denotes that the observers receive the MRS data as a 3-D cube.
Each channel contains three grating settings. Image credit: STScI . . . ... ..

A simulated image depicting the IFU footprint on the sky pointed at the S-cluster
and IRS13N sources. The green circle marks the region where the DSO/G2 orbits
Sgr A*. The observations of the S-cluster and IRS13N cluster are possible with
the MRS through all channels. Image credit: Bachelor thesis of S. Vider.

The light curve plot shows the flux density of Sgr A* and S65 in Ks-band on the
22nd of April 2018. The observations happen in six time intervals and the empty
spaces in between the Ks-band observations are the time slots in which the
L'-band observations are carried out. There is no flare detected in K;-band over
this course of observations. . . . . . ... ... ... . . . .. . o oL

The six intervals of L'-band observations obtained on the 22nd of April 2018.
The plot shows the flux density of Sgr A* and S65 within these six intervals which
are in between the Ks-band time intervals in Fig 7.1. As for the K-band, the flux
density of Sgr A* in L'-band shows there is no flare activity detected on the 22nd
of April 2018. . . . . . . e

This plot depicts the flux density of Sgr A* and S65 in K;-band on the 24th of
April 2018. The observations are carried out in six time intervals. In the first
time interval, which starts from 5:11:24.21 UT, there is an increase in the flux
density of Sgr A* of almost of factor of 6 detectable. . .. ... ..........

The plot shows the four L’-band observational intervals on the 24th of April
2018. The first observation block in L'-band starts at 5:59:54.27 UT, 34 minutes
after the corresponding K;-band observation. In contrast to that observations,
there is no increase in the flux density of Sgr A*inL’-band. . . ... ... .. ..
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7.5

7.6

7.7

7.8

7.9

7.10
7.11

7.12
7.13

Ks-band images of the central 2 arcseconds, which are taken on the 24th of April
2018 by NAOS/CONICA. Up is north and east is left in both images, the color
scale is logarithmic. The arrow in each image denotes the position of Sgr A* and
S2 which are not spatially resolved at this time. Comparing the brightness at
the position of the infrared counterpart of Sgr A* and S2 in the right and the left
image shows a clear flaring activity of Sgr A* on the right image, whereas in the
left image Sgr A* is inits quiescentphase. . . .. ... ... ... .. ... ... .
Combination of K and L band data towards the GC. The four cyan color squares
show the jittering positions. The jitter position 4 has some overlaps with the
dust emission from the mini-spiral. The spectra from these four jitter positions
are used to produce the single spectrum (see Fig. 7.7) . . .. .. ... ... ...
First spectrum of the GC obtained with JWST NIRSpec in units of MJy/sr. The
spectrum shows several bright emission lines indicated in the figure which
are in good agreement with the ground-based telescope observations from GC
observed with Sinfoni (Eisenhauer et al. 2005). Image credit: E Peil3ker.

SDSS image of the quasar F2M1106. Image credits: The Sloan Digital Sky Survey
(SDSS). . o o
Spectrum of the quasar F2M1106 observed with SDSS showing various emission
lines of different elements. Image credit: SDSS . . . ... ... ... .. .....
Spectrum of SDSSJ1652 taken with SDSS. Image credit: SDSS . ... ... ...
The spectra of F2M1106 from the channel 1 - 4 (from top to bottom) of the
MIRI observations. Several emission lines can be detected in the spectra. In
addition, for each channel we can recognize the effect of fringing towards longer
wavelengths, leading to an increase in the noise. In channel 4, the spectrum
is very noisy due strong fringing and a high background emission, making
the identification of emission lines challenging. In addition, a lack of strong
emission lines complicates line identification. . . ... ... ... ........
Same as in Fig. 7.11, but for the quasar XID2028. . . ... ... ... ... ....
Same as in Fig. 7.11, but for the quasar SDSSJ1652. . .. ... ... .......
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